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Preface

We are no longer entirely reliant on assessments of redness, swelling and exudate to
identify inflammation by sight—many techniques are now available for molecular
imaging of inflammatory responses. New imaging techniques are rapidly being
adopted for use in immunology research, and these methods rarely completely
supersede existing approaches. This leaves those of us interested in imaging inflam-
matory responses with a complex choice of which imaging method or methods to use
for solving the problem at hand.

We compiled this volume to give researchers interested in the biology of inflam-
mation and immunity a broad guide to some of the imaging techniques that are likely
most useful for use in answering their research questions. The readers will find in
each chapter of Imaging Inflammation a brief introduction to the technical aspects of
the respective imaging modalities, followed by examples and discussions of their
application in inflammation research.

Imaging Inflammation begins with a historical perspective on imaging on
immune responses from Doreen Lau, taking us on a journey from the first observa-
tions of living cells by Antonie van Leeuwenhoek to non-invasive whole-body
imaging of immune cells by positron emission tomography.

The book chapters then follow an approximate scale that starts from the largest
field of view, with whole-body molecular imaging modalities, and progressively
narrows down to high-resolution techniques which enable spatial visualisation of
gene transcription patterns.

Nuclear imaging modalities are addressed by George Keeling and Francis Man,
beginning with brief descriptions of the principles of single-photon emission com-
puted tomography (SPECT) and positron emission tomography (PET) and the
various structural classes of radiotracers. This chapter provides an overview of the
use of nuclear imaging for the detection and monitoring of inflammatory diseases in
patients. It then covers molecular processes involved in inflammation that have more
recently become imaging targets and are mostly at the preclinical research stage,
including amino acid transporters, fibroblast activation protein and markers of
specific subsets of immune cells.
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viii Preface

Magnetic resonance imaging (MRI) is another imaging modality that allows
whole-body imaging as well as more organ-focused imaging. Here, Vanessa
Johanssen, Niloufar Zarghami and Nicola Sibson provide their insights on MRI of
neuroinflammation, with a focus on use of magnetic iron nanoparticles targeted
towards markers of vascular inflammation and immune cell activation.

Matthew Muller, Jonathan Lindner and Matthew Hagen offer the reader their
perspective of ultrasound imaging, using for example B-mode, Doppler, and
contrast-enhanced ultrasound to explore rheumatoid arthritis, atherosclerosis and
myocardial ischaemia. They demonstrate how targeted microbubbles can enable
imaging of specific molecular processes non-invasively, using low-cost handheld
probes.

Optical imaging is a modality crossing through a range of scales and can be used
for whole-body imaging, tissue-level and subcellular imaging. In their chapter,
Jen-Chieh Tseng and Jeffrey Peterson describe the use of chemiluminescence and
near-infrared fluorescence for whole-body imaging of inflammation. In particular,
they explore the use of reactive probes that emit light in response to the production of
reactive oxygen species in inflamed tissues, as well as activatable probes that contain
peptide sequences uniquely cleaved by inflammatory proteases such as cathepsins.
Perhaps less well known but no less fascinating is the possibility of 3D in vivo
fluorescence imaging, which is also briefly covered.

Photoacoustic imaging is a relatively recent imaging modality that combines an
optical input signal with an ultrasonic output, combining advantages of both tech-
niques. In this chapter by Jingqin Chen, Zhihua Xie, Liang Song, Xiaojing Gong and
Chengbo Liu, readers can learn about label-free photoacoustic imaging of endoge-
nous molecules, such as haemoglobin, and activatable probes that respond to
changes in the inflammatory microenvironment. An interesting feature of
photoacoustic imaging is its ability to image at different scales depending on
instrument configuration, ranging from photoacoustic microscopy that images at
high resolutions (a few microns laterally) but limited depths (a few millimetres) to
photoacoustic tomography that can image tissues several centimetres deep but at
more modest spatial resolution (a few hundred microns). The optical component also
enables multispectral imaging, meaning that probes and endogenous molecules that
absorb at different wavelengths can be imaged simultaneously and discriminated.
This allows multiple inflammatory processes to be captured concomitantly.

Marco De Donatis, Frédéric Fercoq and Leo Carlin explore the use of intravital
microscopy to image inflammation in living tissues, tracking single cells as they
migrate between blood vessels and organs. In particular, they highlight how intra-
vital microscopy allows the study of systems that are difficult to model in vitro
because of their complexity, such as host–parasite interactions and viral infections.
This chapter gives an update on the latest intravital microscopy approaches, which
allow imaging of multiple markers at the same time with high temporal and spatial
resolution. These features allow precise determination of cell migration, plasma
extravasation and tissue remodelling in live tissues.

Finally, Kenneth Hu takes the reader to the frontier where imaging meets
transcriptomics, describing how the spatial organisation of tissues can be mapped



with the low bias and high dimensionality offered by mRNA sequencing. With
spatial transcriptomic techniques such as multiplexed fluorescent in situ
hybridisation, Slide-seq and ZipSeq, analysis is no longer limited to single-digit
numbers of targets per sample and transcriptomes can be related to their locations of
expression.

Preface ix

Some emerging approaches for imaging that we think will be of future interest to
immunologists are not yet covered in this series. These methods include imaging
mass spectrometry, imaging mass cytometry, techniques for immunofluorescence
imaging of many proteins in the same sample including histo-cytometry, electron
and super-resolution microscopy approaches, lattice light sheet imaging and tissue
clearing and expansion approaches for sample preparation.

We would like to stress is that there is no ‘magic bullet’ imaging modality
combining the ideal characteristics of a whole-body field-of-view with high spatio-
temporal resolution, high sensitivity, unlimited depth of penetration, unbiased imag-
ing of all molecular contents of samples, zero toxicity and low cost. To efficiently
advance our fields, it is therefore imperative on us as researchers to choose the
techniques we use for our problems wisely and to work on improving methods for
continuing progress in inflammation research and beyond.

London, UK Francis Man
San Francisco, CA, USA Simon J. Cleary
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Imaging Inflammation: A Historical
Perspective

Doreen Lau

Abstract Inflammation is the body’s response to invading pathogens, foreign
particles, and abnormal cells. It is a complex set of processes orchestrated by
numerous cell types and chemical signalling cascades during disease and injury.
Imaging offers direct visual evidence of the cellular and molecular processes
involved in inflammation. The five cardinal signs of inflammation—calor (heat),
dolor (pain), rubor (redness), tumor (swelling), penuria (loss of function)—can be
felt or seen, but identifying the exact mechanisms underlying these responses and
their stimuli has required technological developments in biomedical imaging. Imag-
ing has played a huge role in building our understanding of inflammatory processes
and how these sequences of events are involved in inflammatory changes in human
health and disease. This review is intended to provide a brief, and by no means
complete, historical overview of imaging in inflammation and as a prelude to the
subsequent chapters by other authors who will discuss the technicalities and appli-
cation of advanced imaging techniques.

Keywords Imaging inflammation · Germ theory · Humoral and Cell-mediated
immunity · Microscopy · CT · SPECT · PET · Ultrasound · Photoacoustic imaging ·
MRI

If I have seen further, it is by standing upon the shoulders of giants.
Sir Isaac Newton (1675)

D. Lau (✉)
Oxford Centre for Immuno-Oncology, Nuffield Department of Medicine, University of Oxford,
Oxfordshire, UK
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2 D. Lau

1 Microscopy for Imaging Inflammation: The Germ
Theory

The history of imaging inflammation began in the seventeenth century when Anto-
nius van Leeuwenhoek (1632–1723) made his first observation of unicellular micro-
organisms under the microscope (Fig. 1). Known as the “Father of Microbiology,”
van Leeuwenhoek was one of the first microscopists to discover the existence of
microorganisms [1]. Raised in Delft in what was then known as the Dutch Republic,

Fig. 1 Illustrations from the works of Antonius van Leeuwenhoek, one of the world’s first
microscopists to examine the details of unicellular life. (a) Portrait of van Leeuwenhoek holding
his simple microscope. From Antonius van Leeuwenhoek. Mezzotint by J. Verkolje, 1686. Public
Domain Mark. Wellcome Collection. (b) An illustration on the design of van Leeuwenhoek’s
single-lens microscopes by Henry Baker. From Arcana naturae detecta / Ab Antonio van Leeu-
wenhoek, 1695. Wellcome Collection. (c) A replica of van Leeuwenhoek’s simple microscope.
From Leeuwenhoek simple microscope (copy), Leyden, 1901–1930. Science Museum, London.
Wellcome Collection. (d) Drawings from van Leeuwenhoek’s notes, depicting the size, shape, and
movement of bacteria in a dental plaque sample observed under the microscope. From Arcana
naturae detecta/Ab Antonio van Leeuwenhoek. (b, c, d) Reproduced with permission under
CC-BY-4.0 licence (https://creativecommons.org/licenses/by/4.0/). Credit: Wellcome Collection

https://creativecommons.org/licenses/by/4.0/


van Leeuwenhoek was a cloth merchant running a draper’s shop when he developed
an interest in lens-making, as he wanted a better tool to examine the thread counts
and quality of linen and other fabrics better than the magnifying lenses of his time.
Van Leeuwenhoek was a great admirer of Robert Hooke’s Micrographia (1665)
when he began making his own improvements to the microscope. He made more
than 500 simple microscopes in his lifetime, using crafting methods that he kept as
trade secrets. Each microscope consisted of single convex lens held in a silver or
copper frame with very short focal length, a magnification factor of about 275 times,
and could resolve objects as small as 1 micrometre [2]. Although van Leeuwenhoek
was largely self-taught with no formal scientific training, his skills of careful
observation and great patience enabled him to make scientific discoveries of funda-
mental importance and demonstrate the existence of unicellular life. In 1674, he was
the first to see this unimagined world of bacteria and protozoa using his single-lens
microscopes. He curiously termed the moving objects as animalcules, or tiny
animals, and accurately described their structures, size, and behaviour [3]. In letters
written to the Royal Society of London between 1681 and 1683, van Leeuwenhoek
described and illustrated the different types of bacteria present in dental plaque
samples. He compared his own oral and faecal microbiota and recorded the mor-
phological differences between bacteria found in different body sites and between
health and disease [4]. These discoveries made under the light microscope provided
the first direct observation of bacteria, supporting early claims about the germ theory
and the existence of disease-causing microorganisms [1]. The light microscope
would remain the workhorse for imaging microorganisms until the 1930s, when
transmission electron microscopy (TEM) was invented by Ernst Ruska
(1906–1988). TEM uses electrons of very short wavelength instead of visible light
as the source of illumination and heavy metal staining techniques to produce high
resolution images of microorganisms. It provides superior resolving power that
captures detailed subcellular structures of bacteria and magnifies the nanometre
sizes and geometrical shapes of viruses compared to the micrometre scale detected
by light microscopy. Morphological differences between viruses that caused infec-
tious diseases in those days, e.g., the smallpox and chickenpox viruses, have been
demonstrated using electron microscopy [5].

Imaging Inflammation: A Historical Perspective 3

In addition to his contributions to the field of microbiology, van Leeuwenhoek
performed one of the earliest intravital microscopy experiments, which confirmed
William Harvey’s theory on blood circulation (1628). Using a special aquatic
microscope he had designed, and small live eels mounted in water through a glass
tube, van Leeuwenhoek observed the movement of erythrocytes through the capil-
laries in the tail fins [6]. He demonstrated the transition of blood from the arterial to
the venous system and depicted the size and shape of red corpuscles, i.e., erythro-
cytes. He went on to describe and measure erythrocytes and their nuclei in other
fishes, amphibians, and mammals, despite not fully understanding the function of
blood transportation and the role of microcirculation in inflammation [7]. Van
Leeuwenhoek meticulously dissected his specimens with an open razor into thin
sections and carefully enclosed them in small paper packets and into larger enve-
lopes attached with his letters to the Royal Society for peer review. He would make



every effort not to introduce tiny animals from any other sources into his experi-
ments and only used snow water which was the purest water available then to
replenish evaporated water containing the microorganisms he was examining as he
was acutely aware of contamination issues. To provide a measurement scale for this
invisible new world, he developed a practical system of micrometry for describing
the size of the unicellular organisms he observed under the microscope: “bacteria in
pepper-water (2–3 μ), a human erythrocyte (7.2 μ), a hair from his beard (100 μ), and
a grain of coarse sand (870 μ).” By the time of his death in 1723, van Leeuwenhoek
had written at least 190 letters to the Royal Society detailing his observations of the
animalcules, which still hold largely true today.

4 D. Lau

2 Imaging Leukocyte Function in Humoral
and Cell-Mediated Immunity

Microscopes have been integral to inflammation research ever since, with genera-
tions of intravital microscopists peering curiously into the invisible world to examine
the wonders of nature. Henri Dutrochet (1776–1847), a French botanist and phys-
iologist best known for his work on osmosis and contributions to the cell theory, was
the first to report his microscopic observations of leukocytes in 1824 [8]. Dutrochet
used a simple microscope for his experiments on plant and animal tissues, instead of
a compound microscope as the instrument was practically useless in those days due
to chromatic aberration and mechanical instability [9]. He described seeing the
movement of vesicular globules, i.e., leukocytes, through the transparent mucous
membrane of living frogs whereby masses of them surround both the blood vessels
and migrated into tissues during acute inflammation [9]. In 1839, the German
anatomist Rudolf Wagner (1805–1864) provided the first detailed drawing of leu-
kocyte rolling in blood vessels [10]. Described as lymph-corpuscles, these leuko-
cytes were seen moving more slowly than other blood cells and in close contact with
the vessel wall in the webbed feet of a grass frog.

Studies using intravital microscopy techniques were vital in determining the
function of leukocytes. During the nineteenth century, research by Julius Cohnheim
(1839–1884), Paul Ehrlich (1854–1915), and Élie Metchnikoff (1845–1916) con-
tributed to major discoveries through the use of microscopy in studying inflamma-
tion and to the establishment of fundamental concepts in immunology. At the
Pathological Institute in Berlin in the 1860s, Julius Cohnheim, a German-Jewish
pathologist and skilled microscopist, was conducting extensive research on the
causes of inflammation with the “Father of Modern Pathology,” Rudolf Virchow
(1821–1902), when he visualised the process of leukocyte transmigration in blood
vessels. Cohnheim served briefly as a surgeon with the German Army during the
Second Schleswig War against Denmark (1864) treating injured soldiers before
returning to Berlin to become the chief assistant to Virchow. He published several
papers over the years, most notably Über Entzündung und Eiterung (On



Inflammation and Suppuration) in 1867 which described his microscopic observa-
tions of vasodilation, leakage of plasma, and migration of leukocytes at the site of
tissue injury during acute inflammation. He further proved the origin of pus as debris
formed by the emigration of leukocytes, solving a medical mystery that had puzzled
doctors for centuries [11]. In his Vorlesungen über allgemeine Pathologie (Lectures
on General Pathology) in 1889, Cohnheim gave a detailed description of the
leukocyte adhesion cascade seen under his microscope through the foot webs and
tongues of frogs: “First, in a vein with typical margination of white blood cells, one
sees a pointed edge in the outer vessel wall. This moves further away to the outside
and if finally connected only through a thin, long stalk. Finally, this stalk is detached,
and now a colourless, matte-shining, contractile corpuscle is sitting outside, a white
blood cell.” With great foresight, he hypothesised that molecular changes in the
vascular endothelium may have allowed the white blood corpuscles to cross the
capillary walls and migrate into tissues [12, 13]. Similar observations were made by
others and depicted in Fig. 2.

Imaging Inflammation: A Historical Perspective 5

In the 1870s, Karl Weigert, a German-Jewish pathologist, began assisting Julius
Cohnheim in much of his microscopy work. He developed methods for staining
bacteria with aniline dyes in histology and bacterial diagnostics, as bacteria were
difficult to visualise with the microscope in those days [15]. Karl Weigert was a great
influence on his cousin Paul Ehrlich (Fig. 3). As a young schoolboy (and a man soon
to become the future Nobel Prize laureate), Ehrlich had always been fascinated by
the process of tissue staining for microscopy and therefore decided to continue the
research started by his cousin by spending the eighth semester of his medical school
perfecting the use of the red dye dahlia (monophenylrosaniline) for histological
staining [16]. In 1878, Ehrlich completed his doctorate under Julius Cohnheim at
Leipzig University with a dissertation entitled Beiträge zur Theorie und Praxis der
Histologischen Färbung (Contributions to the Theory and Practice of Histological
Staining), during which he discovered a new type of cell in blood. Ehrlich named his
new discovery the mast cell (derived from the German word for an animal-fattening
feed, mast) as he thought that the presence of many granules in the cytoplasm (made
visible with the help of an alkaline dye) was a sign of good nourishment [17]. He also
presented an entire spectrum of cell-staining techniques and chemistry of pigment
dyes. Ehrlich continued to perfect his immunohistochemistry techniques at the
Charité Hospital in Berlin where he used both alkaline and acidic dyes to create
neutral-pH dyes for staining blood samples. These chemical dyes revealed different
types of leukocytes that could be identified under the microscope based on the
staining of their granules and nuclei. Nongranular lymphocytes, mono- and polynu-
clear leukocytes, neutrophilic and eosinophilic granulocytes, and mast cells, as well
as some bloodborne pathogens, were distinguishable from each other. This laid the
foundation for clinical diagnostics in haematology and pathology [16].

Ehrlich’s innovation stemmed from his obsession with structural organic chem-
istry and selective cell staining with dyes for microscopic examinations. He was
passionate about the idea that different chemicals could interact specifically with
cells or proteins in pathological states and devised experiments for “in vivo staining”
and therapeutic targeting. This led to the development of chemotherapy and the
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Fig. 2 Leukocytes exiting from the inflamed blood vessels. (a) Historical drawings of leukocyte
transmigration at the blood vessels of a frog’s tongue, mesentery, and bladder. From Arnold J., in
Archiv für Pathologische Anatomie und Physiologie und für Klinische Medicin, Virchow R. (ed.)
1875, vol 62, page 487. The drawings are juxtaposed to (b) modern micrographs obtained on
intravital microscopy. Reproduced with permission under CC-BY-4.0 licence,© 2020, Cleary et al.
[14]



establishment of the “magic bullet” theory [18]. In 1896, Ehrlich joined the Institute
for Serum Research and Testing as its founding director and began work on
antitoxins for diphtheria and their binding to antibodies in the blood. Ever an organic
chemist and microscopist at heart, Ehrlich was fascinated by the idea of a specific
immune reaction and its cellular and serological basis. He formulated thoughts on
the “side-chain” theory and drew an analogy between antibody production and
antigen recognition with how the side chains of chemical dyes are related to their
colouring properties in cells or tissues visualised under the microscope [19]. By
providing a theoretical and chemical basis for immunology, Ehrlich was jointly
awarded the Nobel Prize for Physiology or Medicine in 1908 with Élie Metchnikoff,
the “Father of Innate Immunity,” who established the theory of cell-mediated
immunity [19]. Interestingly, Ehrlich’s early contributions to the “side-chain” theory
of antibody-antigen interactions and the “magic bullet” theory of specific targeting in
diseases also laid the foundation for research in molecular imaging and therapy
(theranostics). Chemical agents based on labelled antibodies, peptides, and small
molecules to target specific proteins expressed on abnormal cells or biological
processes in pathological conditions such as cancer, infection, and inflammatory
disorders have become important tools for radionuclide imaging and therapy
[20]. With the advent of cryogenic electron microscopy (cryo-EM) in the 1970s,
the natural structure of biological specimens can be preserved, embedded in their
native environment, and protected from damage by electron beams using rapid
cooling techniques [21]. 3D images at near-atomic resolution can now be obtained
for studying the subcellular structures of viruses, macromolecules, receptor-ligand

Imaging Inflammation: A Historical Perspective 7

Fig. 3 Paul Ehrlich used chemistry to characterise leukocytes and tissues under the microscope,
thereby establishing the “magic bullet” and “side-chain” theories. These influenced the develop-
ment of molecular imaging techniques years later for theranostic applications. (a) Portrait of Paul
Ehrlich performing immunohistochemistry in his laboratory. (b) Diagram on Ehrlich’s side-chain
theory illustrating the formation and effector functions of antibodies binding to antigens. Pro-
ceedings of the Royal Society of London (1856–1905). (a, b) reproduced with permission under
CC-BY-4.0 licence. Credit: Wellcome Collection



interactions (e.g., the T cell receptor (TCR)-CD3 complex), as well as antibody-
antigen interactions for structure-based drugs and vaccine design as shown in Fig. 4
[22, 23].

8 D. Lau

Fig. 4 Structure-based vaccine design using single-particle cryoEM as a tool to image the structure
of the antibody-antigen complexes, e.g., influenza virus hemagglutinin (HA):single-chain variable
domain fragment (scFv). (a) Cryomicrographs at different stages of image processing. (b) 3D
surface rendering of the HA:scFv structure. Reproduced from Liu et al. [24] with permission,
© 2017, Elsevier Ltd.

Fig. 5 Élie Metchnikoff was an enthusiastic microscopist and evolutionary embryologist who
established the theory of “cell-mediated immunity.” (a) Photograph: portrait of Élie Metchnikoff in
his laboratory. Reproduced with permission under CC-BY-4.0 licence. Credit: Wellcome Collec-
tion. (b) Intricate drawings of phagocytosis by Metchnikoff (from top left to bottom right): a
macrophage filled with Vibrio cholerae; leukocytes from a rabbit filled with tetanus spores;
macrophages engulfing damaged erythrocytes; peritoneal fluid containing free streptococci and
macrophages engulfing Proteus bacilli. FromMetchnikoff, E. (1901) L’immunité dans les maladies
infectieuses. Paris, Masson

Élie Metchnikoff (Fig. 5a) would use microscopy to discover a major reason why
leukocytes migrate out of inflamed blood vessels (Fig. 3). In 1882, Metchnikoff was
on a working vacation with his family in Messina, Sicily, when he discovered the



process of phagocytosis in a starfish larva at the Mediterranean coast—a “Eureka!”
moment while on holiday [25]. He recounted, “One day when the whole family had
gone to a circus to see some extraordinary performing apes, I remained alone with
my microscope, observing the life in the mobile cells of a transparent starfish larva,
when a new thought suddenly flashed across my brain. It struck me that similar cells
might serve in the defence of the organism against intruders. Feeling that there was
in this something of surpassing interest, I felt so excited that I began striding up and
down the room and even went to the seashore to collect my thoughts. . . I said to
myself that, if my supposition was true, a splinter introduced into the body of a
starfish larva, devoid of blood vessels or a nervous system, should soon be
surrounded by mobile cells as is to be observed in a man who runs a splinter into
his finger. This was no sooner said than done. . . There was a small garden to our
dwelling, in which we had a few days previously organised a ‘Christmas tree’ for the
children on a little tangerine tree; I fetched from it a few rose thorns and introduced
them at once under the skin of some beautiful starfish larvae as transparent as
water. . . I was too excited to sleep that night in the expectation of the results of
my experiment, and very early the next morning I ascertained that it had finally
succeeded. . . That experiment formed the basis of the phagocyte theory, to the
development of which I devoted the next twenty-five years of my life” [25]. Metch-
nikoff named these mobile cells “phagocytes” from the Greek words phagein
meaning “to eat” and kytos meaning “cell.” In 1883, he published a key paper
describing phagocytosis in frogs [26]. He explained how phagocytosis was impor-
tant not just for host defense but also the elimination of degenerating or dying cells in
the same host during metamorphosis from tadpoles to adult frogs: “The traits of the
phagocyte have been retained most completely in the mesoderm where a large
number of amoeboid cells occur to ingest the body’s own dead or weak as well as
foreign particles such as senescent red blood cells.” This was one of the earliest
descriptions of the function of our innate immune system in recognising self from
nonself [27]. He described the engulfment of foreign particles and the morphological
changes in the phagocytes he observed under the microscope (Fig. 5b) [28]: “These
cells accumulate at the point of inflammation and devour the particles available to
them. I have observed, for example, that star-shaped stromal cells feed on red blood
cells, carmine and pigment particles. In cases where such cells ingest small numbers
of foreign particles, they maintain their star-like shape with only some minor
changes in the finest pseudopodia.”
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Metchnikoff combined microscopy and cell staining with neutral red and other
dyes to evaluate the acidity of phagosomes, cell viability, and the fate of ingested
microorganisms and foreign particles [29]. He took a comparative approach to
infection and immunity, embracing natural history with experimentation in a wide
range of model organisms from unicellular protozoa to transparent invertebrates,
rodents, and even primates and humans [29]. Interpretations of microscopy exper-
iments by Metchnikoff established the concept of cell-mediated immunity, while the
microscopy studies of Ehrlich laid the foundation for humoral immunity [30]. Intra-
vital microscopy has continued to expand our understanding of the immune system.
It offers the opportunity for direct visualisation and characterisation of cellular



behaviour and the spatiotemporal dynamics of physiological processes within living
organisms [31]. These include imaging biological events such as chemokine signal-
ling and cell migration, the leukocyte adhesion cascade, endothelial transmigration,
phagocytosis of foreign pathogens and damaged cells by macrophages and neutro-
phils, antigen presentation, and activation of effector T cells (Fig. 6) [32–34]. The
ability to capture the cellular and molecular events of the immune system has
improved our understanding on the biological mechanisms involved in health and
diseases and equipped us with new knowledge in developing novel immunother-
apies [35]. For applications of intravital microscopy to immunological problems and
particularly inflammation, we direct the reader to the dedicated chapter Imaging
Inflammation by Intravital Microscopy by De Donatis et al. in this book. Other
advanced imaging techniques based on optical excitation and detection of biological
events from a single-cell or subcellular level to whole-body scale are described in the
chapters: Spatial Transcriptomics in Inflammation: Dissecting the Immune Response
in 3D in Complex Tissues by Hu and Whole-Body Chemiluminescence and Fluo-
rescence Imaging of Inflammation by Tseng and Peterson.

10 D. Lau

3 The Dawn of Radiology and Noninvasive Imaging
of Inflammation

Metchnikoff and Ehrlich lived in a time when numerous giants of the scientific
disciplines made outstanding contributions to medicine and influenced future
research in imaging inflammation (Fig. 7). Most notably, the serendipitous discovery
of X-rays in December 1895 by the German physicist Wilhelm Conrad Röntgen
(1845–1923) marked the dawn of radiology and the emergence of noninvasive
whole-body imaging techniques for disease diagnosis [36, 37]. While experimenting
with the flow of electric current in a cathode ray tube, Röntgen observed a fluores-
cent effect on a small cardboard screen painted with barium platinocyanide when the
tube was in operation. He reasoned that the fluorescence was caused by invisible rays
originating from the cathode ray tube, which penetrated the opaque black paper
wrapped around the tube. Further experiments were performed which confirmed that
this unknown ray (thereby designated as “X”) could pass through most substances,
including the soft tissues of the body, but was absorbed by dense materials such as
bones and metallic objects [38]. Six weeks following his discovery, Röntgen took
the first medical X-ray of the hand of his wife Anna Bertha. After seeing the ghostly
image of the bones in her hand for the first time and her wedding ring “hovering” on
one finger, she reportedly exclaimed, “I have seen my death.” For his discovery of
X-rays and its potential use in medicine, Wilhelm Conrad Röntgen was awarded the
Nobel Prize in Physics in 1901 [38]. Doctors began as early as January 1896 to use
X-rays on patients for investigating skeletal abnormalities and subsequently to
explore the lungs and other organs [39]. A simple chest X-ray and cross-sectional
imaging using computed tomography (CT; pioneered by Sir Godfrey Hounsfield
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Fig. 6 Key concepts in immunology observed with intravital microscopy. (a) Neutrophil extrav-
asation in tissues is a multistep event involving the adhesion of neutrophils in the blood to the
vascular endothelium and eventual transmigration through the vessel wall to reach the site of
infection or inflammation. Reproduced from [32] with permission. © 2019, Hyun et al.



(1919–2004) and Allan Cormack (1924–1998)) have become routine tests for
diagnosing tissue structural abnormalities in many inflammatory conditions such
as pneumonia, bronchitis, and even acute respiratory distress syndrome (ARDS)
associated with COVID-19 infection [40, 41].

12 D. Lau

The discovery of spontaneous radioactivity by the French physicist Henri Bec-
querel (1852–1908) is another famous example of serendipity in science [43]. In
early 1896, after a wave of excitement following Röntgen’s discovery of X-rays,
Becquerel was investigating the relationship between the absorption of light and
phosphorescence in uranium compounds when he suspected that his luminescent
materials might emit some of these mysterious X-rays. He began his own study of
the X-rays by simulating Röntgen’s experiments and accidentally discovered the
spontaneous emission of radiation from the uranium compounds he kept in a dark
drawer with a photographic plate [44]. A period of intense research on radioactivity
followed, including the discovery of additional radioactive elements polonium and
radium by the French couple Pierre Curie (1859–1906) and Marie Skłodowska Curie
(1867–1934) [45]. Marie Curie ingeniously used a piezoelectric quartz electrometer
developed by Pierre Curie and his brother Jacques Curie (1855–1941) and attached it
to an ionisation chamber to search for elements that emit ionising radiation. This
enabled the quantification of radioactivity and discovery of medically useful radio-
active elements such as radium. In 1903, Henri Becquerel and Marie and Pierre
Curie were jointly awarded the Nobel Prize in Physics for their research on radio-
activity. For her discovery and isolation of radium and polonium, Marie Curie was
awarded the Nobel Prize in Chemistry in 1911. Many decades later, further devel-
opments by others in the field led to the discovery of gamma-emitting and positron-
emitting radioisotopes, forming the basis of radionuclide imaging and nuclear
medicine [46].

Gallium-67 (67Ga)-labelled citrate has been used for scintigraphy and single-
photon emission computed tomography (SPECT) of infections and inflammatory
disorders for over 30 years. Gallium functions as an iron analogue in vivo by binding
to transferrin and extravasates within inflammatory sites due to increased blood flow
and vascular permeability. However, gallium-67 has a long physical half-life
(78 hours) and exhibits nonspecific uptake in tissues such as the liver, nasopharynx,
and lacrimal and salivary glands [47, 48]. This imaging method has now been
superseded by techniques such as white blood cell (WBC) scintigraphy or SPECT
and fluorine-18 fluorodeoxyglucose ([18F]FDG) positron emission tomography

Fig. 6 (continued) (CC-BY-4.0 license). (b) Snapshots from a time-lapse video showing a mouse
macrophage capturing a mouse immunoglobulin G (IgG)-opsonised human erythrocyte via a
filopodium. This was followed by the formation of a phagocytic cup and engulfment of the
erythrocyte. Images reproduced from Horsthemke et al. [33] with permission. (c) Antigen-specific
T cells demonstrated distinct behaviours during tumour infiltration. The interactions between T cells
and their target cancer cells during antigen presentation and T cell cytotoxic attack on the cancer
cells were captured in living mice on intravital microscopy. Images reproduced with permission
under CC-BY-4.0 licence, © 2020, Lau et al. [34]
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Fig. 8 White blood cell scintigraphy or SPECT/CT and [18F]FDG PET/CT are routine clinical
imaging techniques used for imaging different biological processes in infections and inflammatory
disorders. (a) SPECT imaging of [99mTc]Tc-HMPAO-radiolabelled autologous neutrophils has
been used in experimental medicine studies for studying chronic obstructive pulmonary disease



(PET) as shown in Fig. 8 [49, 50]. WBC scintigraphy is a gold standard technique
introduced in 1976 for routine clinical use in detecting inflammation and unknown
sites of infection, e.g., osteomyelitis and vascular graft infections [49]. The tech-
nique involves the ex vivo radiolabelling of autologous leukocytes (primarily neu-
trophils) using lipophilic, cell-permeable radiopharmaceuticals such as technetium-
99m (99mTc) hexamethylpropyleneamine oxime (HMPAO) and indium-111 (111In)
oxine to image the migration kinetics of the radiolabelled cells and infiltration at the
inflamed tissues following reinjection [51]. In recent years, SPECT imaging of
radiolabelled autologous neutrophils has also been used in experimental medicine
studies to investigate changes in neutrophil migratory behaviour, tissues, and sys-
temic biodistribution in lung inflammatory disorders such as ARDS and chronic
obstructive pulmonary disease (COPD) [52, 53]. On the other hand, [18F]FDG is a
radiolabelled glucose analogue that can be taken up by glucose transporters and
remain trapped in cells following phosphorylation by hexokinase. Leukocytes such
as neutrophils, monocytes, and macrophages exhibit higher expression of glucose
transporters such as GLUT1 and rapidly increase their glucose consumption upon
activation [54]. [18F]FDG PET has been used for detecting metabolic inflammatory
foci in nonmalignant conditions such as tuberculosis and inflammatory bowel
disease [55, 56]. However, the use of [18F]FDG PET for monitoring infection or
inflammatory processes in the presence of malignancy can often complicate diag-
nosis as both cancer cells and leukocytes are metabolically active cell types
[50]. Thus, special precautions and clinical triage should be made when interpreting
radiological scans in the presence of both diseases [57]. In recent years, novel
radiopharmaceuticals targeting the expression of immune-related biomarkers such
as CD8, granzyme B, and PD-1 have been developed for immuno-oncology appli-
cations [58–60]. These methods enable the detection and characterisation of specific
tissue-resident leukocyte subtypes, as well as the detection of markers of leukocyte
activation or immunosuppression within inflamed tissues as potential alternative
approaches to biopsy. PET and SPECT imaging of inflammation are further detailed
by Keeling and Man in the chapter Nuclear Imaging of Inflammation of this book.
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The discovery of the piezoelectric properties of quartz deformation by Pierre and
Jacques Curie also laid the foundation for the development of ultrasound imaging.
Ultrasound was first used in 1917 during World War I by the physicist Paul
Langevin (1872–1946) for the detection of submarines [61]. The technology was
subsequently adapted for medical ultrasound in 1956 by Ian Donald (1910–1987),

⁄�

Fig. 8 (continued) (COPD). Shown over here are the 45 min thoracic SPECT/CT scans of (i) a
saline-challenged healthy volunteer, (ii) a healthy volunteer challenged with lipopolysaccharide,
and (iii) a patient with COPD, showing differences in neutrophil migration and tissue infiltration in
the inflamed lungs. Images reproduced with permission under CC-BY-4.0 licence, © 2019, Tregay
et al. [53]. (b) [18F]FDG PET of a cancer patient with COVID-19, showing incidental findings on
follow-up scans of a new hypermetabolic area in the right upper and lower lung. Ground glass
opacities in the periphery/subpleural regions of the lungs were concurrently seen on CT. Images
reproduced with permission from Czernin et al. [57] under CC-BY-4.0 licence, © 2020, Society of
Nuclear Medicine and Molecular Imaging



which uses handheld ultrasonic probes or transducers comprising of piezoelectric
crystals and alternating current electrodes to transmit and receive high-frequency
sound waves through tissues. The reflected echoes from tissues result in deformation
of the piezoelectric components and interconversion of the mechanical energy into
electrical pulses. Images reflecting the stiffness and density of the tissues are
produced based on the depth and speed of sound waves propagating through tissues
[62]. Ultrasound is a relatively low-cost technique suitable for imaging soft tissues
and real-time monitoring of blood flow using Doppler imaging. Ultrasound is
particularly useful for road-mapping and guiding needle intervention. It is com-
monly used for image-guided tumour biopsy in cancer diagnosis [63], and there is
increasing interest in using ultrasound for image guidance during intratumoral
delivery of immunotherapies into deeper and non-palpable tumours [64], as well
as focused ultrasound for immunomodulation of the tumour microenvironment
[65]. Ultrasound has been used for visualising needle puncture and draining of
abscesses or postoperative collections from infected tissues [66]. It enables the
identification of adjacent anatomical structures and helps determine the best tract
and safest route for intervention [67]. As ultrasound does not involve the use of
ionising radiation and the scanner is usually mobile and can be made into portable
handheld versions, it is used in settings such as paediatrics, critical care, and
emergency medicine for point-of-care bedside imaging of infections in the lungs
and pleural cavity, soft tissues, and musculoskeletal regions and the monitoring of
interventional procedures [68–70]. The use of ultrasound imaging in inflammation is
further detailed in the dedicated chapter of this book Ultrasound Imaging in Inflam-
mation Research by Muller et al. A related and more recent technique is
photoacoustic imaging, which is based on the detection of ultrasound waves gener-
ated by optical excitation of tissues and contrast agents; see the chapter
Photoacoustic Imaging in Inflammation Research by Chen and Xie et al. in
this book.
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In the twentieth century, the discovery of nuclear magnetic resonance (NMR) in
biomolecules and developments in imaging physics and instrumentation for spatial
encoding of NMR signals using magnetic field gradients by the British and Amer-
ican trio Sir Peter Mansfield (1933–2017), Paul Lauterbur (1929–2007), and
Raymond Damadian (born 1936) led to the introduction of magnetic resonance
imaging (MRI) [71]. MRI is now a clinically available tool in hospitals for disease
diagnosis and treatment monitoring. Images with excellent soft tissue contrast and
high spatial resolution can be obtained without the use of ionising radiation, together
with physiological measurements of biological processes such as blood flow, edema,
and cellular changes associated with inflammation. MRI is based on the principle of
NMR, in which certain atomic nuclei such as protons (1H) absorb and re-emit
radiofrequency energy when placed in an external magnetic field [72]. Tissue
contrast obtained on MRI is based on the spin-lattice relaxation (T1) and spin-spin
relaxation (T2) times, which are dependent on the chemical structures of the mole-
cules imaged and the local chemical environment within the tissues [73]. Several
MRI and MR spectroscopic techniques have been developed over the years for
imaging microstructural, functional, and molecular changes in infection and



inflammatory disorders. Some of these methods include imaging microstructural and
functional changes in the tumour microenvironment following cancer immunother-
apy [74], as well as imaging changes in sodium metabolism as a biomarker for
neurodegeneration and neuroinflammation in patients with multiple sclerosis
[75, 76]. In addition, molecular MR imaging approaches have been developed at
the preclinical level to improve specificity in detecting inflammatory processes.
These include using antibody-conjugated nanoparticles, e.g., microparticles of iron
oxide (MPIO) targeting vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1) expressed on endothelial cells and
activated leukocytes [77, 78]. Cell tracking approaches using superparamagnetic
iron oxide (SPIO) nanoparticles and fluorine-19 (19F) perfluorocarbons for labeling
leukocytes [79, 80], as well as MRI reporter genes, e.g., ferritin, have been devel-
oped for monitoring therapeutic cells and viral vector-mediated gene therapy
[81, 82]. The use of MRI for imaging inflammation particularly for neurological
applications is further detailed in the chapter Magnetic Resonance Imaging of
Neuroinflammation by Johanssen et al. in this book.
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4 Conclusion

In conclusion, advancements in biomedical imaging over the years have contributed
to discoveries in immunology, diagnosis, and treatment of infections and inflamma-
tory disorders. Intravital microscopy has progressed considerably and is a powerful
tool for examining single live cell behaviour, cell-cell interactions, cellular energet-
ics, and persistence in inflamed tissues for basic immunology studies at the preclin-
ical level. Continuous improvements in medical physics, imaging hardware, and
algorithms and the development of functional and molecular imaging agents have
contributed to the evolution of noninvasive whole-body imaging methods, e.g.,
SPECT, PET and MRI, for disease diagnosis and longitudinal monitoring of treat-
ment response in patients. These remarkable contributions of biomedical imaging to
progress in inflammation research are engraved in history, with newer developments
in imaging inflammation (as described in subsequent chapters by other authors) to be
celebrated in the years to come.
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Nuclear Imaging of Inflammation

George Keeling and Francis Man

Abstract Nuclear imaging can be a powerful tool for imaging inflammation, for
research and clinical use. Nuclear imaging methods allow noninvasive visualization
of biochemical processes with very high sensitivity, often before the appearance of
clinical symptoms. In the clinic, nuclear imaging is used for the diagnosis of many
conditions including vascular inflammatory diseases, inflammatory bowel diseases,
musculoskeletal diseases, and infections. However, significant issues remain, par-
ticularly in terms of specificity of the currently approved radiotracers toward differ-
ent causes of inflammation. In this chapter, we aim to familiarize the reader with
nuclear imaging modalities and their application to inflammatory diseases in clinical
and preclinical settings. We first describe the basic principles of single-photon
emission tomography (SPECT) and positron emission tomography (PET) and their
benefits and limitations compared with other types of imaging, and describe several
types of radiotracers. We then describe the main clinical uses of nuclear imaging
applied to inflammation and new targets for radiotracer development that have
shown promise in preclinical research.
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1 Introduction to Nuclear Imaging

Inflammation is a process that occurs as a response to a variety of stimuli, from
physical injury to infection or arterial calcification. Detecting, locating, and diag-
nosing inflammation are an important challenge in the clinic, and nuclear imaging
can be a key addition to the clinical toolbox, helping, for example, to differentiate
sterile inflammation from infection as this impacts treatment.

Nuclear imaging can be broadly split into two techniques: single-photon emission
computed tomography (SPECT) and positron emission tomography (PET). Both of
these techniques share the working principle of the injection of a radioactive
compound (the tracer), the emissions from which can be detected with very high
sensitivity from outside the body. The main advantages of using nuclear imaging
modalities are their very high sensitivity, very high depth of penetration (noninva-
sive imaging), the possibility of accurately quantifying signals, their translational
aspect (i.e., the ability to perform preclinical and clinical imaging with the same
tracer), and the fact that the signal reflects a biochemical process rather than
structural changes in the body.

In this chapter, we first provide a brief introduction to the concepts of nuclear
imaging and radiotracers,1 along with some practical considerations for researchers
who might be interested in using nuclear imaging for studying inflammation. We
then highlight some of the nuclear imaging techniques currently used for the imaging
of inflammation, emerging techniques that are still being established in the clinic,
and some of the more recent targets and radiotracers that are still in preclinical stages
of development but may lead to the exploration of new frontiers in imaging inflam-
mation in years to come.

1.1 Basic Principles of PET and SPECT

Scintigraphy, SPECT, and PET consist in generating an image from gamma rays
(photons) emitted by a radionuclide. For scintigraphy and SPECT, a direct gamma-
emitting radionuclide, such as technetium-99m, is incorporated into the administered
compound. The gamma rays emitted as the radionuclide decays pass through the
body and are detected by a gamma camera. In scintigraphy, a single gamma camera
is used to make a two-dimensional map of the location of the radioactivity. This
technique is still in widespread use today because of its relatively low cost and
simplicity. Images are often taken from both the front and back of the patient to
improve organ delineation. In SPECT, two or more gamma cameras are made to

1Note: The nomenclature of radioactive compounds in the literature is inconsistent and often
incorrect. In this chapter, we have endeavored to follow the nomenclature guidelines outlined by
Coenen et al. [224], and therefore the nomenclature we use in this chapter may not be identical to
the original literature.



rotate around the patient, allowing for three-dimensional visualization of the location
of the radionuclide and hence the compound into which it is incorporated. The
gamma camera gantry typically consists of two flat wide camera heads, which are
held on opposite sides of the patient. Each camera head consists of lead parallel or
pinhole collimators to filter out gamma rays that are not parallel to the pinholes; a
thallium-doped sodium-iodide (NaI(Tl)) crystal array, which produces visible light
when struck by a gamma ray; a light guide, which improves the uniformity of light
collection as a function of position; and an array of photomultiplier tubes (PMT),
which convert the incident light produced by the NaI(Tl) crystals to electrical signal
which can interface with a computer (Fig. 1a). More recent models make use of
electronic detectors based on semiconductor materials (e.g., cadmium-zinc telluride)
and do not require PMTs, increasing sensitivity and improving energy resolution,
i.e., the capacity to discriminate between gamma rays of different energies.
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Fig. 1 Schematic representation of the principle of detection of radioactivity by SPECT and PET
cameras. (a) In a typical SPECT scanner, there are two flat gamma cameras, positioned on either
side of the patient and rotated around the patient during image acquisition. (b) A PET camera
consists of detectors arranged in a static ring to detect pairs of gamma rays emitted from the
annihilation event. Reproduced fromMan et al. [1] with permission. (c, d) Schematic representation
of conventional (c) and total-body (d) PET/CT scanners showing the array of detectors arranged
around the patient. Modified with permission,© 2020, Vandenberghe et al. [2] (CC-BY-4.0 license,
http://creativecommons.org/licenses/by/4.0/)

http://creativecommons.org/licenses/by/4.0/
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In contrast, PET consists of the detection of gamma rays emitted by the annihi-
lation of a positron (β+ particle) and an electron of similar energy. Emitted positrons
travel a short distance in tissue—determined by the positron emission energy—
before annihilating with an electron, converting their mass to energy in the form of
two photons of 511 keV energy. These photons are released in diametrically
opposite directions and detected quasi-simultaneously by an array of detectors
arranged in a ring around the patient (Fig. 1b), creating a 3D map of the radioactivity.
Although each detector operates in a similar manner to a camera head in a SPECT
scanner, there is no need for collimators because the position of the annihilation
event is calculated from the direction and timing of arrival of the 511 keV photons.
Additionally, different scintillation crystals are used, with state-of-the-art scanners
generally using lutetium orthosilicate (LSO), lutetium-yttrium orthosilicate (LYSO),
or other lutetium-based scintillators (LBS), while many older scanner models use
bismuth-germanium oxide (BGO) scintillators [3, 4]. In conventional scanners (both
PET and SPECT), the field of view (FOV) of the camera is relatively narrow
(10–30 cm in clinical scanners) and only covers a fraction of the patient. To acquire
a whole-body image, the patient bed is moved through the gantry and images are
acquired sequentially (Fig. 1c), meaning there is a time delay between the top and the
bottom of the patient and therefore a loss of temporal information about tracer
distribution. This is less of an issue when the focus is on imaging a particular
organ (e.g., heart or brain). One of the most exciting developments in nuclear
imaging in recent years is the advent of total-body PET, which has a much larger
FOV that encompasses the whole body (Fig. 1d), allowing simultaneous imaging of
the entire body rather than having to move the patient through the camera to acquire
sequential images. This promises to increase sensitivity 40-fold, allowing the injec-
tion of lower doses, imaging at later time points, shorter scan times, and increased
signal-to-noise ratio [2]. Total-body PET also allows for dynamic scanning of the
whole body, potentially opening the doors to innovations in tracer design.

1.2 Benefits and Limitations of Nuclear Imaging

The differences between PET and SPECT lead to various advantages and disadvan-
tages; however, both techniques have very high sensitivity (lower range of detect-
able tracer concentration: PET, 10-11–10-12 M; SPECT, 10-10–10-11 M) [5],
meaning that the low amount of tracer required (PET: μg; SPECT: μg–mg in a
human) [6–8] is unlikely to affect the biological process being investigated and
toxicity concerns are reduced. PET and SPECT have excellent capacity for signal
quantification and very high tissue penetration, although Compton scattering of
gamma rays by adipose tissue can cause image quality issues in obese patients
[9]. These techniques are noninvasive, allowing repeated imaging limited only by
absorbed dose, and the same tracers can often be used in animals and in patients,
which is beneficial for clinical translation. Furthermore, nuclear imaging is inher-
ently molecular, i.e., it reflects biochemical processes occurring in the body. These
can be broad, relatively nonspecific processes such as changes in vascular



permeability, or much more targeted such as the activity of a specific enzyme or the
expression of a particular protein on cells (see Sect. 1.3.2). This is particularly
relevant for inflammation imaging, given the dynamic nature of inflammation and
the large variety of cellular and molecular processes involved.
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On the other hand, both techniques involve administration of a radioactive
substance and therefore exposure to ionizing radiation for the patient as well as
any staff involved in radiotracer preparation, administration, and patient care. PET
imaging is more sensitive than SPECT: it is typically necessary to inject 10–100 μg
of tracer or 100–200 MBq of radioactivity for a PET scan (numbers vary by tracer)
[7, 8] but 100–1000 μg of tracer or 700–1000 MBq of radioactivity with SPECT
[6]. This stems from the detection of two photons at the same time in PET, meaning
that individual photons with no counterpart can be ignored (electronically colli-
mated). SPECT on the other hand uses physical collimators (lead blocks with narrow
channels through which photons can pass), which block photons approaching the
gamma cameras from all but a 90° angle corresponding to the location of the patient,
meaning much of the signal is lost and only approximately 0.01% is actually
detected, while in PET this value can reach 10% (values from Siemens technical
specifications of state-of-the-art SPECT and PET scanners, respectively) [10, 11].

At time of writing, PET has finer spatial resolution in state-of-the-art clinical
scanners than SPECT (~0.8 mm and 5 mm, respectively) [10, 11], although PET has
a fundamental limit to its spatial resolution while SPECT does not, and so with
further technological developments, SPECT may overtake PET in higher resolution.
The best resolution possible in PET is determined by the distance travelled by the
positron before annihilation, as the location of the annihilation is what is detected,
rather than the nuclear decay event which releases the positron. The distance
travelled by the positron depends on its energy and thus on the radionuclide, but a
typical mean range of 1–3 mm can be expected [12], and therefore the 0.8 mm spatial
resolution enabled by the scanner may not be achievable in practice. In modern
preclinical scanners, there is less difference in spatial resolution between SPECT and
PET, with submillimeter resolutions achievable for both techniques.

In SPECT, gamma rays are also filtered on the basis of their energy, i.e., detectors
are set to detect specific radionuclides based on their characteristic energy profiles.
For example, 99mTc is detected with an energy window centered around the 140 keV
peak, and 111In can be detected using one or two windows centered at 171 and
245 keV, respectively (Table 1). This also means that a SPECT camera can image
multiple radionuclides and therefore radiotracers, simultaneously, to follow multiple
processes in parallel. This is useful in inflammation when looking at the expression
of a specific marker, to correct for increased blood flow that may cause nonspecific
increase of radiotracer uptake at the target location. In contrast, with PET, all gamma
rays emitted from positron annihilation events have 511 keV energy; therefore, it is
not possible to distinguish between positron-emitting radionuclides, and only one
radionuclide at a time can be imaged by PET using current scanners. It is possible to
use several PET tracers in short succession (as a single imaging session for the
patient) if the ones used first have short half-lives, for example, using [15O]H2O (15O
has a half-life of 2.04 min) to image perfusion, followed a few minutes later by an
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18F-based radiotracer. PET scanners able to discriminate between several PET
radionuclides based on the energy of “prompt” gamma rays (i.e., co-emitted with
the positron) have recently been developed, but these are not yet in widespread use.
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Radionuclide imaging techniques only provide information about the location
and amount of radioactivity and do not provide anatomical information on their own.
For this reason, both PET and SPECT are commonly paired with computed tomog-
raphy (CT), which provides anatomical context and can be used for attenuation
correction as well. CT involves the use of a gantry comprised of an X-ray source tube
on one side of the patient and detectors on the other side. This rotates around the
patient, collecting a series of 2D views to generate a 3D image of the body based on
tissue density, allowing excellent visualization of dense tissues such as bones and
some soft tissue contrast as well. This CT scan adds to the total ionizing radiation
dose received by the patient. An alternative to CT is the use of magnetic resonance
imaging (MRI). MRI does not use ionizing radiation and can give better soft tissue
contrast than CT. Both have similar spatial resolution, with Siemens quoting their
state-of-the art scanners to have 0.2 and 0.25 mm spatial resolution for MRI and CT,
respectively [13, 14]. The combination of PET or SPECT with MRI is more recent
and has yet to gain much popularity in the clinic due to several disadvantages,
including the longer acquisition time of MRI compared to CT, the increased costs,
and the difficulties with using MRI for attenuation correction [15].

1.3 Radiotracers: Radionuclides, Targeting Moieties,
and Practical Considerations

Conceptually, radiotracers can be considered as being made of an imaging moiety
(the radionuclide) and a targeting moiety and optionally a linker between the two.
Sometimes the imaging moiety is the same as the targeting moiety, for example, with
iodine-131 and technetium-99m pertechnetate ([99mTc]TcO4

-), which are selec-
tively taken up by the sodium-iodide symporter (NIS) and are used for thyroid,
salivary gland, and stomach imaging, or [18F]NaF which simply exploits the natural
affinity of fluoride anions for uncapped hydroxyapatite bone minerals. The linker
can be a complex structure or a simple covalent bond, such as the carbon-fluorine
bond in [18F]fluorodeoxyglucose ([18F]FDG) (Fig. 2). In this section, we briefly
describe some of the radionuclides used for nuclear imaging and the main categories
of radiotracers based on their chemical structure. We also provide a few practical
considerations for researchers who wish to add nuclear imaging to their investiga-
tions. Most of these are not specific to imaging of inflammation and are also
applicable to other therapeutic areas.
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Fig. 2 Examples of different radiolabelling approaches. The chelator example shows a represen-
tative structure although metal-ligand bonds have been omitted for clarity. R = targeting moiety or
carrier molecule (e.g., small molecule, peptide, antibody, polymer, nanoparticle, etc.)

1.3.1 Radionuclides

The vast majority of nuclear imaging is conducted with a dozen different radionu-
clides, with physical half-lives ranging from about a minute to several days
(Table 1).

For imaging purposes, the radionuclides used are relatively short-lived, the most
commonly used being technetium-99m (t1/2= 6.02 h) for SPECT and fluorine-18 (t1/
2 = 110 min) for PET. This means that in the vast majority of cases, the tracer has to
be prepared on the day and, in the case of the shorter-lived radionuclides, cannot be
stored for more than a few hours. For this reason, it is important to have a reliable
supply of radionuclide, and the radiochemistry required for synthesizing tracers
should be fast, high-yielding, robust, and require as little direct input from the
radiopharmacist as possible to minimize the dose to the operator. For more details
on the technical aspects of radiopharmacy, we refer the reader to an excellent
textbook [16].

The radiochemistry for incorporating most metallic radionuclides is often fast
complexation chemistry, which may be performed using kits: preprepared vials of
nonradioactive excipients to which the radionuclide is added, heated if necessary,
and allowed to react with as few adjustments as possible. It is this simplicity—in
addition to its convenient half-life and gamma emissions which are low energy but
easily detectable—that has led to technetium-99m, a metallic radionuclide, being the
workhorse of nuclear imaging for decades. Radiometallation reactions generally
require fewer steps than typical nonmetallic radiosyntheses—such as fluorine-18
or iodine radiolabelling reactions—which may be performed using automated syn-
thesis modules to reduce the radiation dose to the operator as well as the scope for
operator error. However, further chemical modification of the targeting moiety is
generally required to allow metal chelation, with large chelators (multidentate
ligands) being conjugated to the moiety responsible for localization of the probe.
Modifications for incorporating nonmetallic radionuclides, on the other hand, tend to
be minimal and in some cases radiotracers can be chemically identical to drugs or
naturally occurring chemicals. Whether metallic or nonmetallic radionuclides are
more appropriate depends on a number of factors, both within the design of the



radiopharmaceutical and in terms of preferences and resources of individual opera-
tors, clinicians, or institutions.
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A popular radiometal for PET imaging is gallium-68. Gallium-68 has a shorter
half-life than fluorine-18 (68 min vs. 110 min)—meaning the speed and yield of
radiosynthesis takes on even greater importance—and a different production
method. Fluorine-18 is produced in a cyclotron, a particle accelerator typically
requiring a large, dedicated room, which is capable of producing large amounts of
fluorine-18, which can be used locally or shipped over short distances. In the case of
shorter-lived cyclotron-produced radionuclides such as carbon-11 (t1/2 = 20 min),
the radionuclide must be produced on-site, and the scope for shipping to other sites is
virtually zero. Gallium-68 however is produced in a generator, a solid-phase extrac-
tion system that allows gallium-68 to be chemically separated from its long-lived
parent radionuclide germanium-68 (t1/2 = 271 days). This means that smaller
quantities of radioactivity (typically enough for 1–5 PET scans, although this varies
depending on tracer, generator model, generator usage, and protocol) can be eluted
from the generator every few hours by nonexpert users. This is one of the most
reliable sources of radioactivity and is not prone to mechanical issues that can affect
cyclotrons. Typical generators are also far smaller than cyclotrons and can be
integrated into most radiopharmacies without the need for major structural invest-
ment. However, the amount of radioactivity received is much smaller than a cyclo-
tron, and the lifetime of a 68Ge/68Ga generator (roughly 1 year) means that the cost of
buying generators over the lifetime of a cyclotron (20+ years) can be substantial. It is
also important to ensure a reliable supply of generators. There were well-
documented shortages of 99Mo, the parent isotope of 99mTc, in 2009–2010, which
crippled the supply of the most popular radionuclide in nuclear imaging [17]. This
led to a global shortage of 99Mo/99mTc generators, which only have a clinical
lifetime of about 1 week, meaning severe disruption to many nuclear medicine
departments worldwide.

A closely related field to nuclear imaging is radionuclide therapy, which makes
use of radionuclides that primarily emit α-particles, β-particles, and Auger electrons,
which are far more damaging to tissues than gamma rays. These radionuclides can
often be attached to targeting moieties using the same methods as for gamma- or
positron-emitting radionuclides. For example, the same chelators (e.g., DOTA,
NOTA, DTPA) can be used for the α-particle emitters 177Lu and 225Ac as for the
positron emitter 68Ga, meaning it is possible to “swap” an imaging radionuclide for a
therapeutic radionuclide on the same targeting backbone and to use both radiotracers
as a pair with nearly identical pharmacokinetics. This combination of diagnostic
imaging and (radionuclide) therapy is called theranostics. The main applications of
theranostics are currently in oncology [18], but radionuclide therapy also exists for
certain inflammatory diseases, for example, radiosynoviorthesis is a procedure that
employs radionuclides (90Y, 169Er, 186Re, 117mSn, etc.) to destroy macrophages in
inflamed joints [19], and there are therefore potential applications of theranostics in
inflammation as well.
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Choosing the Right Radionuclide From a clinical perspective, radionuclides with
a shorter half-life would seem preferable, in order to reduce the radiation dose to the
patient. However, the half-life should also match the pharmacokinetic properties of
the radiotracer, so that sufficient activity remains present for imaging after the
radiotracer has accumulated at the target location. As a rule of thumb, tracers with
larger molecular weight circulate for longer before accumulating at their target site.
Small-molecule tracers and those based on peptides or antibody fragments tend to
have shorter circulation times and will generally give good target-to-background
ratios within an hour, so shorter-lived radionuclides can be used, while IgG
antibody-based tracers or “stealthy” nanoparticles may take 2-3 days to localize at
the target site, requiring the use of longer-lived radionuclides. These longer-lived
tracers will typically have a half-life of a few days, e.g., indium-111 (for SPECT, t1/
2= 2.8 days), gallium-67 (for SPECT, t1/2 = 3.3 days), or zirconium-89 (for PET, t1/
2 = 3.3 days). The choice of radionuclide also affects image quality: gamma rays
with lower energies (e.g., technetium-99m, 140 keV) provide better spatial resolu-
tion than those with higher energies, such as indium-111 or gallium-67 (Table 1);
similarly, positrons with lower energies travel shorter distances in tissue before
annihilation, and there is therefore lower uncertainty around the position of the
emitting nucleus [20]. In practice, the choice of radionuclide is also restricted by
availability, as not all radionuclides are available in every nuclear imaging facility.
Radionuclides with half-lives of a few hours or more can be shipped from the
production center and used elsewhere, and those available from generators also
require less infrastructure than those produced in a cyclotron. Preclinical studies
with a translational aim should consider using radionuclides that are more widely
available in the clinic.

1.3.2 Radiotracers: Structural Classes

One major benefit of nuclear imaging when investigating inflammation is its versa-
tility. Virtually any molecule can be radiolabelled in order to detect subtle changes in
the microenvironment in any part of the body noninvasively, and this opens many
doors for evaluating inflammation. To date, the approaches toward imaging inflam-
mation have followed three main strategies:

Firstly, labelling of a chemical which will be taken up by the immune cells at the site
of inflammation. This uptake can be due to metabolic changes, or the
upregulation of certain receptors, or the increased occurrence of certain types of
immune cells at the site of inflammation.

Secondly, imaging other conditions correlate with inflammation—this can also be
metabolic changes but may include conditions such as vascular calcification.

Finally, the labelling of larger entities such as cells, colloids, or nanoparticles, which
will accumulate either actively or passively at the site of inflammation. An
example would be the extraction, radiolabelling, and reinjection of immune
cells, to look for sites of active cell recruitment.
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Small Molecules Small-molecule radiotracers for inflammation are typically
ligands for receptors or substrates for enzymes upregulated during inflammation.
[18F]FDG is a prime example, as it mimics the chemical structure of glucose
(Fig. 3a) and is taken up by glucose transporters (GLUT) in metabolically active
cells, including activated leukocytes at sites of inflammation (see Sect. 2.1). Another
example is [11C]DPA-713, which is a selective ligand with low nanomolar affinity
for the translocator protein (TSPO; see Sect. 3.1.1). For small molecules, it is often
preferable to use the direct radiolabelling approach (Fig. 2) to avoid affecting the
affinity of the ligand for its target. Carbon-11 is an excellent radionuclide in this
respect as it can replace a carbon atom (e.g., in a methyl or methoxy group) with no
impact on the chemical structure. However, its short half-life makes it less conve-
nient to use, as procedures (radiolabelling, administration, and imaging) must be
carried out very quickly and only short-term imaging (1–2 h after administration) is
possible. Fluorine-18 and radioisotopes of iodine can often be incorporated into
small-molecule ligands with limited impact on binding affinity and pharmacokinet-
ics or even no impact if the original structure already contains fluorine or iodine
atoms. The potential of small-molecule radiotracers for imaging is also reflected in
the increasing availability of chemical methods for direct radiolabelling
[21, 22]. Alternatively, some small-molecule radiotracers are not specifically
targeted and are used primarily for their pharmacokinetic characteristics. For exam-
ple, diethylenetriamine pentaacetic acid (DTPA) is a small hydrophilic molecule
with rapid renal clearance that is a good chelator for radiometals such as 99mTc and
111In. [99mTc]Tc-DTPA (Fig. 3b) has long been used in the clinic to evaluate renal
function and, in aerosol form, to evaluate lung ventilation/perfusion and epithelial

Fig. 3 (a) Chemical structures of glucose (in its α-pyranose form) and its radiolabelled analogue
[18F]FDG. (b) Proposed structure of [99mTc]Tc-DTPA. (c) Structure of THP-PSMA, a conjugate of
PSMA which can be radiolabelled with the short-lived positron emitter gallium-68



permeability. More recently, [99mTc]Tc-DTPA has been shown to detect early
changes (2 h after injury) in the blood-brain barrier (BBB) permeability in a rat
model of stroke [23].
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Conversely, hexamethylpropyleneamine oxime (HMPAO) readily crosses the
BBB due to its lipophilicity and has high first-pass extraction in the brain (80%).
In addition to leukocyte radiolabelling (see below), [99mTc]Tc-HMPAO is used for
brain perfusion imaging, e.g., in acute stroke, chronic brain ischaemia, and traumatic
brain injury but also inflammatory diseases such as viral encephalitis and Behcet’s
disease [24]. More recently, it has been used to evaluate lung inflammation in
rats [25].

Peptides Peptides are interesting platforms to develop radiotracers because of their
high affinity for certain biological targets and their versatility in terms of
functionalization. Chelators or prosthetic groups can be added to peptide sequences
by selectively incorporating these groups (i.e., site-specific labelling) in positions
that do not interfere with binding or by adding linkers to increase the distance
between the binding site and the imaging moiety. Typical examples include
radiolabelled derivatives of the somatostatin analogue octreotide such as DOTA-
TATE and DOTA-TOC, Arg-Gly-Asp (RGD) peptide derivatives that bind to
integrins, and radiolabelled peptide ligands for prostate-specific membrane antigen
(PSMA) (Fig. 3c). Care must still be taken to ensure the radiolabel does not interfere
too much with target binding and pharmacokinetic properties, especially for small
peptides and larger chelators or prosthetic groups. For further details on
radiolabelled peptides and their applications, we refer the reader to the review by
Jackson et al. [26].

Antibodies and Antibody Fragments Antibodies are highly attractive and exten-
sively used platforms for radiotracer development and nuclear imaging because of
their exquisite binding affinity and target specificity. Antibodies are relatively simple
to radiolabel using bifunctional chelators or prosthetic groups that react with amine
or thiol groups present on the side chains of the protein sequence; however, this
approach does not allow for precise control of the number and location of radiolabels
added. Because of the small size of the imaging moieties (~0.5–1 kDa each, with
typically one to ten radiolabels per antibody molecule) relative to full-size antibodies
(150–200 kDa), radiolabelling generally has little impact on antibody affinity and
pharmacokinetic properties, although this should be verified during development.
Most commonly, IgG-class antibodies are used, which have relatively long circula-
tion times and biological half-lives. Therefore, imaging needs to be delayed (typi-
cally by 24–48 h) to allow for the radiolabelled antibody to accumulate at the target
location and clear from the circulation to reduce background signal. Consequently,
radionuclides with sufficiently long half-lives are required. In practice, this also
means that the patient/subject is irradiated for a longer period of time, and in the
clinic, the patient is required to attend twice (first for the injection and then for the
scan). Although antibodies can be radiolabelled with 99mTc and 64Cu, imaging 24 h
after administration is the practical limit with these radionuclides. 111In is more
suitable for imaging long-circulating antibodies, and recent years have seen a



significant increase in the use of 89Zr for PET imaging of antibody-based radio-
tracers (“immunoPET”), mostly in oncology [27]. Examples of radiolabelled anti-
bodies used in the clinic include the anti-granulocyte monoclonal antibodies [99mTc]
Tc-sulesomab (LeukoScan®), [99mTc]Tc-besilesomab (Scintimun®), the anti-HER2
[89Zr]Zr-trastuzumab, and various radiolabelled derivatives of the anti-CD20
rituximab. For a more detailed overview of antibodies used for inflammation imag-
ing, we direct the reader to the review by Lee et al. [28]. To solve the issue of long
circulation and slow accumulation, antibody fragments with lower molecular
weights such as single-chain Fv, minibodies, diabodies, or nanobodies (Fig. 4)
have also seen increased use in preclinical research [29]. These fragments have
much faster clearance and can typically be imaged within 0.5–4 h of administration.
Thus, radionuclides with shorter half-lives (e.g., 68Ga, 18F) can be used. Another
advantage of engineered antibody fragments is the possibility to perform site-
specific labelling, i.e., having precise control over the location of the radionuclide
to avoid impairing the affinity of the probe for its target. Finally, it is often claimed
(even by us at the beginning of this chapter) that because of the high sensitivity of
nuclear imaging, “tracer doses” of radiolabelled compounds pose very little risk to
the subject. In the case of antibodies, however, the exquisite potency of some of
these molecules means that even tracer doses can have unwanted biological effects
[30] and should be used with caution.
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Fig. 4 Schematic structures of antibodies and antibody fragments. Antibodies (a) and antibody
fragments (b-f) are typically radiolabelled by conjugating them to bifunctional chelators that can
react with amine or thiol groups on the protein chain. Reproduced from Wei et al. [29] with
permission. IgG: immunoglobulin G; HCAb: heavy-chain-only antibody; VHH: single-domain
antibody, also known as nanobody; scFv: single-chain variable fragment

Macromolecules: Colloids andMicro-/Nanoparticles Macromolecular structures
such as protein aggregates, lipid micelles, liposomes, inorganic polymers, and
metallic micro- or nanoparticles are also often used for nuclear imaging, as they
are versatile platforms than can be functionalized with a wide variety of imaging
reporters (radionuclides, fluorescent dyes, MR contrast agents) and targeting moie-
ties and can additionally be loaded with therapeutic drugs (Fig. 5). Among the older
examples are [99mTc]Tc-macroaggregated albumin (MAA), which is not a targeted
radiotracer but simply follows the blood flow and is used for lung perfusion imaging,



and [99mTc]Tc-sulfur colloid (Technecoll®), which is used for sentinel lymph node
detection, bone marrow imaging and liver imaging. As a general rule, micro- and
nanoparticles are taken up by phagocytic cells and tend to accumulate in phagocyte-
rich organs such as the liver and spleen, and therefore radiolabelled particle-based
tracers tend to give high background signal in these organs. Various strategies exist
to affect the biodistribution of particles, for example, coating the surface with
molecules that “mask” the particles from phagocytes or with antibodies to target
the particles toward cells expressing specific markers. For a comprehensive over-
view of radiolabelled liposomes and nanoparticles and their use in medical imaging,
we direct the reader to recent reviews [1, 31].
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Fig. 5 Radiolabelled nanoparticles. (a) Schematic structure of a radiolabelled liposome, showing
the phospholipid bilayer and radionuclides present in the aqueous compartment, within the mem-
brane and on the liposome surface. The location of the radiolabel depends on the radiotracer and
radiolabelling method; see [1]. (b) Schematic structure of a core-doped radiolabelled iron oxide
nanoparticle (IONP), in which the metallic radionuclide is embedded within the iron core.
Nanoparticles can additionally be surface-functionalized, in this example with a dextran coating
(blue) to enable covalent linkage to a cyclic RGD peptide derivative for integrin αVβ3 targeting.
Superparamagnetic IONPs can also be detected by MRI. Adapted with permission from Pellico
et al. [32], © 2016 John Wiley & Sons

Radiolabelled Cells Cells, and particularly immune cells in the context of inflam-
mation, can be radiolabelled and used for nuclear imaging, making use of the
intrinsic homing capabilities of leukocytes toward sites of inflammation and infec-
tion. Radiolabelled leukocytes are currently the gold standard method for nuclear
imaging of infections [33] (see Sect. 2.1.6). The procedure involves taking the
patient’s blood, isolating leukocytes (or more specific subpopulations), incubating
them with a lipophilic radiotracer that crosses the cell membrane (either [111In]In-
oxine or [99mTc]Tc-HMPAO in current clinical practice), removing any unbound
radiotracer, and injecting them back into the patient. The downside of this approach
is that the whole procedure takes several hours and involves risk to the operator due



to both radiation and manipulation of blood. In preclinical research, it is also
impractical to isolate sufficient numbers of leukocytes from mice. Alternatively,
cells can be engineered to express reporter genes that enable indirect radiolabelling,
e.g., using NIS to image cells with [99mTc]TcO4

- or [18F]BF4
-, although this is not

currently used in routine clinical practice. Cell radiolabelling has been used since the
1970s with relatively few improvements since, but recent developments in cell
therapies have led to renewed efforts, particularly in trying to shift toward PET
imaging. In addition to leukocytes for infection imaging, the use of stem cells to treat
chronic inflammatory diseases [34] is also an area that could greatly benefit from
nuclear imaging. For further details on cell radiolabelling, we invite the reader to
consult our recent review [35].
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1.3.3 Multimodal and Multi-Tracer Imaging

It is possible to use multimodal tracers, i.e., imaging probes that are detectable by
more than one imaging modality, in order to maximize the advantages of each
modality. For example, a dual PET/MRI tracer could have both the sensitivity of a
PET tracer, to rapidly locate multiple sites of accumulation in the body, and the high
spatial resolution of MRI (which is less suited to whole-body scanning) to “zoom in”
to the area of interest and provide a more precise image that might enable surgical
planning [36]. Alternatively, a PET/fluorescent tracer could allow highly sensitive
imaging on completely different scales, from whole-body distribution to subcellular
localization. The combination of radiotracers with fluorescent probes is increasingly
explored in oncology, as it allows sensitive detection and mapping of tumor sites,
followed by fluorescence-guided surgery [37]. Withana et al. demonstrated one such
example for the imaging of atherosclerosis in mice, with an activated macrophage-
targeting probe that contained both a fluorescent dye and a chelator for 64Cu
[38]. This allowed the noninvasive visualization of atherosclerotic plaque by PET,
in vivo fluorescence imaging, and ex vivo imaging by confocal microscopy.

Multiple tracers can be used in combination to study different processes associ-
ated with inflammation. This is an established procedure in pulmonary medicine, as
lung ventilation/perfusion (V/Q) scans are performed with one radiotracer as an
inhaled gas (e.g., 81mKr, 133Xe) or aerosol ([99mTc]Tc-DTPA) to image ventilation
and another radiotracer (e.g., [99mTc]Tc-MAA) injected intravenously to image lung
perfusion. This is possible with SPECT and scintigraphy because radionuclides can
be separated by their characteristic gamma energies. With PET tracers, this is more
challenging, although PET and SPECT could be used in parallel. Recently, Bocan
et al. used in parallel the translocator protein (TSPO; see Sect. 3.1.1) radiotracer
[18F]DPA-714 to study neuroinflammation, [18F]FMISO to investigate hypoxia, an
18F-labelled caspase-3-substrate to detect apoptosis, [18F]albumin to evaluate vas-
cular (BBB) integrity, and [18F]FDG to evaluate glucose metabolism, all in one
model of viral encephalitis [39]. Note that the tracers were administered into separate
groups of mice: indeed, it is not possible to image multiple 18F-labelled tracers
simultaneously as the signals (511 keV gamma rays) reaching the detector would be



identical. The tracers could potentially be administered sequentially if enough time
was given between the injections (e.g., a 12-hour wait in the case of 18F, which has a
half-life of 110 min, would allow the first dose to decay by nearly two orders of
magnitude). Alternatively, combinations of radiotracers with different half-lives
could be used. For example, Chen et al. recently proposed that the use of [11C]
PBR28 (for TSPO-mediated imaging of macrophages) and [18F]FDG (for
neutrophil-driven glucose consumption) could be a way of distinguishing acute
viral infection from chronic inflammation [40]. The short half-life of 11C would
allow both tracers to be administered on the same day, shortening the procedure. We
expect this type of multi-tracer study to become more easily feasible and more
common with the increasing availability of highly sensitive total-body PET
scanners.
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1.3.4 Practical Considerations for Preclinical Nuclear Imaging
of Inflammation

Radiotracers need to be validated in vitro before use in animal models of inflamma-
tion. An important consideration is that radionuclides constantly emit radiation and
cannot be “switched off”; consequently, radiotracers produce signal after adminis-
tration until the radionuclide has sufficiently decayed or been eliminated. Notably,
this means radioactive impurities and metabolites also contribute to the signal and
may confound the results by generating false-positive spots on the image. The first
step toward obtaining a good image, i.e., specific to the inflammatory process of
interest, is to have a radiotracer with sufficient stability in its biological environment.
This is typically evaluated in vitro by incubating the radiotracer in serum, but users
may wish to consider additional assays to replicate, for example, the protease-rich
environment of inflamed tissues. Peptide-based radiotracers are particularly sensitive
to proteases, and numerous strategies have been devised to improve their stability,
such as cyclization or the use of unnatural amino acids [41]. Note that, conversely,
proteases can be exploited as targets for activatable radiotracers [42]. Tracers based
on a chelated radiometal can be subject to transchelation, i.e., exchange of the
radiometal with metal-binding proteins such as transferrin or ferritin, whereas
fluorinated or iodinated radiotracers can be subject to dehalogenation. For
radiolabelled cells, the radionuclide may be released from the cell over time. In
either case, this results in the separation of the radionuclide from its targeting moiety
and the appearance of nonspecific signal. Stability is achieved through proper
radiotracer design, such as the use of radiometal-chelator pairs with high affinity.

The second step for good image quality is to have tracers with high radiochemical
purity, i.e., aiming to ensure the only radioactive species in the product is the
radiotracer. This is achieved by optimizing the radiolabelling and purification
conditions and is generally evaluated by radiochromatography methods. In vivo,
radiotracer instability can be determined by analyzing blood samples but also by
unexpected patterns in images: for example, the appearance of radioactivity in the
kidneys after administration of a radiotracer expected to have primarily hepatobiliary



metabolism or accumulation (such as radiolabelled antibodies, nanoparticles) sug-
gests the radionuclide is no longer attached to the main molecule or this molecule has
fragmented.
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Specificity and affinity of the radiotracer for its intended target also needs to be
evaluated where relevant. Particularly for smaller molecules, radiolabelling through
the introduction of bifunctional chelators or prosthetic groups can have detrimental
effects on their binding affinity. One recent example in the context of inflammation
is provided by Kondo et al., who found that using a N-succinimidyl 4-[18F]
fluorobenzoate prosthetic group reduced the affinity of their tracer for matrix
metalloproteinases (MMPs; see Sect. 3.2.6) by one to two orders of magnitude
compared to the parent compound, whereas the 4-nitrophenyl 2-[18F]
fluoropropionate preserved affinity [43]. Mild radiolabelling conditions (rapid,
room temperature, mild pH) are also preferable in order to preserve affinity, espe-
cially for peptide and protein-based radiotracers.

Initial in vivo experiments should be conducted in healthy animals to establish the
normal distribution kinetics of the radiotracer. For earlier time points (typically from
0–60 min after administration), dynamic imaging can provide detailed analysis of
radiotracer distribution across multiple organs (depending on the field of view and
size of the subject) and with high temporal resolution. Usually, this is done by
capturing initially very short frames (sometimes less than 10 s) [44] and progres-
sively increasing frame duration. At later time points (hours or days after adminis-
tration, depending on radiotracer, but usually not beyond three to four half-lives of
the radionuclide), static images can be acquired with longer acquisition times
(0.5–2 h) to compensate for radionuclide decay. The noninvasive and quantitative
nature of nuclear imaging is an immense advantage here, as they allow subjects to be
imaged repeatedly and the images can be used to generate time-activity curves from
which pharmacokinetic models can be derived. Once the radiotracer’s kinetics are
better known, imaging can be limited to a smaller number of time points that are
more relevant to the disease model. If repeated imaging over the course of disease is
desired, it is important to wait sufficiently long (or use radiotracers with shorter half-
lives) between two tracer administrations and scans to prevent overlap. In preclinical
studies, radiotracer uptake in a given region is often expressed as percentage of
injected radioactivity (%ID) per unit of volume (e.g., %ID/mL) or tissue weight (%
ID/g) when measured ex vivo. In patients, uptake is more frequently expressed as
standardized uptake values (SUV), corresponding to the ratio of tissue radioactivity
concentration (e.g., MBq/mL) to administered activity (MBq), divided by body
weight. In both cases, all measures are corrected for decay to the same time point.

Another point to consider is the relatively limited spatial resolution of nuclear
imaging (compared to MRI and X-ray) and how it can affect measures in certain
models, particularly in smaller animals such as mice. When volumes of interest are
smaller than the resolution of the camera, the images can show an apparent increase
in the volume from which the activity originates, leading to an apparent decrease in
activity in the real source area (partial volume effect) and an increase in activity in
neighboring regions (spillover). Consequently, it can be difficult to precisely locate



the source of activity. Virtanen et al. highlighted this problem with radiotracers
targeting vascular adhesion protein 1 (VAP-1; see Sect. 3.2.8) in atherosclerosis,
pointing out the difficulty of measuring uptake in small atherosclerotic lesions in the
aortic arch in mice because of the activity in the blood pool, whereas in rats the aortic
arch is much larger and image-based quantification is more reliable [45]. Therefore,
although that mouse model of atherosclerosis is a standard one and appropriate from
a biological perspective, it is less ideal from a nuclear imaging perspective. That
study also illustrated the impact of the choice of radionuclide, as the images from the
68Ga-labelled tracer appeared blurrier than those from the 18F-labelled tracer, which
could be explained by the higher positron energy of 68Ga (mean energy 0.89 MeV)
compared to 18F (mean energy 0.25 MeV). In preclinical studies, quantification of
radioactivity in organs is generally confirmed by ex vivo biodistribution (measuring
individual organs in a liquid scintillation counter), which is extremely sensitive but
negates the advantage of noninvasive imaging. It is highly recommended at the final
experimental time point but may not be ethically justified for intermediate time
points. Autoradiography on tissue slices can provide information on the spatial
distribution of radioactivity. For targeted radiotracers, providing evidence of target
presence (or lack thereof) by histological methods or flow cytometry is also good
practice.
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Finally, experimental conditions can also have an impact on the final image.
Fueger et al. conducted an important study evaluating the effect of handling, diet,
and anesthesia on [18F]FDG uptake in mice [46]. It was shown that warming and
fasting the mice reduced the uptake of [18F]FDG in brown adipose tissue and thereby
improved tumor visualization. It was also found that isoflurane had no effect on [18F]
FDG uptake by tumors whereas ketamine/xylazine caused hyperglycemia. In the
brain, different anesthetic agents affected the regional distribution of [18F]FDG
[47]. For studies of cardiac inflammation, ketamine/xylazine is useful to reduce
background signal of [18F]FDG in the myocardium, whereas for other models it is
preferable to use isoflurane which has a much lower effect on [18F]FDG uptake.
Similar results were observed with [18F]FLT in tumor and inflammation models
[48]. The anesthetic agent must therefore be chosen carefully and adapted to the
study model.

2 Clinical Nuclear Imaging of Inflammation

2.1 Current Uses and Tracers

Nuclear imaging techniques have been used for identifying inflammation at least
since the 1970s, when scintigraphy with [67Ga]Ga-citrate was identified to be useful
in detecting inflammatory lesions in cancer patients [49]. By the end of the decade,
its uses had spread to the imaging of a wide variety of inflammatory processes and
were not limited to oncological applications [50]. Since then, a wide variety of
imaging probes have been developed and adapted for the imaging of inflammation in



a plethora of patient populations. Nuclear imaging is used in the diagnosis of
numerous inflammatory conditions, including non-infectious conditions such as
atherosclerosis, inflammatory bowel diseases (IBD), sarcoidosis and large vessel
vasculitis, as well as infection-related inflammation such as infective endocarditis,
prosthetic joint infections, osteomyelitis, and tuberculosis [33, 51]. Nuclear imaging
can provide vital information for diagnosis, monitoring therapy, exclusion of other
causes, guide for biopsy, and discrimination between active and residual disease
[51]. Table 2 summarizes the principal radiotracers used for nuclear imaging of
inflammatory diseases in the clinic.
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One of the most widely used radiotracers in nuclear medicine is [18F]
fluorodeoxyglucose ([18F]FDG), an analogue of glucose used in PET imaging.
[18F]FDG is taken up in the same way as glucose, via glucose transporters
(GLUT), with particularly high uptake in more metabolically active areas
[52]. Like glucose, upon entry into the cell, [18F]FDG is phosphorylated by hexo-
kinase to give [18F]FDG-6-phosphate. At this point, the difference in structure
compared to glucose—the 2-hydroxyl group of glucose is substituted with fluo-
rine-18—means that the subsequent rearrangement of the glucose-6-phosphate to
fructose-6-phosphate by phosphoglucose isomerase cannot occur, effectively trap-
ping [18F]FDG-6-phosphate at that stage of metabolism and trapping it within the
cell, causing a gradual accumulation of [18F]FDG-6-phosphate in the most metabol-
ically active cells [53]. There are several reasons for the popularity of [18F]FDG, but
this ability to detect such a simple change has led to [18F]FDG being the most used
PET tracer worldwide and one of the most versatile radiotracers developed to date.
The primary use of [18F]FDG is in imaging cancer, where the increased energy
demands of rapidly replicating cells lead to accumulation of the tracer in many
tumors [53]. One of the main drawbacks of [18F]FDG use is that organs that are
already metabolically active, particularly the heart and brain, will have high back-
ground signal [52]. Another drawback is the versatility of the tracer; because glucose
consumption by cells is upregulated in many different situations, it is challenging to
determine the underlying cause of increased uptake [52, 54].

Aside from organs with high physiological glucose metabolism and tumors, the
main reason for [18F]FDG accumulation is inflammation. Indeed, the recruitment
and activation of macrophages, neutrophils, and other cells leads to a locally
increased demand for glucose [52]. Many studies have been conducted on the uses
of [18F]FDG for the imaging of various manifestations of inflammation.

In the remainder of this section, we provide a few examples of the main uses of
radiotracers in the clinic across a range of inflammatory conditions, as an overview
of how nuclear medicine can be used currently and the directions it may take. For
more details, we refer the reader to a comprehensive review by Casali et al. which
discusses the many applications of [18F]FDG PET/CT in the imaging of inflamma-
tion and infection [55].



Radiotracer Inflammatory diseases
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Table 2 Examples of radiotracers used in the clinic for nuclear imaging of inflammation

Mechanism of action/
target

[18F]FDG Glucose transporters
(metabolically active
cells)

IBD, atherosclerosis, arteritis,
infections, arthritis, infections,
neuroinflammation

[67Ga]Ga-citrate Transferrin (iron
metabolism)

Infections

[18F]NaF Hydroxyapatite Atherosclerosis, bone infections,
arthritis

[99mTc]Tc-sulfur colloid,
[99mTc]Tc-macroaggregated
albumin

Passive (vascular
permeability)

Infections

Radiolabelled leukocytes
([111In]In-oxine, [99mTc]Tc-
HMPAO)

Leukocyte accumulation
at sites of inflammation
and infection

Infections, gastrointestinal
inflammation

Anti-granulocyte antibodies
([99mTc]Tc-sulesomab, [99mTc]
Tc-besilesomab)

Infections

[99mTc]Tc-MDP and other
bisphosphonates

Hydroxyapatite and other
calcium minerals

Atherosclerosis

[11C]PK11195, [11C]DPA-713,
[11C]PBR28, [18F]DPA-714,
[18F]GE-180

Translocator protein
(TSPO)

Neuroinflammation

[68Ga]Ga-DOTA-TATE, [68Ga]
Ga-DOTA-TOC, [68Ga]Ga-
DOTA-NOC

Somatostatin receptors
(SSTR)

Atherosclerosis

[68Ga]Ga-pentixafor CXCR4 Atherosclerosis

2.1.1 Inflammation in the Gastrointestinal Tract

An example of the application of [18F]FDG in the imaging of inflammation is in the
investigation of IBD, although specific protocols are yet to be defined [55]. [18F]
FDG can be used for diagnosing IBD as well as discriminating between the two
subtypes—Crohn’s disease (CD) and ulcerative colitis (UC)—depending on the
location of the uptake [55, 56]. [18F]FDG uptake primarily in the rectum with a
single continuous area of uptake is indicative of UC, while CD can involve any part
of the gastrointestinal (GI) tract, particularly the distal small bowel and terminal
ileum, and uptake typically manifests itself as discontinuous patches [56]. However,
as with its use in atherosclerosis, the applications of [18F]FDG in IBD are not
without their drawbacks. Physiological uptake of [18F]FDG in the GI tract can
always be expected due to the ongoing peristaltic muscle contractions; when this
uptake is moderate to high, it may obscure IBD [54]. Additionally, patients who take
metformin will typically have significantly increased [18F]FDG uptake in the GI
tract [54].

Radiolabelled white blood cells (WBCs; see Sect. 2.1.6) are a well-established
technique in nuclear imaging of many types of inflammation and infection. An



example of where this type of imaging can be applied is in CD, where WBCs are
recruited to the inflamed intestine and accumulate in the mucosa [57]. A review of
imaging of Crohn’s disease by Gatta et al. discusses the advantages of radiolabelled
WBCs compared to other nuclear imaging techniques as well as other imaging
modalities [58], illustrating their point with the example shown in Fig. 6.
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2.1.2 Cardiovascular Inflammation

Studies on cardiovascular inflammation have examined the ability of [18F]FDG to
detect the formation of atherosclerotic plaques. Pro-inflammatory M1 macrophages
have an increased glycolytic rate compared to anti-inflammatory M2 macrophages,
meaning that [18F]FDG is theoretically better-suited to the detection of the early
phases of inflammation rather than its resolution [59]. However, the high back-
ground uptake of [18F]FDG in the heart means that there are complications in
determining what uptake is disease-related and what uptake is physiologically
normal [54]. The interpretation of such data can be further complicated by conditions
such as chemotherapy-induced vascular inflammation or large artery inflammatory
vascular diseases [52], in which inflammation plays a role in the absence athero-
sclerosis, meaning that [18F]FDG uptake cannot always conclusively detect
atherosclerosis.

Caution may be required when interpreting the reason for increased areas of [18F]
FDG uptake; however, various studies have explored ways to simplify this process
while gaining additional information. One such way is the combination of imaging
techniques. An example of this is when using [18F]FDG for the imaging of athero-
sclerosis, a condition that is often accompanied by the presence of extraosseous
calcification [60]. Microcalcifications (<50 μm) and larger sheet-like
macrocalcifications (>3 mm) form as the plaque develops. Microcalcifications are
associated with earlier stages of plaque development and have been reported to
indicate plaque instability, while macrocalcification may develop later and stabilize
the lesion [61]. As previously mentioned, PET imaging is normally performed in
conjunction with CT, which is able to detect larger calcifications, and colocalization

Fig. 6 Scintigraphy of Crohn’s disease patients administered with [99mTc]Tc-HMPAO-labelled
WBCs. (a) No inflammatory activity. (b) Severe inflammatory activity. Reproduced from [58]
under CC-BY-3.0 license (http://creativecommons.org/licenses/by/3.0/). © 2012, Gatta et al.

http://creativecommons.org/licenses/by/3.0/


of [18F]FDG PET signal with the dense calcifications can be an indicator of
inflammation-mediated uptake of [18F]FDG in atherosclerotic plaques. CT may be
unable to detect smaller calcifications, and instead bone-targeting radiotracers can be
used for the detection of the microscopic calcium minerals present in plaques
[62]. The most commonly used bone imaging agents are bisphosphonate (BP)-
based SPECT tracers such as [99mTc]Tc-MDP; however, for imaging extraosseous
calcification, the only agent in clinical use is 18F-labelled sodium fluoride ([18F]NaF)
[63]. Bisphosphonates and [18F]NaF also bind to the bone and are widely used for
the imaging of metabolic bone conditions, which include inflammatory conditions
such as osteomyelitis [64].
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A study by Derlin et al. investigated the use of both [18F]FDG and [18F]NaF
PET/CT imaging for the detection of atherosclerotic plaques [65]. [18F]NaF showed
higher target-to-background ratio than [18F]FDG (2.3 ± 0.7 vs. 1.5 ± 0.3), but [18F]
FDG detected more lesions (124 vs. 105 with [18F]NaF). 77.1% of the lesions
detected with [18F]NaF colocalized with arterial calcification (detected by CT),
while only 14.5% of [18F]FDG-detected lesions were colocalized with arterial
calcification. The authors also highlighted that only 6.5% of detected lesions showed
uptake with both tracers, hypothesizing that [18F]FDG was detecting atherosclerosis
at an earlier stage when inflammation is most active and calcifications are small,
while [18F]NaF was primarily detecting the larger calcifications also detected by CT
at later stages of plaque development, by which point inflammation had subsided and
therefore so had [18F]FDG uptake. This trend has been contradicted in other works
covered in a thorough review by Høilund-Carlsen et al. [66], with [18F]NaF being
reported as having higher uptake in macrocalcifications (at earlier stages of plaque
development), suggesting further study of combining imaging techniques is
warranted. This highlights the potential of combining imaging techniques
(or combining radiotracers in this case) to provide complementary information.

At a preclinical level, much research into imaging calcification is ongoing, with
many examples of [18F]NaF imaging as well as the development of BP-based PET
tracers for imaging calcification [67], which target calcification by a different
mechanism of action. BPs bind by coordination of the phosphonate group with
calcium ions, while fluoride selectively substitutes with the hydroxyl ions in the
hydroxyapatite lattice to give fluorapatite and is therefore likely to offer different
information, although the utility of this type of imaging as a proxy for inflammation
remains to be explored.

Another PET tracer that has found relatively widespread use in the clinic is [68Ga]
Ga-DOTA-TATE, a radiolabelled derivative of the somatostatin analogue octreotide
with high affinity for somatostatin receptor subtype-2 (SSTR2), which is upregulated
in activated macrophages [52]. Much like [18F]FDG, [68Ga]Ga-DOTA-TATE has
found its primary clinical application in oncology [68]. SSTR2 is highly expressed in
neuroendocrine tumors, and [68Ga]Ga-DOTA-TATE imaging can be used for the
detection of primary sites and metastases, restaging in follow-up in patients with
known disease, and selection of patients with metastatic disease for somatostatin-
targeted radionuclide therapy [68]. SSTR2 is abundant on the membrane of activated
macrophages, offering the opportunity to image inflammation due to the



accumulation of activated macrophages at those sites [52]. Tarkin et al. compared
[68Ga]Ga-DOTA-TATE to [18F]FDG for the PET imaging of inflammation leading
to atherosclerotic plaques in 42 patients, with the conclusion that [68Ga]Ga-DOTA-
TATE was better able to differentiate between high-risk and low-risk plaques than
[18F]FDG (Fig. 7) [69]. It was also mentioned that in 64% of [18F]FDG images, the
results were not interpreted due to high background uptake of [18F]FDG in the
myocardium, whereas all [68Ga]Ga-DOTA-TATE images were able to be
interpreted.
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Fig. 7 PET imaging of atherosclerosis with [68Ga]Ga-DOTATATE and [18F]FDG. Views from a
66-year-old man (top, axial plane) and a 70-year-old man (bottom, sagittal plane), both of whom
had transient ischemic attacks resulting from right internal carotid artery lesions with intense culprit
plaque inflammation (hatched circles in a–c and */arrows in d–f). (a and d) CT. (b and e) PET/CT
imaging with [68Ga]Ga-DOTATATE. (c and f) PET/CT imaging with [18F]FDG. Reproduced from
[69] under CC-BY-4.0 license. © 2017, Tarkin et al.

Other SSTR2-targeting tracers also exist, with [68Ga]Ga-DOTA-NOC (which has
affinity to other somatostatin receptors as well as SSTR2) and [68Ga]Ga-DOTA-
TOC in clinical use for the imaging of neuroendocrine tumors. Using a different
radiometal is another option which has been examined. The most notable example of
this is [64Cu]Cu-DOTA-TATE, which, instead of gallium-68, is radiolabelled with
longer-lived, cyclotron-produced positron emitter copper-64 (t1/2 = 12.7 h). A
comparison of [68Ga]Ga-DOTA-TOC to [64Cu]Cu-DOTA-TATE in cancer patients



found that there was a significant correlation between cardiovascular risk scores and
[64Cu]Cu-DOTA-TATE uptake, whereas no such correlation was found for [68Ga]
Ga-DOTA-TOC [70].
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A relatively recent PET tracer to reach the clinic is [68Ga]Ga-pentixafor. Like
both [18F]FDG and [68Ga]Ga-DOTA-TATE, its primary use in the clinic has been
for the imaging of cancer. [68Ga]Ga-pentixafor is a cyclopentapeptide with high
affinity for the chemokine receptor CXCR4, which is upregulated in many types of
cancer, and increased expression is associated with cancer proliferation, migration,
and survival [71]. CXCR4 is highly expressed on several immune cells, particularly
macrophages and T lymphocytes, and plays a role in the trafficking of immune cells
[72]. Therefore, in a similar manner to [68Ga]Ga-DOTA-TATE, this is a tracer that
can identify inflammation on the working principle of detecting the accumulation of
macrophages (and other immune cells). The key difference is that SSTR2, targeted
by [68Ga]Ga-DOTA-TATE, is upregulated on activated macrophages, while
CXCR4 is highly expressed on all macrophages, thus reducing its specificity for
macrophages involved in the inflammatory process. This uptake across macrophages
means [68Ga]Ga-pentixafor may be expected to lead to similar imaging results as
those obtained with [18F]FDG, which also accumulates at sites of inflammation
primarily due to the increased number of macrophages present. However, a 2020
study by Kircher et al. found that [68Ga]Ga-pentixafor was able to identify more
atherosclerotic lesions than [18F]FDG while also highlighting that there was a weak
correlation between [68Ga]Ga-pentixafor and [18F]FDG uptake on a lesion-to-lesion
basis [73].

2.1.3 Neuroinflammation

Neuroinflammation is the primary mechanism of defense of the central nervous
system (CNS) against pathogens, toxic substances, and traumatic injury and plays a
major role in neurodegenerative diseases, including multiple sclerosis, amyotrophic
lateral sclerosis, Alzheimer’s disease, and Parkinson’s disease. [18F]FDG, despite its
physiologically high uptake in the brain, is also a useful radiotracer for certain
neuroinflammatory diseases, as the patterns of uptake in the inflamed brain differ
from those of healthy patients and can show areas of either increased or decreased
uptake, corresponding to hyper- or hypometabolism associated with different under-
lying mechanisms and stages of disease [74]. [18F]FDG is useful in diagnosing
autoimmune encephalitis [74], but also for neurodegenerative diseases, which often
have an inflammatory component [75, 76].

Translocator protein (TSPO) has long been used as a major biomarker for
neuroinflammation, as its expression in microglia and astrocytes is highly
upregulated in inflammatory conditions [77]. Over the last 30 years, multiple
generations of radiotracers have been developed to image TSPO, and many are
used in the clinic, including [11C]PK11195 (first generation), [11C]DPA-713, [11C]
PBR28, [18F]DPA-714 (second generation), and [18F]GE-180 (third generation), to
name only a few of the more common ones [77]. Notably, tracers for



neuroinflammatory diseases tend to be small molecules radiolabelled with 11C and
18F, as larger molecules (e.g., antibodies that are commonly used for cancer imaging)
have difficulty crossing the blood-brain barrier (BBB).
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Fig. 8 PET imaging of TSPO in multiple sclerosis. Summed [11C]PK11195 PET images
co-registered and fused with 1.5 T MRI at the cortical level for (a) a healthy 40-year-old woman
(cortical GM PK BPND: 0.061); (b) a 46-year-old man with a 12-year history of relapsing-remitting
multiple sclerosis (RRMS) (cortical GM PK BPND: 0.121); and (c) a 46-year-old woman with
secondary progressive multiple sclerosis (SPMS) (cortical GM PK BPND: 0.198). GM PK BPND:
gray matter [11C]PK11195 binding potential of the specifically bound radioligand relative to the
nondisplaceable radioligand in tissue. Adapted from Politis et al. [78]. © 2012, American Academy
of Neurology

An example of the utility of TSPO-targeting tracers in examining patients with
neuroinflammation comes from a study by Politis et al. in which multiple sclerosis
(MS) patients were imaged using [11C]PK11195 PET fused with MRI [78]. The
MRI was used to identify gray matter which was used to calculate the binding
potential of [11C]PK11195 in the gray matter (GM PK BPND). Patients with more
severe MS showed higher GM PK BPND than patients with less severe MS or healthy
controls (Fig. 8). A further example comes a more recent study by Ricigliano et al. in
which patients with multiple sclerosis were imaged with [18F]DPA-714—in combi-
nation with MR imaging to determine the volume of the choroid plexuses—and
showed increased PET signal in the choroid plexuses of patients with MS compared
to healthy control participants [79]. These results indicate a role of the choroid
plexuses in the pathophysiology of MS, although whether these are triggers for MS
or secondary effects was not determined. Another recent study by Fleischer et al.
[80] with MR imaging alone was in agreement with the conclusions of Ricigliano
et al. that the choroid plexuses are an interesting imaging target for MS patients. This
provides an indication of the way in which a combination of different imaging
techniques could be a useful addition to the clinical toolbox as well as an indication
of the potential future directions of nuclear imaging in neuroinflammation.

The plethora of radiotracers developed can be explained first by the high scientific
value of radiotracers for CNS diseases (due to the difficulty of studying the brain
with invasive methods) and by the various shortcomings of the successive



generations of tracers. For example, [11C]PK11195 suffers from low signal-to-noise
ratio and requires an on-site cyclotron for production; second-generation tracers
(often labelled with 18F) have revealed the existence of polymorphism in the TSPO
gene that leads to high interindividual variability in radiotracer affinity. Third-
generation tracers have sought to address this issue by binding to TSPO regardless
of various polymorphisms. While binding being less affected by TSPO polymor-
phism has been associated with increased sensitivity in detection of microglial
activation in mice [81], a direct comparison study of third-generation [18F]GE-180
and second-generation [11C]PBR28 showed that [18F]GE-180 demonstrated consid-
erably worse BBB penetration as well as difficulties in kinetic modelling compared
to [11C]PBR28 [82]. There is therefore a continued need to improve nuclear imaging
of TSPO so as to benefit more patients [83]. Recent innovations and developments in
TSPO imaging are discussed in Sect. 3.1.1.
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2.1.4 Musculoskeletal Diseases

Musculoskeletal diseases present an interesting opportunity for nuclear imaging
[84]. The highly sensitive whole-body imaging allows not only for diagnosis of
identified areas of inflammation such as arthritic joints but also incidental findings
such as subclinical arthritic joints which may be more easily treated. Nonetheless,
nuclear imaging has yet to become a standard technique in diagnosis of musculo-
skeletal diseases.

The majority of studies have used [18F]FDG to probe for macrophage infiltration
or used alternative markers of arthritis as an indirect way of imaging inflammation,
such as using [18F]NaF to image areas of high mineral turnover in the skeleton, a
characteristic of osteoarthritis. A study by Al-Zaghal et al. imaged both healthy
subjects and subjects with a history of chest pain with [18F]FDG and [18F]NaF. They
found uptake of both tracers in the knees showed positive correlation with body mass
index, although they did not have sufficient clinical data to determine whether there
was correlation between tracer uptake and inflammation [85]. Another comparative
study compared [18F]FDG with [68Ga]Ga-NOTA-PRGD2 [86], a tracer with high
affinity toward αVβ3-integrin, a biomarker for angiogenesis which is present in
rheumatoid arthritis. In this study, the authors found that [68Ga]Ga-NOTA-PRGD2
uptake showed better correlation with disease severity than [18F]FDG. Furthermore,
they found that upon therapeutic intervention, there was significant correlation
between changes of [68Ga]Ga-NOTA-PRGD2 uptake and changes in the clinical
condition of the patients. An example of nuclear imaging in RA is shown in Fig. 9
[54]. This shows [18F]FDG PET/CT scans of two patients, one with known RA but
suspected infection (although no infectious foci were found, the RA signal in the
shoulders and hips is clear) and the other with no serum biomarkers for RA but a
distinctive symmetrical pattern of inflammation of the small joints in the hands,
which is typical of RA.
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Fig. 9 [18F]FDG PET imaging of rheumatoid arthritis. In the left panel, a 45-year-old woman with
known RA underwent [18F]FDG PET/CT due to suspected infection. No infectious foci were found,
but RA was clearly active with avid [18F]FDG uptake in the shoulders, elbows, and hips. Reactive
local lymph nodes were also visible in the axillae and along the pelvic arteries. The right column
shows a 67-year-old man with negative biomarkers for RA. However, [18F]FDG uptake was
rounded and avid in the shoulder region, and both wrists and finger joints were involved indicating
a tentative diagnosis of seronegative (or elderly onset) RA. Adapted from [54] (CC-BY-4.0 license).
© 2021, Pijl et al.

2.1.5 Fever of Unknown Origin (FUO)

Some of the first examples of [18F]FDG imaging in inflammatory conditions were to
identify the causes of fever of unknown origin. Initially, foci caused by inflammation
and infection were considered false positives and seen as a drawback of [18F]FDG
imaging. The versatility of [18F]FDG can also be advantageous in that it gives [18F]
FDG the ability to detect many conditions or to rule out a large number of conditions
in the case of a negative scan. This is of particular use in FUO, which has more than
200 recognized causes [87], although the causes can be grouped into four main
categories: infection, malignancies, noninfectious inflammatory diseases, and mis-
cellaneous [88]. [18F]FDG is able to detect infection, malignancies, and
noninfectious inflammatory diseases due to the increased glucose demand. It is
therefore the preferred option when likelihood of infection is considered low and
can be used to rule out many possible conditions in a single scan. If likelihood of



infection is considered high, infection-specific imaging agents such as [99mTc]Tc-
HMPAO would be preferred [55]. An example of using [18F]FDG to investigate
FUO, in which a PET/CT scan of a patient with FUO revealed the underlying
condition to be vascular inflammation (arteritis), is shown in Fig. 10.
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Fig. 10 Using nuclear imaging to investigate fevers of unknown origin. Representative coronal,
sagittal, and transversal [18F]FDG PET/CT images of a patient presenting with recurrent FUO for
3 months and increasing C-reactive protein levels. [18F]FDG PET shows inflammation of the large
vessels consistent with Takayasu’s arteritis. Adapted from [89] (CC-BY-4.0 license). © 2021, Iking
et al.

2.1.6 Infection Imaging

Inflammation is a physiological response to infections, and therefore several radio-
tracers that are used for inflammation imaging are also used in the context of
infectious diseases. In infections, both the pathogen and the inflammatory response
can be imaged, but in clinical practice the latter is more commonly used, either with
radiotracers that accumulate due to the locally increased vascular permeability or
with radiotracers more specific to the infiltration and activation of immune cells at
the site of infection. One of the oldest tracers used in nuclear imaging of infection
and inflammation is [67Ga]Ga-citrate [49]. Gallium-67 reaches the site of infection
passively via the increased permeability of the capillary network. In aqueous media,
gallium metal is found primarily in the +3 oxidation state, where it acts in a similar
manner to iron(III). The [67Ga]Ga-citrate complex is relatively unstable in the blood,
and approximately 90% of the gallium-67 will dissociate and bind to transferrin.
Upon reaching the site, the complex dissociates and the unbound gallium-67 is
bound by lactoferrin—a protein overexpressed as part of the inflammatory
response—and bacterial siderophores, reducing the chance of efflux away from the
site of infection [90]. However, gallium-67 is not an ideal radionuclide for imaging
because of its excessively long half-life and poor spatial resolution, and for these
reasons, it has largely been replaced in the clinic by other radiotracers such as [18F]
FDG and radiolabelled leukocytes [91].

Scintigraphy with autologous radiolabelled WBC has been used since the late
1970s for imaging infections. This method is based on the fact that neutrophils,
which typically represent 50–70% of circulating leukocytes, actively migrate toward



sites of infection. Thus, radioactive cells accumulating at a site of infection generate
a “hot spot” on a scan. Although numerous labelling methods exist [35], in the clinic
WBCs are mostly radiolabelled ex vivo using the ionophoric complexes [111In]In-
oxine and [99mTc]Tc-HMPAO (hexamethylpropyleneamine oxime). Oxine and
HMPAO each form a small, uncharged, lipophilic complex with their respective
radiometal that is able to traverse the cell membrane. Upon entering a cell, the
metastable complex dissociates, effectively trapping the radionuclide in the cell. In
practice, a small volume (typically ≤60 mL) of blood is drawn from the patient, and
theWBCs are isolated and then mixed with the radiotracer. After washing the cells to
remove unbound radiotracer, the labelled cells are then reinjected into the patient and
tracked, allowing the visualization of recruitment and accumulation of WBCs.
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Fig. 11 Radiolabelled WBC for infection imaging. Sagittal (left), coronal (middle), and transaxial
(right) SPECT/CT images of a patient with post-traumatic osteomyelitis of the left tibia. A focal site
of increased [99mTc]Tc-HMPAO-labelled WBC uptake is evident at the distal tibia; a smaller
additional focus of [99mTc]Tc-HMPAO-labelled WBC uptake is also evident at the tibial-calcaneal
joint. Reproduced from Erba & Israel [64] with permission. © 2014, Italian Association of Nuclear
Medicine and Molecular Imaging

Despite the age of this technique, scintigraphy and SPECT/CT with radiolabelled
WBC remain to this date the gold standard imaging method for many infectious
diseases. Radiolabelled WBCs are typically indicated for the diagnosis, monitoring,
and treatment response evaluation of bone or soft tissue infections, such as osteo-
myelitis (Fig. 11), spondylodiscitis, prosthetic joint infections, postoperative infec-
tions, diabetic foot infections, infective endocarditis, and bacterial pneumonia
[33]. Because of the need to extract, radiolabel, and reinject the patient’s cells, the
process is more time-consuming and complex than for other radiotracers; however,
the good performance of radiolabelled WBC as diagnostic agents has kept them
relevant. For diagnosing diabetic foot infections, for example, radiolabelled WBC
imaging using [111In]In-oxine and [99mTc]Tc-HMPAO has shown sensitivities of



75–100% and 86–93%, respectively, and specificities of 69–89% and 80–98%,
respectively [64].
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Another way of imaging leukocytes in infection is to use radiolabelled antibodies,
for example, [99mTc]Tc-sulesomab or [99mTc]Tc-besilesomab. These antibodies
bind selectively to granulocytes, meaning the imaging theoretically shows areas of
increased granulocyte concentration, similar to radiolabelled WBC imaging methods
[92]. Radiolabelled antibodies offer several practical advantages over WBC label-
ling methods: there is no need to extract, handle, and label blood, which could
present increased radiation dose and risk of infection toward the operator. The
performance of [99mTc]Tc-sulesomab has been compared to radiolabelled WBCs
in many studies with results generally found to be similar, although sensitivity could
vary depending on the condition being investigated [93, 94].

[18F]FDG PET, based on the increased glycolytic activity of infiltrating leuko-
cytes, has also shown good performance in diagnosing osteomyelitis and soft tissue
infections, although differentiating between the two (which is important for treat-
ment) is not always easy and there is a lack of standardized interpretation criteria for
[18F]FDG PET/CT images in these indications [55]. In contrast, [18F]FDG PET does
not perform as well as radiolabelled leukocytes for prosthetic joint infections
[55]. [18F]FDG has the potential to be used to monitor infectious/inflammatory
diseases such as dengue, where the viremia correlates poorly with the actual course
and outcome of the disease [95].

Finally, the development of pathogen-specific radiotracers is an active area of
research that has been gathering pace in recent years. One of the most promising
developments in our opinion is that of 2-deoxy-2-[18F]fluoro-D-sorbitol ([18F]FDS),
a radiotracer specific for bacteria of the Enterobacterales order (including major
pathogens of the Enterobacter, Escherichia, Klebsiella, Salmonella, and Yersinia
genera), which has moved from preclinical stages into several clinical trials with
highly encouraging results [96]. A notable advantage of [18F]FDS is its ease of
preparation, as it synthesized in a one-step reduction from [18F]FDG, and therefore it
could be easily manufactured in any PET facility already using [18F]FDG [97]. Just
like mammalian cells, microbes can be imaged by exploiting specific enzymes and
transporter pathways (e.g., carbohydrate metabolism in the case of [18F]FDS, iron
uptake mechanisms with radiolabelled siderophores, beta-lactamases with
radiolabelled antibiotics) or cell surface markers (e.g., specific glycans or lipids).
For further details on pathogen-specific nuclear imaging, we refer the reader to
recent reviews [98–100].

2.2 Challenges and Recent Developments

2.2.1 Increasing Specificity

Despite the usefulness of existing radiotracers in imaging of inflammation, there
remains considerable room for improvement. Radiolabelled leukocytes are more



complex to use than other tracers because of the blood handling aspects that require
additional time and precautions. [18F]FDG is widely available, convenient, and
highly versatile, but its relative lack of specificity is a double-edged sword. Indeed,
it is unable to discriminate on its own between cancer, sterile inflammation, and
infection. Postsurgical situations are a case in point: the wound-healing process
involves an influx of inflammatory cells and fibroblast activation, and there is a risk
of infection, especially if grafts are involved, that would also lead to leukocyte
recruitment. As both cases would lead to an increase in [18F]FDG uptake, it is
important to differentiate between a physiological reaction that will subside and a
nascent infection that needs to be tackled as early as possible. Acute infection tends
to give focal and intense uptake, but low-grade infection and sterile inflammation are
more difficult to differentiate [54]. Typical causes of false-positive [18F]FDG
PET/CT images in suspected inflammatory diseases, even years after the causative
event, include tumors, recent bone fractures, postoperative inflammation, degener-
ative diseases, and synthetic grafts (foreign body reaction). False negatives can be
caused by low-grade inflammation or infection masked by antibiotic or anti-
inflammatory therapy (e.g., steroids), small lesions, and hyperglycemia [55]. Kidney
and liver failure can also lead to higher background signal and confound results [54].
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[18F]FDG also has high uptake in healthy organs (heart, brain, muscle after
effort), which makes it difficult to visualize signal changes due to inflammatory
processes. For those organs especially, radiotracers with a higher target-to-back-
ground ratio are required. Furthermore, [18F]FDG protocols often require several
hours of fasting before the scan to reduce background signal and improve image
quality, yet there are a number of situations where this is not achievable (e.g.,
noncompliant patients, diabetic patients, intensive care or emergency situations)
[101]. Thus, radiotracers that are less sensitive to biochemical parameters and
require shorter preparation times would also be beneficial alternatives. Attempts to
replace [18F]FDG with 68Ga-based radiotracers that do not have endogenous uptake
in the heart were not successful [102]. Despite this limitation, [18F]FDG has been
successfully used to image cardiac inflammation in animal models of myocardial
infarction, using xylazine and ketamine to reduce background uptake of [18F]FDG
[103, 104]. With this uptake suppression protocol, [18F]FDG was also used to
predict the efficacy of cardiac induced stem cells as a treatment for myocardial
infarction [105].

There is therefore a need to develop radiotracers for inflammatory and infectious
diseases with an increased specificity for inflammatory processes, ideally the ability
to further discriminate between different types of inflammation, improved pharma-
cokinetic and pharmacodynamic properties that lead to images with better contrast
and allow dynamic assessment of inflammation, and preferably using radionuclides
that are widely available and convenient to use to ensure that as many patients as
possible can benefit. In Sect. 3 we describe several receptors, signalling pathways,
and metabolic processes that could lead to more specific imaging of inflammation.
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2.2.2 Quantification and Multimodal Imaging

For a long time, there were no universally recognized criteria for the diagnosis of
inflammatory conditions using [18F]FDG PET or other tracers. In clinical practice,
radiotracer uptake is evaluated by a variety of methods. Visual analysis by trained
specialists is the simplest method, scoring, for example, the signal intensity in the
area of interest in comparison with the intensity in a reference organ where uptake is
expected to be relatively constant. For example, Meller et al. defined a four-point
scale to evaluate large vessel vasculitis, where grade 0 represents no uptake, grade I
is vascular uptake lower than the liver, grade II is uptake similar to the liver, and
grade III is higher vascular uptake than in the liver [106]. Other criteria can include
the shape of the area with uptake, the focal or diffuse nature of the signal, and the
number of uptake areas, depending on the nature of the disease. Qualitative analysis
of images can be sufficient, although it can also lead to ambiguity. Recent efforts
have aimed at standardizing the criteria in order to provide nuclear medicine
physicians with clearer guidelines for diagnosis and treatment. Semiquantitative
scoring methods based on SUV values (see Sect. 1.3.4) have also been developed,
taking, for example, SUV values to calculate a target-to-background ratio and setting
thresholds above which a diagnosis is established. For example, in their guide on the
use of [18F]FDG PET/CT for imaging infection and inflammation, Signore et al.
indicate that in IBD imaging, in addition to qualitative analysis, if the maximum
standardized uptake value (SUVmax) of the bowel is greater than that of the liver, it is
suggestive of IBD [51]. However, truly quantitative criteria are not yet established.
To date, the closest example is the use of [18F]FDG in imaging spine infections,
where an SUVmax >3 has been identified as an indication of spine infection,
although this is not yet an established standard.

A further challenge is that much of current practice relies on additional imaging
data from other modalities, such as CT or MRI. These techniques provide anatomic
detail at a level that PET and SPECT cannot provide and can inform on the
involvement of bone or specific soft tissues. It is often necessary to interpret two
different images within the context of each other. This can cause greater variance of
interpretation by different users and can further complicate the quest for standardized
criteria for diagnosis. Practical difficulties complicate this matter yet more, as issues
with co-registration or imaging artifacts due to patient motion or other interference
can present barriers in the way of standardized image interpretation. While the use of
multiple modalities presents some challenges, these are offset by the extra informa-
tion provided. For example, MRI is the standard imaging approach for spinal
infections, and therefore a combined PET/MRI approach can address the shortcom-
ings of each separate method to provide some of the most complete information
available. Even if criteria are established, it has to be understood what has caused
any detected abnormal uptake. This involves differentiating between infection,
inflammation, and other causes of increased signal, such as oncological uptake of
[18F]FDG. One method for this is dual time-point imaging with [18F]FDG, in which
the uptake is compared at two time points postinjection. The principle is that glucose



metabolism varies depending on the underlying condition, where higher retention
would be expected in malignant tumors than in infection or inflammation [54]. None-
theless, differentiation between conditions remains challenging. As mentioned in
Sect. 1.3.3, using multiple radiotracers could help with differentiation. Dynamic
imaging may also bring improvements, as it can be used to determine the metabolic
rate and thus potentially differentiate between conditions. Currently, dynamic imag-
ing has to be focused on the main area of interest because of the limited axial FOV of
cameras, but with the development of total-body PET, it may become a more
common option for differential diagnosis. Independently of technological advances,
a key part of differentiating between causes of radiotracer uptake is good knowledge
of the patient’s medical history. Past surgeries, bone fractures, tumors, diabetes,
various medications, and kidney and liver failure can all yield misleading results and
should be taken into account when interpreting imaging data. For this reason,
information sharing between healthcare providers is crucial.
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2.2.3 Radiomics

Radiomics consists in an ensemble of quantitative image analysis methods, enabled
by recent developments in computational methods including machine-learning algo-
rithms. This relatively novel field is expected to assist the development of inflam-
mation imaging by extracting further information from medical images than might
be visible to the human eye. For example, rather than simply measuring radiotracer
uptake in a given volume, radiomics can analyze in finer detail the 3D distribution of
activity within an organ or indicate features such as the granularity or texture of an
image. Notably, radiomic analysis can be performed on any imaging modality and
correlate data obtained from multiple modalities including nuclear imaging, MRI,
and CT [107]. To date, PET radiomics have mostly been applied in oncology, and
for MR and CT imaging of inflammation, and there are only limited reports of PET
radiomics in inflammatory diseases [108–110]. The development of PET radiomics
could conceivably improve the performance of existing tracers, especially [18F]
FDG, in distinguishing inflammation from other diseases.

3 Recent Developments in Preclinical Nuclear Imaging
of Inflammation

In this section, we describe a number of relatively recent, mostly preclinical studies
(i.e., from ~2014 onward) of radionuclide-based molecular imaging of inflammation
that demonstrate progress in some of these aspects (see Table 3). Through this broad
but by no means exhaustive selection, we intend to show that nuclear imaging can
potentially be used to provide in vivo evidence of any signalling pathway or
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Table 3 A selection of radiotracers used in preclinical models of inflammation

Target Cell type Radiotracer Disease model

Translocator pro-
tein (TSPO)

Microglia, astrocytes [11C]PK11195,
DPA-713, DPA-714,
[18F]GE-180, [11C]
PBR28, [18F]FEDAC,
[18F]FEPPA, [18F]FDG

Multiple sclerosis,
amyotrophic lateral
sclerosis,
Alzheimer’s,
Parkinson’s

Folate receptor β Activated
macrophages

[18F]fluoro-PEG-folate,
[18F]AlF-NOTA-folate,
[18F]F-aza-5-
methyltetrahydrofolate

Rheumatoid arthritis,
atherosclerosis,
myocarditis

Hypoxia Activated macro-
phages and
neutrophils

[18F]fluoromisonidazole,
[64Cu]Cu-ATSM, [64Cu]
Cu-CTS

Atherosclerosis, sar-
coidosis, rheumatoid
arthritis

Aldehydes Fibrotic tissue [18F]NA3BF3 LPS-induced sys-
temic inflammation

Iron metabolism Neutrophils, bacteria [68Ga]Ga-citrate,
radiolabelled
siderophores

Bacterial and fungal
infections

Fibroblast activa-
tion protein (FAP)

Activated fibroblasts [68Ga]Ga-FAPI-04 (Exploratory clinical
studies) Arthritis, cir-
rhosis, myocardial
infarction

CD80/86 Macrophages, den-
dritic cells

[111In]In-DOTA-
belatacept, [64Cu]Cu-
NODAGA-abatacept

Atherosclerosis,
LPS-induced skin
inflammation

Mannose receptor
(MMR/CD206)

Macrophages, den-
dritic cells, hepatic
and lymphatic endo-
thelial cells

2-deoxy-2-[18F]fluoro-D-
mannose, 99mTc/111In-
labelled DTPA-
tilmanocept, [68Ga]Ga-
NOTA-MMR nanobody

Atherosclerosis, myo-
carditis,
neuroinflammation
(traumatic brain
injury)

Scavenger recep-
tor A1

Activated
macrophages

[89Zr]Zr-maleyl-albumin Atherosclerosis

Galectin-3 M2 macrophages [89Zr]Zr-DFO-galectin-
3-F(ab’)2 antibody

Atherosclerosis

Chemokine
receptors

Monocytes, macro-
phages (CCR2,
CCR5, CXCR4), neu-
trophils (CXCR1,
CXCR2), T cells
(CXCR4), endothelial
cells (CXCR4)

[68Ga]Ga-pentixafor,
68Ga/64Cu-labelled
ECL1i, ECL1i-targeted
gold nanoparticles, 64Cu-
labelled D-ala-peptide
T-amide nanoparticles,
[99mTc]Tc-interleukin-8,
64Cu-labelled vMIP-II-
targeted nanoparticles

Acute lung injury,
heart transplantation,
vascular inflamma-
tion: atherosclerosis,
ischemia-reperfusion,
aortic aneurysm

Cell-adhesion
molecules

Macrophages, lym-
phocytes, platelets,
activated endothelial
cells, sickle cells

Radiolabelled RGD pep-
tides, 64Cu-labelled
integrin β7 antibodies,
[68Ga]Ga-aquibeprin,
[64Cu]Cu-LLP2A, [68Ga]
Ga-fucoidan, [99mTc]Tc-

Rheumatoid arthritis,
myocarditis, colitis,
sickle-cell disease,
atherosclerosis, ische-
mic stroke, aortic
aneurysm



fucoidan microparticles,
[111In]In-DOTA-
butylamino-NorBIRT,
radiolabelled VCAM-1
nanobodies, 99mTc-
labelled ICAM-1
microbubbles

biological process involved in inflammation and is therefore a powerful tool to
demonstrate on a whole-body level what has been discovered on a cellular level.

Nuclear Imaging of Inflammation 57

Table 3 (continued)

Target Cell type Radiotracer Disease model

Matrix
metalloproteinases

Neutrophils, macro-
phages, lymphocytes,
chondrocytes, epithe-
lial cells

[99mTc]Tc-RP805,
[99mTc]Tc-RYM1, [89Zr]
Zr-pro-MMP-9 F(ab′)2
antibody, 99mTc-labelled
MMP-12 inhibitors,
18F-labelled MMP-9/12
inhibitors

Lung inflammation,
aortic aneurysm,
fibrosis

T cell and B cell
lineage markers,
metabolic
pathways

T cells (CD3, CD4,
CD8, OX40), B cells
(CD20)

[18F]F-AraG, [89Zr]Zr-
DFO-CD4 diabody,
[89Zr]Zr-DFO-CD3 anti-
body, [64Cu]Cu-DOTA-
OX40 antibody,
89Zr/64Cu-labelled
rituximab

GvHD, arthritis, coli-
tis, autoimmune
encephalomyelitis,
viral infection (influ-
enza A)

VAP-1 Endothelial cells 123I-labelled VAP-1 anti-
bodies, 68Ga-labelled
peptides, [68Ga]Ga-
DOTA-Siglec-9

Arthritis, lung
inflammation

3.1 Metabolic Pathways Involved in Inflammation

3.1.1 Translocator Protein (TSPO) Ligands

Neuroinflammation is the primary mechanism of defense of the CNS against path-
ogens, toxic substances, and traumatic injury, as it plays a major role in neurode-
generative diseases including multiple sclerosis, amyotrophic lateral sclerosis,
Alzheimer’s disease, and Parkinson’s disease. TSPO has long been used as a
major biomarker for neuroinflammation, as its expression in microglia and astrocytes
is highly upregulated in inflammatory conditions [77]. Over the last 30 years,
multiple generations of radiotracers have been developed to image TSPO, and
many are used in the clinic, including [11C]PK11195 (first generation), [11C]DPA-
713, [18F]DPA-714 (second generation), and [18F]GE-180 (third generation), to
name only a few of the more common ones [77]. Notably, tracers for



neuroinflammatory diseases tend to be small molecules radiolabelled with 11C and
18F, as larger molecules (e.g., antibodies that are commonly used for cancer imaging)
have difficulty crossing the blood-brain barrier. The plethora of radiotracers devel-
oped can be explained first by the high scientific value of radiotracers for CNS
diseases (due to the difficulty of studying the brain with invasive methods) and by
the various shortcomings of the successive generations of tracers. For example, [11C]
PK11195 suffers from low signal-to-noise ratio and requires an on-site cyclotron for
production; second-generation tracers (often labelled with 18F) have revealed the
existence of polymorphism in the TSPO gene that leads to high interindividual
variability in radiotracer affinity. There is therefore a continued need to improve
nuclear imaging of TSPO so as to benefit more patients [83]. Recently, TSPO
imaging has also been used for peripheral inflammation. Uptake of [18F]DPA-714
in the joints of arthritic rats, due to the expression of TSPO on infiltrating macro-
phages, correlated with disease severity [111]. Radioiodinated TSPO ligands ([125I]
DPA-713 and [124I]DPA for SPECT and PET imaging, respectively) were used to
image tuberculosis-associated inflammation and the response to antibiotic treatment
in a mouse model of pulmonary tuberculosis [112, 113] (Fig. 12a). In a rat model of
acute lung injury, [18F]FEDAC was used to show the expression of TSPO on
bronchial epithelial cells and bronchus-associated lymphoid tissue [114]
(Fig. 12b), and in a mouse model of malaria-associated acute respiratory distress
syndrome, [18F]FEPPA uptake in the lungs correlated with blood levels of Plasmo-
dium berghei. Finally, in a mouse model of Sendai virus infection, [11C]PBR28
proved to be more specific than [18F]FDG in imaging M2 macrophage-driven
chronic lung inflammation [40]. Given this non-exhaustive list of examples, the
future of TSPO imaging by PET is promising not only for neuroinflammation but in
many other diseases and especially lung inflammation.
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3.1.2 Amino Acid Metabolism: LAT1

Tracers targeting amino acid pathways are an alternative to [18F]FDG for nuclear
imaging. For example, system L amino acid transporters, in particular LAT1, have
proven to be better targets to discriminate between cancerous and inflamed tissue.
Novel tracers 2-[18F]-2-fluoroethyl-L-phenylalanine (2-[18F]FELP) [115] and (S)-2-
amino-3-[3-(2-[18F]fluoroethoxy)-4-iodophenyl]-2-methylpropanoic acid (18F-FIMP)
[116] have been found to distinguish tumors from inflamed tissue better than [18F]
FDG, [11C]Met, or [18F]FET, but this is because they preferentially accumulate in
tumors (which often overexpress LAT1) and therefore they would be more useful for
excluding the presence of inflammation than for specifically imaging inflammation.
However, LAT1 is also a marker of T cell activation and thus could be useful in
imaging T cell activity, whether in the context of inflammatory (e.g., autoimmune)
diseases or for cancer immunotherapies or T cell-based therapies where T cell
activation at the target location is actually a positive sign and can manifest as
pseudoprogression on [18F]FDG scans [117]. Similarly, immune checkpoint inhibi-
tors used in oncology can cause severe immune-related adverse effects (irAEs) [118],



and although this hypothesis appears not to have been tested to date, imaging LAT1
may also be a way to detect irAEs. Approaches for specific imaging of T cells are
discussed in Sect. 3.2.7.
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Fig. 12 Novel tracers for TSPO imaging of lung inflammation. (a) Representative coronal PET
lung images acquired 0–30 min after injection of radiotracer in rats, at various time points after
intratracheal administration of bacterial lipopolysaccharide (LPS). The images in the second line
show tracer specificity, with TSPO blocked by nonradioactive PK11195. [18F]FEDAC was more
sensitive than [11C]PK11195 for TSPO imaging. Adapted with permission, © 2012, Hatori et al.
[114]. (b) [18F]FDG PET/CT and [125I]iodo-DPA-713 SPECT/CT images of C3HeB/FeJ mice
infected with M. tuberculosis. Discrete areas of [125I]iodo-DPA-713 SPECT signal are noted in the
lungs of the infected mouse. The SPECT signal colocalizes with the tuberculosis lesion seen on CT
(crosshair). The [18F]FDG PET signal is more diffuse, with intense signal noted in the heart,
obscuring the pericardiac regions. [125I]iodo-DPA-713 SPECT signal is also noted in the brown
fat (BF) in the coronal view. Adapted with permission, © 2013, Foss et al. [112]
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3.1.3 Folate Receptor β

The folate metabolic pathway is fundamental for cells, and its dysregulation is
involved in many diseases. Folate receptors (FRs) have long been targets for
therapeutic and diagnostic agents, because of the frequent overexpression of FR-α
on cancer cells [119] and FR-β specifically on activated macrophages [120]. This
specificity makes FR-β a good target to develop (radio)tracers for diseases with
significant macrophage involvement. While numerous radiolabelled folate ana-
logues have been developed and used in the clinic, many of them bind to both α
and β isoforms of FR [120]. One of the more recent FR-targeting radiotracers, [18F]
fluoro-PEG-folate, has recently been used in the clinic to image RA and provided
better contrast than the TSPO tracer [11C]PK11195 [121]. [18F]fluoro-PEG-folate
binds to both α and β isoforms and thus may also be useful for cancer imaging, but
presumably without the ability to distinguish tumors from inflammation. [18F]AlF-
NOTA-folate is another example of radiotracer that has been shown to image FR-β
in models of atherosclerosis (Fig. 13) [122] and myocarditis [123], but its affinity for
FR-α has, to our knowledge, not been reported. To lift this ambiguity, efforts have
been made to develop isoform-selective radiotracers for FRs, such as the recently
developed 6S isomer of [18F]F-aza-5-methyltetrahydrofolate (6S-5MTHF), which
showed high uptake in FR-α-positive tumors and very low uptake in FR-β-positive
tumors [124]. To the best of our knowledge, radiotracers with selectivity for FR-β
over FR-α have not been reported to date but would have potential to be highly
discriminating agents to image inflammatory diseases.

3.1.4 Imaging Hypoxia

Tissue hypoxia is associated with several inflammatory diseases. Among other
factors, the infiltration of activated immune cells increases local consumption of
oxygen. For example, macrophage-rich zones in atherosclerotic plaque are hypoxic
[125], and so are granulomas in sarcoidosis [126]. Thus, imaging hypoxia could be a
way of detecting certain inflammatory lesions. Radiotracers for imaging hypoxia are
primarily used in oncology, but applications in cardiovascular and inflammatory
diseases have recently emerged [127]. The lead radiotracer for hypoxia is [18F]
fluoromisonidazole ([18F]FMISO), used clinically for cancer imaging for over
25 years [128]. [18F]FMISO has been shown to detect atherosclerotic lesions in
rabbits [129] and cardiac sarcoidosis in patients [130] (Fig. 14), and its uptake in
inflamed joints correlated well with clinical symptoms in a mouse model of rheu-
matoid arthritis [131]. Other hypoxia tracers with potential to detect and monitor
inflammatory diseases include those of the thiosemicarbazone family, such as [64Cu]
Cu-ATSM [132] and [64Cu]Cu-CTS [133].
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Fig. 13 Imaging folate receptors in atherosclerosis. (a) Representative coronal PET/CT images of
atherosclerotic LDLR-/-ApoB100/100 and healthy C57BL/6 N control mice administered [18F]AlF-
NOTA-folate (18F-FOL) or [18F]FDG PET/CT. Note the low uptake of [18F]AlF-NOTA-folate in
the heart. White arrows denote the aortic arch. LV: left ventricle. (b) Left: hematoxylin-eosin (H&E)
staining of a longitudinally sectioned atherosclerotic mouse aorta. A: arch, AA: ascending aorta, B:
brachiocephalic artery, D: descending thoracic aorta, L: lumen, LC: left common carotid artery, LS:
left subclavian artery. Middle: superimposed 18F-FOL ex vivo autoradiograph and H&E staining,
with black lines representing the tissue contour and regions of interest. P: plaques (excluding
media); W: healthy vessel wall (no lesion formation); A: adventitia (mainly adipose tissue around
the aorta). Right: Mac-3 immunohistochemical staining corresponding to a plaque with low (top) or
high (bottom) 18F-FOL uptake. (c) Quantification of 18F-FOL binding on the ex vivo autoradiog-
raphy of atherosclerotic mice aorta. PSL/mm2 = photostimulated luminescence per mm2 normal-
ized for injected radioactivity dose. Adapted from [122], © 2018 Silvola et al. (CC-BY-4.0 license)
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Fig. 14 Imaging cardiac sarcoidosis with [18F]FMISO. [18F]FDG (a–c) and [18F]FMISO (d–f)
PET/CT images: MIP image, fusion image, and polar map image of a patient with metastatic
papillary thyroid cancer. This patient fasted for more than 18 h prior to [18F]FDG administration to
suppress the physiological uptake of [18F]FDG in the myocardium. (a) Multiple areas of [18F]FDG
uptake are visible, making it difficult to distinguish metastases from sarcoidosis lesions. (d) [18F]
FMISO showed focal uptake in some of the [18F]FDG-positive lymph nodes (d). In addition, a focal
uptake of [18F]FDG (yellow arrow; SUVmax 5.1) was detected at the anterolateral wall, indicating
active inflammatory change associated with sarcoidosis (b, c). [18F]FMISO PET also showed the
abnormal uptake (red arrow; SUVmax 2.8) in the same cardiac region (e, f). Adapted from [130] with
permission. © 2016, American Society of Nuclear Cardiology

3.1.5 Aldehyde Radiotracers

An emerging class of PET tracers which may reach the clinic in coming years is
aldehyde-reactive PET tracers. These tracers bear functional groups such as
oxyamines or hydrazines which can chemoselectively react with aldehydes. Alde-
hydes are a rare functional group in the healthy body, as their high chemical
reactivity toward alcohols and amines makes them short-lived [134]. Aldehydes
are, however, more abundant in systems under oxidative stress [135, 136]. They can
be produced by the reaction of reactive oxygen species with amines (such as the side
chain of the amino acid lysine) or by enzymatic action such as that of lysyl oxidase
(LOX), which also oxidizes lysine to allysine [136]. LOX is upregulated during the
formation of fibrotic tissue (fibrogenesis), where the side chains of lysine in collagen
are oxidized to aldehydes, which then react with neighboring collagen fibrils to form
a covalent cross-link [137]. The ability to image these aldehydes has been hypoth-
esized to be used to stage disease progression of fibrotic diseases and monitor
response to therapy [138]. It has also been suggested that aldehydic load—the
concentration of aldehydes within the body or areas of the body—may in the future
be adopted as a biomarker of inflammatory pathology [139]. Aldehyde-reactive PET
tracers have been tested in preclinical models of bleomycin-induced lung fibrosis
[140] and lipopolysaccharide (LPS)-induced systemic inflammation [139], demon-
strating the aldehyde reactivity of the probes tested in these studies. In the study of an



18F-labelled hydrazine-functionalized tracer—[18F]NA3BF3—in a model of sys-
temic inflammation, increased tracer uptake in the liver, kidneys, and lymph nodes
was observed (Fig. 15) [139], with the lymphoid response matching reports that
lymphocyte apoptosis and various pro-inflammatory signals can occur soon after
LPS injection [141–143]. However, it was demonstrated more recently by dos
Santos Ferreira et al. that a hydrazine-functionalized probe for MRI showed weak
contrast enhancement in animals with inflammation but minimal fibrogenesis, and
strong contrast enhancement in highly fibrogenic tissue [144]. This indicates that the
probe tested, and indeed possibly all aldehyde-reactive probes, may image
fibrogenesis—or other causes of aldehyde production—as a proxy of inflammation,
but are not imaging inflammation itself. These studies were conducted in genetically
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Fig. 15 PET/CT imaging of aldehydes in a systemic inflammation model. The uptake of [18F]
NA3BF3 increases in the liver, kidney, and lymph nodes following LPS-induced systemic inflam-
mation. Orthogonal views of representative mice showing the differential uptake of [18F]NA3BF3
2 h following i.v. treatment with saline (a) or 5 mg.kg-1 LPS (b) or of control probe (with no
specific affinity for aldehydes) following 5 mg.kg-1 LPS (c). CLN cervical lymph node, SG salivary
gland, Li liver, GI gastrointestinal tract, ILN inguinal lymph node, K kidney, Bl bladder. Adapted
from Kirby et al. [139] with permission. © 2019, The Royal Society of Chemistry



modified mouse models, and the clinical applicability of the conclusions has yet to
be tested. Nonetheless, this indicates that caution may be necessary when
interpreting results in terms of inflammation and that perhaps the use of this type
of tracer in conjunction with another that detects inflammation by a different
mechanism may be preferable.
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3.1.6 Radioactive Gallium in the Host-Pathogen Fight over Iron

Iron is an essential trace metal for the vast majority of living organisms, and
microbes have evolved multiple mechanisms to acquire iron from their environment,
including their hosts, for example, by secreting siderophores or hijacking host
ferroproteins [145]. In response, immune cells secrete iron-binding proteins, for
example, lactoferrin and neutrophil lipocalin, to sequester iron from microbes.
This competition over iron has been exploited since the 1970s to image infection-
related inflammation by scintigraphy/SPECT with [67Ga]Ga-citrate [91]. Indeed,
gallium(III) has very similar physicochemical properties to iron(III), and therefore
iron chelators very often have good affinity for gallium as well. Citrate being a
relatively weak chelator for gallium, the administered Ga3+ ions are rapidly
transchelated in the blood by transferrin, which accumulates at sites of infection
through increased vascular permeability. There, gallium is sequestered by other
chelators such as host lactoferrin and lipocalin, which are then either directly taken
up by microbes or have the gallium “stolen” by bacterial or fungal siderophores with
even higher affinity. Thus, radioactive gallium can detect both the pathogen and the
host response to infection. Although [67Ga]Ga-citrate has now been mostly replaced
by other radiotracers, the increasing availability of gallium-68, which has much
better imaging properties, has led to a reconsideration of the use of gallium citrate
and other chelators for imaging infection and inflammation, such as deferoxamine
[146]. Some pathogen species also secrete specific siderophores that are not taken up
by other species, and these can be repurposed as pathogen-specific imaging agents
[147]. However, citrate and deferoxamine appear more promising because they are
more easily obtained and have already been used in the clinic and their safety profile
is known, thus providing a more rapid pathway to clinical translation.

3.2 Adhesion Molecules and Intercellular Signalling
Pathways

3.2.1 Fibroblast Activation Protein (FAP)

FAP is a transmembrane di-peptidyl protease overexpressed primarily on activated
fibroblasts, with relatively little expression in healthy tissue. Activated fibroblasts
are found mostly at sites of injury and are involved in tissue repair, but cancer cells
also actively recruit fibroblasts that then participate in tissue remodelling, tumor



invasiveness, and immune evasion [148]. Overexpression of FAP has been observed
in many types of cancer [149]. This has led to FAP becoming one of the most
promising targets for radiotracer development in oncology in recent years, and the
number of clinical studies using radiolabelled FAP inhibitors is rapidly growing
[150, 151]. FAP has also been shown to be elevated in inflammatory diseases such as
arthritis [152], cirrhosis [153], and systemic sclerosis [154]; thus, it is reasonable to
expect it will be a useful target for imaging inflammation. This is supported by a few
recent preclinical studies in myocardial infarction models and clinical case reports
showing uptake of radiolabelled FAP inhibitors in arthritic joints and cirrhotic
livers [155].
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3.2.2 Antigen-Presenting Cell Activation Markers: CD80/CD86

The co-stimulatory molecules CD80 and CD86, involved in the activation of T cells,
are found primarily on antigen-presenting cells (APCs) such as dendritic cells and
macrophages and are often used in research as APC activation markers. Blocking the
interaction between CD80/CD86 and CD28 prevents the activation of T cells, and
this strategy has been used therapeutically [156], for example, with the clinically
approved drugs belatacept and abatacept, which are indicated for the prophylaxis
and treatment of kidney graft rejection and arthritic diseases (e.g., rheumatoid
arthritis and psoriatic arthritis), respectively. Therefore, CD80/86 may also be
interesting targets for imaging inflammation. Both belatacept and abatacept have
been the subject of recent studies, in which 111In-labelled belatacept was evaluated in
a mouse model of atherosclerosis as well as human samples of atherosclerotic carotid
plaque [157], and 64Cu-labelled abatacept was evaluated in a mouse model of
LPS-induced local inflammation (Fig. 16) [158]. Interestingly, although the accu-
mulation of 111In-belatacept was observed in atherosclerotic plaque areas, not all
lipid-rich areas were detected, and the in vivo images were difficult to interpret
because of high radioactivity associated with circulating radiotracer in the myocar-
dium and large vessels. This is likely due to the long circulation time of belatacept, a
feature often desirable for therapeutic applications but less so for imaging purposes
where rapid clearance of unbound radiotracer is preferred in order to obtain higher
target-to-background ratios and better contrast. 64Cu-abatacept was also able to
image inflammation, but the shorter half-life of 64Cu (12.7 h) meant that by the
time the radiotracer distribution had equilibrated (48 h), the remaining activity was
low. The same group have attempted to develop 11C-labelled small-molecule ligands
of CD80 to circumvent the long circulation time of the antibody-based tracers, but
the in vivo performance of the lead candidate was reportedly not satisfying due to
unfavorable pharmacokinetic properties [159].
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Fig. 16 Imaging CD80/CD86 in LPS-induced inflammation. Maximal-intensity projection
PET/CT images of C57BL/6 mice 48 h after i.v. administration of 64Cu-NODAGA-abatacept,
showing increased radiotracer uptake in inflamed areas. Mice were inoculated with a Matrigel plug
containing LPS (a–c) or PBS (d) subcutaneously on the right shoulder, 3 days (a, b, d) or 7 days (c)
before the scan. The nine segments are MIPs of five adjacent axial slices each; segments are shown
from posterior (top left) to anterior (bottom right). Yellow arrows indicate tracer accumulation in the
region of inoculation. Red arrows indicate tracer accumulation in the region of lymph nodes. Dose
in MBq at scan start and body weight as indicated. Adapted from [158], © 2020, Taddio et al.
(CC-BY-4.0 license)

3.2.3 Macrophage Activation Marker: Mannose Receptor/CD206

The mannose receptor, CD206, is a scavenger receptor that is considered a marker of
the M2 macrophage phenotype, although it is also found on dendritic cells and
hepatic and lymphatic endothelial cells. It has been investigated as a target for
imaging probes in oncology because the infiltration of CD206-positive macrophages
in the tumor microenvironment is associated with poor prognosis [160], and CD206+

macrophages have also been reported in the fibrous cap of unstable atherosclerotic
plaque [161] although their exact role in this setting is still unclear. The latter study
was performed by PET imaging of rabbits using an 18F-labelled derivative of
mannose, 2-deoxy-2-[18F]fluoro-D-mannose ([18F]FDM). However, clinical imaging
of CD206 is more commonly performed with [99mTc]Tc-tilmanocept, a radiotracer
that was approved by the FDA in 2013 for sentinel lymph node detection and is a
macromolecule composed of a dextran backbone conjugated to 12 to 20 mannose



residues for CD206 targeting and 3 to 8 DTPA moieties to chelate 99mTc [162].2

Tilmanocept also appears to be useful for inflammation imaging, having been used,
for example, in a mouse model of traumatic brain injury to image neuroinflammation
[163]. Interestingly, in the latter study, tilmanocept was also conjugated to the near-
infrared fluorescent dye IRDye® 800CW, allowing ex vivo analysis of tissues by
fluorescence microscopy. The DTPA moieties of tilmanocept also allow it to be
conjugated with other radionuclides, for example, Varasteh et al. used 111In-labelled
tilmanocept to detect atherosclerotic plaque lesions in ApoE-knockout mice
[164]. Tilmanocept has recently been used in the clinic to evidence the presence of
CD206+ macrophages in atherosclerotic plaque in HIV-infected patients [165] and
therefore appears to be a promising novel tracer for atherosclerosis and potentially
for other inflammatory diseases.
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The mannose receptor has also been targeted with radiolabelled nanobodies,
which are single variable domains of heavy-chain antibodies originally found in
camelids. Nanobodies are much smaller in size (12–15 kDa) than full antibodies,
which endows them with a much more rapid clearance from blood and mainly renal
excretion. These properties have made them highly interesting scaffolds to develop
imaging probes [166]. The fast pharmacokinetic profile of nanobodies makes them a
good match for radionuclides with short half-lives, for example, a 68Ga-labelled anti-
CD206 nanobody was able to detect small atherosclerotic plaque in an ApoE-
knockout mouse model [167, 168] (Fig. 17). Finally, mannosylated human serum
albumin (MSA) has been used to target CD206-positive cells in a rat model of
myocarditis [169].

Similar approaches targeting activated macrophages include 89Zr-labelled
maleylated human serum albumin (targeting the scavenger receptor SR-A1) [170]
and the imaging of M2 macrophages with a 89Zr-labelled F(ab’)2 antibody fragment
directed against galectin-3 [171].

3.2.4 Chemokine Receptors

Chemokine receptors play important roles in controlling the recruitment of immune
cells in inflammation and are therefore interesting targets to develop radiotracers for
inflammation. In addition to the CXCR4-targeting radiotracer [68Ga]Ga-pentixafor
previously discussed in Sect. 2.1, other chemokine signalling pathways have been
explored recently for nuclear imaging purposes. Chemokine receptor type 2 (CCR2),
for example, is involved in the recruitment of pro-inflammatory monocytes to sites
of injury [172], and a CCR2-binding peptide conjugated to a DOTA chelator
(DOTA-ECL1i) for radiolabelling with 64Cu or 68Ga has been shown to detect the

2Because of variability in the length of the dextran backbone as well as the conjugation method, the
exact number of mannose and DTPA moieties cannot be precisely controlled, and the final product
is actually a mixture of molecules. This is common when labelling macromolecules such as proteins
and carbohydrates.
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recruitment of monocytes to inflammation sites in rodent models of acute lung injury
[173], heart transplantation [174], atherosclerosis [175], and abdominal aortic aneu-
rysm inflammation [176], with results suggesting that radiotracer uptake also corre-
lates with disease severity. Interestingly, this tracer was able to provide positive
contrast in the heart in an ischemia-reperfusion injury model, whereas the ischemic
region appeared as a low-uptake region on [18F]FDG scans (Fig. 18) [177]. Although
this CCR2-targeting peptide has also been used to functionalize gold nanoparticles
in order to prepare a multivalent radiotracer with extended pharmacokinetics [178],
the results with the small peptide radiotracer have been sufficiently encouraging to
warrant a clinical trial (NCT04217057) to image CCR2+ cell infiltration in head-and-
neck cancer [179], which appears to be ongoing at the time of publication. The
chemokine receptor CCR5 has also been imaged in ApoE-/- atherosclerotic mice,
using 64Cu-labelled organic nanoparticles functionalized with a CCR5-specific
peptide [180]. Rather notably, radiotracer uptake in atherosclerotic lesions dimin-
ished when ApoE expression was re-established, showing that it could be used to
monitor response to treatment. 99mTc-labelled interleukin-8 (IL-8/CXCL8), a strong
neutrophil chemoattractant, has also shown encouraging results for clinical SPECT
imaging of inflammatory bowel disease [181].
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Considering the promiscuity of chemokine receptors, an alternative approach
might be to use somewhat less selective ligands as radiotracers, as illustrated by
the example of 64Cu-labelled nanoparticles conjugated to viral macrophage inflam-
matory protein II (vMIP-II) that are able to bind multiple chemokine receptors and
could detect atherosclerotic plaque in mice [182]. It was subsequently found that the
vMIP-II targeting sequence preferentially binds to CXCR4 expressed on endothelial
cells and thus vMIP-II-based radiotracers could be a way of identifying areas of
injured endothelium in atherosclerosis [183].

The wide variety of macrophage phenotypes means there are numerous markers
than can serve as imaging targets. In the case of vascular inflammation, a common
issue in the preclinical studies mentioned here is the small size of the vessels and
lesions and the proximity to the myocardium, which make it all the more important
to have tracers with high affinity, rapid clearance, and good imaging resolution.
Affinity and clearance rate depend on the chemical structure of the targeting moiety,

⁄�

Fig. 17 (continued) with an excess amount of non-labelled NOTA-MMR nanobody or in the aortas
of control mice. The upper threshold is reduced in order to reveal focal uptake, which resulted in
exaggerated abdominal area signals. H: heart; Li: liver; Ki: kidney; Bl: bladder. (b) Plaque signal
intensities were quantified in thoracic and abdominal aorta using axial PET/CT images. (a, b)
Reproduced from [164], © 2019, Varasteh et al. (CC-BY-4.0 license). (c) Representative fused
PET/MR images of atherosclerotic rabbits after 8 months on a high-fat diet; administered [18F]FDG
(3 h p.i.), [68Ga]Ga-NOTA-MMR nanobody (2 h p.i.), and [18F]NaF (1.5 h p.i.); and associated
aorta-to-heart ratios. [18F]NaF had the highest ratio due to its low uptake in cardiac tissue, followed
by [68Ga]Ga-NOTA-MMR and [18F]FDG, whose uptake in the myocardium was relatively high
despite a 4-hour fasting protocol before injection. Adapted from [168] with permission, © 2019,
Senders et al.



whereas the resolution depends on the radionuclide employed, highlighting the
importance of good tracer design to obtain exploitable images.
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Fig. 18 Imaging of CCR2 receptors using [68Ga]Ga-DOTA-ECL1i in a mouse model of closed-
chest ischemia-reperfusion (IR) injury. (a) Representative [18F]FDG PET/CT images obtained
5 days after 90 min of IR injury identifying the infarct region in mice that underwent IR injury
(myocardial infarction [MI]) compared with sham controls. Transverse, coronal, and maximal-
intensity projected (MIP) views are shown, and white arrows denote the infarct area. (b) Repre-
sentative PET/CT images showing regional accumulation of [68Ga]Ga-DOTA-ECL1i signal in the
infarct and border zone 4 days after IR injury. Yellow arrows identify tracer uptake in hearts that
underwent IR injury compared with sham controls. White arrows denote the infarct area as
determined by [18F]FDG imaging. Adapted from Heo et al. [177] with permission.© 2019, Wolters
Kluwer Health

3.2.5 Cell-Adhesion Molecules (CAMs): Integrins and Selectins

Integrins are transmembrane proteins that play important mechanical and signal
transducing roles by linking the cytoskeleton with the extracellular matrix
[184]. They are key actors in cell migration and tissue development and remodelling,
and in the context of inflammation they are particularly involved in leukocyte
migration [185]. Other CAMs such as selectins and Ig-like CAMs (e.g., ICAM-1,
VCAM-1) are ligands for integrins and are also involved in leukocyte migration.
Therefore, integrins, selectins, and other CAMs are interesting targets for molecular
imaging of inflammation. One of the earliest strategies for imaging integrins is to use
RGD peptide analogues, as the RGD sequence is common to many extracellular
matrix (ECM) proteins and binds preferentially to integrin αVβ3. This has been used
in the clinic primarily for imaging tumor angiogenesis with tracers such as [18F]F-
galacto-RGD, [18F]fluciclatide, [99mTc]Tc-maraciclatide, and others [186], as well
as in various vascular diseases, rheumatoid arthritis [187], and recently myocarditis
[188]. There have been recent efforts to specifically target other integrin classes,
most often through the use of monoclonal antibodies or antibody fragments. For
example, integrin α4β7 is involved in recruiting lymphocytes to the gut, but a 64Cu-
labelled antibody fragment targeting the broader β7 family was found better for
imaging colitis than a more specific antibody against α4β7 [189]. Targeting integrin
α5β1 has been suggested to be more specific than αVβ3 for imaging rheumatoid
arthritis (Fig. 19) [190].
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Fig. 19 Specific imaging of integrins α5β1 and αVβ3 in arthritic mice. (a, b) α5β1 integrin PET
using [68Ga]Ga-aquibeprin. (c, d) αVβ3-integrin PET using [68Ga]Ga-avebetrin. Each image shows
two independent scans of the same mouse (different animals are shown in a–d). Arthritic joints are
indicated by the arrows. The saturation of the receptor binding capacity by co-injection of a large
dose (30 nmol) of unlabelled compound (blockade) resulted in a virtually complete reduction of the
uptake in arthritic joints for both tracers, confirming the specificity of the PET imaging (a, c). The
cross-blockade experiments confirmed the subtype selectivity of α5β1- and αVβ3-integrin PET: the
co-injection of 30 nmol avebetrin did not substantially affect the α5β1 integrin imaging with [68Ga]
Ga-aquibeprin, while the minuscule reduction of the signal is likely related to a residual α5β1
activity (39 nM) of avebetrin (b). The co-injection of 30 nmol aquibeprin did not affect αVβ3-
integrin imaging with [68Ga]Ga-avebetrin (d). Reproduced from [190] with permission. © 2019
Notni et al. (CC-BY-4.0 license)

A 64Cu-labelled peptide targeting integrin α4β1 (VLA-4), which is overexpressed
in sickle reticulocytes, was used to image LPS-induced hyper-adhesion of circulat-
ing cells in a mouse model of sickle-cell disease (Fig. 20), a phenomenon that leads
to occlusions of the microvasculature and to ischemia-reperfusion injury [191]). A
recent comparison of radiotracers for plaque imaging provided some interesting
results: 111In-labelled tracers targeting the integrin LFA-1 and folate receptors
were shown to be better for overall plaque detection than tracers targeting SSTR2,
whereas the latter were better at differentiating advanced plaque from early plaque
[192]. Vascular cell-adhesion molecule 1 (VCAM-1) has also proven to be a
promising target for imaging atherosclerotic plaque, most recently using nanobodies
radiolabelled with 99mTc, 18F, and 64Cu [193–195], and could potentially comple-
ment current imaging of atherosclerotic lesions with [18F]FDG and [18F]NaF
[168]. 99mTc-labelled, ICAM-1-targeted microbubbles could detect peritonitis in
rats [196]. P- and E-selectin are overexpressed by activated endothelial cells and,
for P-selectin, by platelets. Both contribute to the adhesion of leukocytes to the
inflamed endothelial wall and this has made them targets for imaging cardiovascular
inflammation [197]. For example, 99mTc-labelled microparticles functionalized with
fucoidan, which binds to P-selectin, were used to detect aortic aneurysm by SPECT
[198], and 68Ga-labelled fucoidan could image acute ischemic stroke [199] and
vulnerable plaque [200]. Overall, the diversity of molecules involved in the different
steps of the leukocyte recruitment cascade provides many targets for radiotracer
development that can be used to image inflammation, and in some cases it may be
possible to achieve specific imaging of certain inflammatory diseases.
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Fig. 20 Imaging integrin α4β1 in a mouse model of sickle-cell disease (SCD). (a) Experimental
design: SCD and non-SCD mice were imaged at baseline, and after 1 week they were injected
intravenously with LPS and [64Cu]Cu-LLP2A. LPS induces endothelial activation, promoting vaso-
occlusive episodes (VOE). (b) Representative PET/CT images of SCD and non-SCD mice 24 h
after injection of [64Cu]Cu-LLP2A at baseline and post-LPS challenge. There are distinct differ-
ences between VLA-4 expression in SCD and non-SCD mice post-LPS in the humeri and femurs
(blue arrows). Reproduced from Perkins et al. [191]. © 2020, American Society of Hematology

3.2.6 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of calcium-dependent, zinc-
containing proteases that degrade extracellular matrix (ECM) components such as



collagens and fibronectins, as well as cell surface receptors, chemokines and cyto-
kines. They participate in many physiological processes and are also well known for
their role in cancer progression and the regulation of inflammation [201]. MMPs
have long been investigated as targets for drug and diagnostic agent development
[202]. Recently, the pan-MMP inhibitors [99mTc]Tc-RP805 and [99mTc]Tc-RYM1
were investigated in mouse models of lung inflammation [203] and abdominal aortic
aneurysm [204], respectively. In both models, radiotracer uptake in the inflamed
organs correlated well with MMP-12 activity, MMP12 gene expression, and mac-
rophage content. Further developments led to the synthesis of a radiotracer with
higher specificity toward MMP-12, but it is not yet apparent whether this increased
specificity results in better imaging of MMP-associated inflammation than with
pan-MMP radiotracers [205]. A different, 18F-labelled inhibitor of MMP-2,
MMP-9, MMP-12 and MMP-13 was able to detect lung inflammation in a mouse
model of cigarette smoke-induced COPD [43]. On the other hand, specific imaging
of MMP-9 with an 89Zr-labelled F(ab′)2 fragment in a mouse model of colonic
fibrosis showed that high MMP-9 expression was a marker of fibrosis rather than
inflammation [206]. Incidentally, that radiotracer also revealed the unexpected
presence of kidney fibrosis in that model, further demonstrating the value of
whole-body imaging techniques.
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3.2.7 Radionuclide Imaging of T Cells and B Cells in Inflammation

The role of T cells in combating cancer and the advent of immunotherapy have
driven many of the recent approaches to develop T cell-specific radiotracers, to
understand, for example, the degree of T cell infiltration in tumors and the precise
subtypes of infiltrating T cells, to demonstrate the efficacy of checkpoint inhibitors,
or to distinguish tumor progression from pseudoprogression [29]. However, it is well
known that various subsets of T cells are key players in many inflammatory and
autoimmune diseases, including rheumatoid arthritis, asthma, graft-versus-host dis-
ease (GvHD), inflammatory bowel diseases, ischemic stroke, etc., and therefore
radiotracers that can specifically image the presence or function of T cells in tissue
could also be useful in these diseases.

One approach for T cell imaging is to use lineage markers. For example, a 89Zr-
labelled anti-CD3 antibody was used to image the accumulation of human T cells in
a humanized mouse model of GvHD (Fig. 21a) [207], and CD4+ T cells were
detected in the colons of mice using a radiolabelled anti-CD4 diabody in a model
of dextran sodium sulfate-induced colitis [208]. More specific subsets have also been
studied, for example, the specific imaging of activated T cells with a 89Zr-labelled
OX40-targeting antibody was able to detect GvHD before the onset of clinical
symptoms in mice, and radiotracer uptake correlated with disease severity
[209]. Recent PET studies using CD8-targeting diabodies and nanobodies have
also shown the recruitment of CD8+ T cells in models of oncolytic herpes virus
simplex therapy [210] and influenza A infection (Fig. 21b) [211], suggesting that this
type of T cell imaging may have applications for other infectious diseases. An
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Fig. 21 PET imaging of T cells with CD3 and CD8 antibodies. (a) CD3-PET/MRI shows the
efficiency of regulatory T cells (Treg) in preventing GvHD induction, evidenced by the reduced
CD3-PET signal in the liver and spleen after administration of Treg. NSG mice were engrafted with
50 × 106 PBMC ± Treg. Nineteen days later, mice received 89Zr-labelled CD3 monoclonal



alternative approach is to exploit enzymes that are upregulated in activated T cells,
for example, deoxycytidine kinase and deoxyguanosine kinase, which were targeted
with 2′-[18F]fluoro-9-β-D-arabinofuranosylguanine ([18F]F-AraG) and showed high
uptake in the cervical lymph nodes in a mouse model of acute GvHD [212] and in
inflamed paws in adjuvant-induced arthritis [213]. Imaging of activated CD8+ and
NK cells can also be performed by exploiting the enzymatic activity of the cytotoxic
enzymes they release, as recently demonstrated with a 64Cu-labelled propeptide
containing a motif allowing specific recognition and cleavage by granzyme B
[214]. Upon engagement of the target cell, cytotoxic lymphocytes secrete granzyme
B which cleaves the propeptide, releasing a radiolabelled peptide that binds to
nearby phospholipid bilayers (cell membranes). This approach was able to image
responsiveness to immune checkpoint inhibitor therapy in cancer models and to
image LPS-induced lung inflammation in mice, showing that it could have broad
applicability [214].
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For B cell imaging, many studies have been conducted using radiolabelled
versions of the clinically approved anti-CD20 antibody rituximab (reviewed by
Iodice et al. [215]). Recently, 64Cu-labelled rituximab was used to image B cells
in the brains of humanized mice with experimental autoimmune encephalomyelitis
[30]. 89Zr-labelled rituximab was also shown to have predictive value for response to
treatment in patient with rheumatoid arthritis, with significantly higher uptake of
89Zr-labelled rituximab in patients showing clinical response to rituximab over
24 weeks compared to nonresponders [216].

3.2.8 Vascular Adhesion Protein-1 (VAP-1)

Vascular adhesion protein-1 is a protein involved in leukocyte adhesion that is
abundantly expressed on the surface of inflamed endothelial cells and has been
shown to be interesting both as a biomarker of inflammation and as a target as for
the development of anti-inflammatory drugs and imaging probes [217]. VAP-1 has
been imaged directly in various models of inflammation with 123I-labelled antibodies
[218] and 68Ga-labelled peptides [219], but recent studies have focused on using
radiolabelled derivatives of one of the endogenous ligands of VAP-1, sialic acid-
binding immunoglobulin-like lectin 9 (Siglec-9). [68Ga]Ga-DOTA-Siglec-9 showed
comparable uptake to [18F]FDG in a rabbit model of arthritis [220], was able to
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Fig. 21 (continued) antibody. 24 h p.i. PET/MRI of untreated (upper panel), PBMC-engrafted
(middle panel), and PBMC + Treg-treated mice (lower panel) was performed. Adapted from Pektor
et al. [195] with permission.© 2019, Springer-Verlag GmbH. (b) CD8+ T cells transiently accu-
mulate in the lungs (white arrows) and mediastinal lymph nodes (orange arrowheads) of influenza A
virus (IAV)-infected mice between 6 and 15 days postinfection (dpi). Representative immuno-PET
images of IAV WSN/33-infected mice injected with a 89Zr-labelled nanobody targeting CD8α
(89Zr-VHH-X118-PEG20) on the indicated dpi. Adapted from [199] under CC-BY license, © 2021,
Rothlauf et al.



detect Borrelia burgdorferi-induced arthritis (Lyme disease) in mice [221], and
could detect S. aureus soft tissue infection but not osteomyelitis in pigs [222]. It
was also possible to use this radiotracer in a pig model of acute respiratory distress
syndrome (ARDS), but accurately measuring radiotracer uptake was complicated by
the high uptake in healthy animals and the need to correct for tissue perfusion [223].
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4 Conclusion and Perspectives

Through the clinical and preclinical examples presented in this chapter, we hope to
have convinced the reader of the utility of radionuclide-based molecular imaging for
studying inflammation. The noninvasive and highly sensitive nature of nuclear
imaging modalities, combined with a high depth of penetration, is considerable
advantage and allows these techniques to diagnose diseases as well as monitor
treatments and responses to treatments. Molecular imaging provides a way of
visualizing biochemical processes that occur in inflammation, often at earlier stages
than through imaging methods based on structural alterations. The wide variety of
tracer scaffolds and radionuclides provides flexibility of design and means that
radiotracers can be prepared relatively easily once a target has been found for a
given biological process. Of the extensive list of tracers and targets presented in this
chapter, only a small fraction have reached the clinic to date. In our view, this shows
that the full potential of nuclear imaging has yet to be exploited for inflammatory and
infectious diseases. The outlook is bright, and future progress in this field will likely
come from a combination of improved instrumentation and increased radiotracer
specificity. This increased specificity will in turn provide better insights into the
sequence of events taking place in the inflammatory response, assisting the devel-
opment of better anti-inflammatory drugs and helping clinicians in making thera-
peutic decisions.
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Magnetic Resonance Imaging
of Neuroinflammation

Vanessa A. Johanssen, Niloufar Zarghami, and Nicola R. Sibson

Abstract Magnetic resonance imaging is a powerful tool in preclinical research of
diseases with associated neuroinflammation, as it allows high-resolution imaging
without harmful ionizing radiation. The development of targetable iron oxide con-
trast agents, such as microparticles of iron oxide (MPIO), has greatly enhanced
molecular MRI for superior detection of target molecules. Cell adhesion molecules
(CAMs) are upregulated early in neuroinflammation on the luminal side of activated
endothelial cells within the blood-brain barrier, making them a highly accessible
target. Targeting MPIO with CAM antibodies has improved the early detection of
neuropathologies in preclinical models, as well as providing further insight into
disease progression and mechanisms. This chapter highlights the uses of molecular
MRI, specifically CAM-targeted MPIO, for investigating multiple sclerosis, stroke,
epilepsy, and brain cancer and how the advances made in these preclinical models
have the potential to be transferred to other neuropathologies and tissues.

Keywords Magnetic resonance imaging · Molecular imaging · Preclinical MRI ·
Neuroinflammation · Endothelial activation · Cell adhesion molecules · MPIO ·
Multiple sclerosis · Stroke · Epilepsy · Brain cancer

1 Introduction

Magnetic resonance imaging (MRI) allows high-resolution imaging without the use
of harmful ionizing radiation, making it well suited for longitudinal studies [1]. It is
particularly advantageous for imaging of the central nervous system (CNS), because
it can generate three-dimensional images of soft tissue at high resolution. MRI is
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based on the acquisition of signals from protons, for the most part in tissue water,
which they emit after application of a radiofrequency pulse within a magnetic field.
Molecular MRI uses targeted probes (contrast agents) that alter the properties of the
proton signal and, hence, alter the contrast of the targeted tissue, thus enabling
indirect visualization of specific molecular targets [2].
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Inflammation is the body’s natural response to heal an injury or fight pathogens or
reaction to disease such as cancer, heart disease, diabetes, asthma, and
neurodegeneration. In the CNS, as part of this reaction, pro-inflammatory stimuli
activate endothelial cells of the blood-brain barrier (BBB), leading to overexpression
of cell adhesion molecules [3]. Cell adhesion molecules (CAMs) are transmembrane
proteins that span from the intracellular space to the extracellular space of the cell
plasma membrane [4]. Their extracellular domain interacts with specific ligands,
which can be located on other cells or the extracellular matrix [4]. In particular, the
expressed CAMs can bind circulating leukocytes, initiating their extravasation to
sites of injury or disease. The extravasation of leukocytes across the BBB and
ensuing inflammatory response is an early and fundamental response in numerous
and diverse CNS disorders, such as multiple sclerosis, stroke, epilepsy, and brain
tumors.

In this book chapter, we will focus primarily on CAMs upregulated in
neuroinflammation, which can be harnessed for highly sensitive molecular imaging
with MRI. While the majority of molecular MRI research, to date, has focused on
neuropathologies, much of what will be discussed has the potential to be translated to
other diseases, tissues, and organs.

1.1 MRI

Magnetic resonance imaging (MRI) utilizes nonionizing radiation, making it a safe
and noninvasive modality for imaging inflammation. While both the spatial resolu-
tion and signal-to-noise ratio of MRI can be considered moderate (e.g. ca. 50 μm
isotropic resolution with high-field MRI), it confers notable benefits over other
imaging techniques for soft-tissue resolution, yielding detailed images of the brain,
spinal cord, nerves, muscles, ligaments, and tendons. Moreover, the signal intensity
can be amplified using higher magnetic field strengths, contrast agents, and hyper-
polarization of nuclei [5]. Furthermore, since MRI is both well established for
preclinical investigations and widely used in the clinic, any advances at the preclin-
ical stage are highly translatable.

MRI systems use a strong external magnetic field (B0) which causes tissue and
water protons in the body to align with the magnetic field (the z-axis).
Radiofrequency (RF) and gradient pulses are temporarily applied, stimulating the
protons and spinning them out of alignment with B0 into the transverse or x-y plane.
Turning off the RF pulse causes the protons to de-phase and realign with the
magnetic field, releasing energy while doing so, which is detectable within the RF
coil sensors in the scanner. This signal is transformed to create the structural MR



images we are familiar with. The signal can be processed in a number of different
ways to gather further functional and metabolic information. Protons in different
tissues, or different structures within tissues, de-phase and realign at differing rates.
These “relaxation rates” reflect how the protons interact both with their physical
environment (spin-lattice or longitudinal relaxation time; T1) and with other neigh-
boring protons (spin-spin or transverse relaxation time; T2). The magnetic field,
however, is inhomogeneous, which also shortens the spin-spin relaxation time. The
observed T2 with this inhomogeneity is known as T2*. Contrast in MR images can
be achieved by changing the pulse sequence and gradient pulse timing parameters to
exploit these different relaxation rates. While intrinsic contrast can produce detailed
tissue images, exogenous contrast agents that alter the relaxation times of the
dephasing protons can enhance structural differences and highlight pathological
features.
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1.2 Molecular MRI

MRI contrast agents can be categorized as T1 or T2 contrast agents. T1-based
contrast agents are paramagnetic ion complexes, which shorten the longitudinal
relaxation time of the surrounding water [6]. The most commonly used T1 agent is
gadolinium diethylenetriaminepentaacetic acid, Gd-DTPA, which has been used
extensively to measure vessel perfusion and permeability changes [7, 8]; for exam-
ple, breakdown of the BBB associated with the inflammatory process.

T2-based contrast agents decrease transverse relaxation times by creating a local
magnetic field effective enough to de-phase the transverses magnetism. Most
T2-based contrast agents are iron oxide particles with a superparamagnetic core of
nanocrystalline magnetite (Fe3O4) and/or maghemite (γ-Fe2O2), surrounded by a
polymer shell. The term “T2 contrast agent” has extensively been used for iron oxide
particles in the literature and is followed in this chapter; however, it should be noted
that these particles manifest greater T2* properties and it is this contrast mechanism
that is typically exploited for detection [9]. The coating of the iron oxide particle is
important for biocompatibility and functionality such as targeting. These iron oxide
particles are classified into three groups based on their hydrodynamic size: ultrasmall
superparamagnetic iron oxide (USPIO; 20–50 nm hydrodynamic diameter),
superparamagnetic iron oxide (SPIO; 50–150 nm hydrodynamic diameter), and
microparticles of iron oxide (MPIO; 1–5 μm hydrodynamic diameter). The accu-
mulation of iron oxide particles appears as dark or hypointense regions on T2*/T2-
weighted MR images.

In molecular MRI, a contrast agent is targeted to a suitable marker of the disease.
Targeted gadolinium-based contrast agents have been developed for some patholo-
gies; however, the sensitivity of these agents remains very low [10–12]. More
recently, targeted iron oxide particles have become more popular for molecular
MRI, and, of these, MPIO have proven to be the most effective [9, 13, 14]. MPIO
are the largest iron oxide particles, and their greater mass in turn generates greater



magnetic field distortion and contrast effects, extending up to ~50 times their
physical size. This phenomenon is known as the “blooming artifact,” enabling
in vivo detection of MPIO at low concentrations [15]; as low as ~50 pg of iron
loaded into a single metastatic cell has been imaged at a field strength of 1.5 T [16],
hence the superiority of MPIO over smaller iron oxide particles.
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For effective molecular imaging, the marker being targeted needs to be specific
and upregulated enough for the imaging needs, with low-level basal expression. The
marker must also have an appropriate targeting ligand, such as an antibody, peptide,
or other motifs, that will have strong, specific binding affinities to the target. The
MRI contrast agent needs to be readily functionalized with the chosen targeting
moiety, and, importantly, the target must be readily accessible or have technological
means to become accessible to the contrast agent. Finally, a short half-life is highly
advantageous to reduce background contrast effects, which in turn enables pre- and
post-contrast imaging within the same imaging session. To this end, MPIO have
demonstrated significant benefits over USPIO, with a half-life of approximately
1.2 min compared to 16.5 h for USPIO [9], while also reducing the potential for
passive, nonspecific accumulation in pathological regions of BBB breakdown.

2 Molecular MRI to Reveal Inflammation in the Brain

Inflammation in the central nervous system is now recognized as a classical feature
in various neurological diseases, such as multiple sclerosis (MS), stroke, cancer,
neurodegeneration, and epilepsy. The inflammatory response has been exploited for
molecular imaging to identify and treat these diseases. The CNS, previously believed
to be “immune-privileged,” has an extensive network for interplay with the immune
system. In normal conditions, endothelial cells, which are the main component of the
BBB, are in a state of quiescence and, for the most part, block the migration of
immune cells into the CNS. As part of the CNS immune response, glial cells release
pro-inflammatory cytokines, and chemokines are released in the circulation. This
release of pro-inflammatory molecules triggers the activation of endothelial cells
and, consequently, upregulation of CAMs on the luminal side of the BBB, which
engage immune cells at the site of inflammation [17]. The process of leukocyte
passage across the vascular endothelium is a multistage process, which includes
tethering, rolling, firm adhesion, arrest, and extravasation across the vessel wall.
Within this process, distinct classes of CAMs (e.g., selectins, integrins) facilitate
different elements [18, 19] (Fig. 1).

As a consequence of their expression on the luminal surface of endothelial cells,
CAMs provide an easily reached marker of a disease site. This endoluminal expres-
sion is particularly important in the brain, as the specialized BBB prevents extrav-
asation of such agents from the circulation into the brain parenchyma. Indeed, even
in the case of a permeable BBB, penetration of larger (e.g., micron-sized) particles
into the brain is minimal. Thus, with a target that is accessible to agents within the
bloodstream, such as CAMs, there is no size restriction for the MRI contrast agent.
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Importantly, it has been shown that targeted MPIO do not trigger a response like
endogenous leukocytes when they bind to adhesion molecules [20].
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The demonstration that CAMs upregulated on activated endothelial cells could be
used as a target for molecular MRI was first accomplished in vivo using a
gadolinium-based contrast agent containing a sialyl LewisX (sLeX) mimetic moiety
that enabled it to bind to the adhesion molecule E-selectin [11]. However, the
contrast was low and a move to iron oxide contrast agents was pursued. Although
studies utilizing a range of iron oxide particles (from USPIO to MPIO) have been
reported, as discussed above, recent work has demonstrated empirically that MPIO
are the most sensitive iron oxide particles for preclinical work in the mouse brain [9];
these confer a high payload of contrast per particle, together with high multivalency
in the targeting ligand and rapid clearance from the blood pool [9, 13, 14].

VCAM-1-targeted MPIO were first trialed in mouse models of acute
neuroinflammation, induced by intrastriatal injection of the cytokine, interleukin-1
beta (IL-1β) [21]. After endothelial activation from the cytokine, MPIO conjugated
with anti-VCAM-1 antibodies (VCAM-MPIO) were injected intravenously and
detected using T2*-weighted MRI. Focal hypointensities were observed in the
hemisphere of the cytokine injection, indicating specific and sensitive detection of
VCAM-1-expressing vessels (Fig. 2). This proof-of-concept study launched further
research into CAM-targeted MPIO in numerous neuroinflammatory disease models,
as discussed below.

2.1 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune neurological disease [22]. It is
defined by inflammation, axonal injury, neuronal loss, and demyelinating lesions in
the white matter and the cortex [23]. Clinically, MS is defined by periods of relapse
(rise of symptoms) and remission (decline of symptoms) [24]. Disease progression
can be monitored by quantifying the spatiotemporal lesion load through
T2-weighted imaging for plaques and T1-weighted, gadolinium-enhanced, active
lesions where BBB or blood-cerebrospinal fluid barrier breakdown has occurred
[25], although it is acknowledged that these events reflect “tip of the iceberg” with
respect to overall brain disease burden. At the same time, circulating adhesion
molecules have been found to be increased in patients with MS compared to healthy
controls [26], and upregulation of CAMs, specifically on the cerebral endothelium,
has been demonstrated [27, 28]. On this basis, an array of molecular MRI methods
targeting CAMs have been developed to (i) diagnose and stage MS in preclinical
models [29–34], (ii) monitor response to therapy [31], and (iii) predict relapse and
remission [35].

E- and P-selectin are two CAMs that are upregulated as part of the inflammatory
response and are key to the initial rolling phase of leukocytes along the endothelium
through carbohydrate binding interactions [36, 37] (Fig. 1). Glyconanoparticles
(GNP), with high Fe-content, collectively targeting endothelial markers E-/P-



selectin by conjugation with the glycan ligand sialyl LewisX (GNP-sLeX), were able
to detect acute inflammation induced by intrastriatal cytokine injection and, also,
presymptomatic focal inflammation in a rat model of experimental autoimmune
encephalitis (EAE) [34], the classical experimental model of MS. In a more recent
study, P-selectin was exclusively targeted for greater specificity of inflammation in
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Red blood cell
6 - 8 µm

White blood cell
12 - 15 µm

Antibody

Circulating
particles

No diseases present
(no binding occurs)

Diseases present
(binding occurs)

Adhesion molecule
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Fig. 2 Proof-of-principle VCAM-MPIO binding to activated endothelium. (a) Schematic illustrat-
ing concept of antibody targeting iron oxide microparticles to a specific molecular epitope on
activated endothelium. Note that, although micron-sized, these microparticles are still markedly
smaller than circulating red and white blood cells. Modified from Serres et al. [5] with permission.
© 2014, Springer. (b) Representative images from mice injected unilaterally in the left striatum with
interleukin-1β (IL-1β). Top images are from a control mouse injected with VCAM-1 antibody prior
to VCAM-MPIO administration, blocking VCAM-MPIO binding. Both mice were subsequently
injected intravenously with VCAM-MPIO. MPIO-induced hypointensities are only evident in the
left hemisphere of the mouse injected without prior blocking (white circles), reflecting specific
VCAM-MPIO binding. (c) 3D rendering of VCAM-MPIO-induced hypointensities in a mouse
injected unilaterally with IL-1β. Modified fromMcAteer et al. [21] with permission.© 2007, Nature
Publishing Group



the spinal cord [35]. In preclinical EAE models, MPIO-αP-selectin not only detected
the presymptomatic inflammatory response, but also enabled prediction of relapses
in asymptomatic and remissions in symptomatic animals [35]. If translated to the
clinic, these findings could help identify the most effective times for prophylactic
treatment before the onset of symptoms.
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Fig. 3 Examples of VCAM-MPIO binding and detection of inflammation in different mouse
models of neurological disease. Representative images of VCAM-MPIO binding and detection of
inflammation in mouse models of (a) multiple sclerosis, (b) stroke, (c) epilepsy, (d) metastatic
cancer, (e) glioblastoma, and (f) Alzheimer’s disease. Selected T2*-weighted images from each
model show focal hypointense areas (black) corresponding to VCAM-MPIO binding. (a) In the
multiple sclerosis, EAE model at day 15, hypointensities can be seen throughout the brain, but with
noticeably greater binding in the cerebellum and hindbrain. Few or no hypointensities were evident
in EAE mice injected with control IgG-MPIO. (b) The stroke model (transient middle cerebral
artery occlusion induced by intra-arterial injection of thrombin) shows hypointensities restricted to
the ischemic area as highlighted by comparison to the T2W control image, in which this is evident
as an area of hyperintensity. (c) Localized VCAM-1 expression is also evident in the epilepsy model
(23 hours post-pilocarpine injection) and is restricted to the choroid plexus, periventricular organs,
hippocampus, and pial vessels of the cerebral cortex. Few or no hypointensities were evident in
mice injected with control IgG-MPIO post-pilocarpine. (d) In the metastatic cancer model (day
13 post-induction), hypointensities are evident throughout the brain compared to naïve control mice
injected with VCAM-MPIO. (e) In the U87MG rat glioblastoma model, VCAM-MPIO
hypointensities reveal the intrastriatal tumor margin, while minimal hypointensities are evident in
rats injected with control IgG-MPIO. (f) Hypointensities are evident throughout the brain in a
mouse model of Alzheimer’s disease (aged APP/PS1) in mice injected with VCAM-MPIO,
compared to those injected with control IgG-MPIO, revealing neuroinflammation in this model.
(a) Reproduced from Serres et al. [32] with permission. © 2011, FASEB. (b) Adapted from
Gauberti et al. [44] with permission. © 2013, American Heart Association. (c) Reproduced from
Duffy et al. [53] with permission. © 2012, Elsevier. (d) Reproduced from Serres et al. [54] with
permission. © 2012, National Academy of Sciences. (e) Reproduced from Cheng et al. [55] under
CC-BY license. © 2022, Cheng et al. (f) Reproduced from Montagne et al. [56] with permission.
© 2012, Elsevier

Presymptomatic inflammation has also been successfully imaged in a mouse EAE
model with VCAM-1-targeted MPIO [31, 32]. The inflammatory events were
detected throughout the brain in regions without BBB breakdown, in particular the
cerebellum and hindbrain, and correlated histologically with upregulation of
VCAM-1 and leukocyte infiltration [32] (Fig. 3a). Moreover, the onset of disease
was detected with VCAM-1-targeted molecular MRI, at a time when EAE mice



could not be distinguished from their control littermates on the basis of behavioral
scoring [32]. Thus, this approach is highly sensitive to the early presence of
inflammatory disease, when it is otherwise undetectable either by conventional
imaging or standard behavioral readouts. The VCAM-MPIO-induced
hypointensities also correlated with disease relapse, with reduced signal coinciding
with disease treatment [31].
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Intercellular adhesion molecule 1 (ICAM-1) is also upregulated early in lesion
formation both in MS [38] and in the preclinical EAE model [39]. As for the above
studies, ICAM-1 antibody functionalized MPIO were shown to detect upregulated
ICAM-1 and, consequently, disease progression in the brains of EAE mice
[29]. Comparable to VCAM-1, upregulated ICAM-1 expression in EAE pathology
could be disconnected from BBB integrity. Thus, ICAM-1 is another promising
CAM target for early diagnosis of MS lesions using molecular MRI.

2.2 Stroke

Inflammation plays a fundamental role in the pathophysiology of stroke, with a
variety of supporting evidence including the prevention of repeated vascular inci-
dents by anti-inflammatory therapeutics [40]. Markers of inflammation, including
the adhesion molecule, ICAM-1, have been found clinically to predict future atrial
fibrillation events [41]. Molecular MRI has the capacity to provide further insight
into the pathophysiological inflammatory events in preclinical models of stroke and
the potential to monitor stroke pathogenesis and treatment strategies in the clinic.
Studies of molecular MRI in animal stroke models have targeted a number of
different CAMs, including E-selectin [34], P-selectin [42], VCAM-1 [43, 44], and
ICAM-1 [45, 46].

The first molecular MRI studies in preclinical models of stroke used the same
GNP-sLeX, to target E-/P-selectin, as described above in EAE rats [34]. GNP-sLeX

were found to visually detect damage not only at the primary ischemic site, but also
where secondary damage was evident, importantly without BBB breakdown [34]. In
a comparable study the same year, magnetic nanoparticles targeted to P-selectin,
specifically, with a P-selectin-binding peptide (MNP-PBP) were also found to
uncover endothelial activation in a mouse model of stroke by middle cerebral artery
occlusion, in the very early stages of lesion evolution [42]. Moreover, in a mouse
model of transient ischemic attack (TIA), a risk factor for stroke and currently a
diagnostic obstacle in clinical practice, P-selectin-targeted MPIO revealed affected
vasculature despite an absence of brain infarction on MRI [47]. Strikingly, P-selectin
molecular MRI could discriminate between two mouse models of TIA mimics,
migraine (intraperitoneal injection of nitroglycerin) and epilepsy (intraperitoneal
injection of kainite) [47]. In clinical practice, this would be a significant advance-
ment for positive and selective MRI-based diagnosis of TIA and the prescription of
preventative therapies in patients at risk of stroke.
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Targeting VCAM-1 for molecular MRI has revealed more about the inflamma-
tory response of stroke [44] (Fig. 3b). Imaging using VCAM-MPIO has demon-
strated that there is not only the detectable ischemic core lesion, usually visualized
by diffusion-weighted imaging, but also a more widespread area of VCAM-1
expression (25% vs. 3% total brain volume), associated with inflammatory pro-
cesses, at an acute stage of ischemic lesion pathology [43]. This region has been
termed the “inflammatory penumbra” [48], and it has been shown that anti-
inflammatory therapeutics can reduce brain injury in ischemic stroke [44, 49]. In
line with these preclinical data, VCAM-1 has been found to be overexpressed at the
site of the cerebral infarct in patients with acute cerebral ischemia at the time of
thrombectomy; increased VCAM-1 levels were predictive of infarct volume and
edema volume [50]. These findings suggest that molecular MRI, targeting VCAM-1
in preclinical stroke models, may be an effective approach to monitoring immune-
modulatory treatments, such as statins or cyclooxygenase inhibitors [44].

In preclinical stroke models, ICAM-1 is also highly upregulated on the brain
endothelium subacutely after stroke [51] and has been found to be elevated in
patients with acute ischemic stroke [52]. On this basis, ICAM-1 was explored as
an alternative target for molecular MRI in preclinical models [45]. Both gadolinium
chelate-containing liposomes and MPIO contrast agents were functionalized with
anti-ICAM-1 antibodies and their efficacy for imaging stroke-associated ICAM-1
upregulation assessed. However, specific imaging in vivo was only produced by
ICAM-1-targeted MPIO, and not the ICAM-1-targeted liposomes containing gado-
linium chelate. This study further highlights MPIO as a potent molecular MRI
contrast agent and supports its superiority over gadolinium-based agents for target-
specific imaging. Deddens et al. further optimized the ICAM-1-targeted MPIO to
image not only activated vessels but also activated leukocytes in stroke pathophys-
iology. Importantly, it was found that imaging with the ICAM-1-targeted MPIO did
not detrimentally alter the pathophysiology of stroke in preclinical models [46].

2.3 Epilepsy

Epilepsy refers to chronic neurological disorders exemplified by the occurrence of
spontaneous periodic seizures [57, 58]. As with other neurological disorders, it is
becoming apparent that inflammation is also an important feature of epilepsy, either
before its onset causing increased excitability [57, 59, 60] or as a result of seizures
[57, 58, 61]. Further, neuroinflammation may play a role in drug-resistant epilepsy
[62]. Elucidating the pathophysiological role of neuroinflammation in epilepsy will
help with identifying biomarkers, developing therapies, and stratifying patients for
personalized therapeutics [58]. Moreover, up to 30% of patients with focal epilepsy
syndromes have no visual pathology on MRI [63–65], emphasizing the beneficial
role that molecular MRI could bring to this field.

In an established mouse model of epilepsy, induced by intraperitoneal pilocar-
pine, evidence of endothelial activation has been found, demonstrated by



upregulation of several CAMs including P-selectin, ICAM-1, and VCAM-1
[66]. The highest levels of CAM expression were found 24 hours post seizure, and
they were still upregulated 7 days later [66]. This observation was developed further
in a rat model of status epilepticus, and acute inflammatory events were observed
postepileptic activity using VCAM-MPIO and T2*-weighted MRI [53]. Maximal
contrast, indicating VCAM-1 upregulation, was evident in areas of the brain show-
ing significant epileptic activity, such as the periventricular organs, hippocampus,
and cerebral cortex (Fig. 3c). Importantly, no significant changes were observed on
T2-weighted images without contrast agent, again highlighting the ability of
VCAM-1-targeted molecular MRI to expose injury/inflammation earlier than con-
ventional imaging. This study emphasizes how molecular MRI can improve our
understanding of the pathological sequelae in epilepsy.
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2.4 Brain Cancer

Cancer is a group of diseases characterized by cellular changes that cause abnormal,
uncontrolled cell division and growth [67]. Growth goes beyond normal boundaries
and can spread to other organs (metastasis). The most common brain cancer in adults
is secondary cancer, or metastasis, from the lung, breast, and melanoma [68, 69],
with a dismal prognosis of very low 6-month survival rates [70]. Two MRI
sequences are routinely used for the detection of brain metastases in the clinic:
firstly, T1-weighted imaging together with (un-targeted) gadolinium-based contrast
agents to show BBB disruption and, secondly, a T2-weighted fluid attenuated
inversion recovery (T2W-FLAIR) sequence, which reveals peri-tumoral edema
[71]. These images, however, will only detect metastases that are large enough
(>2–5 mm in diameter) to cause BBB breakdown, by which time they are frequently
beyond effective therapy. There is a clear need, therefore, for an imaging modality
that has the ability to detect smaller, earlier brain tumors.

Tumors are pathologically associated with infiltrating immune cells, and endo-
thelial activation is an early event in the evolution of brain metastasis. Evidence
suggests that, as for leukocyte recruitment to disease sites, tumor cells use CAMs to
promote their extravasation into the secondary tissue site [72–74]. Soluble factors
secreted by brain metastatic cancer cells activate endothelial cells [75], priming them
for binding and rolling of the cancer cells by the selectin family [76]. The role of
12 CAMs and their ligands in early stages of breast cancer brain metastasis forma-
tion has been investigated [77], and both E-selectin and VCAM-1 were highly
upregulated on the cerebral endothelium, while their ligands were upregulated on
metastatic tumor cells. Moreover, blocking specific CAMs (e.g., VLA-4, ALCAM)
reduced the number of tumors seeding to the brain [77].

Molecular MRI of endothelial activation, using VCAM-MPIO, has been found to
reveal metastatic brain tumors, as small as 1000 cells, throughout the brain in a
systemically induced model of the disease [54] (Fig. 3d). When translated to clinical
imaging resolutions, this detection threshold would be 2–3 orders of magnitude
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smaller than can be achieved by standard clinical imaging methods currently (107–
108 cells) [54]. VCAM-targeted MRI has been shown to detect brain
micrometastases in a number of xenograft models, including human breast carci-
noma (MDA-MB-231-Br-GFP), lung adenocarcinoma (SEBTA-001), and mela-
noma (H1_DL2) [78], indicating that this approach to brain metastasis detection is
effective across multiple primary tumor types.
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Activated leukocyte cell adhesion molecule (ALCAM) has also been successfully
used as a target with functionalized MPIO to detect brain micrometastases. ALCAM
has been shown to specifically localize at the intercellular junctions between endo-
thelial cells and is thought to play a pivotal role in the extravasation of monocytes, T
cells and B cells in neurological disease [79–81]. In mice bearing breast, melanoma,
or lung brain metastases, ALCAM was found to be upregulated early in tumor
establishment, and ALCAM-MPIO enabled detection of brain micrometastases by
MRI before any BBB breakdown [82]. Although the sensitivity of ALCAM-MPIO
for metastasis detection was slightly lower than previously found for VCAM-1-
targeted MPIO [82], the overall sensitivity for detection of endothelial ALCAM, per
se, was very high (80–90%). Given that ALCAM has been shown to be upregulated
on the cerebrovascular endothelium in several neuroinflammatory diseases, includ-
ing EAE, MS, and stroke, ALCAM-targeted MRI may find a more important
application in the detection and monitoring of other neurological diseases.

As noted above, a further CAM that has been shown to be strongly associated
with endothelial activation in breast cancer brain metastasis is E-selectin [77] and is
thought to be a mediator of metastasis from various primary tumor types [83]. In
vitro, E-selectin and its ligand sLeX (CD15s) have been found to facilitate adhesion
between human non-small cell lung cancer tumor cells and endothelial cells [84]. As
discussed in previous sections, a number of molecular MRI agents targeting
E-selectin have been developed previously using either Gd-DTPA [11, 85] o
glyconanoparticles [34] as the contrast moiety and sLeX (or mimetic) as the targeting
ligand. Although these have been tested in a number of neuroinflammatory models,
none have proven as potent as the VCAM-1-, ICAM-1-, and ALCAM-targeted
agents described above, in which antibodies have been used to target the ligand.
This lower sensitivity may reflect the transient nature of the E-selectin/sLeX inter-
action, which occurs during the rolling stage of the leukocyte adhesion cascade.
Consequently, using its natural ligand, sLeX, may not be the optimal approach for
in vivo imaging of E-selectin. Moreover, sLeX is also a carbohydrate ligand for
P-selectin; thus, specific and sensitive detection of E-selectin alone may not be
feasible with this technique. Jefferson et al. provided an alternative strategy by
developing an antibody-based E-selectin-targeted MRI contrast agent [20]. In that
study, high binding efficacy of the E-selectin-MPIO was confirmed under physio-
logically relevant shear stresses in vitro. In light of these results and developments in
the production of high-affinity antibodies, a similar antibody-MPIO conjugate
(E-sel-MPIO) was recently tested in vivo, in both neuroinflammatory and brain
metastasis models [86]. In the latter study, E-selectin was shown to be upregulated
on tumor-associated vasculature of brain metastases from breast, melanoma, and
lung primary tumor types (unpublished data, Fig. 4a, b). Expression of E-selectin
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Fig. 4 E-selectin expression in brain metastasis and as a target for molecular MRI. (a) E-selectin
expression (brown staining) associated with brain metastases was evident in all models—MDA-
MB-231-Br (breast carcinoma), H1_DL2 (melanoma), and SEBTA-001 (lung adenocarcinoma)—
but negligible in normal brain tissue. Scale bars = 100 μm. (b) Graphs showing the time course of
E-selectin upregulation for MDA-MB-231-Br, H1_DL2, and SEBTA-001 models (n > 20 tumors
per time point; mean ± SEM). Dashed line denotes baseline expression of E-selectin in naïve mouse
brain (n = 2). *p < 0.05, **p < 0.01. (c) E-selectin staining (brown) from human brain metastasis



was also found on tumor-associated blood vessels in postmortem human brain
metastasis biopsies from breast, melanoma, and lung primary tumors (unpublished
data, Fig. 4c). E-selectin-targeted molecular MRI was found to be more sensitive
than ALCAM, but not VCAM-1, targeted molecular MRI, for the detection of brain
metastases in all models (unpublished data, Fig. 4d, e and Table 1), with the smallest
tumor detected having a volume of 4.7 × 10-5 μL, approximately 30–40 cells [87],
in the breast cancer brain metastasis model [86].
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Expanding on these results and previous work using VCAM-1 as the target,
Zarghami and colleagues also investigated the potential for increasing the sensitivity
of molecular MRI through a dual-targeted strategy [86]. It is still not clear whether
distinctive classes of CAMs are involved at each step of the adhesion process or
whether there is an active synergy between CAMs for these sequential steps. The
detection of any neuropathology, including brain metastasis, by targeting a single
adhesion molecule depends highly on the binding specificity, pharmacokinetics,
target biodistribution, and stage of pathology. It was hypothesized, therefore, that
targeting more than one CAM simultaneously would enhance detection, by increas-
ing the number of potential binding sites and accounting for heterogeneity in
expression of each individual target. Using mouse models of brain metastasis, it
was found that concurrent intravenous administration of both VCAM-MPIO and E-
sel-MPIO increased the sensitivity for detection of brain micrometastases for all
three types of primary cancer—breast, melanoma, and lung—to 91%, 75%, and 90%
of tumors detected, respectively (unpublished data, Fig. 5 and Table 1) [86]. Thus,
dual or even triple targeting may prove to be the most sensitive approach to detection
of early disease, not only in brain metastasis but also in other neurological diseases.
In a clinical setting, the dismal prognosis of patients suffering metastatic spread to
the brain largely reflects the lack of early detection and consequent limited treatment
approaches. Detecting these early inflammatory events in metastatic brain cancer

Fig. 4 (continued) biopsies from breast, melanoma, and lung primary cancer. E-selectin expression
on cerebral vessels (black arrows) in close proximity to tumor cells was evident for all cases studied
(n= 2 patients for each primary, n= 2 sections each patient). No E-selectin activated vessels (black
arrow indicating cerebral vessel, n = 2 sections) were detected in normal human brain tissue.
Counterstain (blue) = cresyl violet. Scale bars = 50 μm. (d) Detection of brain micrometastases
using E-selectin-MPIO. Representative T2*-weighted coronal images from MGE3D datasets.
Prominent focal hypointense (black) foci corresponding to binding of E-selectin-MPIO were
evident in mice injected with MDA-MB-231-Br or H1_DL2 cells at day 21 and SEBTA-001
cells at day 35 after tumor cell injection. Examples of hypointense foci are indicated with pink
arrows on each slice. Minimal hypointense foci were detected in the tumor-bearing animals injected
intravenously with IgG-MPIO; representative control image shown from a SEBTA-001 bearing
mouse injected with control IgG-MPIO on day 42. (e) Graph showing quantitation of the number of
hypointense voxels for each tumor model over time (n = 5 per group; mean ± SEM). A significant
difference was evident between tumor-bearing mice injected with E-selectin-MPIO (dotted bars)
and IgG-MPIO (gray bars) at all time points in all three models; **p< 0.01, ***p< 0.001. Dashed
line denotes background hypointense voxels detected in naïve mice injected with E-selectin-MPIO
(n = 2). Data from authors’ previously unpublished studies



using molecular MRI approaches, before any pathological changes are evident by
current imaging modalities, would greatly improve therapeutic outcome.
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Table 1 Sensitivity of targeted adhesion molecule MRI contrast agents in detection of brain
micrometastases

Target adhesion molecule Brain metastasis model Tumors detected

VCAM-1 MDA-MB-231-Br 82%

ALCAM MDA-MB-231-Br 82%

E-selectin
VCAM-1 + E-selectin

MDA-MB-231-Br
MDA-MB-231-Br

83%
91%

VCAM-1 H1_DL2 72%

ALCAM H1_DL2 54%

E-selectin
VCAM-1 + E-selectin

H1_DL2
H1_DL2

66%
75%

VCAM-1 SEBTA-001 89%

ALCAM SEBTA-001 68%

E-selectin
VCAM-1 + E-selectin

SEBTA-001
SEBTA-001

72%
90%

Although the majority of molecular MRI studies in brain cancer to date have
focused on earlier diagnosis of micrometastatic (secondary) tumors, a very recent
study addressed the question of improving detection of tumor margins in more
established tumors. Current clinical neuroimaging techniques for characterizing
brain tumors are limited in their capacity to detect the invasive margin, and, despite
optimal local therapy, tumor cell invasion into normal brain parenchyma frequently
results in recurrence in patients with solid tumors. Therefore, accurate knowledge of
the extent of the tumor margin is required for optimal treatment planning. In the
study by Cheng et al., VCAM-1-targeted MRI was shown to better detect brain
tumor margins in mouse models of breast cancer brain metastasis, glioblastoma
(Fig. 3e), and medulloblastoma, than conventional MRI methods [55]. The results of
this study suggest that use of VCAM-1-targeted MRI, in combination with other
MRI methods, for improved delineation of the tumor-brain interface could signifi-
cantly improve the management of both primary and secondary brain tumors.

3 Extension of Molecular MRI to Other Diseases
and Tissues

In the above sections, we have highlighted specific CNS diseases in which molecular
MRI has been applied successfully, in a number of different studies, to uncover
regions of inflammation at early stages of disease in preclinical models. Despite the
ubiquitous nature of the target, the different spatial distribution of hypointensities
enables disease specification/differentiation. These approaches, therefore, have the
potential to span other neurological conditions in which there is an inflammatory
response. Neuroinflammation is a well-established hallmark in neurodegenerative
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Fig. 5 Detection of brain metastases using a dual-targeted (VCAM-/E-selectin-MPIO) MRI
approach. (a) Representative T2*W coronal images from MGE3D datasets and the corresponding
post-gadolinium T1W images. Hypointense (black) foci corresponding to binding of VCAM-/E-



disease, for example, Alzheimer’s disease (AD) [88]. AD is an age-related condition
typified by gradual cognitive decline and dementia. Neuroinflammation in AD is
associated with a microglial response to extracellular amyloid plaques and intracel-
lular neurofibrillary tangles [89]. Identifying early stages of neuroinflammation
could, therefore, help to uncover the existence of these plaques and tangles and,
speculatively, treat the disease early. Neuroinflammatory associated endothelial
activation has been detected in AD patients [90]. To date, however, only one
study has investigated exploiting the upregulation of CAMs in APP/PS1 mice, a
mouse model of AD. VCAM-MPIO were found to reveal upregulation of VCAM-1
and, hence, inflammation in the brains of aged APP/PS1 mice [56] (Fig. 3f).
Strikingly, the significant cerebrovascular inflammation was associated with AD
like amyloid deposits [56]. The therapeutic impact of unmasking cerebrovascular
inflammation through molecular MRI in a mouse model of AD is significant and
warrants further investigation.
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The greatest known risk factor for AD, and other CNS disorders, is increasing age
[91]. In a study by Montagne and colleagues, VCAM-1-targeted MPIO were found
to reveal significant hypointensities in aged mice (24-month-old) compared to young
(3-month-old) mice [56]. Risk factors of CNS disorders also include systemic
inflammation, and Montagne et al. further demonstrated that systemic challenges,
such as peripheral injection of lipopolysaccharide (1 mg/kg), acute hyperglycemia
(3 g/kg), and acute ethanol intoxication (4 g/kg) in mice, all induced significant
VCAM-1-MPIO hypointensities in the brain [56]. This study further demonstrates
the sensitivity of VCAM-1-targeted MPIO to unmask neuroinflammation before
symptoms manifest.

In an acute setting of neuroinflammation, infection is another potential CNS
pathology that is difficult to detect with imaging at an early time point. In a mouse
model of cerebral malaria (CM), von Zur Muhlen et al. were able to demonstrate that
MPIO targeted to activated platelets could detect platelets adhering to the cerebro-
vascular endothelium before any pathology was detectable with conventional MRI
[92]. Not only did their finding have positive implications for diagnostic imaging,
but it also enabled further insight into the pathology of CM, demonstrating that
platelet binding was principally driven by the cytokine TNF, in this model. These
findings highlight the multifaceted benefits that molecular MRI can achieve in a
research model. Further, MPIO targeted to platelets may be used to detect other,
non-CNS pathologies involving platelets, including platelet-containing thrombi
[93, 94] and myocarditis [95].

⁄�

Fig. 5 (continued) selectin-MPIO were evident in mice injected with MDA-MB-231-Br or
H1_DL2 cells at day 21 and SEBTA-001 cells at day 42 after tumor cell injection. Examples of
hypointense foci are indicated with pink arrows. Note that no BBB breakdown is evident on post-
gadolinium T1W images at sites of MPIO binding. (b) Graph showing quantitation of the number of
hypointense voxels for each tumor model (n = 4–5 per group; mean ± SEM). Dashed line denotes
background hypointense voxels detected in naïve mice injected with VCAM-/E-selectin-MPIO
(n = 2). Data from authors’ previously unpublished studies
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The notable success of detecting pathologies in the CNS with preclinical molec-
ular MRI undoubtedly makes it appealing to try to transfer this technology to other
tissue/organs. To date, molecular MRI with targeted MPIO has been successfully
applied preclinically in models of diabetes mellitus [96], atherosclerosis [97], renal
ischemia reperfusion injury [98], acute kidney injury [96], tumor angiogenesis [13],
and intestinal mucosal inflammation [99]. These various studies highlight the prom-
ising capabilities of such molecular imaging methods, including imaging multiple
organs in one imaging session. Indeed, in a comprehensive study by Belliere and
colleagues, this was achieved with endothelial activation mapping of the kidneys,
heart, and brain, using VCAM-MPIO in mouse models of sepsis, acute kidney
injury, diabetes mellitus, and aging [96].

It is to be noted, however, that MPIO are not suitable for all organs in the body.
For example, imaging the liver or spleen will not work as the MPIO are very
efficiently cleared from circulation by these organs [98] with a half-life of 1.2 min
[9]. The sequestration of MPIO reduces the background signal of these organs and,
thus, confounds the detection of target-specific contrast effects. The lungs are also a
difficult target organ for MPIO-based molecular MRI due to their low intrinsic signal
[100], which will make it difficult to see iron-induced hypointensities. Consequently,
different contrast moieties may be needed for some organs. Further, it is important to
note that there are pathologies in the brain, such as microbleeds [101], that can
produce T2*-weighted hypointensities and, therefore, potential false positives.
However, a number of preclinical [102, 103] and clinical [104] studies have dem-
onstrated that normobaric hyperoxia can restore hypoperfusion, potentially negating
these effects for molecular imaging. This approach has been demonstrated specifi-
cally with VCAM-MPIO in a mouse model of intracranial hemorrhage [102].

4 Future Perspective

Identifying immunological biomarkers and developing tools such as CAM-targeted
MPIO potentially enable identification of molecular changes in disease that may
drive the development of new immunotherapy drugs. Moreover, combination of
these imaging agents with relevant therapeutics, to yield a theranostic agent, could
enable delivery of drugs and radioactive substances very specifically to disease sites,
as already demonstrated for VCAM-1-targeted alpha-particle therapy [105].

Large particles, such as MPIO, have significant advantages over their smaller
counterparts (USPIO), including rapid circulatory half-life (<1–2 min) [9, 13] and
high contrast per particle, both of which enhance the detection of target-specific
binding. At the same time, high ligand valency increases the likelihood of target
binding. Furthermore, as MPIO are greater than 500 nm in diameter, they are likely
to have improved “margination” [106], i.e. be pushed toward the vessel wall by
gravitational forces [107], and, therefore, have increased wall adhesion compared to
nanoparticles, as found by computational modeling and in vitro studies [108–
111]. Currently, however, the MPIO that have been used preclinically are not



suitable for clinical translation owing to their accumulation and persistence in the
liver and spleen. While next-generation biocompatible and biodegradable, contrast-
enhancing particles, based on poly(lactide-co-glycolide) or cellulose constructs,
have been developed for in vivo cell labeling and tracking studies [112], these
have not yet translated to human use. Recently, however, it has been shown that
MPIO can be generated from multiple iron oxide nanoparticles coupled covalently
through peptide linkers that are designed to be cleaved by intracellular macrophage
proteases [113]. On clearance primarily to the resident macrophages in the liver
(Kupffer cells), these multimeric MPIO (mMPIO) are rapidly degraded, thus over-
coming the most significant obstacle to clinical translation. These mMPIO have also
been ligand-targeted and shown to enable detection of inflammation in vivo
[113]. These results are promising and may pave the way to molecular MRI in the
clinic.
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A further consideration for clinical translation of MPIO is the relatively high dose
of agent required as compared to tracers for other molecular imaging modalities,
such as positron emission tomography (PET). With regard to iron toxicity per se,
excessive therapy with parenteral iron can lead to excess storage of iron with the
possibility of iatrogenic hemosiderosis, but this is at considerably higher doses than
the likely clinical dose of VCAM-MPIO (1–2 mg/kg iron). Given the very rapid
clearance of MPIO from the circulation and uptake by Kupffer cells in the liver, for
particles designed to be rapidly degraded, the primary source of potential cytotox-
icity would be the nanoparticles released within lysosomes. Several studies have
examined the cytotoxic potential of different types of iron nanoparticles with a range
of surface coatings and have generally found low or no cytotoxicity associated with
these nanoparticles until very high exposure levels. Nevertheless, although prelim-
inary toxicology studies in mice have been performed for VCAM-MPIO with no
adverse effects noted [113], formal toxicology studies in animals would be required
before these agents can progress to Phase I safety and pharmacokinetic clinical trials
in humans.

5 Conclusions

Molecular MRI is a rapidly evolving field, as evidenced not only by the improve-
ments in imaging of molecular contrast agents per se that we have seen over the last
decade or so, but also the expansion in both molecular targets and pathologies that
have been reported. To identify an appropriate molecular target for inflammation
imaging, it must be easily accessible, specific to the inflammation process, and
exhibit low basal expression levels [114]. In this chapter, we have highlighted
how CAMs fit these criteria and have been employed as targets to functionalize
MRI contrast agents for imaging inflammation and disease. In principle, a variety of
targeting moieties can be used for such molecular contrast agents, including anti-
bodies, antibody fragments, peptides, and carbohydrates, although to date the
greatest success has been realized with antibody-targeted agents. While we have
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focused primarily on endothelial CAMs as targets for molecular MRI, and indeed
they have received the most attention to date, it is important to note that these are not
the only inflammatory markers that can be targeted. Studies have shown that it is also
possible to image inflammatory cells, such as leukocytes, and activated platelets, and
thus additional indicators of inflammation are within reach. The ability to image
different inflammatory and other disease-related molecules in vivo will not only
improve our ability to detect and diagnose disease but will also greatly expand our
understanding of the roles that these molecules play in different diseases and
potentially enable stratification of patient treatment.
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Ultrasound Imaging in Inflammation
Research

Matthew Muller, Jonathan R. Lindner, and Matthew W. Hagen

Abstract Ultrasound is a well-established and widely used tool for both clinical
diagnosis and preclinical research. In this chapter, we review the physics behind and
applications of 2D, Doppler, and contrast-enhanced ultrasound. Our focus will be the
research applications of contrast-enabled molecular imaging of inflammatory medi-
ators as a tool for understanding atherosclerosis and ischemic memory. We will also
cover the use of ultrasound in the diagnosis of and research on inflammatory
conditions including rheumatoid arthritis and renal failure. Our work and others’
demonstrate the continued place of ultrasound at the cutting edge of biomedical
practice and research.

Keywords Contrast ultrasound · Microbubbles · Molecular imaging · Ultrasound

1 Introduction

Ultrasound is a versatile noninvasive medical imaging approach that is used exten-
sively to measure tissue or organ structure, function, and blood flow. Advantages
that ultrasound has over other advanced imaging modalities such as MRI and CT
include the low cost of services, the speed of imaging protocols, and safety. In this
chapter, we will discuss some of the approaches used to image ultrasound through
anatomic imaging or acoustic characterization of tissue content or by the ultrasound
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detection of acoustically active contrast agents that have been specifically designed
to assess the molecular and cellular signatures of inflammation within the vascular
compartment. We will also highlight some examples of where ultrasound-based
imaging of inflammation is likely to be impactful in clinical care.
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1.1 Ultrasound Physics

Ultrasound is a characterized by the fluctuation of pressures that travel through a
tissue at frequencies above the audible range. These pressure fluctuations are
produced by a transducer housing piezoelectric elements. For most 2D and Doppler
ultrasound imaging systems used in medicine, these elements are fired in specific
sequences to produce focused or steered “lines” of ultrasound to cover a defined 3D
volume. The acoustic field is divided into three planes illustrated in Fig. 1: axial,

Fig. 1 (a) An illustration of ultrasound physics at a surface defined by a difference in acoustic
impedance. The ultrasound wave is partially reflected and backscattered, as well as transmitted
through the media. Some ultrasound energy will be attenuated and absorbed. Ultrasound that
encounters microbubble contrast agents causes cavitation. (b) The axial, azimuthal, and elevational
planes of an ultrasound image are shown. In 2D imaging, the elevational planes are compounded to
create a 2D image along the axial and azimuthal dimensions. For 3D imaging, the elevational pulses
are rastered sequentially



azimuthal (lateral), and elevational [1]. The axial plane is parallel to the ultrasound
direction, while the azimuthal plane defines the width of each ultrasound line used to
produce an image. The elevational plane describes the “thickness” of the ultrasound
line or plane. The elevational volume is generally compounded to produce a 2D
display. 3D imaging is generally accomplished by rastering sequential 2D planes or
complex protocols for retrospective beam forming from large transmit volumes.
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Diagnostic ultrasound is conventionally transmitted in frequencies in the MHz
scale [2]. Ultrasound power is quantified by mechanical index (MI) defined by the
peak negative acoustic pressure of the ultrasound wave divided by the square root of
the transmission frequency. This is an important variable in determining the safety
and usage of ultrasound. As ultrasound pressure waves travel through a medium,
some of their energy is attenuated and absorbed, and some of the energy is reflected
back (Fig. 1), particularly at boundaries between areas of differing acoustic imped-
ances, which is determined by the density and speed of sound through the media.
Relative extremes in acoustic impedance, such as solids (bone) or gasses, can cause
shadowing by limiting acoustic transmission [1]. Ultrasound that is reflected at a
relative difference in acoustic impendence is partially reflected and backscattered.
Backscattered ultrasound is received by the ultrasound transducer and processed to
create an image using the difference of the transmitted ultrasound compared to the
backscattered signal.

1.2 Ultrasound Modalities

B-mode ultrasound imaging involves sending out several lines of ultrasound to
produce a 2D image based on the location and strength of the returning echo signal.
Information on B-mode imaging is influenced not only by tissue characteristics but
also ultrasound settings such as power (acoustic amplitude), frequency, pulse dura-
tion (cycle number), dynamic focusing, gain, post-processing algorithms, and trans-
ducer characteristics such as aperture. Figure 2 shows B-mode imaging of the LV
outflow leading into the aortic arch in a nonhuman primate.

Doppler ultrasound can be subdivided into multiple categories, the most common
of which are pulsed-wave (PW) Doppler, continuous wave (CW) Doppler, and color
Doppler. Doppler modalities are based on the Doppler effect. When an ultrasound
wave encounters a moving target such as flowing blood, its frequency is shifted
depending on the directionality of the flow [3]. Flow away from the transducer and
origin of ultrasound propagation will result in a decrease in ultrasound frequency,
whereas blood flow toward a transducer and point of propagation will increase
ultrasound frequency. Knowing the initial frequency of the ultrasound, this basic
principle allows us to determine the flow velocity in the vector component that is in
line with the ultrasound transducer.

PW Doppler allows for velocity measurements at a specific user-chosen axial and
lateral region within an ultrasound field. This chosen location is named the volume
or gate, and only flow through this region will be quantified [4]. This is



accomplished by sending out short pulses of ultrasound to allow each pulse to return
to the probe. Color Doppler is essentially a color display of PW Doppler ensembles,
with a heat map applied according to Doppler velocities. It is used when spatial
assessments of flow velocities and directions are needed (Fig. 2). CW Doppler is
performed differently than PW Doppler. Instead of sending out small pulses of
ultrasound to analyze a specific region, continuous Doppler relies on continuous
transmission and receipt of ultrasound by neighboring groups of transducer ele-
ments. CW Doppler allows for a much larger range of velocities to be detected than
PW Doppler [4]. However due to the absence of pulses (i.e., pulse-echo), spatial
localization of velocities in the axial direction is not possible with CW such that this
technology is used to measure maximal or peak velocities along the imaging line.
Power-harmonic Doppler is a technology designed to evaluate blood flow in more
distal small arteries. Accordingly, it has been proposed for detection of
inflammation-related hyperemia. This technique relies on analyzing the difference
in a returning packet of pulses and displaying the corresponding difference in
intensity on 2D. Photoacoustic imaging has also been investigated for inflammation
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Fig. 2 B-mode and Doppler ultrasound imaging of inflammatory conditions. (a) Images illustrat-
ing thromboinflammatory “marantic” abnormalities of the mitral valve secondary to systemic lupus
erythematosus (Libman-Sacks endocarditis). These lesions are manifest as either a focal mass
(arrow) on the anterior mitral leaflet on 2D transesophageal echo (left panel) or diffuse nodular
thickening of the valve seen on 3D imaging (right panel). (b) Two-dimensional ultrasound and
power-harmonic Doppler imaging of a metacarpophalangeal joint illustrating synovial thickening
and hyperemia in arthritis (image courtesy of Dr. Catherine Bakewell, MD). (c) Long-axis 2D
ultrasound imaging showing intimal media thickening and early plaque formation at the carotid
bifurcation and proximal external carotid artery. (d) Transthoracic echocardiography in the
parasternal long-axis view showing postradiation inflammatory and fibrotic changes of the basal
septum (arrow), aortic valve, and proximal aorta which appear echo bright (left panel) and
secondary aortic insufficiency from valve involvement on color Doppler imaging illustrated by
retrograde flow at the aortic valve (right panel). Images © 2022, The Authors



imaging whereby acoustic energy produced by optical absorption from light energy
(e.g., in the near-infrared frequency range) can reveal abnormalities in tissue perfu-
sion or oxygenation [5, 6].
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There has been increasing interest in using B-mode ultrasound to reveal and
quantify tissue mechanical characteristics. While these applications have tradition-
ally been targeted to detect tissue fibrosis, there is hope that they would also be able
to detect tissue responses involved in early inflammation including edema. Early
approaches to tissue characterization included acoustic backscatter imaging which
integrates all returning frequency and amplitudes. New approaches have been
developed such as acoustic radiation force imaging or shear-wave elastography
that rely on the ultrasound imaging of the tissue deformation responses to a high-
amplitude low-frequency pulse of sound.

Contrast-enhanced ultrasound (CEU) relies on the use of microbubbles with
ultrasound. Ultrasound contrast agent microbubbles (MBs) are composed of lipid,
protein (albumin), or biocompatible polymer shells and are filled with high molec-
ular weight inert gases such as perfluorocarbons or sulfur hexafluoride. MBs used in
humans typically range in diameter from 0.5 to 5 μm, permitting their intravenous
injection and unimpeded passage through the pulmonary, coronary, and peripheral
microcirculation [7, 8]. Signal generation from these agents occurs through sta-
ble cavitation, as shown in Fig. 3a, b, or inertial cavitation with the pressure peaks
and nadirs of the ultrasound field [9, 10]. Both stable and inertial cavitation result in
signal emission at harmonic frequencies, while only inertial cavitation results in the
immediate destruction of the agent [10–12]. There are several applications for CEU
in inflammation imaging. The first relies on the use of CEU perfusion imaging to
assess inflammation-related hyperemia. The contrast improvement provided by CEU
in apical four-chamber images in a patient with ischemic cardiomyopathy is shown
in Fig. 3c. The other approach is CEU cellular or molecular imaging whereby
inflammation imaging can be achieved through either nonspecific interactions
between MBs and inflammatory cells or the development of targeted MBs that
bear ligands against specific molecular markers or mediators of the innate or
adaptive immune response.

2 B-Mode and Doppler Ultrasound Imaging
of Inflammation

2.1 Renal B-Mode and Doppler Ultrasound Imaging

Ultrasound (B-mode, Doppler) is a routinely used technique to evaluate renal
pathology. In chronic kidney disease, B-mode is used to visualize the morphology
of the renal cortex, medulla, collecting systems, the presence of cysts, and the
echogenicity of segmented components. Echogenicity is used to identify plaque or
tissue structures through segmentation [14, 15]. Images are often taken to measure



longitudinal diameter and cortical thickness to evaluate morphology and any irre-
versible damage to the renal cortex [16]. In parallel, color Doppler and spectral
Doppler can be used to evaluate vascularization and vascular function within the
kidney. Increased renal resistance can be an indicator of the severity of chronic
kidney diseases [17, 18], including those caused by inflammatory conditions.
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Fig. 3 Contrast-enhanced ultrasound methods. (a) schematic showing pressure peaks and nadirs
during ultrasound which result in compression and expansion (oscillation) of gas-filled
microbubbles which can be viewed by high-speed microscopy (b) during the different ultrasound
pressure phases (images courtesy of David Giraud). (c) Intracardiac thrombus in a 58-year-old
woman with known ischemic cardiomyopathy. Apical four-chamber view prior to microbubble
administration (left) shows poor visualization of the left ventricular cavity, and following
microbubble administration (right), the image clearly identifies a left ventricular apical thrombus
(black arrow) associated with an akinetic segment seen during real-time imaging. (b) © 2022, The
Authors. (c) Adapted from [13] with permission. © 2021, Kutty et al.

The use of ultrasound with acute renal failure is more limited than chronic renal
failure. It is more selectively used to rule out urinary obstruction in acute renal failure
[19]. In patients with acute tubular necrosis or suspected acute tubular necrosis, the
kidney can appear to be within the normal range, but still edematous or inflamed
[19, 20]. Severe renal allograft rejection can be diagnosed with ultrasound through



major changes in kidney size, changes in kidney echogenicity, and reductions in
blood flow [19, 21]. B-mode ultrasound allows for detection of allograft swelling,
morphologic changes, and loss of corticomedullary differentiation. Renal blood flow
can be quantified with Doppler measurements [22]. Resistance indexes can be a
useful metric to determine the vascular resistance and compliance of an allograft as
well as a useful indicator of allograft outcome [23].
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Ultrasound can be effective in differentiating and diagnosing cystic renal disease.
Renal cysts are thought to develop within tubules through inflammatory processes
such as infiltration of interstitium with mononuclear inflammatory cells or interstitial
fibrosis [24]. Ultrasound can be used to identify autosomal dominant polycystic
kidney disease in the absence of genotyping [25, 26]. Additionally, ultrasound can
be used to identify inflamed or hemorrhagic cysts [19].

2.2 Rheumatoid Arthritis Imaging

Recognizing early indications of rheumatoid arthritis can have significant influences
on the outcomes of patients with this inflammatory disorder [27]. Rheumatoid
arthritis treatment has significantly benefitted from ultrasound modalities to diagnose
and monitor the pathology. Diagnoses of rheumatoid arthritis can employ B-mode
imaging, pulsed-wave Doppler, and color Doppler modalities. These can allow
sonographers and clinicians to visualize the extent of synovitis, tenosynovitis, and
bone erosion, which can serve as indicators of early or relapsing rheumatoid
arthritis [28].

Synovitis can be identified using B-mode and Doppler modalities mainly in the
metacarpal phalangeal joints. B-mode images allow for identification of synovitis
and tenosynovitis due to the echogenic differences of tissue, interstitial fluids, and
joints. Doppler modalities can identify hyperperfusion associated with inflammation
[29]. According to the guidelines of the EULAR Outcome Measurements in Rheu-
matology US task force, findings indicating synovial hypertrophy are vital in
identification of synovitis and tenosynovitis. Within the last few years, ultrasound
detection of synovitis in the proximal and distal wrist interphalangeal joints, the
metatarsophalangeal joints, and foot interphalangeal joints has shown to be more
effective than clinical examination [6, 30]. Recently, it has been shown that synovitis
and tenosynovitis serve as strong predictors of disease-modifying antirheumatic
drugs (DMARDs) tapering failure in patients with chronic rheumatoid arthritis [31].

Bone erosion is commonly seen in rheumatoid arthritis and as such acts as an
important target for therapeutics such as DMARDs. Ultrasound can be used to
visualize bony cortex discontinuity in joints due to the differences in echogenicity
of bone to surrounding tissue and fluids [32]. Discontinuity in two perpendicular
planes clinically identifies the presence of bone erosion [32]. Presence of bone
erosion on ultrasound evaluation after discontinuation of DMARDs predicts the
relapse of rheumatoid arthritis and weakly predicts relapse after discontinuation of
methotrexate in a 12-month window [33, 34].
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Recently, photoacoustic imaging (see the dedicated chapter in this book) has
shown promise as a noninvasive technique to recognize rheumatoid arthritis in
human and preclinical trials [35, 36]. Photoacoustic imaging can effectively map
2D and 3D morphology of cartilage, synovium, vascularity, and bone tissue within
human peripheral joints [37]. Additionally, it can detect clinically evident synovitis
and hemodynamic properties of rheumatoid arthritis in humans. More validation is
required for the efficacy of photoacoustic imaging in a clinical setting [6, 37].

2.3 Plaque Imaging

Based on its safety, low cost, and widespread availability, ultrasound has been used
extensively in the clinical setting to assess plaque development in arteries that are
easily visualized with current technology. The most common anatomic locations
include the carotid arteries, the aorta, and proximal limb conduit arteries. At its most
basic level, ultrasound is used to measure plaque severity in terms of dimension,
which reflects inflammation-related intimal-medial hyperplasia. Indices that are
measured include lumen encroachment by diameter or area narrowing, Doppler-
derived pressure gradients caused by increased resistance, and plaque area or volume
which takes into account outward vascular remodeling. More advanced methods
have been developed that are able to reveal plaque composition through differences
in acoustic characteristics of fibrous, necrotic, and calcified tissues and abnormalities
in the mechanical properties of the arterial wall.

Historically, B-mode imaging of plaque size has been useful for determining
when plaque is present, which influences decisions on pharmacologic therapy for
primary prevention, or when arterial narrowing becomes severe enough to explain
symptoms or justify procedural intervention. However, the degree of stenosis or
plaque volume does not entirely reflect the atherothrombotic potential of plaque
which is strongly influenced by inflammatory phenotype. Correlates between plaque
composition and grayscale values within the bandpass filter range have been
established for both catheter-based intravascular ultrasound (IVUS) and external
ultrasound imaging. In general, low echogenicity is associated with high-lipid
content or necrosis, while high echogenicity with far-field attenuation tends to
signify calcification [38–42]. Using postmortem histology as a training tool,
radiofrequency spectral pattern-recognition algorithms have been trained to distin-
guish fibrous, fibrofatty, necrotic or lipid-rich, and calcified regions that can be
displayed as a high-resolution color map (Fig. 4a) [41–44]. This approach, termed
IVUS virtual histology (IVUS-VH), has shown efficacy in predicting secondary
major adverse cardiovascular events following acute coronary syndrome, notably
often in non-culprit arteries identified as low risk by angiography [45–
47]. Photoacoustic imaging alone, which can detect lipid content, or in conjunction
with leukocyte-targeted photoacoustic probes, has also been used in clinical or
preclinical studies to assess plaque content.
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Fig. 4 Examples of “virtual histology” approaches to evaluating atherosclerotic plaque content,
including necrotic and inflammatory core, using intravascular ultrasound. (a) Intravascular ultra-
sound with the raw B-mode images shown at the top (catheter denoted by the central circular object)
and the color-coded virtual histology images characterizing plaque content below. Thin white
arrows at the top show acoustic shadowing by calcium deposits. (b) Strain imaging during systole
to detect abnormal mechanical properties of the vessel wall caused by plaque inflammation.
Intravascular ultrasound raw data (top left) and corresponding map of time-domain strain informa-
tion during the systolic phase (top right) and corresponding immunohistochemistry for macro-
phages (bottom left, dark purple areas) and smooth muscle actin (bottom right) illustrating increased
strain in an area with high macrophage content. (a) modified from [44] with permission; © 2011,
Gogas et al.; (b) modified from Schaar et al. [50] with permission. © 2003, Wolters Kluwer Health
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A vessel’s dynamic geometric response to biologic forces can also provide
information on atherosclerotic plaque phenotype. Ultrasound has high temporal
resolution, meaning that when used in conjunction with real-time measurements of
vascular pressures, the elastic properties of a vessel, which change predictably
during the course of plaque development based on inflammatory remodeling of the
matrix, can be determined. Transmural spatial maps of elastic properties, i.e.,
elastography, can be obtained by speckle tracking patterns starting at the lumen
boundary [48–50] (Fig. 4b).

3 Contrast-Enhanced Ultrasound (CEU) Molecular
Imaging

CEU molecular imaging is accomplished using MBs which are retained in tissues
based on their ability to bind to molecular targets. This targeting can be accom-
plished through two general approaches. The first, relatively simple approach relies
on nonspecific retention of MBs through their binding to activated endothelial cells
or leukocytes. The mechanisms driving this interaction include opsonization, the
deposition of serum complement proteins onto the MB surface which in turn trigger
leukocyte and endothelial complement receptors [51–53]. MB interaction with cells
can be controlled by tuning the net charge and presence of polymeric surfactants
(such as polyethylene glycol) making up the bubble surface. The presence of
phosphatidylserine, a phospholipid on the outer leaflet of cell membranes that acts
as a signal of senescence or apoptosis, in the MB shell can enhance attachment to
activated cells through opsonization [53]. Nonspecific interactions with activated
leukocytes and endothelial cells can be leveraged for general detection of the
presence of inflammatory states rather than the specific targeting of any specific
molecular pathway.

The second approach consists in the specific targeting of MBs, accomplished
through the conjugation of specific ligands (antibodies, peptides, glycoproteins,
small molecules, etc.) to the MB surface. The surface density of targeting ligands
can affect attachment efficacy [54]. The binding properties of these agents under
various shear stress conditions have been examined by flow chamber evaluation of
MB attachment to activated cultured endothelial cells [54–57], which demonstrate
an inverse relationship between endothelial attachment and shear force. Most agents
have been designed with a ligand surface density on the scale of thousands per μm2

of MB shell surface area, generally well above that needed for maximum binding at
microcirculatory shear stresses (<2 dyne/cm2). Factors influencing MB adhesion to
target molecules are illustrated in Fig. 5.

Studies have confirmed that the signal generated from MBs is not substantially
influenced by their attachment to target cells or even their internalization by phago-
cytosis [58, 59]; therefore, they can be imaged using settings similar to those used for
conventional CEU. Molecular imaging with CEU is generally carried out through



delivery of an intravenous bolus of MB and registering tissue retention in one of two
ways. The first involves simply measuring tracer intensity in tissue 5–10 min after
delivery when the majority of freely circulating MBs have been cleared from the
blood pool. The specificity of this approach is further enhanced by after-the-fact
background subtraction, accomplished by destroying all MBs in an ROI and mea-
suring the returning residual blood pool signal [60]. An alternative method involves
the use of transfer kinetics to evaluate the retention fraction. In this method, video
intensity is measured constantly after bolus delivery allowing deconvolution of two
curves: one which rises and decays with the blood pool and one which rises and
plateaus representing retained tracer [61]. The latter approach is useful in settings
when differences in tissue perfusion over time or between conditions affect the decay
kinetics of the adjacent blood pool.
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Fig. 5 Factors influencing the efficiency of molecular targeting with intravascular nanoscale or
microscale agents

3.1 CEU Molecular Imaging of Cardiovascular
Inflammation

The detection of mild or chronic inflammation with CEU has generally been
performed by the administration of MBs bearing antibodies or other ligands to
endothelial cell adhesion molecules. Agents used to image inflammation with
CEU include those targeted to selectins, ICAM-1, VCAM-1, and MAdCAM-1
(Fig. 6) [54, 57, 60, 62]. Thromboinflammation and thrombosis are studied using
MBs targeted to portions of von Willebrand factor, platelet GP1bα, fibrin, and tissue
factor [62–67].
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Fig. 6 Illustration of the sequential cellular and molecular events involved in the capture, rolling,
adhesion, and extravascular emigration of innate immune cells. Some of the endothelial adhesion
molecules that have been targeted by ultrasound molecular imaging probes are highlighted in red
and include E- and P-selectin, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1).
JAM, junctional adhesion molecules; PECAM-1, platelet-endothelial cell adhesion molecule-1;
PSGL-1, P-selectin glycoprotein ligand-1

3.1.1 Ischemic Memory

The diagnosis of patients with acute coronary syndromes is usually dependent on
medical history, serologic markers such as troponins, and echocardiogram. It is
widely recognized that many patients do not present with classical angina symptoms,
and many who are suffering acute coronary syndromes do not have detectable
changes on echocardiogram [68]. Diagnostic tools sensitive to the presence and
spatial extent of recently resolved myocardial ischemia would improve the care of
patients suspected of having unstable coronary syndromes.

Imaging postischemic inflammation has been proposed as a method for
ultrasound-based imaging of recent ischemia. Early approaches used MBs targeted
to endothelial P-selectin because it is rapidly externalized from secretory granules in
response to only mild ischemia and because upregulation can persist for hours
following injury (Fig. 7) [69–71]. The ability of P-selectin targeted microbubbles
to adhere and produce robust CEU signal enhancement in postischemic tissue was
first demonstrated following renal ischemia-reperfusion in mice [60]. Subsequently
it has been shown that MBs targeted to P-selectin by surface conjugation of either
selective antibodies or glycoprotein analogous to P-selectin glycoprotein ligand-1
(PSGL-1) produce robust myocardial signal enhancement in rats, mice, and
nonhuman primates after brief myocardial ischemia [72–75]. Studies in canine and



murine models of myocardial ischemia-reperfusion have alternatively shown that
MBs with phosphatidylserine are as effective as those targeted against P-selectin
[76, 77]. This opsonization-based approach has been shown to be feasible for
detection of recent ischemia in humans [78].
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Fig. 7 Molecular imaging of endothelial P-selectin with myocardial contrast echocardiography and
targeted microbubbles bearing a recombinant form of PSGL-1 (MB-YSPSL) shows myocardial
enhancement in the postischemic territory of a rhesus macaque undergoing ischemia-reperfusion
injury. Arrows denote regions of enhancement in the postischemic risk area. Right image is from an
animal not undergoing ischemia. Modified with permission from Davidson et al. [74]. © 2014,
American Society of Echocardiography

3.1.2 Atherosclerosis

The pathophysiology of atherosclerosis is complex and changes over the several
decades of disease development. However, a process common in both early disease
development and late complications involves vascular inflammation [79]. The ability
to directly image inflammatory processes may provide clinical utility for detection of
high risk at an early stage or for stratifying patients with known advanced disease to
specific anti-inflammatory therapies. Molecular imaging of pro-inflammatory path-
ways may also be useful for the development of drugs to either palliate advanced
high-risk atherosclerotic lesions or arrest disease at an early time point. CEU
molecular imaging is particularly useful for the noninvasive assessment of endothe-
lial pro-inflammatory changes, such as the expression of the leukocyte adhesion
molecules described above, given the unique capability of MBs to detect molecules
actively expressed within the vascular lumen. Although there are many potential
targets for molecular imaging in atherosclerosis that could be useful for clinical or
research purposes, the target must be governed by the intended clinical use and the
stage of disease. For example, the assessment of future risk of progressive disease in
an individual without known disease is likely to rely on the detection of early inciting



events such as oxidative stress, lipid accumulation, or endothelial cell adhesion
molecule expression. Detection of the “vulnerable plaque” or “vulnerable patient”
in advanced disease could include targets within the plaque that are not accessible to
currently used MB constructs which are restricted to the blood pool.
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Fig. 8 Molecular imaging of early endothelial inflammation during atherogenesis in a nonhuman
primate model of diet-induced obesity and inflammation. (a) Example of a 2D B-mode image of a
carotid artery after 2 years of high-fat diet and (b) corresponding background-subtracted color-
coded intensity overlay of molecular imaging signal after intravenous injection of microbubbles
targeted to P-selectin showing intense endothelial signal enhancement. (c) Quantitative data
(mean � SEM) of background-subtracted video intensity for P-selectin (blue) and VCAM-1
(green) targeted microbubbles from the carotid artery at baseline (BL) and at incremental intervals
after initiating a high-fat diet. Modified with permission from Chadderdon et al. [81]. © 2013,
American Heart Association

For the detection of aggressive atherogenesis, CEU molecular imaging of adhe-
sion molecules such as selectins, ICAM-1, and VCAM-1 has been applied in murine
disease models [62, 80]. These molecules are involved in the recruitment of innate
immune cells into plaque. Thus, they have been found to provide some of the earliest
markers for detecting the onset of aggressive atherogenesis [80]. Carotid CEU
molecular imaging of P-selectin and VCAM-1 performed in nonhuman primates
has been shown to detect the onset of early-stage endothelial activation in response
to high-lipid diet prior to any change in carotid intima-media thickness (Fig. 8)
[81]. CEU molecular imaging is also able to detect prothrombotic vascular events
associated with acute vascular injury, such as exposed fibrin or tissue factor or
platelet aggregation [62, 63, 65]. However, the clinical utility of strategies for
imaging individual “vulnerable plaques” remains undecided. Recently, molecular
imaging of excess endothelial von Willebrand factor and secondary vascular platelet
adhesion has provided new evidence for the role of platelet adhesion as a driver of
early atherogenesis, in accelerated plaque growth after an ischemic event, and in
chemotherapy-related arterial events [66, 82, 83]. This approach to atherosclerosis
has not only provided a better understanding of the pathophysiology of aggressive



atherosclerotic disease but has been used to evaluate the efficacy of new therapies as
well [66, 83, 84].
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Increasingly, it is recognized that inflammation and thrombosis are interrelated
processes that potentiate each other. Accordingly, molecular imaging signal of either
vascular fibrin deposition or platelet adhesion has been shown to correlate well with
plaque inflammation status. Fibrin-targeted agents have been shown to produce
enhancement not only in areas of vascular mechanical injury but also on ventricular
thrombi in large animal models [62, 85]. For example, lipid nanodroplets targeted to
fibrin or to glycoprotein IIb/IIIa (GPIIb/IIIa) detectable by high frequency ultrasound
have been shown to colocalize with regions of plaque development in animal models
of atherosclerosis [62]. Ultrasound signal enhancement from MBs targeted to plate-
let GPIbα and von Willebrand factor has been detected in very early stages of
atherogenesis at the time of fatty streak formation, and high signal enhancement
has been shown to reflect unstable plaque phenotype in terms of underlying inflam-
matory status and likelihood for rapid plaque progression [82–84].

3.2 Organ-Specific Applications of CEU Molecular Imaging

Renal molecular imaging has been used in animal models to identify antibody-
mediated rejection of renal allografts. Complement component C4d can be an
early indicator of antibody-mediated rejection [86]. Accordingly, molecular imaging
can be used to determine C4d distribution in renal grafts with a linear relationship
between ultrasound molecular imaging signal and C4d deposition on graft histology
[87]. Beyond antibody-mediated rejection, ultrasound can be used to track adoptive
T-cell activity in a rat model of allograft transplant rejection through molecular
imaging targeted to CD3, CD4, and CD8 [88]. The ability to evaluate T-cell activity
in allograft transplant rejection is a promising approach for quick and specific
assessment of allograft rejection.

Similarly, there is emerging work evaluating the use of CEU molecular imaging
for the assessment of hepatic microvascular injury. ICAM-1 was targeted in a rabbit
model of hepatic ischemia-reperfusion injury [89], and VCAM-1 was targeted in a
swine ex vivo assessment of vascular injury resulting from storage conditions often
used in organ transplant settings [90].

There is also important work happening in the development of molecular imaging
tools for the diagnosis and treatment evaluation of many kinds of solid organ
carcinomas. In the kidney, nanobubbles targeted to renal cell carcinoma-associated
antigen G250 were able to differentiate benign from malignant tumors in vitro
[91]. In the case of pancreatic ductal adenocarcinoma (PDAC), a disease whose
substantial lethality is due in large part to its difficulty to detect in operable stages,
Thy-1 has been identified as a PDAC-specific neovessel marker. Multiple studies in
murine transgenic PDAC models have shown potential diagnostic value in CEU
molecular imaging [92–94]. While not as disease-specific, many groups are also
exploring the use of VEGFR-2 as a CEU molecular imaging target of neovascular



angiogenesis. VEGFR-2 targeting has been demonstrated for both diagnosis and
antiangiogenic therapeutic assessment in animal models of renal cell carcinoma
[95, 96], PDAC [97], and hepatocellular carcinomas [98].
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3.3 Limitations and Benefits Compared to Other Molecular
Imaging Approaches

CEU molecular imaging is one of a slate of existing modalities capable of noninva-
sively identifying the presence or expression of specific cell types, molecules, or
receptors (Fig. 9). Other technologies that can be used include MRI, PET, and
SPECT. The utility of all forms of molecular imaging is affected by their spatial
and temporal resolution, risk-benefit ratio of clinical use, and the time and expense
associated with clinical use. Contextually, CEU represents a technique with a good

Fig. 9 Illustration of some of the intravascular targets that have been used for research in
inflammation imaging through contrast-enhanced ultrasound molecular imaging. Targets are
divided into three main categories: adaptive and innate immune cells, endothelial cells, and
thromboinflammation



balance between spatial resolution and sensitivity and has practical advantages with
respect to cost and throughput. Ultrasound frequency is proportional to the tissue
depth penetration but inversely proportional to the spatial resolution. Given this
relationship, it is important to selectively choose a frequency based on the applica-
tion and anatomy desired [99]. However, CEU also has several limitations even for
cardiovascular-specific applications. MBs are limited to the vascular compartment
and cannot access ischemic regions. Unfortunately many markers that could be used
to stratify the thromboembolic risk of advanced atherosclerotic plaques, such as
markers of subendothelial oxidative stress, are inaccessible to MBs. Additionally,
one should be cognizant of the risks associated with MBs, as mild to moderate
adverse events have been reported in low percentages of cases [100, 101].
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4 Conclusion

Ultrasound has been a foundational tool in modern cardiovascular medicine and
continues to be at the cutting edge of preclinical research into inflammation-related
pathology. In this chapter we described the principles that enable ultrasound to
function with high temporal resolution and an advantageous safety profile in the
clinic. We focused on the applications of ultrasound to vascular diseases, including
the acoustic mapping of plaques in atherosclerosis, and the regulation of inflamma-
tory mediators by molecular imaging. Other sites of inflammatory pathology,
including the kidneys and joints, were also discussed. Finally, we conclude with a
frank discussion of the strengths and weaknesses of ultrasound compared to other
currently available medical imaging modalities.
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Whole-Body Chemiluminescence
and Fluorescence Imaging of Inflammation

Jen-Chieh Tseng and Jeffrey D. Peterson

Abstract This chapter focuses on the application of optical imaging methods to
visualize inflammation in living animals. Optical imaging has several advantages as
it operates without any involvement of ionizing radiation or strong magnetic fields.
Optical imaging uses nonradioactive probes that produce chemiluminescent or
fluorescent light signals in the visible, far-red, or near-infrared (NIR) range of the
electromagnetic spectrum. To visualize inflammation at the tissue level, high molec-
ular weight probes can be used to produce fluorescent contrast in the inflamed tissues
by taking advantage of the enhanced permeability and retention (EPR) effect. In
addition to this general, but rather less selective, approach, the chapter discusses the
more specific and mechanistic imaging strategies that specifically target several
unique biological aspects of inflammatory processes at the cellular and enzyme
levels. These unique aspects include the inflammatory phagocytes that produce
reactive oxygen species (ROS), and the tissue-remodeling proteases present in the
inflamed tissues. Once activated, specific probes can produce visible or NIR lumi-
nescent signals that can be quantified for assessing inflammatory responses.
Although visible light is subject to scattering and attenuation in the tissue, fluores-
cent probes that use NIR light sources have improved tissue penetration allowing
generation of 3D tomographic images.
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1 Introduction and Background

1.1 Significance of Imaging Inflammation in Animal Models

Inflammation is a fundamental biological aspect of many human diseases. It is the
body’s natural defense mechanism in response to physical damage, microbial infec-
tion, and other tissue insults [1]. In addition, inflammatory processes are known to be
associated with various noninfectious pathological conditions such as cancer [2] and
neurodegenerative diseases [3]. Although ubiquitously observed in many human
diseases, inflammation is an intricate and highly regulated dynamic process that
evolves over time, involving the collaboration of many different types of cells. The
process typically begins with resolving microbial infection and clearance of dam-
aged tissue and cell debris at early stages. The goals of inflammation later shift to
promoting tissue regeneration, restructure, and its eventual repair. As inflammation
is an intricate, dynamic, and collective phenomenon involving many cellular players,
it is virtually impossible to study inflammation without the use of living subjects as
research models. Animal inflammation models provide closer representations of
human diseases, and noninvasive molecular imaging provides a means to follow
the dynamic changes in target tissues.

Molecular imaging methods that specifically target cells that drive inflammatory
responses can be very useful for inflammation research, but the selection of effective
imaging strategies requires extensive knowledge of inflammation biology. Several
types of immune cells are involved in inflammation and, among them, phagocytes
are particularly important during tissue inflammatory responses. These specialized
leukocytes include granulated neutrophils, phagocytic monocytes, and macro-
phages. All three cell types are considered major professional phagocytic cells for
their unique capability to engulf and digest invading microbes or tissue debris. In
addition to their phagocytic capability, each of these cell types is equipped with
specific enzymatic tools to exert their necessary inflammatory functions at different
stages of inflammation. These unique enzymatic tools can also help them commu-
nicate and coordinate with other immune and somatic cells to achieve their
inflammation-specific objectives. Since tissue inflammation is largely mediated by
neutrophils and monocytes/macrophages, many inflammatory imaging methods
have been developed by specifically targeting these phagocytes. This review will
begin with an in-depth discussion of critical cellular players in inflammation and the
proteases, enzymes, and other factors important in their inflammatory effector
functions. The attention will then focus on recent noninvasive chemiluminescence
imaging (CLI) and fluorescence imaging (FLI) strategies that exploit these unique
inflammatory features and functions for noninvasive, real-time assessment of inflam-
mation and treatment.
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1.2 Unique Cell Biology of Inflammation: Phagocytes

Polymorphonuclear neutrophils are the most abundant granulocytes circulating in
the blood stream, and these cells are the first phagocytic cells responding to tissue
insults and microbial infection. At this initial stage of inflammation, damage-
associated molecular patterns (DAMPs) released by somatic cells attract neutrophils
to the site [4]. One of the neutrophil’s primary functions is to inactivate and kill
invading microbes. The ability to phagocytose and eliminate invading microorgan-
isms is critical for host defense. Neutrophils can ingest pathogens into phagosomes,
which have an acidic, nutrient-deprived environment. In addition, phagosomes can
fuse with special granules that contain proteases and antimicrobial peptides, and,
more importantly, these specialized compartments can produce highly toxic levels of
reactive oxygen species (ROS) for direct killing of pathogens (mostly bacteria)
engulfed within. Besides this direct killing mechanism, neutrophils release proteases
stored in their granules to modify the extracellular milieu or regulate other cell
functions. In general, neutrophils are the first line of inflammatory phagocytes
attracted to an injury site, where they perform their function and then undergo
programmed cell death [5].

Circulating monocytes are another type of phagocyte that traffic via the blood
stream to peripheral tissues in both homeostasis and inflammation. One unique
feature of monocytes is their capability to differentiate into macrophages. When a
monocyte enters a damaged tissue through the blood vessel, a process known as
leukocyte chemotaxis and extravasation, it undergoes a series of changes to become
a macrophage [6]. The maturation from monocyte to macrophage is triggered by
local growth factors, such as pro-inflammatory cytokines and microbial products.
Monocyte recruitment and maturation are critical for inflammation, and they con-
tribute to effective control and clearance of bacterial, protozoal, fungal, and viral
infections. It is worth noting that although there are stationary “resting” macro-
phages within healthy tissues, most macrophages that accumulate at diseased sites
are functionally and biologically different and typically derived from circulating
monocytes.

Once differentiated, mature and active macrophages can express cyclooxygenase-
2 (COX-2) that produces prostaglandins [7]. Prostaglandins are locally acting,
paracrine lipid mediators that promote vasodilation and inhibit the aggregation of
blood platelets. Since prostaglandins are potent inflammatory triggers, specific
COX-2 inhibitors have been developed for modulating inflammatory responses
[8], although some show cardiotoxicity and significant safety concerns. Macro-
phages also express several other unique genes to facilitate their inflammatory
functions. To cope with high-energy demand after maturation, macrophages express
higher levels of folate receptor to increase folate uptake [9]. As the macrophages
play an important role in tissue repair, they express several types of integrins on the
plasma membrane to interact with the surrounding milieu and tissue scaffolds
[10, 11]. In addition, macrophages can restructure tissue frameworks by secreting



many types of proteases specifically targeting components of the extracellular matrix
(ECM) [12, 13].
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Macrophages are also professional phagocytes, with an individual macrophage
capable of digesting more than 100 bacteria during its life span. Similar to neutro-
phils, macrophages can ingest pathogens by engulfing them into phagosomes, which
then fuse with lysosomes to form phagolysosomes. Intracellular phagolysosomes in
macrophages contain enzymes and toxic reactive oxygen species (ROS) to digest
and destroy their targets [14]. In addition to producing ROS in the intracellular
compartments, activated macrophages can assemble ROS-producing machinery on
the plasma membrane and release ROS into the nearby extracellular space. These
ROS not only inactivate external targets directly but can also serve as chemical
signals to coordinate with other cells [15]. However, unlike neutrophils which are
short-lived and mostly die in the early stages of inflammation, macrophages survive
longer in the body and are important regulators of inflammation at later stages. In
addition to ingesting invading pathogens, macrophages are highly specialized in the
removal of dying or dead cells and cellular debris. Thus, neutrophils and macro-
phages play their roles at different temporal stages of inflammation. In a typical
bacterial infection scenario, neutrophils are attracted to the site of infection, where
they perform their function, die, and are ultimately phagocytosed by the
macrophages.

Compared to other somatic and stromal cells, phagocytes are specialized
granulocytes with unique biochemical capabilities. They perform their inflammatory
functions, either as effectors or regulators, by utilizing these unique enzymes or
small mediator molecules. Given tissue inflammation is largely mediated by neutro-
phils and monocytes/macrophages, these cells and their biochemical armament
could serve as possible targets for inflammation imaging. In the following sections,
we will discuss how we can take advantage of these immune cell characteristics for
noninvasively studying and quantifying inflammatory processes. In particular, the
discussion will focus on phagocyte enzymes that are involved in ROS production
and inflammatory proteases for zymogen activation.

1.3 Unique Inflammatory Enzymes for ROS Production

First, phagocytes have the capability to produce high levels of ROS. Activated
phagocytes generate these highly reactive, oxygen-derived small molecules at suf-
ficient levels to directly eliminate invading bacteria. However, at lower levels, ROS
can also serve as signaling molecules to surrounding tissue. Superoxide (O2

�-) is the
primary source of many downstream ROS, and in both neutrophils and macro-
phages, the phagocyte NADPH oxidase (Phox) is the major source of tightly
controlled superoxide production [15]. Phox has multiple components/subunits
and its activity can be regulated by its assembly. The major components include a
membrane-bound heterodimer cytochrome b558 as the enzyme core, and several
cytosolic regulatory subunits, including p67phox, p47phox, p40phox, and Rac



[15]. Cytochrome b558 is a heterodimer protein consisting of subunit CYBA and
CYBB. CYBB is a highly glycosylated transmembrane subunit of Phox (also known
as p91phox and NOX2). More importantly, CYBB is the essential subunit which
carries out the primary redox chain reaction from the cytosolic electron donor,
NADPH, to the electron acceptor, oxygen, on the outside of the membrane
[15]. Upon stimulation and activation, phagocytes assemble the complete Phox
enzyme complex by recruiting cytosolic regulatory components (p67/p47/p40 and
the GTPase Rac) to the membrane-bound cytochrome b558 core.
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Interestingly, different phagocytes have different final assembly locations of
Phox. At the initial stage of tissue damage and inflammation, neutrophils can
consume high levels of oxygen to produce various ROS in the phagosome for
their microbe-killing activities, a phenomenon called respiratory burst [16]. In
resting neutrophils, most of the cytochrome b558 (CYBA/CYBB) is located in the
membrane of intracellular storage granules, and only a small fraction is present in the
plasma membrane [17]. Upon phagocytosis of opsonized bacteria, cytochrome b558
and all necessary regulatory subunits are transported to phagosomes where they are
assembled into complete, active holoenzymes [15]. The enzyme complex is strate-
gically placed on the granular membrane to release high levels of superoxide into the
intragranular space of phagosomes. Of note, there are also several other enzymes in
the phagosomes to further convert superoxide to various downstream ROS, greatly
potentiating its toxicity toward microbes. For example, hydrogen peroxide (H2O2),
another major ROS for killing bacteria, can be generated by spontaneous
dismutation of superoxide particularly at low pH within phagosomes. Alternatively,
but to a lesser extent, hydrogen peroxide production can be facilitated by superoxide
dismutase (SOD) [15]. Hydrogen peroxide can be further converted to other down-
stream antimicrobial ROS such as hypochlorous acid (HOCl) in the presence of
myeloperoxidase (MPO) [18]. Thus, the respiratory burst is a phenomenon of
neutrophils using phagosomal enzymes such as Phox and MPO to rapidly convert
high levels of oxygen into a variety of toxic ROS.

On the other hand, macrophages are known to produce extracellular ROS, but at a
lower level. When macrophages emerge as secondary responders at sites of inflam-
mation, they play various regulatory roles and small, reactive ROS serve as signaling
molecules. One of the primary functions of macrophages is to coordinate with other
cell types to achieve tissue repair. The ROS generated by macrophages at later stages
of inflammation have multiple regulatory functions, including tissue remodeling,
new vessel formation, and reepithelialization [19]. Therefore, unlike in neutrophils,
cytochrome b558 in macrophages is mostly found in the plasma membrane with low
levels present in the intracellular compartments [20], to serve as a recycling pool of
the enzyme core [21]. Furthermore, macrophages show low levels of MPO expres-
sion in intracellular vesicles that are not sufficient for high-level hypochlorous acid
production as seen in neutrophils [22]. Thus, neutrophils use Phox to produce high
levels of internal ROS for direct microbe killing, while macrophages use Phox to
generate lower levels of external superoxide predominantly for regulatory
functions [20].
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1.4 Unique Inflammatory Proteases

In addition to ROS-related enzymes, phagocytes produce and/or secrete various
proteases to facilitate their antimicrobial, tissue remodeling, and other inflammatory
functions. For example, neutrophil elastase is a serine proteinase stored within
specialized neutrophil lysosomes, called azurophil granules. When released from
activated neutrophils, neutrophil elastase has a direct antimicrobial function. It is
known to degrade the outer membrane protein A (OmpA) of E. coli as well as other
virulence bacterial factors found in Shigella, Salmonella, and Yersinia [23]. In
addition to elastin, neutrophil elastase has a broad substrate range beyond what its
name suggests. The enzyme can hydrolyze other protein components of the extra-
cellular matrix, including aggrecan, fibronectin, the triple-helix structure of type III
and IV collagens, and the cross-linkage regions of type I, II, and V collagens [24]. It
has been shown that neutrophil elastase is present in considerable concentrations
outside of the neutrophil at sites of chronic inflammation, and its serine proteinase
activity has been linked to the pathologic processes of a variety of inflammatory
diseases, including idiopathic pulmonary fibrosis, rheumatoid arthritis, adult respi-
ratory distress syndrome, and cystic fibrosis. Released neutrophil elastase may
regulate inflammation by digesting and processing various inflammation-promoting
factors in the extracellular matrix, an idea supported by recent studies showing the
involvement of neutrophil elastase in degenerative and inflammatory disorders [25].

Matrix metalloproteinases (MMPs) are another class of protease commonly
associated with tissue inflammation. MMPs are zinc-dependent endopeptidases
produced by many cell types, including lymphocytes and granulocytes, but in
particular by activated macrophages [13]. Macrophages secrete a broad range of
MMPs, and these specialized phagocytes represent a major source of MMPs in
chronic inflammatory lesions such as granulomas [26]. Like many proteases with
potent regulatory functions, MMP activities are carefully controlled. They are
initially synthesized as inactive proenzymes (zymogens) with a pro-peptide domain
that must be removed before the enzyme is active. For example, pro-MMPs can be
activated by neutrophil elastase [27]. MMPs are capable of degrading a wide range
of extracellular matrix proteins, and thus they play important roles in various
physiological and pathological processes involving tissue remodeling. MMP activ-
ities are associated with morphogenesis, angiogenesis, tissue repair, cirrhosis, arthri-
tis, and metastasis. More interestingly, the roles of MMPs are not only limited to
tissue remodeling, as they also modulate the immune response by cleaving cytokines
and chemokines to control leukocyte migration. In turn, cytokines and chemokines
activated and released by MMPs can control surrounding cell behavior such as cell
proliferation, migration (adhesion/dispersion), differentiation, angiogenesis, apopto-
sis, and host defense [28]. They can also control cell death by specific cleavage of
cell surface receptors and the release of apoptotic ligands (such as the Fas ligand).
Therefore, it is not surprising that MMPs have been found to be involved in many
human diseases. Studies indicate that MMP-2 and MMP-9 are particularly important
in cancer metastasis [29], while MMP-1 is thought to be important in rheumatoid
arthritis and osteoarthritis [30].
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Cathepsins (Cat) belong to a family of proteases commonly found in all animals
as well as most other organisms, and some of them are implicated in inflammatory
responses. There are approximately a dozen members of this family, and they are
categorized by their structure, catalytic mechanism, and which proteins they cleave
[31]. Currently, the cathepsin family includes two serine proteases (Cat A, Cat G),
two aspartic proteases (Cat D, Cat E), and 11 lysosomal cysteine proteases (Cat B,
C, F, H, K, L, O, S, V, X, and W). Like many proteases, cathepsins are initially
synthesized as inactive proenzymes that need to be proteolytically processed for
activation [32]. Many cathepsins become activated at the low pH found in lyso-
somes, and as a result, most Cat activities are observed intracellularly and, in
particular, within these organelles. However, there are secretory cathepsins that
operate extracellularly. One of the important examples is Cat K, a cysteine protease
that is known to be secreted into the extracellular space by osteoclasts to facilitate
bone resorption. Furthermore, macrophages secrete Cat K in inflamed tissues, and so
can some fibroblasts and epithelial cells, albeit to a lesser degree [12]. Monocyte-
derived macrophages express and secrete Cat K after 6 or 12 days of differentiation
[12, 33]. In addition, a variety of cysteine cathepsins are key regulatory proteases in
inflammation [34]. Cat B, C, F, H, and L are also known to be expressed by
macrophages. In macrophages and microglia, cysteine Cat S is initially present
within the cells; however, upon phagocyte activation, Cat S activity is released
extracellularly [35]. Furthermore, antigen-presenting cells (APCs), including den-
dritic cells (DCs) and B lymphocytes, are known to express Cat S [36].

1.5 Advantages of Whole-Body Optical Imaging
for Inflammation Research

In inflamed tissue, many biochemical, physiological, and pathological processes
occur, as does communication or crosstalk between many cellular players, making it
rather difficult to reproduce such environments in vitro. Furthermore, inflammation
is not a simple, static phenomenon that can be characterized by a simple endpoint
measurement. It is a dynamic process evolving with time as different immune cells
enter, exit, and/or die at inflammatory sites. Thus, it is necessary to use living animal
models for inflammation research, with research tools that can capture the dynamic
nature of inflammation. However, using animals for research presents several chal-
lenges, including the acquisition of repeated measurements of the animal model in a
longitudinal observation. Traditionally, histological techniques are the gold standard
for detecting the presence of inflammatory phagocytes in tissues. However, as tissue
collection typically requires animal termination, histological approaches are not
capable of following inflammation processes in the same animals over time. In
addition, histological methods generally require much higher number of animals in
a cohort, which is especially true when engaging in a longitudinal study involving
many sample-collecting timepoints. Therefore, histological methods are



questionable from an animal welfare point of view and also too costly for longitu-
dinal studies, and they are typically used only for endpoint assessment.
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In this regard, noninvasive molecular imaging techniques have several advan-
tages that can greatly help researchers to better understand the inflammatory pro-
cesses in living subjects. Currently, there are several imaging methods available for
imaging inflammation in living animals. These methods include optical imaging
(chemiluminescence or fluorescence, in the visible and near-infrared range), positron
emission tomography (PET), single-photon emission computed tomography
(SPECT), magnetic resonance imaging (MRI), X-ray-based computed tomography
(CT), and ultrasound (US). Each method has its strengths and can be used to
visualize certain, but not all, aspects of tissue inflammation in living animals.
Nevertheless, the noninvasive nature of these technologies makes it possible to
combine more than one of these imaging modalities into an animal study for a
more comprehensive view of disease progression.

Optical imaging has several advantages over the nonoptical imaging methods.
Unlike PET or SPECT that detect high-energy, short-wavelength radiation emitted
from unstable radioactive isotopes, optical methods use stable, safe, and
nonradioactive probes that produce light signals in the visible, far-red, or near-
infrared (NIR) range (400–800 nm) of the electromagnetic spectrum. This means
that optical imaging does not require dedicated space and special shielding for
safety; therefore, optical imaging instruments are much less regulated and are
more accessible for researchers (with less shielding needed for fluorescence excita-
tion lasers). In vivo optical imaging instruments are generally less expensive than
PET, SPECT, and MRI imagers, and most optical imaging probes generally are less
expensive than radioactive tracers. Thus, optical modalities have lower operational
expenses and are more easily accessible for researchers. In addition, optical imaging
can provide quantitative assessment of biological changes. Although MRI, CT, and
US are highly useful modalities for anatomical and functional visualization, it is not
easy to use them for quantitative assessment of unique inflammatory cells or
biological processes, even with the help of contrast-modulating agents. On the
other hand, optical imaging data can be easily quantified since inflammatory target
signals can be calculated in terms of photoemission from the inflamed tissues, and in
tomographic optical imaging, it is also possible to quantify the amount of localized
probes in terms of molar concentrations or total nanomoles or picomoles. The scope
of this review will focus on the strengths of optical imaging methods and discuss
imaging strategies that take advantage of unique and specific inflammatory ROS
enzymes and proteases for imaging inflammation in living animals.

Of note, since optical imaging operates in the visible and NIR spectral range
(400–800 nm), the scattering of light limits its spatial resolution to slightly below a
millimeter [37]. Further, as visible light in the 400–600 nm range can be significantly
attenuated by hemoglobin, optical imaging methods operating in the visible light
spectrum have detection depth typically less than 10 mm. Fortunately, the tissue
penetration of optical signals can be greatly improved by using NIR light sources
(700–800 nm or above) and fluorescent probes. The use of fluorescent probes has



another advantage over the radioactive tracers, as their distribution in the target
tissues can be further validated by fluorescence microscopy.
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1.6 Chemiluminescence Imaging (CLI) and Fluorescence
Imaging (FLI): An Overview

In vivo optical imaging techniques can be generally categorized by the mode of light
excitation: chemiluminescence imaging (CLI) or fluorescence imaging (FLI). The
main difference between CLI and FLI is the energy source for photon generation.
CLI uses chemical compounds as the energy source [38], whereas FLI utilizes
excitatory light as the energy source. As external excitatory light sources have
much higher-energy output, FLI typically requires shorter exposure time and less
pixel binning during image acquisition. On the other hand, since CLI uses injected
chemical compounds as the energy sources, the CLI light signals are much dimmer
in comparison. Therefore, to improve imaging sensitivity, CLI generally requires
longer exposure and larger binning which makes the images more pixelated in
presentation.

FLI can measure a broad variety of physiological endpoints with a variety of
biologically targeted or enzyme-activatable fluorescent probes. Nevertheless, the use
of FLI in living animals can be limited by tissue auto-photoluminescence at certain
wavelengths due to the inherent short Stokes shifts (~20–40 nm) of most dyes
[39]. CLI has certain advantages over FLI. Without the need for excitation light,
CLI has lower background signal and thus can often yield higher signal-to-noise
(S/N) ratios and better sensitivity. Bioluminescence imaging (BLI) is a unique type
of CLI imaging that utilizes specific enzyme-substrate pairs (e.g., luciferase-
luciferin) to further improve signal strength and specificity [40, 41]. However, the
potential of BLI for in vivo application in inflammation imaging is limited due to the
need for ectopic expression of luciferase in the inflamed tissues and restricted by a
rather small selection of compatible luciferase-luciferin pairs [42, 43]. Thus, this
review will focus mostly on CLI imaging for inflammation using chemical
compounds.

2 Imaging Inflammation Using ROS-Sensitive
Chemiluminescent Compounds

2.1 Small Chemiluminescent Compounds

Since inflammation is a multistep in vivo process involving a variety of specialized
inflammatory cells and enzymes, molecular imaging methods specifically targeting
these unique features would allow noninvasive, accurate assessment of inflammation



status in a longitudinal manner. The CLI strategies for inflammation imaging mainly
take advantage of the unique ROS enzymes in inflammatory phagocytes. These
enzymes can produce superoxide and its downstream reactive oxygen species that
can react with CLI compounds. Many small chemiluminescent compounds have
been widely used in laboratories as chemical assays to detect different types of ROS.
One of the most important examples is luminol (C8H7N3O2, MW= 177.2). Luminol
can react with hydrogen peroxide (H2O2) to generate blue chemiluminescence.
However, the luminol-based chemiluminescence reaction requires the presence of
a catalyst such as a peroxidase to promote light production. Other small CLI probes
such as lucigenin (C28H22N4O6, bis-N-methylacridinium nitrate, MW = 510.5) [44]
and methylated Cypridina luciferin analogs (C14H14ClN3O2, MCLA hydrochloride,
MW = 291.7) are commonly used in laboratories as well. They are specific chemi-
luminescence compounds for the detection of superoxide anions (O2

-) and singlet
oxygen (1O2) in vitro and ex vivo [45]. However, unlike luminol, lucigenin and
MCLA can react with ROS and produce chemiluminescence without the presence of
a peroxidase. In addition, it is worth noting that these small chemiluminescent
compounds, luminol, lucigenin, and Cypridina luciferin analogs, all produce light
in the blue region of visible light at around 450 nm, which has limited tissue
penetration due to strong absorbance by heme in this spectral region. Figure 1
summarizes these small CLI compounds (luminol, lucigenin, and MCLA) and
their reaction requirements for light production.
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Despite the extensive use of small CLI compounds for in vitro assays, their
potential for in vivo imaging of superficial sites of inflammation was only recently
examined. With their specific affinity for ROS, these chemiluminescence com-
pounds were tested for in vivo inflammation imaging and found to react with
inflammatory ROS to generate inflammation-specific chemiluminescence in living
animals. More importantly, they demonstrated acceptable pharmacological proper-
ties and were generally well tolerated when injected into mice. Luminol and its
derivative L-012 (C13H8ClN4O2, sodium salt) are capable of generating blue chemi-
luminescence in several animal models of inflammation [46–48]. Lucigenin can also
produce chemiluminescent signal; however, further investigation indicates luminol
and lucigenin target different inflammatory phagocytes and have different light-
producing mechanisms in the used animal models. Interestingly, it has been shown
that luminol bioluminescence in vivo is mediated by neutrophils, while lucigenin
bioluminescence is mediated by macrophages [49]. Such a difference makes it
possible to use luminol and lucigenin imaging to distinguish early and late phases
of inflammation [49]. Since these small compounds are commercially available and
relatively inexpensive, they can be readily translated to many inflammation imaging
applications in small animals. Figure 2 illustrates the difference in phagocyte
imaging mechanisms of these two small CLI compounds. This pair of compounds
allows differential visualization of neutrophils and macrophages in a noninvasive
manner, thus allowing the longitudinal assessment of these cell populations both in
the acute and chronic phases of inflammation.

Two factors determine the different specificities of these two compounds toward
phagocytes. The first factor is the difference in membrane permeability. Luminol



(MW = 177.2) is a small uncharged molecule that can easily penetrate both the
plasma membrane and the membrane of intracellular vesicles (such as phagosomes).
On the other hand, lucigenin is a larger molecule (MW = 510.5) with two positive
charges, making it much less membrane-permeable. The second and more critical
factor is the difference in subcellular locations in neutrophils and macrophages
where the Phox holoenzyme assembles.
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Fig. 1 Mechanism of small chemiluminescence probes for ROS detection and imaging in living
animals. Luminol, lucigenin, and the methylated Cypridina luciferin analog (MCLA) are small CLI
probes capable of producing blue chemiluminescence in response to ROS. Luminol reacts with
superoxide or hydrogen peroxide (H2O2). However, luminol chemiluminescence requires a catalyst
such as a peroxidase to promote light production. In living animals, myeloperoxidase (MPO) is
responsible for this catalytic role. Other small CLI compounds such as lucigenin and the methylated
Cypridina luciferin analog (MCLA hydrochloride) can react with the superoxide anion (�O2

-) and
singlet oxygen (1O2) without any peroxidase. However, lucigenin chemiluminescence requires a
reducing agent for its activation. In biological systems, NADH or NADPH are the typical reducing
agents for lucigenin activation

Although both luminol and lucigenin depend on Phox to provide superoxide
anion (O2�-), in living subjects, luminol bioluminescence also relies on peroxidase
activity to catalyze the light-emitting reaction [46, 49]. Prior studies have indicated
that myeloperoxidase (MPO) is the peroxidase responsible for luminol luminescence
in vivo. In neutrophils (or monocytes), high levels of MPO are found in the
intracellular vesicles (phagosomes), where most of the Phox is present [18]. As a
result, luminol bioluminescence is preferentially generated within phagosomes of
activated neutrophils (or monocytes, to a lesser extent). Interestingly, as acute



inflammation is mostly mediated by neutrophils, the fact that MPO activity is
predominantly present in neutrophils makes luminol ideal for imaging early inflam-
matory responses. Therefore, luminol is not suitable for monitoring late-phase or
chronic inflammation, in which neutrophils are believed to play a lesser role in
comparison to macrophages.
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Fig. 2 Phagocyte NADPH oxidase (Phox) is the major source of superoxide produced in inflam-
matory phagocytes. Phagocyte NADPH oxidase has multiple components and is responsible for the
CLI luminescence observed in living animals. Upon activation, granulocytes such as neutrophils
assemble Phox in the membrane of intracellular storage granules. Neutrophils (granulocytes) also
express high levels of myeloperoxidase (MPO) in the granules. In contrast, activated macrophages
assemble Phox in the plasma membrane after activation. The difference in subcellular locations of
Phox holoenzyme assembly enables the use of luminol and lucigenin to image specific phagocyte
populations. Luminol is a small uncharged molecule that can easily penetrate both plasma mem-
brane and membrane of intracellular vesicles in the neutrophils, where MPO is also present. On the
other hand, lucigenin is a larger molecule with two positive charges, making it much less
membrane-permeable and therefore it can be used for imaging plasma membrane-bound Phox
activity in macrophages

On the other hand, lucigenin is more specific for imaging macrophage activity in
animal inflammation models [49]. After maturation from circulating monocytes,
macrophages in the tissue tend to lose most of their MPO activity [22], and thus
cannot be effectively visualized using luminol. Lucigenin can react with extracellu-
lar ROS produced by macrophages in chronically inflamed tissues to produce
chemiluminescence. Unlike neutrophils, whose Phox activities are mostly in the
intracellular granules, macrophages assemble Phox in the plasma membrane after
activation [20]. Therefore, the membrane-impermeable lucigenin selectively inter-
acts with superoxide produced by macrophage Phox in the extracellular space and
produces CLI signals indicative of late-stage inflammation.

Figure 3 demonstrates the use of these two CLI compounds to distinguish
between early and late stages in a murine skin inflammation model. Local and
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Fig. 3 Luminol and lucigenin image different stages of inflammation responses. Subcutaneous
injection of phorbol 12-myristate 13-acetate (PMA) causes rapid skin irritation and inflammation.
Daily imaging (top) of both lucigenin and luminol bioluminescence was performed for 4 days.
Using an IVIS® Spectrum imaging system, significant luminol chemiluminescence from the
injection sites were observed as early as 3 h after PMA injection, while very low lucigenin
luminescence was observed. However, from day 3 onward, as wound contraction and scar forma-
tion were visible, a steady increase of lucigenin bioluminescence was observed (middle graph).
These results suggest that luminol bioluminescence is associated with the acute phase of



superficial inflammation can be induced by subcutaneous injection of phorbol
12-myristate 13-acetate (PMA), a potent protein kinase C (PKC) activator capable
of causing rapid skin irritation and inflammation. The preferential affinity of luminol
for neutrophils makes it ideal for visualizing acute inflammation, whereas very low
lucigenin luminescence is observed at this early stage. However, as macrophages
move into the inflamed skin tissue to orchestrate wound repair and scar formation,
lucigenin luminescence prevails at this later inflammatory stage. Further
mechanistical studies using Cybb or Mpo knockout mice have demonstrated the
different chemiluminescence mechanisms of these two CLI compounds. Although
both luminol and lucigenin need Phox as the superoxide source, lucigenin does not
require a peroxidase such as MPO to produce light (Fig. 4). The chemiluminescence
reaction of lucigenin involves two key steps [50]. The first step is single-electron
reduction of lucigenin (LC++) to form lucigenin cation radical (LC�+). The second
step is for the radical intermediate to react with superoxide anion (O2

�-) to produce
light. Superoxide by itself is not able to reduce lucigenin. It has been demonstrated
that an additional reducing agent, such as NADH or NADPH, is required for ex vivo
measurement of superoxide anion level in tissue homogenates [51]. In living tissues,
plasma membrane-bound Phox in macrophages can facilitate both steps by single-
electron reduction of extracellular lucigenin using intracellular NADPH as an
electron donor and provide superoxide to complete the chemiluminescent reaction,
making it ideal for imaging macrophages (Fig. 4). One concern regarding the use of
lucigenin for CLI is its possible redox cycling, a phenomenon that typically occurs
when lucigenin is used to measure ROS in vitro or ex vivo. In this alternative
mechanism, the lucigenin cation radical (LC�+) intermediate, instead of reacting
with superoxide to produce light, may reduce oxygen (O2) to produce artificial
superoxide (O2

�-) [47]. However, redox cycling is not likely to happen in live
animals since living tissues have rather low oxygen pressure (~10 mmHg, compared
with ~150 mmHg in the atmosphere). In living tissues, the positively charged
radicals would have much higher affinity for endogenous superoxide anion (O2

�-,
with a negative charge opposite to LC�+) than for the uncharged oxygen (O2)
[51]. The fact that macrophage Phox generates both lucigenin cation radical (LC�+)
and superoxide anion (O2

�-) in the vicinity of extracellular space greatly facilitates
lucigenin chemiluminescence and therefore makes lucigenin a selective CLI com-
pound for macrophage imaging.
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Fig. 3 (continued) inflammation, whereas lucigenin bioluminescence is preferentially associated
with the late phases of inflammation. Skin samples collected at 12 h and 4 days after PMA injection
show different phagocyte presence (bottom rom) in the inflamed tissue according to H&E staining
(scale bar: 20 μm). At the early stage (12 h), granulocytes, mostly neutrophils, are the predominate
phagocytes. On the other hand, macrophages are the dominant type at a late inflammation stage (day
4). Images shown are original data from a related published study [49]



Whole-Body Chemiluminescence and Fluorescence Imaging of Inflammation 157

WT WTCybb-/- Mpo-/-
Lu

ci
ge

ni
n

Lu
m

in
ol

Lu
m

in
ol

Lu
ci

ge
ni

n

Luminescence
5.0

1.0

3.0

2.0

1.0

Radiance
(p/sec/cm2/sr)

x105

Luminescence
50000

40000

30000

20000

10000

Radiance
(p/sec/cm2/sr)

Magnetically purified splenocytes

Lucigenin Luminol

15000

10000

5000

00

10000

20000

30000

40000

To
ta

l F
L

u
x 

[p
/s

]

Ly-6G+ CD11b+ Ly-6G+ CD11b+

Ly-6G: neutrophil
CD11b: macrophage, monocyte

n = 3
P < 0.0001

n = 3
P = 0.54

Fig. 4 Mechanistic studies of luminol and lucigenin chemiluminescence using knockout mice.
Inflammatory CLI was performed in Cybb-/- and Mpo-/- mice to examine the roles of Phox and
MPO in chemiluminescence produced by lucigenin and luminol. CYBB is the key component of
Phox holoenzyme. Top row: in one study, surgical skin wounds were made in both WT and
Cybb-/- mice and imaging of both CLI compounds was performed 4 days later. Using an IVIS®
Spectrum imaging system, very low CLI signals of both lucigenin and luminol were observed in
Cybb-/- animals, indicating that Phox is necessary for both lucigenin and luminol biolumines-
cence. In another set of studies, local tissue inflammation was induced by subcutaneous (s.c.)
injection of PMA into wild-type (WT) and Mpo-/- mice. Acute-phase luminol luminescence
signals were acquired 3 h after PMA injection, and late-stage lucigenin chemiluminescence was
visualized 3 days after PMA injection. MPO deficiency greatly affected luminol bioluminescence,
especially in the early phase of inflammation, while lucigenin bioluminescence did not depend upon
MPO activity. Bottom row: magnetically purified Ly-6G+ neutrophils and CD11b+ macrophages/
monocytes were stimulated with PMA in vitro. The CD11b+ cells produced higher lucigenin
bioluminescence than Ly-6G+ cells, indicating that macrophages and/or monocytes preferentially
activate lucigenin. In contrast, luminol bioluminescence showed no significant difference between



158 J.-C. Tseng and J. D. Peterson

2.2 Energy Transfer Luminescence Imaging Using Small
CLI Substrates as Energy Sources

Small CLI compounds in general have good signal-to-noise ratios (S/N) for visual-
izing inflammatory processes in living animals. However, an immediate drawback of
using these small CLI compounds for animal imaging is that their light emissions are
mostly in the blue range (~450 nm). Several strategies have been pursued to make
them emit light of longer wavelengths to improve tissue penetration. The general
concept is to use small CLI compounds as the energy sources, and upon reacting
with ROS, the chemical energy is transferred to a nearby acceptor fluorophore to
generate red-shifted light emission [52]. There are two types of energy transfer
strategies: chemiluminescence resonance energy transfer (CRET) and chemically
initiated electron-exchange luminescence (CIEEL). Both energy transfer strategies
attempt to address the blue color issue by combining the strength of both chemilu-
minescence and fluorescence imaging. CIEEL, like CRET, also uses chemical
energy stored within CLI compounds to generate proximity-dependent lumines-
cence. Nevertheless, these two techniques are fundamentally different in their energy
transfer mechanisms and therefore have different application scenarios.

CRET has a Förster (resonance) energy transfer mechanism as used in fluores-
cence resonance energy transfer (FRET). The Förster resonance energy transfer
mechanism is based on dipole-dipole coupling and thus requires spectral overlap
between the energy donor’s emission and the recipient’s absorbance spectra for
efficient energy transfer and subsequent light emission. Therefore, the recipient is
typically a fluorescent dye whose excitation wavelength matches well with the donor
CLI compound’s emission wavelength, but capable of emitting red-shifted light. In
theory, the operational distance for Förster energy transfer is 10–100 Å [53], and
therefore CRET can be used to visualize larger molecule interaction such as protein-
to-protein or protein-to-nucleic acid in vitro. Several ROS-sensing small microbeads
or nanoparticles have been developed and are commonly used for in vitro binding
assays and applications [54]. For in vivo CRET applications, luminol-based ROS
imaging strategies have been used to visualize inflammation in deep tissues [55]. In
addition, as luminol emits blue chemiluminescence upon activation, it is suitable for
pairing with NIR quantum dots or nanoparticles (conjugated or in free form) that
efficiently absorb blue light for imaging deep tissue inflammation [55].

Figure 5 illustrates a CRET imaging strategy to visualize phagocyte ROS pro-
duction using microbeads specifically designed for amplified luminescence proxim-
ity homogeneous assay (ALPHA) technology. These ALPHA acceptor beads can

Fig. 4 (continued) Ly-6G+ and CD11b+ cells, suggesting that MPO was present in both cell types.
Together, these results suggest that lucigenin bioluminescence is not mediated by neutrophils, as is
the case for luminol. Images shown are original data from a related published study [49]
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Fig. 5 Thioxene/europium microbeads produce CRET luminescence in response to ROS produced
by phagocytes. The amplified luminescence proximity homogeneous assay (ALPHA) acceptor
microbeads are coated with thioxene compounds that serve as the energy donor. Top row: the
thioxene compound can react with singlet oxygen or superoxide anion to form a high-energy
intermediate. To ensure efficient energy transfer and CRET light production, the bead is embedded
with several europium (III) chelate complexes acting as energy recipients that emit red CRET light
at ~620 nm. Bottom row: to image inflammatory ROS produced by phagocytes, the microbeads can
be mixed with chemically killed Staphylococcus aureus bacterial particles (BP) to trigger efficient



produce luminescence in response to ROS such as the superoxide anion and singlet
oxygen [54]. The microbeads are about 250 nm in diameter and have a chemilumi-
nescent thioxene coating that serves as the CLI energy source to react with ROS. In
addition, embedded within the beads are multiple europium (III) chelate complexes
that serve as CRET energy recipients. In this configuration, energy transfer between
the ROS-activated small CLI chemical compound (thioxene) and the energy recip-
ient (chelated Eu3+) is ensured. In living animals, locally injected ROS-sensing
microbeads can detect ROS produced downstream of Phox in phagocytes. Figure 6
demonstrates the use of these beads to visualize red CRET light signals produced by
inflammatory phagocytes. However, their application in in vivo imaging is rather
limited, mostly due to the larger size of the microbeads or nanoparticles in compar-
ison to small CLI substrates. The large size of microparticles make them less ideal
for systemic delivery, and therefore they are mostly used for imaging local inflam-
mation, for example, in bacterial infection models [56].
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Similar footpad inflammation studies were performed on WT and Cybb-/- mice.
As CYBB is the critical catalytic subunit for Phox function, mice lacking CYBB
cannot produce high levels of superoxide in the phagosomes, and very little CRET
light signals were observed in the Cybb-/- footpads inoculated with both ALPHA
microbeads and BPs. These results indicate phagosome Phox is responsible for the
Alpha microbead CRET light signals in this inflammation model.

Other Förster energy transfer strategies, such as bioluminescence resonance
energy transfer (BRET), also use chemical energy stored within luciferins to gener-
ate proximity-dependent luminescence. The major difference between CRET and
BRET is how the small high-energy chemical molecules (either CLI compounds or
luciferins) are activated. CRET relies on ROS to trigger CLI substrate activation,
while BRET requires specific luciferase enzymes to release the energy stored within
luciferins. Since BRET is also based on the Förster energy transfer mechanism, it has
similar operational distance (10–100 Å) and spectral requirement between the
energy donor (in this case, a luciferin) and the recipient. Thus, it is also possible to
use BRET to visualize interactions between larger molecules. In laboratories, BRET
has been adapted for microscopic imaging of protein-protein interactions in living
cells using luciferase/photoluminescent protein pairs such as Renilla luciferase/YFP.
However, in vivo applications of BRET for whole-animal imaging have been
hindered by the need for exogenous introduction of chimeric target proteins, and
by tissue attenuation of blue-green light signal [57, 58]. To improve tissue penetra-
tion, Renilla luciferase has been conjugated with quantum dots and polymer

Fig. 5 (continued) uptake of both the microbeads and BPs into the phagosome (lower left). Once
inside the phagosome, superoxide produced by Phox can activate the thioxene compound and
transfer its energy to the embedded fluorescent recipients for CRET light emission. In the absence of
BP (lower right), fewer microbeads are engulfed into phagosomes and only very low CRET signals
are detected
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Fig. 6 In vivo CRET energy transfer imaging using ROS-sensitive thioxene/europium microbeads.
In this example, ALPHA acceptor microbeads were mixed with chemically killed Staphylococcus
aureus bacterial particles (BP) prior to subcutaneous injection into the left hind footpad. The
bacterial component ensures efficient uptake of both the BP and microbeads (left hind footpad).
Once inside the phagosome, superoxide produced by Phox can activate the microbeads to produce
CRET light emission which can be readily visualized using the IVIS® Spectrum imaging system. In
the absence of BP (right hind footpad), fewer microbeads were engulfed into phagosomes and only
low CRET signals were observed. Interestingly, spectral analysis of the emitted luminescence
showed red light of 620 nm wavelength which was the major light emission without significant
blue light emission, indicating efficient CRET energy transfer of ALPHA microbeads in this
footpad inflammation model. Images shown are original data from an unpublished study



nanoparticles to generate far-red or NIR BRET luminescence [59, 60]. These limi-
tations make BRET a more challenging approach for in vivo inflammation imaging.
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Another energy transfer strategy for inflammation imaging is based on chemically
initiated electron-exchange luminescence (CIEEL). Unlike Förster energy transfer,
CIEEL energy transfer mechanism does not require spectral overlap between the
energy donor (e.g., small chemical compounds, luciferin) and the fluorescent recip-
ient. Instead, CIEEL has a charge-exchange mechanism that requires wave function
overlap for direct intermolecular electron transfer between the donor and the recip-
ient. Therefore, CIEEL operates in a much shorter length scale (<10 Å) than CRET/
BRET. In other words, the CIEEL energy transfer is initiated by direct
intermolecular collision between the chemical energy donor and the fluorescent
recipient molecules [61–63]. If such short-range interaction can be achieved,
CIEEL has an appealing advantage over CRET: CIEEL does not require spectral
overlap between the energy donor and the recipient. Although CIEEL is not
governed by spectral compatibility, efficient energy transfer is largely determined
by the accessibility of the donor and the recipient for intermolecular collision.
Therefore, CIEEL energy transfer imaging could take advantage of a broader
repertoire of fluorescent probes for customizable biological readouts. It is also
possible to use the same small compound as the energy source to drive a variety
of fluorescent recipients for CIEEL luminescence at different colors.

The best studied example of CIEEL is the glow stick. Commercially available
glow sticks utilize peroxyoxalates, such as bis-2,4,6-(trichlorophenyl)-oxalate
(TCPO), as the chemical energy source. Figure 7 illustrates the general CIEEL
mechanisms using small chemical compounds as energy sources. After snapping a
glow stick, TCPO in the inner tube reacts with hydrogen peroxide in the outer tube to
produce 1,2-dioxetanedione, a high-energy intermediate [61, 62]. In the absence of
any energy recipient, the high-energy intermediate fragments into two molecules of
carbon dioxide and releases its chemical energy as UV emission or heat dissipation.
However, in the presence of a fluorescent recipient in the near vicinity, the chemical
energy can be transferred via formation of a charge-transfer complex of the inter-
mediate and the fluorescent recipient [63]. Thus, glow stick luminescence is funda-
mentally different from Förster-based CRET or FRET [53, 64]. Using the same
chemical substrate TCPO as the energy source, it is possible to manufacture glow
sticks in a wide range of colors as the color is solely determined by the fluorescent
recipient added into the tubes.

Since CIEEL is a hybrid mechanism of chemiluminescence and fluorescence and
can produce red-shifted luminescence for better tissue penetration, CIEEL was also
investigated for its potential applications in live animal imaging. As many small
chemiluminescent substrates are known to react with ROS while still having good
biodistribution characteristics, it is feasible to develop a viable CIEEL strategy for
imaging tissue inflammation in living animals. Nevertheless, a critical challenge
would be on the fluorescent energy recipient side. Since CIEEL requires close
proximity of the chemical energy donor and the fluorescent recipient to ensure
efficient energy transfer and light production, any ROS-sensing CIEEL strategy
would need to achieve specific accumulation of both the ROS-sensing chemical



energy donor and the fluorescent energy recipient at the same microscopic localiza-
tion. This is a rather difficult task to achieve in living animals.
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Fig. 7 Glow stick chemistry and CIEEL energy transfer mechanism of MCLA. Common com-
mercially available glow sticks utilize TCPO as the energy source to produce CIEEL energy transfer
luminescence. TCPO reacts with hydrogen peroxide to produce 1,2-dioxetanedione (in red), a high-
energy intermediate. In the presence of a fluorescent recipient, the chemical energy can be
transferred via formation of a charge-transfer complex of the intermediate and the fluorescent
recipient. If no fluorescent recipient is present, the high-energy intermediate self-decomposes into
two molecules of carbon dioxide and releases its energy as UV emission or heat dissipation. The
color of a glow stick is solely determined by the fluorescent recipient, making it possible to produce
glow sticks in a variety of colors using the same chemical substrate. However, TCPO is not water
soluble and therefore it is not suitable for biological applications. MCLA is a methylated Cypridina
luciferin analog that has several properties suitable for in vivo applications. The compound is small
and has no net charge, allowing for penetration of both plasma membrane and membranes of
subcellular organelles. Importantly, MCLA readily reacts with superoxide or its downstream ROS
derivatives such as the hydroperoxyl radical to form a high-energy 1,2-dioxetane intermediate
capable of CIEEL energy transfer in a mechanism similar to TCPO

To overcome the proximity issue, a straightforward approach for CIEEL is to
pack the chemical donor together with the fluorescent recipient in microbeads or
nanoparticles. This will ensure activated chemical compounds have sufficient oppor-
tunity to collide and transfer their energy to fluorescent dyes. In a sense, this strategy
is very similar to using miniaturized glow sticks for ROS imaging. In vivo imaging



using these miniature glow sticks in living subjects has also been tested and good
progress has been made for inflammation imaging. For example, although the poor
solubility or TCPO prohibits its direct application in in vivo imaging, Lee et al. have
demonstrated that nanoparticles formulated from peroxyoxalate polymer and a
fluorescent dye were capable of sensing hydrogen peroxide and generating far-red
CIEEL luminescence in living animals [65]. Similarly, other types of small
peroxyoxalate-based chemiluminescent substrates that are sensitive to ROS and
singlet oxygen have been packed into larger polymer-based nanoparticles or
microbeads for CIEEL applications.
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An alternative CIEEL strategy to achieve concentrated co-localization of both the
donor and recipient is to take advantage of the naturally formed small
ROS-producing cellular compartments. In inflamed tissues, one of the suitable
compartments is the phagosome in stimulated phagocytes. For the choice of CLI
energy donor for this CIEEL strategy, in addition to having good ROS reactivity, the
substrate also needs to be small and membrane-permeable to reach intracellular
phagosomes. In this regard, TCPO is not suitable for this strategy due to its poor
water solubility. Luminol, despite its usefulness for imaging of MPO activity, seems
to have a very unstable intermediate state and thus is more suitable for CRET
[66]. MCLA, on the other hand, has several characteristics suitable for in vivo
CIEEL applications [45]. MCLA is a Cypridina luciferin analog and has good
solubility and stability in aqueous solution. Importantly, this substrate can readily
react with superoxide or its downstream ROS derivatives [67] to form a high-energy
1,2-dioxetane intermediate similar to TCPO (Fig. 7). MCLA is uncharged and
relatively small (MW = 291.7), enabling it to penetrate both the plasma membrane
and membranes of subcellular organelles. Additionally, MCLA does not undergo
redox cycling when reacting with ROS. The in vivo proof of concept for this
subcellular compartment CIEEL imaging strategy is shown in Fig. 8. Phox-specific
CIEEL light can be produced by selective targeting of ROS-producing phagosomes
by fluorescent dyes. These highly accumulated fluorescent dyes then serve as CIEEL
energy recipients for MCLA [68]. Interestingly, MCLA CIEEL imaging can also be
used to visualize other organelles that produce endogenous ROS. For example, by
using mitochondria-targeting fluorescent dyes, it is possible to visualize ROS pro-
duced in mitochondria during oxidative phosphorylation. Besides CIEEL imaging of
ROS production, this strategy could be extended to visualize other endogenous
hydrolytic enzyme activities in living animals by replacing ROS-sensitive substrates
with substrates that can be activated by specific enzymes [69]. Several metastable
1,2-dioxetane compounds have been engineered with protective groups to prevent
their activation. These protective groups can be removed by hydrolytic enzymes
such as β-galactosidase and alkaline phosphatase [61]. Once activated with a suitable
enzyme, the chemical energy within the activated substrate can be transferred to a
nearby fluorescent recipient via the CIEEL mechanism.
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subcutaneous injection of Alexa Fluor 594-labeled bacterial particles (BP-AF594) in the left
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(BP + Alb-AF594). As albumin is a common serum protein lacking pathogenic molecular signa-
tures, the phagocytes preferentially engulfed BioParticles but not the Alb-AF594 conjugates. In the
footpads receiving BP-AF594, we observed good CIEEL emission (620 nm) using the IVIS®

Spectrum imaging system after intravenous delivery of MCLA, indicative of high levels of energy
transfer to the AF594 moiety. In contrast, control footpads only produced conventional blue
chemiluminescence (500 nm) but very low CIEEL emission from the AF594 moiety on
Alb-AF594 (620 nm). Images shown are original data from an unpublished study
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3 Noninvasive Fluorescence Imaging for Tissue
Inflammation

In comparison to CLI, fluorescence imaging (FLI) is a more mature technology that
has been widely used for preclinical small animal imaging [70]. Instead of using
chemical energy stored within low molecular weight substrates, FLI uses an external
light source to excite the fluorophore. Therefore, FLI has a simpler, robust, and
straightforward workflow making it more flexible when choosing the right fluores-
cent probes to suit the research need. It is also possible to perform multicolor
imaging on the same animal using probes of different fluorescent wavelengths.
The spectral range of FLI is limited by background signals observed from two
major sources: tissue autofluorescence at visible wavelengths (peaking at
~500 nm) and interfering mouse chow fluorescence (primarily due to chlorophyll
and peaking at ~680 nm). Fortunately, these interfering background signals can be
mostly avoided by using NIR-shifted fluorophores and by feeding mice
low-fluorescence chow. Therefore, the optimal FLI operates in the range from red
to NIR spectra (650–850 nm). Another consideration is the inherent short Stokes
shift (~20–40 nm) of most dyes that can modestly decrease fluorescent output due to
the requirement of filtering out the emission/excitation overlap [39]. Nevertheless,
since the power output for the excitation light is tunable, FLI techniques have a more
intense signal output than small chemical compound-based CLI in general. Of note,
since modern FLI operates in the red or NIR spectra, it is not hindered by the blue
chemiluminescence issue associated with small CLI compounds; recent develop-
ments and advances in optical imaging reagents and instrumentation have made FLI
more attractive for deep tissue imaging than CLI. This advantage also makes FLI
techniques more likely to be translated into clinical use. Various red and NIR
fluorescent probes are commercially available for imaging small animals. In addition
to planar 2D images, when combined with sufficiently strong excitation light sources
such as NIR lasers or halogen lamps coupled with NIR filters, FLI offers sufficient
tissue penetration and probe excitation in small laboratory animals to generate 3D
tomography images. For example, fluorescent molecular tomography (FMT®) sys-
tems that are equipped with strong transilluminating NIR lasers are capable of deeper
tissue penetration and faster 3D reconstruction for whole-body imaging in small
laboratory animals. Schematic diagrams explaining the difference between the
conventional 2D planar and 3D tomographic FLI imaging techniques are provided
in Fig. 9.

Aside from imaging instrumentation, the accessibility of a wide range of fluores-
cent probes also plays a key role in the success of FLI. Traditionally, FLI probes are
designed to directly bind/target specific biological markers and pathological features
involved in tissue inflammation. The smaller, fluorescently active moiety can be
conjugated to a larger targeting agent such as a peptide or protein (antibody). In a
sense, FLI probes behave like drugs or therapeutical biologicals of comparable sizes,
and their pharmacokinetic and pharmacodynamic properties need to be considered
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Fig. 9 Instrumental schematics of 2D and 3D FLI imaging. There are two types of FLI imaging for
small laboratory animals. The first type is the conventional 2D epi-illumination FLI (top). In this
configuration, both the excitation light source and the camera are on the same planar side with
respect to the animal subject. The advantage of using a stationary epi-illumination light source is to



for successful in vivo imaging applications. In the following sections, we will
discuss the major FLI probe design strategies for inflammation imaging.
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3.1 Targeting Enhanced Vascular Permeability
at Inflamed Sites

One of the hallmarks of local inflammation is tissue swelling (edema), characterized
by excess fluid buildup in the injured tissues. This phenomenon is caused by local
inflammatory signals such as prostaglandins which increase vascular permeability to
facilitate leukocyte infiltration and erythema formation. In addition to cellular
extravasation, vascular leakiness and tissue swelling result in enhanced permeability
and retention (EPR) for large molecules with sizes greater than 16 kDa [71]. Several
fluorescent probes and nanoparticles have been developed to systemically visualize
leaky vasculature and have been widely used to visualize edema and vascular
leakiness in inflamed tissues [72]. Figure 10 illustrates the polymer-based and
nanoparticle-based designs of FLI probes for vascular and inflammation imaging.
Typically, these probes differ in size and can have a variety of blood half-lives and
speed of extravasation into tissue, though longer circulation times facilitate leakage
into sites of chronic swelling and inflammation. Therefore, this type of vascular FLI
probe can be injected into animals and imaged immediately to visualize general
tissue vasculature in both healthy and diseased tissues. After a period of incubation,
the probes will extravasate and accumulate in the inflamed tissues to generate
inflammation-specific signals. Figure 11 demonstrates the use of these two types
of FLI probes for imaging inflammation in a mouse model of arthritis. Of note, this
class of probe does not target a specific molecular feature (e.g., enzymes, markers) in
the inflamed tissue, and the accumulation is based on increased vascular permeabil-
ity, although non-targeting nanoparticles can be further engulfed by macrophages
[73]. Nevertheless, these probes can be used not only to systemically scan the whole

Fig. 9 (continued) cast the excitation light over multiple animal subjects and therefore increase
operational throughput. However, as excitation light is spread over a larger area, planar 2D FLI is
typically not suitable for imaging fluorescent targets deeper than 5 mm. The second and more
advanced type is 3D transillumination FLI (bottom). Unlike conventional 2D FLI, the excitation
light source is placed on the opposite site of the imaging plane and under the animal subject with
respect to the camera. Of note, the transilluminating light source is not stationary. For a typical 3D
FLI imaging, the light source needs to be placed at various positions near the fluorescent target, and
the positional variation of fluorescent signal is the basis for 3D tomographic reconstruction. The
advantage of this configuration is better tissue penetration as the intense focal excitation source is
placed underneath the subject and close to the fluorescent target. For example, the laser-based FMT
system can have tissue penetration in the range of 30–40 mm depending upon the laser power and
NIR wavelength. However, as multipoint excitation is required, tomography 3D FLI is generally
slower and has lower throughput than the planar 2D FLI, requiring algorithmic reconstruction



body to pinpoint inflammation sites but also to provide a quantitative means of
assessing their inflammation status.
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Fig. 10 Design schematics of circulating vascular FLI probes. Polymer-based fluorescent probes
(left) and nanoparticle-based (right) FLI probes with good blood pool stability can be used to
visualize general tissue vasculature in both healthy and diseased tissues. Interestingly, after a period
of incubation, these probes will extravasate and selectively accumulate in the edematous tissues
since local inflammatory signals cause increased vascular leakiness. For example, a polymer-based
vascular FLI probe, IVISense Vascular 750 (also reported as AngioSense® 750), has a long
polymer backbone that serves as a pharmacokinetic modifier (PKM) for enhanced blood stability.
A NIR fluorophore can be chemically conjugated to the backbone via a linker. Another vascular FLI
probe design is based on nanoparticles. For example, a nanoparticle vascular FLI probe, IVISense
Vascular NP 750 (also reported as AngioSpark® 750), has a metal oxide core and contains layers of
polymer and functional coating. To enhance its blood stability, the surface is modified with polymer
PKMs. In addition, the fluorescent signals are generated by NIR fluorophores conjugated to the
surface functional coating. The PKM modification prolongs the particles’ circulation time without
affecting their intense NIR fluorescence. Although neither FLI probe targets a specific inflammatory
molecular feature (enzymes, markers), both are selectively retained within the inflamed sites due to
the unique pathological feature in inflamed tissues (e.g., leaky vasculature and erythema). Never-
theless, their selective retention in inflamed tissues makes it possible to systemically scan the whole
body to pinpoint the inflammation sites

3.2 Selective Binding and Targeting of Inflammatory Protein
Markers

This is the most straightforward and robust design concept for inflammation FLI
probes: designing a fluorescent probe that is capable of direct interaction and binding
to a specific inflammatory marker. Targeted fluorescent probes can be delivered
systemically into animals to bind upregulated inflammatory markers, thereby accu-
mulating at sites of disease. Figure 12 illustrates three examples taking advantage of



)

known ligand interactions with their inflammation biomarkers. This type of probe
can also be used in vitro for imaging cells and for ex vivo imaging of tissues to
validate specific targeting in animals.
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Fig. 11 FLI of vascular leakiness associated with inflammation in an arthritis mouse model.
Collagen antibody-induced arthritis (CAIA) was induced by antibody cocktail injection, and mice
with CAIA arthritis were used in this set of studies. Increased vascular permeability in the arthritic
tissues was visualized by polymer-based FLI probes (IVISense Vascular 750, top) and
nanoparticles (IVISense Vascular NP 750, bottom). Both FLI probes with good blood pool stability
can be injected into animals and visualize general tissue vasculature in both healthy and diseased
tissues. After systemic delivery of IVISense Vascular 750, 2D planar FLI and intravital microscopy
were performed immediately to confirm enhanced vasculature development in the CAIA footpads.
The 2D FLI signals can be quantified for a more accurate assessment of the inflammation status
(**P< 0.01). The presence of IVISense Vascular 750 in vasculature was also validated by intravital
microscopy (arrows). In another set of studies, IVISense Vascular NP 750 nanoparticles were
systemically injected into non-anthric and CAIA mice. The mice were imaged at 1 and 24 h after
nanoparticle injection. Significantly increased inflammatory FLI signals were observed at 1 h in the
CAIA footpads, where fluorescent signals further increased at 24 h after more particles extravasated
and were retained in the inflamed tissue. Selective extravasation and retention of nanoparticle
signals in the inflamed tissues is largely caused by increased vascular leakiness. Images shown are
original data from unpublished studies
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Fig. 12 FLI probe designs for direct targeting inflammatory markers. FLI probes can be designed
to directly interact and bind to specific inflammatory markers. This can be achieved by using known
small moieties that specifically interact and bind to the protein targets. For example, small COX-2
inhibitors that show excellent specificity and binding affinity can be used as targeting backbones to
which a NIR fluorescent moiety is chemically liked (XenoLight™ RediJect™ COX-2 probe).
Similar strategies can be used to produce a FLI probe directly targeting folate receptors or integrin
αvβ3 by taking advantage of their known binding partners, folate (IVISense Folate Receptor
680, also reported as FolateRSense™ 680) or an RGD mimetic αvβ3 antagonist (IVISense Integrin
Receptor 680, also reported as IntegriSense™ 680)

One of the best examples of this strategy is cyclooxygenase-2 (COX-2)-targeting
fluorescent probes. COX-2 is an attractive biomarker for inflammation. Although
COX-2 expression is also found in a healthy tissue, its expression in macrophages is
highly upregulated in inflamed and malignant tissues [74]. COX-2 is a cytosolic
enzyme that catalyzes the conversion of arachidonate, an essential fatty acid, to
prostaglandins, which are involved in modulating vessel permeability and inflam-
matory responses. COX-2 expression is typically low or undetectable in most
healthy tissues. However, COX-2 activity at sites of inflammation is highly
upregulated. COX-2 has also been shown to play a central role in tumorigenesis in
various carcinomas. Figure 13 demonstrates the use of a COX-2-targeting probe for
FLI of tumor-associated COX-2 expression.

Because of its critical role in promoting inflammation, inhibition of COX-2 can
provide relief from symptoms of inflammation and pain. Several small COX-2
inhibitors have been developed as nonsteroidal anti-inflammatory drugs (NSAIDs)
that show excellent specificity and binding affinity. Taking advantage of these small
inhibitors as backbones, a series of COX-2-specific fluorescent probes were
designed and synthesized. A red or NIR fluorescent moiety (such as rhodamine)
can be chemically liked to the targeting moiety that is based on the inhibitor
backbone. Although the final structure (Fig. 12) is larger than the original inhibitor
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Fig. 13 Direct targeting of COX-2 expression in cancer cells. Cyclooxygenase-2 (COX-2) is an
inflammatory biomarker known to be expressed in macrophages as well as in malignant tumors. In
cultured cells (top left), a COX-2-specific FLI targeting probe (XenoLight RediJect COX-2 probe)
can bind to the COX-2-positive HT29 cells, but not to HCT116 cells (scale bar: 10 μm). IVIS®
Spectrum imaging (top right) of mice bearing both a subcutaneous HT29 tumor (right flank) and a
HCT116 tumor (left flank) revealed specific COX-2 targeting only in the COX-2-positive HT29
tumors. A control dye lacking the COX-2 targeting moiety showed low fluorescence in both tumors
(bottom graph; mean ± s.e.m.). Images shown are original data from an unpublished study
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backbone, the endogenous substrate of COX-2, arachidonate, is a long-chain fatty
acid, and therefore the enzyme is able to accommodate the elongated fluorescent
moiety without losing much of its binding affinity and specificity.
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Similar design strategies can be adopted to target other inflammation-specific
proteins/markers that have well-characterized “activity pockets” for the targeting
moiety to interact and bind. The goal of this generalized strategy is to conjugate a
fluorescent dye to the targeting moiety in such a way that the dye does not interfere
with the targeting moiety’s physical interaction with the activity pocket. For
enzymes, the targeting moieties can be their substrates or specific inhibitors. For
surface receptors, the targeting moieties can be its ligand or specific antagonists.
Appropriate spacer groups or linkers may be needed between the dye and targeting
moiety in order to prevent steric hindrance during binding. For instance, folic acid
has emerged as a good direct targeting ligand backbone for inflammation FLI. Folate
receptors (FRs) have three isoforms (α, β, γ) in humans, and their expression is
mostly restricted to inflammatory macrophages and cancer cells to accommodate the
increased energy consumption and metabolism of these cells [9]. Specific fluorescent
imaging probes have been developed to image arthritis and acute lung inflammation
mouse models [75, 76]. The success of this particular design strategy is due to the
facts that folate is a relatively small (MW = 441.4) and linear molecule and that its
binding pocket in FRs is large enough to accommodate the additional fluorophore
with minimal detrimental effects on binding affinity. In fact, similar conjugation
schemes have been used to deliver anticancer drugs for selective targeting of tumor
cells with high levels of FR expression. After specific binding to cell surface FR, the
fluorescent or drug conjugates are internalized via endocytosis which further
enhances fluorescent contrast. In principle, this design strategy is not specific t
FRs and has been extended to target other cell surface receptors that are known for
their recycling and trafficking between the plasma membrane surface and the
intracellular endomembrane systems [77, 78].

Some types of integrins are also good imaging targets for inflammation imaging.
Integrins are a family of αβ heterodimeric receptors that comprise 24 αβ pairs with
multiple conformations and interact with a wide variety of components in the
extracellular matrix (ECM). They can modulate their binding affinity through
conformational switches. As they bridge the extracellular matrix and intracellular
cytoskeleton, integrins play critical roles in bidirectional signaling across the plasma
membranes involved in many biological processes, such as inflammation, angiogen-
esis, cell survival, and tumorigenesis [79]. Integrin αβ dimers can be categorized into
four classes: leukocyte, collagen-binding, Arg-Gly-Asp (RGD)-binding, and
laminin-binding. In particular, the RGD-binding integrin αvβ3 is of great interest
as it is involved in many inflammatory processes. Integrin αvβ3 is known to be
expressed on differentiated macrophages and angiogenic endothelial cells to regulate
vascular permeability [10, 80]. Integrin αvβ3 is also highly expressed on rapidly
growing cells under pathological conditions such as cancer, while its expression is
typically minimal on quiescent normal cells [81]. Therefore, integrin αvβ3 is a good
biomarker for imaging vascular inflammation using various probes and imaging
modalities [11, 82–84]. Figure 14 illustrates the use of a fluorescent targeting probe
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Fig. 14 Direct targeting of integrin expression in a mouse model of atherosclerosis. Atherosclero-
sis in ApoE-/- male mice was induced by feeding with high cholesterol diet for 16–18 weeks. To
visualize plaque formation in living animals, the ApoE-/- and age-matching C57BL/6 wild-type
mice were injected i.v. with 8 nmol of IVISense Integrin Receptor 680 probe, and specific integrin
signals were imaged 48 h later (top left panels). Following imaging, mice were sacrificed and
perfused with PBS. The heart, aortic arch, and descending aorta were excised and ex vivo 2D planar
FLI were performed. In addition, the tissues were subject to fluorescence microscopy, and higher
level of integrin expression (bottom images, in red) was observed in the aortic plaque in the
ApoE-/- mouse (scale bar: 100 μm). The green color represents the autofluorescence of collagen.
Images shown are unpublished original data consistent with a related published study [85]



specific to integrin αvβ3 to visualize chronic inflammation in the ApoE-/- athero-
sclerosis mouse models [85]. In this example, the ApoE-/-mice were maintained on
high cholesterol diet for 16–18 weeks to induce atherosclerosis. Systemic delivery
(i.v.) of IVISense Integrin Receptor 680 probe detected higher integrin levels in
association with plaque formation in the ApoE-/- mice. Subsequent ex vivo imag-
ing and fluorescence microscopy studies confirmed the in vivo imaging findings.
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3.3 ROS-Reactive Fluorescent Probes for Inflammation
Imaging

In the previous sections, we discussed the use of small, ROS-reacting compounds to
selectively target inflamed tissues for direct CLI imaging. Another parallel strategy
for FLI is to use small compounds whose fluorescence properties can be “turned on”
or altered by reacting with ROS in pathophysiological environment. For tissue and
cell staining and microscopic imaging, several reaction-based fluorescent probes
have been developed to visualize ROS and other reactive nitrogen and sulfur species
[86]. In addition, ROS-sensing fluorescent probes have been widely used to image
ROS production in plants to study their response to environmental and developmen-
tal changes [87]. Successful ROS sensing in living animals has been performed
using a hydrocyanine-based fluorescent probe [88], and this strategy has shown
promising proof-of-concept results for visualizing inflammatory ROS production
and oxidative stress in rodent retina [89]. However, other classes of ROS-reacting
FLI probes have had limited success since most of these ROS-reacting fluorescent
probes operate in the green spectral range that is not ideal for imaging live animals.
Green-fluorescent probes are still useful for superficial imaging, e.g., for image-
guided surgery [90]. Nevertheless, some red ROS-sensing fluorescent imaging
probes can be delivered locally to visualize inflammation caused by biomaterial
implants in living subjects [91]. Their highly reactive nature makes them poorly
stable after systemic injection into animals and might have long-term safety and
toxicity implications. To address this, recent developments in ROS-sensing FLI have
focused on polymer-based nanoparticles or liposome-based micelles to encapsulate
the reactive dyes [92]. Semiconducting polymer dots (Pdots) have also shown
promising results for ROS-sensing FLI of hypochlorous acid (HOCl) in mice [93].

3.4 Activatable Fluorescent Probes for Imaging Specific
Inflammatory Protease Activity

Using protease-activated fluorescent probes is by far the most successful and widely
used FLI strategy for inflammation imaging [94–96]. This strategy has several
advantages over the blood-pool/edema, biomarker direct-binding, and



ROS-sensing FLI probes. By selectively targeting unique protease activities such as
neutrophil elastase, MMPs, and cathepsins (see Sect. 1.4 and Table 1) in inflamed
tissues, protease-activated fluorescent probes have much higher specificity than the
nonselective blood-pool/edema imaging probes. These probes also show lower
background signal and thus better signal-to-noise ratios than “always-on” targeted
probes, since probes in normal tissue that are not activated by protease activity do not
emit fluorescent light.
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Table 1 Examples of peptide motifs that can be used to develop activatable probes specific for
inflammatory proteases

Protease Peptide motif

Neutrophil elastase PMAVVQSV

Matrix metalloproteinase-2/-9 (MMP-2, MMP-9) GPPGVVGEKGEQ

Cathepsin B (Cat B) GFLG

Figure 15 illustrates the working principles of protease-activated fluorescent
probes. This type of probe is designed to take advantage of the self-quenching
property of fluorescent dyes: when two or more near-infrared fluorescent (NIRF)
dyes are placed in close spatial proximity, the energy of absorbed excitation light is
released in the form of heat due to energy transfer between the dye molecules.
Figure 16 illustrates two fluorescent probe designs for imaging pan-cathepsin activ-
ity. The first design consists of a large polypeptide scaffold and multiple dye
moieties (standard IVISense Pan Cathepsin 680, also reported as ProSense 680).
By conjugating NIRF dyes to a long-circulating graft copolymer backbone
consisting of poly-L-lysine, the proximity of the dyes to each other results in an
internally quenched probe. However, in the presence of a suitable protease, the
peptidyl backbone can be cleaved to release the fluorescent dyes. The separated,
unquenched dyes are now capable of producing fluorescent signals. Therefore, the
larger scaffold version has delayed but stronger fluorescence in response to the target
protease activity. On the other hand, the small scaffold version (IVISense Pan
Cathepsin 750 FAST, also reported as ProSense® 750 FAST) has a short but more
enzyme-specific peptide linking only a pair of quenched fluorophores. The smaller
size makes it faster for tissue delivery and penetration. In addition, the more unique
and specific peptidyl sequence enables quicker digestion in response to protease
activation. The peptidyl backbone can be further modified with a pharmacokinetic
modifier (PKM) such as methoxy polyethylene glycol (mPEG) to fine-tune the
probe’s biodistribution properties in living animals [94, 95].

This versatile platform makes it possible to design and produce a variety of
protease-specific FLI probes. For example, several activatable probes have been
developed to target proteases with significant roles in inflammation, including
neutrophil elastase [97], matrix metalloproteinases [98], and cathepsins [99]. Exam-
ples of peptide motifs recognized by these proteases are provided in Table 1. Several
studies have demonstrated the effectiveness of this strategy to image inflammatory
protease activities in living subjects. For example, using this strategy, specific
neutrophil elastase activity was noninvasively visualized in early atherosclerotic



lesions in a mouse model [100]. In an experimental murine asthma model, a
pan-cathepsin activable FLI probe was used to detect eosinophils and monitor
treatment responses to dexamethasone [101]. An MMP-specific FLI probe was
able to detect early joint inflammation in a collagen antibody-induced arthritis
(CAIA) mouse model [102]. Figures 17 and 18 show examples of successful FLI
of various inflammatory protease activities in a similar CAIA mouse model
[103]. Systemic whole-body imaging reveals strong NE activity in the joints of
forepaws, knees, and hind paws (Fig. 17); the algorithms of the applied FMT system
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Fig. 15 Self-quenching of fluorescent dyes in close proximity. Fluorescent quenching can occur
when two or more of the same fluorophores are in close proximity. As both molecules have the same
excitation/emission spectral spectra, when they are in close range (<10 nm), the energy absorbed by
one fluorophore can be non-radiatively transferred to the neighboring fluorophore. This type of
dynamic quenching is based on the FRET mechanism. However, there is no emission from the
recipient and the energy is eventually released as heat. Importantly, the quenching process is
distance-dependent. When both fluorophores are separated and free of interference from each
other, they are fluorescently active and capable of emitting light after excitation
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Fig. 16 Schematic diagrams of protease-activated FLI probes. Many fluorescent dyes are self-
quenching and when two or more dyes are placed in spatial proximity, they do not emit fluorescent
light. Taking advantage of this property, the quenched state can be achieved by linking two
fluorescent dyes with a peptide scaffold that is susceptible to a specific protease activity. When
the target protease is present, the scaffold is cleaved, and the released fluorescent dyes become
fluorescently active. This strategy can be used to generate a variety of protease-sensing FLI probes
by selecting different, target-specific peptide sequences. In addition, the pharmacokinetic charac-
teristics can be fine-tuned with the length of the peptide scaffold or with PEG-based polymers
(PKM, pharmacokinetic modifier). For example, depending on the length of the peptide scaffold,
two versions of cathepsin-specific activatable probes can be prepared. The larger scaffold version
(standard IVISense Pan Cathepsin 680, also reported as ProSense 680; top) has higher molecular
weight and contains multiple dye moieties. Therefore, the larger scaffold version has delayed but
stronger fluorescence in response to the target protease activity. On the other hand, the small
scaffold version (IVISense Pan Cathepsin 750 FAST, also reported as ProSense® 750 FAST;
bottom) has a short and more specific peptide linking only a pair of quenched fluorophores. This
design makes it faster for tissue delivery and penetration, and therefore quicker to respond to
protease activation. The short version also contains a pharmacokinetic modification such as mPEG
to improve its blood stability and biological viability
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Fig. 17 Protease-activated FLI probes for imaging arthritic tissues. Collagen antibody-induced
arthritis (CAIA) was induced by antibody cocktail injection. Whole-mouse 2D planar FLI (top)
using the IVIS® Spectrum imaging system shows specific accumulation of a neutrophil-specific
NIR imaging probe (IVISense Neutrophil Elastase 680 FAST, top panel) in the CAIA arthritic
mouse at the peak of inflammation. The arrows indicate regions associated with either inflammation
at joints (white arrows) or probe clearance via the renal/bladder path (yellow arrows). The lower
panels show a range of protease-activatable imaging probes that detect inflammatory changes in the
knees and ankles of CAIA mice. Compared to disease-negative controls, elevated inflammatory
protease activities were observed including cathepsins (IVISense Cat B/K 680 FAST, IVISense Pan
Cathepsin 680) and neutrophil elastase (IVISense Neutrophil Elastase 680 FAST). In addition, the
edema in the inflamed knees and ankles also caused higher vascular leakiness and higher retention
of IVISense Vascular 750. Of note, there was no difference in IVISense Osteo 750 (also reported as
OsteoSense™ 750) signals as both CAIA and normal joints at the peak of inflammation are



allow for quantitative assessment of treatment responses in this CAIA model
(Fig. 18).
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4 Conclusion

Although in this review we have discussed CLI and FLI as two separate approaches
for noninvasive optical imaging of tissue inflammation, in practice, modern optical
imaging instruments are equipped with highly sensitive camera systems and high-
performance filter sets and can simultaneously perform CLI and FLI on the same
animal subject. The quantitative nature of both CLI and FLI makes optical imaging a
highly valuable, complementary modality to CT, MRI, and ultrasound whose
strengths are in anatomical and structural imaging. In addition to appropriate imag-
ing instrumentation, the key to successful inflammation imaging is the luminescent
probe. As both CLI and FLI probes take advantage of unique features at various
levels in the inflamed tissues, they define the inflammatory target specificity and
biological readouts. At the tissue level, FLI probes are available to target edema and
vascular leakiness. At the cell level, different CLI substrates can be used to distin-
guish neutrophils and macrophages based on their preference for different ROS
production sites. Most importantly, at the molecular level, specific FLI probes can
detect inflammatory protease activities that are critical in modulating immune
responses and shaping inflammation outcomes in living animals.

As summary, Table 2 compares the pros and cons of these two optical imaging
approaches. The fundamental difference of CLI and FLI is the energy source for light
production. As CLI substrates are very sensitive to ROS produced by the inflamma-
tory phagocytes, they have shorter incubation times and therefore can rapidly
produce light signals after systemic delivery into animals. FLI probes typically
require longer incubation times as they have more drug-like pharmacodynamic
properties after systemic delivery. In order to generate sufficient fluorescence con-
trast, a period of time is needed for the FLI probe to specifically interact and
accumulate at the inflamed site, while free FLI probes in the normal tissues are
washed out and excreted via the renal or hepatic pathways. For CLI, there is
currently a limited selection of small chemical compounds available for inflamma-
tion imaging. Furthermore, CLI is mostly limited to imaging inflammation at
shallow locations: as most CLI substrates produce blue light after reacting with
ROS, they are not ideal for imaging deep tissue and generally not able to produce 3D
tomography images. On the other hand, FLI is a more versatile approach capable of
targeting a great variety of physiological changes (e.g., leaky vasculature and EPR)
and unique inflammatory biomarkers such as secreted proteolytic enzymes and

Fig. 17 (continued) expected to have similar levels of bone mineral turnover. Images shown are
from unpublished studies



surface receptors. In particular, the most important advantage of FLI is that there are
currently many NIR fluorescent probes available for deep tissue and 3D tomographic
imaging. Table 3 summarizes all the FLI probes discussed in this chapter to provide a
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Fig. 18 Use of activatable FLI probes to image treatment responses in the CAIA arthritis model.
The treatment responses of several anti-inflammatory drugs in the CAIA mouse model were
visualized using the FMT® 4000 imaging system after systemic delivery of the pan-cathepsin
(IVISense Pan Cathepsin 750) and MMP-specific (IVISense MMP 680, also reported as
MMPSense™ 680) imaging probes (top panels). Three anti-inflammatory drugs were tested in
this study: prednisolone and inhibitors against p38 MAPK (P38 MAPKi) and COX-2 (COX-2i).
Control joints have very low cathepsin and MMP activities, while the CAIA joints have elevated
levels of both inflammatory proteases. The FMT® system used in this experiment allows quantifi-
cation and enables accurate assessment of drug responses (lower panels). In this example, prednis-
olone was the most effective therapy to suppress CAIA inflammation and protease activities.
COX-2i only showed moderate anti-inflammatory effects in comparison to the untreated CAIA
group (**P < 0.01, t-test). Images shown are original data from a related published study [103]



broad overview of FLI imaging versatility and their potential applications in
inflammation-related disease conditions such as cancer, arthritis, and atherosclerosis.
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Table 2 Comparison of CLI and FLI methods for inflammation imaging

Mode Chemiluminescence (CLI) Fluorescence (FLI)

Energy source Chemical compounds activated by
ROS

External excitation light

Advantages • Highly sensitive to ROS produced by
phagocytes
• Fast reaction and light production
after systemic delivery of small CLI
substrates

• Versatile strategies to target inflam-
matory targets
• Various NIR fluorescent dyes with
different wavelength for deep tissue
and 3D tomography imaging
• Simultaneously imaging multiple
targets at different channels
• High light signal output
• Mechanistic imaging of inflamma-
tion (protease, ROS possible)

Disadvantages • Fewer choices of CLI compounds
• Lower luminescence output com-
pared with FLI
• Mostly limited to 2D planar imaging:
blue light produced by small CLI sub-
strates are not suitable for deep tissue
imaging
• CRET and CIEEL energy transfer
methods further reduce signal produc-
tion efficiency

FLI probes have drug-like pharmaco-
kinetic property, and therefore they
require longer incubation time to cir-
culate, interact, or activate in the
inflamed tissues

In the foreseeable future, with new discoveries and more knowledge obtained in
inflammation biology, we expect great advances will be made in optical imaging.
Recent proof-of-concept studies of CRET and CIEEL energy transfer nanoparticles
greatly encourage the development of next-generation inflammation imaging probes.
In return, these new probes could advance our understanding in this intricate,
dynamic yet fundamental pathological process that is critical in so many human
diseases.
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Table 3 Selection of FLI probes mentioned and their applications

Type Probe Mechanism Applications

Physiologic IVISense
Vascular750

IV circulation, EPR Edema, cancer, arthritis, and
other acute/chronic inflamma-
tion conditions

IVISense
Vascular NP
750

IV circulation, EPR Vascular imaging of inflamed
tissues by intravital microscopy

Targeted
(direct-
binding)

XenoLight
RediJect
COX-2 probe

COX-2 enzyme Target upregulated COX-2 in
cancer and other inflamed
tissues

IVISense
Folate Recep-
tor 680

Folate receptor Tumor/inflammation metabo-
lism marker; cancer, arthritis,
and other acute/chronic inflam-
mation conditions

IVISense
Integrin
Receptor 680

Alpha V beta 3 integrin Cancer (tumor and
neo-vasculature), atherosclero-
sis (foam cells)

IVISense
Osteo 750

Hydroxyapatite Bone turnover (growth and
resorption): fracture healing,
osteoporosis, arthritis, soft tissue
calcification

Protease-
activatable

IVISense Pan
Cathepsin
680

Lysosomal pan-cathepsin
activity

Cancer, arthritis, pulmonary
neutrophilia/eosinophilia, ath-
erosclerosis, general acute/
chronic inflammationIVISense Pan

Cathepsin
750 FAST

FAST version of
Pan-Cathepsin, with faster
kinetics and a broader imag-
ing window

IVISense Cat
B 680 FAST

Lysosomal cathepsin B
activity

IVISense Cat
K 680 FAST

Cathepsin K activity Osteoclastic bone resorption,
osteoporosis, soft tissue calcifi-
cation, tumor-associated
macrophages

IVISense
Neutrophil
Elastase
680 FAST

Secreted neutrophil elastase
activity

Pulmonary inflammation, acute
neutrophilia, arthritis

IVISense
MMP 680

Secreted and membrane
pan-matrix metalloprotease
activity

Cancer, arthritis, pulmonary
neutrophilia/eosinophilia, ath-
erosclerosis, general acute/
chronic inflammation

Note: The 680 and 750 indicate the emission wavelength of the fluorescent probe



Ethical Approval: All animal research involved in this work followed the guidelines of
PerkinElmer’s Institutional Animal Care and Use Committee (IACUC). A research protocol
(#01-0112) was approved for this study.

184 J.-C. Tseng and J. D. Peterson

References

1. Medzhitov R. Origin and physiological roles of inflammation. Nature. 2008;454:428–35.
https://doi.org/10.1038/nature07201.

2. Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mechanisms, and conse-
quences. Immunity. 2019;51:27–41. https://doi.org/10.1016/j.immuni.2019.06.025.

3. Fakhoury M. Inflammation in Alzheimer’s disease. Curr Alzheimer Res. 2021;17:959–61.
https://doi.org/10.2174/156720501711210101110513.

4. Roh JS, Sohn DH. Damage-associated molecular patterns in inflammatory diseases. Immune
Netw. 2018:18. https://doi.org/10.4110/in.2018.18.e27.

5. Jones HR, Robb CT, Perretti M, Rossi AG. The role of neutrophils in inflammation resolution.
Semin Immunol. 2016;28:137–45. https://doi.org/10.1016/j.smim.2016.03.007.

6. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the human
monocyte-to-macrophage differentiation and polarization: new molecules and patterns of gene
expression. J Immunol. 2006;177:7303–11. https://doi.org/10.4049/jimmunol.177.10.7303.

7. Tang T, Scambler TE, Smallie T, Cunliffe HE, Ross EA, Rosner DR, et al. Macrophage
responses to lipopolysaccharide are modulated by a feedback loop involving prostaglandin E2,
dual specificity phosphatase 1 and tristetraprolin. Sci Rep. 2017;7:4350. https://doi.org/10.
1038/s41598-017-04100-1.

8. Zarghi A, Arfaei S. Selective COX-2 inhibitors: a review of their structure-activity relation-
ships. Iran J Pharm Res. 2011;10:655–83.

9. Yi Y-S. Folate receptor-targeted diagnostics and therapeutics for inflammatory diseases.
Immune Netw. 2016;16:337. https://doi.org/10.4110/in.2016.16.6.337.

10. Antonov AS, Antonova GN, Munn DH, Mivechi N, Lucas R, Catravas JD, et al. αVβ3 integrin
regulates macrophage inflammatory responses via PI3 kinase/Akt-dependent NF-κB activa-
tion. J Cell Physiol. 2011;226:469–76. https://doi.org/10.1002/jcp.22356.

11. Mezu-Ndubuisi OJ, Maheshwari A. The role of integrins in inflammation and angiogenesis.
Pediatr Res. 2021;89:1619–26. https://doi.org/10.1038/s41390-020-01177-9.

12. Dai R, Wu Z, Chu HY, Lu J, Lyu A, Liu J, et al. Cathepsin K: the action in and beyond bone.
Front Cell Dev Biol. 2020:8. https://doi.org/10.3389/fcell.2020.00433.

13. Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the regulation of tissue
remodelling. Nat Rev Mol Cell Biol. 2007;8:221–33. https://doi.org/10.1038/nrm2125.

14. Canton J. Phagosome maturation in polarized macrophages. J Leukoc Biol. 2014;96:729–38.
https://doi.org/10.1189/jlb.1MR0114-021R.

15. Bedard K, Krause K-H. The NOX family of ROS-generating NADPH oxidases: physiology
and pathophysiology. Physiol Rev. 2007;87:245–313. https://doi.org/10.1152/physrev.00044.
2005.

16. El-Benna J, Hurtado-Nedelec M, Marzaioli V, Marie J-C, Gougerot-Pocidalo M-A, Dang
PM-C. Priming of the neutrophil respiratory burst: role in host defense and inflammation.
Immunol Rev. 2016;273:180–93. https://doi.org/10.1111/imr.12447.

17. Stasia MJ. CYBA encoding p22phox, the cytochrome b558 alpha polypeptide: gene structure,
expression, role and physiopathology. Gene. 2016;586:27–35. https://doi.org/10.1016/j.gene.
2016.03.050.

18. Davies MJ, Hawkins CL. The role of myeloperoxidase in biomolecule modification, chronic
inflammation, and disease. Antioxid Redox Signal. 2020;32:957–81. https://doi.org/10.1089/
ars.2020.8030.

https://doi.org/10.1038/nature07201
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.2174/156720501711210101110513
https://doi.org/10.4110/in.2018.18.e27
https://doi.org/10.1016/j.smim.2016.03.007
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.1038/s41598-017-04100-1
https://doi.org/10.1038/s41598-017-04100-1
https://doi.org/10.4110/in.2016.16.6.337
https://doi.org/10.1002/jcp.22356
https://doi.org/10.1038/s41390-020-01177-9
https://doi.org/10.3389/fcell.2020.00433
https://doi.org/10.1038/nrm2125
https://doi.org/10.1189/jlb.1MR0114-021R
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1111/imr.12447
https://doi.org/10.1016/j.gene.2016.03.050
https://doi.org/10.1016/j.gene.2016.03.050
https://doi.org/10.1089/ars.2020.8030
https://doi.org/10.1089/ars.2020.8030


Whole-Body Chemiluminescence and Fluorescence Imaging of Inflammation 185

19. Jiang F, Zhang Y, Dusting GJ. NADPH oxidase-mediated redox Signaling: roles in cellular
stress response, stress tolerance, and tissue repair. Sibley DR, editor. Pharmacol Rev. 2011;63:
218–42. https://doi.org/10.1124/pr.110.002980.

20. Fuhrman B, Shiner M, Volkova N, Aviram M. Cell-induced copper ion-mediated low density
lipoprotein oxidation increases during in vivo monocyte-to-macrophage differentiation. Free
Radic Biol Med. 2004;37:259–71. https://doi.org/10.1016/j.freeradbiomed.2004.04.026.

21. Ejlerskov P, Christensen DP, Beyaie D, Burritt JB, Paclet M-H, Gorlach A, et al. NADPH
oxidase is internalized by Clathrin-coated pits and localizes to a Rab27A/B GTPase-regulated
secretory compartment in activated macrophages. J Biol Chem. 2012;287:4835–52. https://
doi.org/10.1074/jbc.M111.293696.

22. Kumar AP, Piedrafita FJ, Reynolds WF. Peroxisome proliferator-activated receptor γ ligands
regulate myeloperoxidase expression in macrophages by an estrogen-dependent mechanism
involving the -463GA promoter polymorphism. J Biol Chem. 2004;279:8300–15. https://doi.
org/10.1074/jbc.M311625200.

23. Stapels DA, Geisbrecht BV, Rooijakkers SH. Neutrophil serine proteases in antibacterial
defense. Curr Opin Microbiol. 2015;23:42–8. https://doi.org/10.1016/j.mib.2014.11.002.

24. Chua F, Laurent GJ. Neutrophil elastase: mediator of extracellular matrix destruction and
accumulation. Proc Am Thorac Soc. 2006;3:424–7. https://doi.org/10.1513/pats.200603-
078AW.

25. Garratt LW, Sutanto EN, Ling K-M, Looi K, Iosifidis T, Martinovich KM, et al. Matrix
metalloproteinase activation by free neutrophil elastase contributes to bronchiectasis progres-
sion in early cystic fibrosis. Eur Respir J. 2015;46:384–94. https://doi.org/10.1183/09031936.
00212114.

26. Elkington PT, Green JA, Friedland JS. Analysis of matrix metalloproteinase secretion by
macrophages. 2009. p. 253–65. doi:https://doi.org/10.1007/978-1-59745-396-7_16.

27. Krotova K, Khodayari N, Oshins R, Aslanidi G, Brantly ML. Neutrophil elastase promotes
macrophage cell adhesion and cytokine production through the integrin-Src kinases pathway.
Sci Rep. 2020;10:15874. https://doi.org/10.1038/s41598-020-72667-3.

28. Laronha H, Caldeira J. Structure and function of human matrix metalloproteinases. Cell.
2020;9:1076. https://doi.org/10.3390/cells9051076.

29. Li H, Qiu Z, Li F, Wang C. The relationship between MMP-2 and MMP-9 expression levels
with breast cancer incidence and prognosis. Oncol Lett. 2017; https://doi.org/10.3892/ol.2017.
6924.

30. Burrage PS, Mix KS, Brinckerhoff CE. Matrix metalloproteinases: role in arthritis. Front
Biosci. 2006;11:529. https://doi.org/10.2741/1817.

31. Yadati T, Houben T, Bitorina A, Shiri-Sverdlov R. The ins and outs of cathepsins: physio-
logical function and role in disease management. Cell. 2020;9:1679. https://doi.org/10.3390/
cells9071679.

32. Conus S, Simon H. Cathepsins and their involvement in immune responses. Swiss Med Wkly.
2010; https://doi.org/10.4414/smw.2010.13042.

33. Szulc-Dąbrowska L, Bossowska-Nowicka M, Struzik J, Toka FN. Cathepsins in bacteria-
macrophage interaction: defenders or victims of circumstance? Front Cell Infect Microbiol.
2020:10. https://doi.org/10.3389/fcimb.2020.601072.

34. Jakoš T, Pišlar A, Jewett A, Kos J. Cysteine cathepsins in tumor-associated immune cells.
Front Immunol. 2019:10. https://doi.org/10.3389/fimmu.2019.02037.

35. Fuchs N, Meta M, Schuppan D, Nuhn L, Schirmeister T. Novel opportunities for cathepsin S
inhibitors in cancer immunotherapy by nanocarrier-mediated delivery. Cell. 2020;9:2021.
https://doi.org/10.3390/cells9092021.

36. Montague-Cardoso K, Malcangio M. Cathepsin S as a potential therapeutic target for chronic
pain. Med Drug Discov. 2020;7:100047. https://doi.org/10.1016/j.medidd.2020.100047.

37. Ntziachristos V, Ripoll J, Wang LV, Weissleder R. Looking and listening to light: the
evolution of whole-body photonic imaging. Nat Biotechnol. 2005;23:313–20. https://doi.
org/10.1038/nbt1074.

https://doi.org/10.1124/pr.110.002980
https://doi.org/10.1016/j.freeradbiomed.2004.04.026
https://doi.org/10.1074/jbc.M111.293696
https://doi.org/10.1074/jbc.M111.293696
https://doi.org/10.1074/jbc.M311625200
https://doi.org/10.1074/jbc.M311625200
https://doi.org/10.1016/j.mib.2014.11.002
https://doi.org/10.1513/pats.200603-078AW
https://doi.org/10.1513/pats.200603-078AW
https://doi.org/10.1183/09031936.00212114
https://doi.org/10.1183/09031936.00212114
https://doi.org/10.1007/978-1-59745-396-7_16
https://doi.org/10.1038/s41598-020-72667-3
https://doi.org/10.3390/cells9051076
https://doi.org/10.3892/ol.2017.6924
https://doi.org/10.3892/ol.2017.6924
https://doi.org/10.2741/1817
https://doi.org/10.3390/cells9071679
https://doi.org/10.3390/cells9071679
https://doi.org/10.4414/smw.2010.13042
https://doi.org/10.3389/fcimb.2020.601072
https://doi.org/10.3389/fimmu.2019.02037
https://doi.org/10.3390/cells9092021
https://doi.org/10.1016/j.medidd.2020.100047
https://doi.org/10.1038/nbt1074
https://doi.org/10.1038/nbt1074


186 J.-C. Tseng and J. D. Peterson

38. Roda A, Pasini P, Mirasoli M, Michelini E, Guardigli M. Biotechnological applications of
bioluminescence and chemiluminescence. Trends Biotechnol. 2004;22:295–303. https://doi.
org/10.1016/j.tibtech.2004.03.011.

39. Ntziachristos V, Bremer C, Weissleder R. Fluorescence imaging with near-infrared light: new
technological advances that enable in vivo molecular imaging. Eur Radiol. 2003;13:195–208.
https://doi.org/10.1007/s00330-002-1524-x.

40. Li S, Ruan Z, Zhang H, Xu H. Recent achievements of bioluminescence imaging based on
firefly luciferin-luciferase system. Eur J Med Chem. 2021;211:113111. https://doi.org/10.
1016/j.ejmech.2020.113111.

41. Contag CH, Bachmann MH. Advances in in vivo bioluminescence imaging of gene expres-
sion. Annu Rev Biomed Eng. 2002;4:235–60. https://doi.org/10.1146/annurev.bioeng.4.
111901.093336.

42. Mezzanotte L, van ‘t Root M, Karatas H, Goun EA, CWGM L. In vivo molecular biolumi-
nescence imaging: new tools and applications. Trends Biotechnol. 2017;35:640–52. https://
doi.org/10.1016/j.tibtech.2017.03.012.

43. Zambito G, Chawda C, Mezzanotte L. Emerging tools for bioluminescence imaging. Curr
Opin Chem Biol. 2021;63:86–94. https://doi.org/10.1016/j.cbpa.2021.02.005.

44. Dikalov S, Griendling KK, Harrison DG. Measurement of reactive oxygen species in cardio-
vascular studies. Hypertension. 2007;49:717–27. https://doi.org/10.1161/01.HYP.
0000258594.87211.6b.

45. Bancirova M. Sodium azide as a specific quencher of singlet oxygen during chemiluminescent
detection by luminol and Cypridina luciferin analogues. Luminescence. 2011;26:685–8.
https://doi.org/10.1002/bio.1296.

46. Gross S, Gammon ST, Moss BL, Rauch D, Harding J, Heinecke JW, et al. Bioluminescence
imaging of myeloperoxidase activity in vivo. Nat Med. 2009;15:455–61. https://doi.org/10.
1038/nm.1886.

47. Kielland A, Blom T, Nandakumar KS, Holmdahl R, Blomhoff R, Carlsen H. In vivo imaging
of reactive oxygen and nitrogen species in inflammation using the luminescent probe L-012.
Free Radic Biol Med. 2009;47:760–6. https://doi.org/10.1016/j.freeradbiomed.2009.06.013.

48. Zhou J, Tsai Y-T, Weng H, Tang L. Noninvasive assessment of localized inflammatory
responses. Free Radic Biol Med. 2012;52:218–26. https://doi.org/10.1016/j.freeradbiomed.
2011.10.452.

49. Tseng J-C, Kung AL. In vivo imaging of inflammatory phagocytes. Chem Biol. 2012;19:
1199–209. https://doi.org/10.1016/j.chembiol.2012.08.007.

50. Okajima T, Ohsaka T. Chemiluminescence of lucigenin by electrogenerated superoxide ions
in aqueous solutions. Luminescence. 2003;18:49–57. https://doi.org/10.1002/bio.706.

51. Rezende F, Prior K-K, Löwe O, Wittig I, Strecker V, Moll F, et al. Cytochrome P450 enzymes
but not NADPH oxidases are the source of the NADPH-dependent lucigenin chemilumines-
cence in membrane assays. Free Radic Biol Med. 2017;102:57–66. https://doi.org/10.1016/j.
freeradbiomed.2016.11.019.

52. Shuhendler AJ, Pu K, Cui L, Uetrecht JP, Rao J. Real-time imaging of oxidative and
nitrosative stress in the liver of live animals for drug-toxicity testing. Nat Biotechnol.
2014;32:373–80. https://doi.org/10.1038/nbt.2838.

53. Pfleger KDG, Eidne KA. Illuminating insights into protein-protein interactions using biolu-
minescence resonance energy transfer (BRET). Nat Methods. 2006;3:165–74. https://doi.org/
10.1038/nmeth841.

54. Eglen RM, Reisine T, Roby P, Rouleau N, Illy C, Bossé R, et al. The use of AlphaScreen
technology in HTS: current status. Curr Chem Genomics. 2008;1:2–10. https://doi.org/10.
2174/1875397300801010002.

55. Zhang N, Francis KP, Prakash A, Ansaldi D. Enhanced detection of myeloperoxidase activity
in deep tissues through luminescent excitation of near-infrared nanoparticles. Nat Med.
2013;19:500–5. https://doi.org/10.1038/nm.3110.

https://doi.org/10.1016/j.tibtech.2004.03.011
https://doi.org/10.1016/j.tibtech.2004.03.011
https://doi.org/10.1007/s00330-002-1524-x
https://doi.org/10.1016/j.ejmech.2020.113111
https://doi.org/10.1016/j.ejmech.2020.113111
https://doi.org/10.1146/annurev.bioeng.4.111901.093336
https://doi.org/10.1146/annurev.bioeng.4.111901.093336
https://doi.org/10.1016/j.tibtech.2017.03.012
https://doi.org/10.1016/j.tibtech.2017.03.012
https://doi.org/10.1016/j.cbpa.2021.02.005
https://doi.org/10.1161/01.HYP.0000258594.87211.6b
https://doi.org/10.1161/01.HYP.0000258594.87211.6b
https://doi.org/10.1002/bio.1296
https://doi.org/10.1038/nm.1886
https://doi.org/10.1038/nm.1886
https://doi.org/10.1016/j.freeradbiomed.2009.06.013
https://doi.org/10.1016/j.freeradbiomed.2011.10.452
https://doi.org/10.1016/j.freeradbiomed.2011.10.452
https://doi.org/10.1016/j.chembiol.2012.08.007
https://doi.org/10.1002/bio.706
https://doi.org/10.1016/j.freeradbiomed.2016.11.019
https://doi.org/10.1016/j.freeradbiomed.2016.11.019
https://doi.org/10.1038/nbt.2838
https://doi.org/10.1038/nmeth841
https://doi.org/10.1038/nmeth841
https://doi.org/10.2174/1875397300801010002
https://doi.org/10.2174/1875397300801010002
https://doi.org/10.1038/nm.3110


Whole-Body Chemiluminescence and Fluorescence Imaging of Inflammation 187

56. Hoshyar N, Gray S, Han H, Bao G. The effect of nanoparticle size on in vivo pharmacokinetics
and cellular interaction. Nanomedicine. 2016;11:673–92. https://doi.org/10.2217/nnm.16.5.

57. Dragulescu-Andrasi A, Chan CT, De A, Massoud TF, Gambhir SS. Bioluminescence reso-
nance energy transfer (BRET) imaging of protein–protein interactions within deep tissues of
living subjects. Proc Natl Acad Sci. 2011;108:12060–5. https://doi.org/10.1073/pnas.
1100923108.

58. Bhuckory S, Kays JC, Dennis AM. In vivo biosensing using resonance energy transfer.
Biosensors. 2019;9:76. https://doi.org/10.3390/bios9020076.

59. So M-K, Xu C, Loening AM, Gambhir SS, Rao J. Self-illuminating quantum dot conjugates
for in vivo imaging. Nat Biotechnol. 2006;24:339–43. https://doi.org/10.1038/nbt1188.

60. Xiong L, Shuhendler AJ, Rao J. Self-luminescing BRET-FRET near-infrared dots for in vivo
lymph-node mapping and tumour imaging. Nat Commun. 2012;3:1193. https://doi.org/10.
1038/ncomms2197.

61. Augusto FA, de Souza GA, de Souza Júnior SP, Khalid M, Baader WJ. Efficiency of electron
transfer initiated chemiluminescence. Photochem Photobiol. 2013;89:1299–317. https://doi.
org/10.1111/php.12102.

62. Rauhut MM. Chemiluminescence from concerted peroxide decomposition reactions. Acc
Chem Res. 1969;2:80–7. https://doi.org/10.1021/ar50015a003.

63. Rauhut MM, Bollyky LJ, Roberts BG, Loy M, Whitman RH, Iannotta AV, et al. Chemilumi-
nescence from reactions of electronegatively substituted aryl oxalates with hydrogen peroxide
and fluorescent compounds. J Am Chem Soc. 1967;89:6515–22. https://doi.org/10.1021/
ja01001a025.

64. Freeman R, Liu X, Willner I. Chemiluminescent and chemiluminescence resonance energy
transfer (CRET) detection of DNA, metal ions, and aptamer–substrate complexes using
Hemin/G-quadruplexes and CdSe/ZnS quantum dots. J Am Chem Soc. 2011;133:11597–
604. https://doi.org/10.1021/ja202639m.

65. Lee D, Khaja S, Velasquez-Castano JC, Dasari M, Sun C, Petros J, et al. In vivo imaging of
hydrogen peroxide with chemiluminescent nanoparticles. Nat Mater. 2007;6:765–9. https://
doi.org/10.1038/nmat1983.

66. Bag S, Tseng J-C, Rochford J. A BODIPY-luminol chemiluminescent resonance energy-
transfer (CRET) cassette for imaging of cellular superoxide. Org Biomol Chem. 2015;13:
1763–7. https://doi.org/10.1039/C4OB02413C.

67. Kambayashi Y, Ogino K. Reestimation of Cypridina Luciferin Analogs (MCLA) as a chemi-
luminescence probe to detect active oxygen species—cautionary note for use of MCLA. J
Toxicol Sci. 2003;28:139–48. https://doi.org/10.2131/jts.28.139.

68. Tseng J-C, Bailey D, Tupper T, Kung AL. Using glow stick chemistry for biological imaging.
Mol Imaging Biol. 2014;16:478–87. https://doi.org/10.1007/s11307-014-0721-8.

69. Tseng J-C, Kung AL. In vivo imaging of endogenous enzyme activities using luminescent
1,2-dioxetane compounds. J Biomed Sci. 2015;22:45. https://doi.org/10.1186/s12929-015-
0155-x.

70. Leblond F, Davis SC, Valdés PA, Pogue BW. Pre-clinical whole-body fluorescence imaging:
review of instruments, methods and applications. J Photochem Photobiol B Biol. 2010;98:77–
94. https://doi.org/10.1016/j.jphotobiol.2009.11.007.

71. Maeda H, Matsumura Y. EPR effect based drug design and clinical outlook for enhanced
cancer chemotherapy. Adv Drug Deliv Rev. 2011;63:129–30. https://doi.org/10.1016/j.addr.
2010.05.001.

72. Eaton VL, Vasquez KO, Goings GE, Hunter ZN, Peterson JD, Miller SD. Optical tomographic
imaging of near infrared imaging agents quantifies disease severity and immunomodulation of
experimental autoimmune encephalomyelitis in vivo. J Neuroinflammation. 2013;10:904.
https://doi.org/10.1186/1742-2094-10-138.

73. Buono C, Anzinger JJ, Amar M, Kruth HS. Fluorescent pegylated nanoparticles demonstrate
fluid-phase pinocytosis by macrophages in mouse atherosclerotic lesions. J Clin Invest.
2009;119:1373–81. https://doi.org/10.1172/JCI35548.

https://doi.org/10.2217/nnm.16.5
https://doi.org/10.1073/pnas.1100923108
https://doi.org/10.1073/pnas.1100923108
https://doi.org/10.3390/bios9020076
https://doi.org/10.1038/nbt1188
https://doi.org/10.1038/ncomms2197
https://doi.org/10.1038/ncomms2197
https://doi.org/10.1111/php.12102
https://doi.org/10.1111/php.12102
https://doi.org/10.1021/ar50015a003
https://doi.org/10.1021/ja01001a025
https://doi.org/10.1021/ja01001a025
https://doi.org/10.1021/ja202639m
https://doi.org/10.1038/nmat1983
https://doi.org/10.1038/nmat1983
https://doi.org/10.1039/C4OB02413C
https://doi.org/10.2131/jts.28.139
https://doi.org/10.1007/s11307-014-0721-8
https://doi.org/10.1186/s12929-015-0155-x
https://doi.org/10.1186/s12929-015-0155-x
https://doi.org/10.1016/j.jphotobiol.2009.11.007
https://doi.org/10.1016/j.addr.2010.05.001
https://doi.org/10.1016/j.addr.2010.05.001
https://doi.org/10.1186/1742-2094-10-138
https://doi.org/10.1172/JCI35548


188 J.-C. Tseng and J. D. Peterson

74. Uddin MJ, Crews BC, Blobaum AL, Kingsley PJ, Gorden DL, McIntyre JO, et al. Selective
visualization of cyclooxygenase-2 in inflammation and cancer by targeted fluorescent imaging
agents. Cancer Res. 2010;70:3618–27. https://doi.org/10.1158/0008-5472.CAN-09-2664.

75. Han W, Zaynagetdinov R, Yull FE, Polosukhin VV, Gleaves LA, Tanjore H, et al. Molecular
imaging of folate receptor β–positive macrophages during acute lung inflammation. Am J
Respir Cell Mol Biol. 2015;53:50–9. https://doi.org/10.1165/rcmb.2014-0289OC.

76. Chen W-T, Mahmood U, Weissleder R, Tung C-H. Arthritis imaging using a near-infrared
fluorescence folate-targeted probe. Arthritis Res Ther. 2005;7:R310–7. https://doi.org/10.
1186/ar1483.

77. Bridgewater RE, Norman JC, Caswell PT. Integrin trafficking at a glance. J Cell Sci.
2012;125:3695–701. https://doi.org/10.1242/jcs.095810.

78. Paul NR, Jacquemet G, Caswell PT. Endocytic trafficking of integrins in cell migration. Curr
Biol. 2015;25:R1092–105. https://doi.org/10.1016/j.cub.2015.09.049.

79. Moreno-Layseca P, Icha J, Hamidi H, Ivaska J. Integrin trafficking in cells and tissues. Nat
Cell Biol. 2019;21:122–32. https://doi.org/10.1038/s41556-018-0223-z.

80. Su G, Atakilit A, Li JT, Wu N, Bhattacharya M, Zhu J, et al. Absence of integrin αvβ3
enhances vascular leak in mice by inhibiting endothelial cortical actin formation. Am J Respir
Crit Care Med. 2012;185:58–66. https://doi.org/10.1164/rccm.201108-1381OC.

81. Laitinen I, Saraste A, Weidl E, Poethko T, Weber AW, Nekolla SG, et al. Evaluation of αvβ3
integrin-targeted positron emission tomography tracer 18 F-Galacto-RGD for imaging of
vascular inflammation in atherosclerotic mice. Circ Cardiovasc Imaging. 2009;2:331–8.
https://doi.org/10.1161/CIRCIMAGING.108.846865.

82. Jenkins WS, Vesey AT, Vickers A, Neale A, Moles C, Connell M, et al. In vivo alpha-V beta-3
integrin expression in human aortic atherosclerosis. Heart. 2019;105:1868–75. https://doi.org/
10.1136/heartjnl-2019-315103.

83. Razavian M, Marfatia R, Mongue-Din H, Tavakoli S, Sinusas AJ, Zhang J, et al. Integrin-
targeted imaging of inflammation in vascular remodeling. Arterioscler Thromb Vasc Biol.
2011;31:2820–6. https://doi.org/10.1161/ATVBAHA.111.231654.

84. Ludwig BS, Kessler H, Kossatz S, Reuning U. RGD-binding integrins revisited: how recently
discovered functions and novel synthetic ligands (re-)shape an ever-evolving field. Cancers
(Basel). 2021;13:1711. https://doi.org/10.3390/cancers13071711.

85. Lin S-A, Patel M, Suresch D, Connolly B, Bao B, Groves K, et al. Quantitative longitudinal
imaging of vascular inflammation and treatment by ezetimibe in apoE mice by FMT using new
optical imaging biomarkers of cathepsin activity and αvβ3 integrin. Int J Mol Imaging.
2012;2012:1–13. https://doi.org/10.1155/2012/189254.

86. Wu L, Sedgwick AC, Sun X, Bull SD, He X-P, James TD. Reaction-based fluorescent probes
for the detection and imaging of reactive oxygen, nitrogen, and sulfur species. Acc Chem Res.
2019;52:2582–97. https://doi.org/10.1021/acs.accounts.9b00302.

87. Driever SM, Fryer MJ, Mullineaux PM, Baker NR. Imaging of reactive oxygen species
in vivo. In: Pfannschmidt T, editor. Plant signal transduct. Totowa, NJ: Humana Press;
2009. p. 109–16. https://doi.org/10.1007/978-1-59745-289-2_7.

88. Kundu K, Knight SF, Willett N, Lee S, Taylor WR, Murthy N. Hydrocyanines: a class of
fluorescent sensors that can image reactive oxygen species in cell culture, tissue, and in vivo.
Angew Chemie Int Ed. 2009;48:299–303. https://doi.org/10.1002/anie.200804851.

89. Prunty MC, Aung MH, Hanif AM, Allen RS, Chrenek MA, Boatright JH, et al. In vivo
imaging of retinal oxidative stress using a reactive oxygen species–activated fluorescent probe.
Investig Opthalmol Vis Sci. 2015;56:5862. https://doi.org/10.1167/iovs.15-16810.

90. Ito R, Kamiya M, Urano Y. Molecular probes for fluorescence image-guided cancer surgery.
Curr Opin Chem Biol. 2022;67:102112. https://doi.org/10.1016/j.cbpa.2021.102112.

91. Suri S, Lehman SM, Selvam S, Reddie K, Maity S, Murthy N, et al. In vivo fluorescence
imaging of biomaterial-associated inflammation and infection in a minimally invasive manner.
J Biomed Mater Res Part A. 2015;103:76–83. https://doi.org/10.1002/jbm.a.35162.

https://doi.org/10.1158/0008-5472.CAN-09-2664
https://doi.org/10.1165/rcmb.2014-0289OC
https://doi.org/10.1186/ar1483
https://doi.org/10.1186/ar1483
https://doi.org/10.1242/jcs.095810
https://doi.org/10.1016/j.cub.2015.09.049
https://doi.org/10.1038/s41556-018-0223-z
https://doi.org/10.1164/rccm.201108-1381OC
https://doi.org/10.1161/CIRCIMAGING.108.846865
https://doi.org/10.1136/heartjnl-2019-315103
https://doi.org/10.1136/heartjnl-2019-315103
https://doi.org/10.1161/ATVBAHA.111.231654
https://doi.org/10.3390/cancers13071711
https://doi.org/10.1155/2012/189254
https://doi.org/10.1021/acs.accounts.9b00302
https://doi.org/10.1007/978-1-59745-289-2_7
https://doi.org/10.1002/anie.200804851
https://doi.org/10.1167/iovs.15-16810
https://doi.org/10.1016/j.cbpa.2021.102112
https://doi.org/10.1002/jbm.a.35162


Whole-Body Chemiluminescence and Fluorescence Imaging of Inflammation 189

92. Uusitalo LM, Hempel N. Recent advances in intracellular and in vivo ROS sensing: focus on
nanoparticle and nanotube applications. Int J Mol Sci. 2012;13:10660–79. https://doi.org/10.
3390/ijms130910660.

93. Wu L, Wu I-C, DuFort CC, Carlson MA, Wu X, Chen L, et al. Photostable Ratiometric Pdot
probe for in vitro and in vivo imaging of hypochlorous acid. J Am Chem Soc. 2017;139:6911–
8. https://doi.org/10.1021/jacs.7b01545.

94. Funovics M, Weissleder R, Tung C-H. Protease sensors for bioimaging. Anal Bioanal Chem.
2003;377:956–63. https://doi.org/10.1007/s00216-003-2199-0.

95. Weissleder R, Tung C-H, Mahmood U, Bogdanov A. In vivo imaging of tumors with protease-
activated near-infrared fluorescent probes. Nat Biotechnol. 1999;17:375–8. https://doi.org/10.
1038/7933.

96. Wunder A, Tung C-H, Müller-Ladner U, Weissleder R, Mahmood U. In vivo imaging of
protease activity in arthritis: a novel approach for monitoring treatment response. Arthritis
Rheum. 2004;50:2459–65. https://doi.org/10.1002/art.20379.

97. Kossodo S, Zhang J, Groves K, Cuneo GJ, Handy E, Morin J, et al. Noninvasive in vivo
quantification of neutrophil elastase activity in acute experimental mouse lung injury. Int J Mol
Imaging. 2011;2011:1–11. https://doi.org/10.1155/2011/581406.

98. Akers WJ, Xu B, Lee H, Sudlow GP, Fields GB, Achilefu S, et al. Detection of MMP-2 and
MMP-9 activity in vivo with a triple-helical peptide optical probe. Bioconjug Chem. 2012;23:
656–63. https://doi.org/10.1021/bc300027y.

99. Chen X, Lee D, Yu S, Kim G, Lee S, Cho Y, et al. In vivo near-infrared imaging and
phototherapy of tumors using a cathepsin B-activated fluorescent probe. Biomaterials.
2017;122:130–40. https://doi.org/10.1016/j.biomaterials.2017.01.020.

100. Glinzer A, Ma X, Prakash J, Kimm MA, Lohöfer F, Kosanke K, et al. Targeting elastase for
molecular imaging of early atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 2017;37:
525–33. https://doi.org/10.1161/ATVBAHA.116.308726.

101. Korideck H, Peterson JD. Noninvasive quantitative tomography of the therapeutic response to
dexamethasone in ovalbumin-induced murine asthma. J Pharmacol Exp Ther. 2009;329:882–
9. https://doi.org/10.1124/jpet.108.147579.

102. Ibarra JM, Jimenez F, Martinez HG, Clark K, Ahuja SS. MMP-activated fluorescence imaging
detects early joint inflammation in collagen-antibody-induced arthritis in CC-chemokine
Receptor-2-null mice, in-vivo. Int J Inflam. 2011;2011:1–6. https://doi.org/10.4061/2011/
691587.

103. Peterson JD, LaBranche TP, Vasquez KO, Kossodo S, Melton M, Rader R, et al. Optical
tomographic imaging discriminates between disease-modifying anti-rheumatic drug
(DMARD) and non-DMARD efficacy in collagen antibody-induced arthritis. Arthritis Res
Ther. 2010;12:R105. https://doi.org/10.1186/ar3038.

https://doi.org/10.3390/ijms130910660
https://doi.org/10.3390/ijms130910660
https://doi.org/10.1021/jacs.7b01545
https://doi.org/10.1007/s00216-003-2199-0
https://doi.org/10.1038/7933
https://doi.org/10.1038/7933
https://doi.org/10.1002/art.20379
https://doi.org/10.1155/2011/581406
https://doi.org/10.1021/bc300027y
https://doi.org/10.1016/j.biomaterials.2017.01.020
https://doi.org/10.1161/ATVBAHA.116.308726
https://doi.org/10.1124/jpet.108.147579
https://doi.org/10.4061/2011/691587
https://doi.org/10.4061/2011/691587
https://doi.org/10.1186/ar3038


Photoacoustic Imaging in Inflammation
Research

Jingqin Chen, Zhihua Xie, Liang Song, Xiaojing Gong, and Chengbo Liu

Abstract Photoacoustic (PA) imaging has emerged as a promising technique for
real-time detection and diagnosis of pathologies related to inflammation owing to the
deep penetration of the ultrasound waves and the high resolution of optical imaging.
This chapter provides an overview on the latest developments on endogenous and
exogenous probes used for PA imaging to evaluate the dynamics of inflammatory
factors in inflammation-related diseases. We first review the label-free PA imaging
of arthritis and Crohn’s disease using hemoglobin as an endogenous probe to detect
blood oxygenation saturation; we then focus on PA imaging assisted with three types
of contrast agents for inflammation research: (1) activatable probes that respond to
endogenous inflammatory stimuli, (2) probes targeted toward inflammation markers,
and (3) direct cell labeling agents for PA imaging. Finally, we discuss the challenges
and perspectives in developing further strategies for specific and sensitive PA
imaging in inflammation research. This chapter is intended to provide a brief
introduction to PA imaging and, through selected examples, to showcase how PA
imaging can increase our understanding of inflammatory diseases, provide benefits
in preclinical research studies, and pave the way for future clinical applications.
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1 Introduction to Photoacoustic Imaging

Inflammation is a biological response to disturbed homeostasis in tissues, leading to
the recruitment of blood-derived products such as plasma proteins, fluids, and
leukocytes into the affected tissues [ , ]. Changes in the local vascular system
promote this recruitment, inducing vasodilation, increased vascular permeability,
and increased blood flow [ ]. In addition, redox imbalance and a large amount of
reactive oxygen species (ROS) and pro-inflammatory chemokines (secreted by
inflammatory cells, such as M1 macrophages and neutrophils) are present in most
inflammatory microenvironments [ , , ]. The main function of inflammation is to
quickly destroy or isolate the potential source of disturbance, remove the damaged
tissue, and then restore tissue homeostasis [ , ]. Inflammation, if properly regulated,
is considered adaptive. If not properly regulated, excess inflammation has devastat-
ing effects, leading to excessive collateral damage and occurrence of inflammation-
related pathologies, such as rheumatoid arthritis, gout, diabetes, and arteriovenous
diseases [ , ]. Therefore, an accurate and sensitive detection of the inflammatory
microenvironment is of great importance not only for the diagnosis and treatment of
such diseases but also to gain a better understanding of the mechanisms character-
izing the occurrence and development of diseases.
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Traditional biomedical imaging plays an indispensable role in the diagnosis of
inflammation [12, 13]. Clinically, magnetic resonance imaging (MRI), ultrasound
(US) imaging, and X-ray computed tomography (CT) have a practically unlimited
tissue penetration depth and allow the observation of structural changes of deep
tissues, including vascular distribution, synovitis, and erosion [14, 15]. However,
their imaging resolution is insufficient to observe subtle changes, neovessel forma-
tion, and molecular dynamics. US imaging can evaluate dynamic processes, provid-
ing high spatiotemporal resolution in imaging of anatomical structures, and high
sensitivity in identifying blood flow [16, 17]. It is also easily available and affordable
and is therefore widely used for the clinical evaluation of inflammatory diseases
[18, 19]. However, because ultrasound imaging is more sensitive to high-speed
blood flow and less sensitive to low flow rate circulation, inflammation is often
missed because it tends to involve vasodilation with a low flow rate. In addition, US
imaging cannot assess blood oxygen saturation, which is another important physi-
ological indicator of inflammatory diseases [20].

Photoacoustic (PA) imaging is an emerging medical imaging technology that
combines optical and ultrasound imaging [21]. Its imaging process typically starts
with a short laser pulse fired at biological tissue. As photons propagate into the
tissue, some are absorbed by biomolecules such as hemoglobin, nucleic acids (DNA,
RNA), lipids, water, melanin, and cytochromes. The absorbed optical energy is then
partially or completely converted into heat through non-radiative relaxation of the
excited molecules (Fig. 1a). This heat generates a pressure wave that propagates in
tissue as an ultrasound wave. The ultrasound wave is detected outside the tissue by
an ultrasonic transducer to form an image that maps the original optical energy
deposition inside the tissue [21, 22]. Because ultrasound waves scatter much less



than light in tissue, good contrast can be achieved from deeper inside the tissue.
Based on this principle, PA imaging combines the advantages of optical and
ultrasonic imaging, showing increased imaging depth, temporal resolution, and
sensitivity compared with optical and ultrasound imaging [23–27]. To date, using
endogenous absorbers such as hemoglobin as probes, PA imaging has been used to
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capture images of organelles, cells, tissue, small animals, and blood vessels in the
human hand (Fig. 1b–f) [26–31]. Therefore, information on vascular-related inflam-
mation can be obtained through label-free PA imaging. In addition to PA imaging
inflammation based on endogenous probes, advances in nanomaterial technology
and chemistry have allowed inflammatory molecules in the tissue microenvironment
to be detected with exogenous probes [27].
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Note: in photoacoustic and ultrasound imaging systems, the physical device
used to record the signal is often called a probe. Somewhat confusingly,
acoustogenic contrast agents, i.e., molecules that can generate a PA/US signal,
are also often called probes. Given the prevalence of both meanings in the
literature, we have chosen to keep to common usages and clarify in the text
where necessary. In this introductory section, “probe” refers to the physical
device.

Photoacoustic imaging systems in various forms have been used, mainly divided
into photoacoustic microscopy (PAM) and photoacoustic computed tomography
(PACT). PAM uses low-energy (nJ to μJ), focused lasers for excitation and a single
focused transducer for detection, providing PA imaging with high spatial resolution
(lateral resolution: ~0.5–10 μm) but limited depth (a few millimeters) by point-to-
point scanning (Fig. 1g). The lateral imaging resolution is defined by the size of
either the focused light spot or the focused acoustic spot, allowing PA imaging with
a high spatial resolution and offering detailed anatomical information about blood
vessels, at the expense of a reduced depth of penetration. Because of the increase in
spatial resolution, these techniques are called optical-resolution photoacoustic
microscopy (OR-PAM) and acoustic-resolution photoacoustic microscopy
(AR-PAM), respectively [34].

In contrast, PACT systems use transducer arrays for ultrasonic signal detection
and higher-energy lasers for excitation (several to tens of mJ), acquiring PA signal at
moderate lateral resolution (>0.25 μm), but the use of low-frequency (1–10 MHz)
ultrasound elements enables the detection of PA/US signals from deeper tissue
(generally 5–6 cm) (Fig. 1h). However, using low ultrasound frequencies limits
the lateral resolution of the images and makes it difficult to obtain detailed informa-
tion on neovessels, such as the accurate anatomical formation of individual vessels.
The imaging of inflammation through linear array-based PA systems (Fig. 1h) driven
by commercial ultrasound units may provide many advantages and accelerate the
acceptance into routine clinical practice of this novel imaging modality, especially
with state-of-the-art ultrasound technologies such as probes with a large number of
parallel channels facilitating real-time image acquisition and display. With a dual-
modality arrangement, PA and ultrasound images of joints can also be obtained
simultaneously, using the same system, resulting in naturally co-registered images.
Since ultrasound is an established tool for musculoskeletal imaging, ultrasound
images can be used to guide the PA procedure and help the interpretation of PA



images. Combined PA/ultrasound imaging based on linear-array ultrasound trans-
ducers has been widely applied to identify blood vessels in arthritic joints, both in
animals and humans [35]. In recent years, linear-array PA/ultrasound systems (e.g.,
Vevo LAZR-X, LOIS/LOUISA-3D) have become commercially available and seen
clinical application such as breast cancer diagnosis, sentinel lymph node detection,
and malignant and benign thyroid nodule identification [36, 37].
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PA imaging systems based on conventional US systems, such as the linear-array
US probes mentioned above, have the advantage of being more readily translatable
to the clinic and were therefore the first to be experimented and characterized.
However, the PA images generated from these systems generally suffer from some
distortion due to the limited view effect, especially at the edges of the field of view.
This has encouraged the development of PA systems based on concave array trans-
ducers, which mitigate the problem of image distortion by providing a wider
imaging angle. Concave array systems can only image a small region located at
the center of the arc, and therefore, hybrid array-based PA/US probes have also been
proposed to combine the advantages of the large field of view of linear-array systems
and the wide imaging angle of concave array systems [38]. These hybrid array-based
PA/US systems have been reported in disease detection, including inflammation,
with great potential for clinical translation [37]. For further technical details about
the various types of transducers and their respective advantages and disadvantages,
we refer the readers to a review by Choi et al. [37].

Finally, spectroscopic PA imaging techniques such as multispectral optoacoustic
tomography (MSOT) can exploit the unique absorption spectra of different endog-
enous chromophores to accurately quantify multiple molecular components by
sequentially illuminating a tissue volume at multiple wavelengths [25]. For example,
oxyhemoglobin (HbO), deoxyhemoglobin (Hb), and collagen have different absorp-
tion spectra (Fig. 1i), and therefore PA imaging can simultaneously assess hemo-
globin and collagen contents in biological tissue [39], resulting in a useful tool for
the characterization of multiple markers of inflammation. One of the strengths of PA
imaging is its ability to provide absolute quantification of chromophores. For a
description of the mathematical foundations of quantitative PA imaging, we refer
the reader to the review by Cox et al. [40].

During spectroscopic PA imaging of a complex biological tissue, the intensity of
the PA signals is proportional to the total optical energy absorption at the wave-
lengths at which the signals are acquired. The corresponding total optical absorption
rate is calculated as in Eq. (1):

Ai =
X
j

cjμji ð1Þ

where Ai is the total optical absorption rate at the wavelength i, which is proportional
to the PA intensity (Pλ), μji is the absorption coefficient of the molecular component
j at the wavelength i, and cj is the relative concentration of the molecular component
j. Continuing the example above, HbO, Hb, and collagen are important molecular



þ

þ

components in the assessment of Crohn’s disease (CD). Their individual concentra-
tions in the imaged tissue can be derived from their contributions to the PA signal
intensity using Eq. (2). The blood oxygenation (SpO2) and the ratio between the
concentrations of collagen and hemoglobin (Collagen/Hb) are obtained using
Eqs. (3) and (4), respectively:
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In this chapter, we provide a number of examples of the use of PA imaging in
clinical and preclinical inflammation research. We first focus on label-free PA
imaging and its use in visualizing angiogenesis and blood oxygenation saturation
in inflammatory diseases such as arthritis and Crohn’s disease. We then summarize
several PA imaging strategies using specific exogenous acoustogenic probes for the
inflammatory microenvironment, including reactive oxygen species (ROS), gluta-
thione (GSH), carbon monoxide (CO), leukotriene A4 (LTA4H), cluster of differen-
tiation 36 (CD36), interleukin-6 (IL-6), and inflammatory cells.

2 Label-Free Photoacoustic Imaging of Inflammation

Many endogenous biomolecules (e.g., lipids, bone, hemoglobin, DNA/RNA, water,
melanin, cytochromes, etc.) are chromophores with characteristic light absorption
wavelengths, enabling label-free PA imaging of various tissue components and
moreover, the detection of diseases. For example, the PA imaging of lipids is widely
reported as a method of detecting atherosclerosis [41], fatty liver diseases [42] and
observing nerve activity [43]; variations in hydroxyapatite, hemoglobin, collagen,
and lipid contents in bones have enabled the detection and monitoring of osteopo-
rosis by PA imaging [44]; PA imaging of collagen has been used for musculoskeletal
diseases such as Duchenne’s myopathy [45]; PA imaging of hemoglobin is used for
angiogenesis and tumors [46], and also inflammatory skin diseases [47]. Inflamma-
tory diseases often involve changes in microcirculation, making PA imaging of
hemoglobin and oxygen saturation especially useful to detect and evaluate
inflammation (Table 1).



Disease Photoacoustic imaging system
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Table 1 Changes affecting blood vessels in inflammation and role of PA imaging in identifying
these changes

Physiological
process

Endogenous
label

Selected
references

Arthritis Angiogenesis Hemoglobin Array-based PA system, single-
transducer-based PA system

[48–51]

Colitis,
sepsis

Impaired
microcirculation

Hemoglobin Single-transducer-based PA
system

[52, 53]

Crohn’s
disease

Blood flow, oxygen
saturation change

SpO2 Array-based PA system, single-
transducer-based PA system

[33, 54–
56]

2.1 Evaluation of Inflammation by Photoacoustic Imaging
of Hemoglobin

Generally, the microenvironment of inflammation involves changes in the microcir-
culation, such as angiogenesis, impaired microcirculatory perfusion, or
hyperperfusion due to vasodilation, depending on the phase of inflammation.
Changes can generally be identified by imaging the vessels and evaluating blood
flow rate in and around the inflamed area. Blood flowing in the vessels contains a
variety of chromophores such as oxygenated hemoglobin and deoxygenated hemo-
globin, both highly absorptive in the visible to near-infrared (NIR) spectral region
(400–1200 nm) and capable of generating PA signals efficiently [57]. The optical
contrast is intrinsically sensitive to tissue abnormalities and functions such as
increased blood content due to angiogenesis and blood flow rate change due to
hyperperfusion; therefore, PA imaging is an appropriate modality to obtain infor-
mation on the morphology and number of vessels and blood flow, enabling the
evaluation of the severity of inflammation.

Doppler ultrasound imaging is a mature clinical technology used for vascular
imaging, obtaining blood flow information through vessels by bouncing ultrasonic
waves off circulating red blood cells. It is a very useful imaging modality for the
clinical diagnosis of vascular issues such as blood clots, decreased blood circulation,
narrowing of arteries, etc. Although PA imaging relies on the detection of ultrasound
signals, it differs significantly from clinical Doppler ultrasound imaging in three
aspects. First, PA signal relies only on the presence of hemoglobin (or other chro-
mophores), rather than the movement of erythrocytes that forms the basis of Doppler
ultrasound imaging of circulation [21]. Second, the PA signal is less affected by the
orientation of the blood vessel than the Doppler ultrasound signal [58]. Last but not
least, a larger concentration of hemoglobin is present inside the vasculature than in
the surrounding tissue, leading to more intense signal generation from the vessels,
while in Doppler ultrasound imaging, erythrocytes produce a less intense signal than
the surrounding tissue. These properties imply that slow blood flow in the synovial
microvasculature can be easily detected by PA imaging. Thus, our hypothesis is that
PA imaging can be particularly sensitive to early occurrence of inflammation.
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Inflammatory arthritis, such as rheumatoid arthritis, is characterized by the
proliferation of synovial tissue and the destruction of articular cartilage. Synovial
angiogenesis is an important early symptom in the development and perpetuation of
inflammatory arthritis [48]. Angiogenesis is the result of the combination of hypoxia
and high metabolic demand, increasing the number of synovial vessels and leading
to synovial infiltration and hyperplasia. The presence of hypervascularized synovial
tissue is directly associated with disease activity [49], and PA imaging has been
applied to the evaluation of arthritis by imaging the neovessels around the inflam-
matory area (Fig. 2).

Experiments using animal models of arthritis showed an increased intensity of the
PA signal around the target joint affected by arthritis in comparison with the signal
from a non-inflamed joint (Fig. 2a). The increased intensity in this chronic inflam-
mation model is mainly due to angiogenesis in the inflamed tissues, demonstrated by
histologic analysis of the arthritic joint (Fig. 2b). An increased PA signal can be
observed even in subclinical arthritis (Fig. 2c), underlining the high sensitivity of PA
imaging in the detection of arthritis. PA imaging can also reveal the network of
vessels with high spatial resolution, showing the distorted vessel distribution
induced by inflammation (Fig. 2d).

Photoacoustic microscopy has been applied to inflammatory diseases such as
sepsis. Sepsis is a dysregulated inflammatory response to infection by bacteria,
parasites, fungi, or viruses and is accompanied by clinical symptoms including
fever, chills, accelerated heartbeat, and severe pain. Severe sepsis can lead to
multiple organ dysfunction and has a high mortality rate. During sepsis, tissue
damage is generally characterized by impaired microcirculatory perfusion correlated
with systemic hemodynamic and oxygen transport indices. Sepsis is also anatomi-
cally associated with significant changes in existing vessels, including vessel num-
ber, tortuosity, etc. [60]. For example, changes in the microvasculature in a mouse
model of lipopolysaccharide (LPS)-induced inflammation have been imaged by
high-resolution PA microscopy, showing the evolution of the microvasculature
over time in great detail. Anatomical characteristics of the vessels including vessel
diameter, vessel ratio, and vessel intensity were accurately quantified to assess the
severity of inflammation [53].

In addition to changes in the morphology and number of vessels, inflammation
also affected the blood flow rate in the affected vessels. In this regard, monitoring the
microcirculatory function by quantifying the blood flow rate may help the assess-
ment of the severity of the inflammatory response and consequently allow the
treatment of inflammation. Another method to evaluate blood flow rate is
photoacoustic Doppler broadening of bandwidth, which is analogous to Doppler
ultrasound and can additionally indicate the direction of the blood flow (Fig. 2e)
[59]. This study by Yao et al. illustrates the feasibility of quantifying the blood flow
rate in and around the area of inflammation area by PA imaging and the possibility of
using PA imaging to perform a comprehensive, multi-parametric evaluation of
inflammation severity.
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Fig. 2 (a) PA tomography image at 532 nm (for hemoglobin) of a rat ankle affected by arthritis
(left) and normal rat ankle (right) [50]; (b) Microscopy image (hematoxylin and eosin staining) of
arthritic rat tibiotarsal (ankle) joints; scale bar: 200 μm; (c) Pseudo-color PA image superimposed
on a grayscale ultrasound image of the second metacarpophalangeal joint of a human hand affected
by arthritis, demonstrating the presence of active vascularity in the joint. Yellow arrow, bone; green
arrow, tendon; red arrow, skin [51]; (d) Photoacoustic images of colon vessels in healthy mice (left)
and mice with colitis (right) showing enlarged vasculature in the colon wall [52]; (e) Photoacoustic
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2.2 Label-Free Photoacoustic Imaging of Blood Oxygen
Saturation and Collagen in Crohn’s Disease

Crohn’s disease (CD) is an inflammatory bowel disease in which both inflammation
and fibrosis cause the thickening of the bowel wall and the development of compli-
cations such as strictures in many patients [61]. The physiopathology of CD is
characterized by obstructing intestinal strictures due to inflammation (with high
levels of hemoglobin), fibrosis (high levels of collagen), or a combination of both,
as shown in Fig. 3. The accurate characterization of strictures is fundamental for the
monitoring and management of CD. Additionally, tissue hemoglobin (Hb) and
oxygenated hemoglobin (HbO2) content are also valuable markers of perfusion
and inflammation in the gastrointestinal tract [52, 62]. Therefore, imaging tech-
niques that can simultaneously assess Hb, HbO2, collagen, and other markers of
inflammation in the intestinal wall of patients with inflammatory bowel diseases
provide a highly sensitive and reliable noninvasive way of assessing disease activity
in great detail [63].

For example, Waldner et al. used MSOT to evaluate intestinal inflammation in a
clinical trial in patients with CD [54]. The wavelengths of 700 nm, 730 nm, 760 nm,
800 nm, 850 nm, and 900 nm were used for PA signal generation and spectral
analysis. A region of interest inside the intestinal wall of the terminal ileum or
sigmoid colon was chosen to calculate individual parameters of MSOT such as
hemoglobin and oxygen saturation. Figure 3b shows transabdominal MSOT images
of the intestinal wall of CD patients in remission and with disease activity, respec-
tively. The imaging results demonstrated that HbO2 and sO2 values increase steadily
in correlation with disease activity. The use of spectroscopic PA imaging in animal
models of CD has also been reported [55, 56]. The imaging results revealed an
increase in the relative collagen/hemoglobin ratio in the animals with chronic CD
compared to those with acute CD due to the deposition of extracellular collagen and
decreased vascularity in the fibrotic intestinal stricture. In contrast, the animals with
acute CD were characterized by higher oxygenated (850 nm) and deoxygenated
(750 nm) hemoglobin and blood oxygenation levels than the animals with chronic
CD due to the rich vascularity and blood supply secondary to the inflamed segment
of intestine. The data sets acquired at the individual wavelengths were consistent
with the increased collagen content and the reduced intra-tissue blood observed by
histology in animals with chronic CD. The ratios derived from the measurements at
the three wavelengths between collagen and hemoglobin contents were significantly

Fig. 2 (continued) images of blood vessels showing the flow rate (left) and flow direction (right)
[59]. (a, b) Adapted from [50] with permission, © 2012, Rajian et al. (CC-BY 4.0 license). (c)
Adapted from [51] with permission, © 2017, Jo et al. (CC-BY 4.0 license). (d) Adapted from [52]
with permission, © 2018, The AGA Institute. (e) Adapted from [59] with permission, © 2018, The
Optical Society



different between the two conditions and could potentially be used as to predict
clinical outcomes.
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Healthy bowel Crohn’s disease

HbO2 SO2B-mode ultrasound

C
ro

hn
’s

 d
is

ea
se

: r
em

is
si

on
C

ro
hn

’s
 d

is
ea

se
: a

ct
iv

e
a

b

Fig. 3 (a) Schematic representation of a normal bowel (left) and small-bowel stricture in Crohn’s
disease (right), showing inflammation with thickening of the bowel wall and creeping fat [64]. (b)
Representative images from multispectral optoacoustic tomography measurements of the intestinal
wall of a patient with CD in remission (top line) and a patient with active CD (bottom line). The left
column represents ultrasound images. The middle and right columns represent the ultrasound
images co-registered with multispectral photoacoustic tomography data of oxygenated hemoglobin
(HbO2) and oxygen saturation (sO2). The patient with active CD displays increased HbO2 and sO2

signals in the intestinal wall (white rectangle) [54]. (a) Reproduced from [64] with permission,
© 2018, Crohn’s & Colitis Foundation. (b) Adapted from [54] with permission, © 2016, the AGA
Institute

In summary, label-free PA imaging technologies hold great potential in observing
anatomical changes in vessels and blood flow rate changes induced by inflammation,
as well as other associated markers such as collagen content and angiogenesis.
Oxygen saturation levels in tissue can also be quantified by PA imaging to evaluate



the severity of the inflammation. Numerous studies have demonstrated the capability
of PA imaging to identify areas of inflammation and quantify inflammation severity.
Based on the success of preclinical and early clinical studies, label-free PA imaging
is expected to achieve more widespread clinical adoption in the near future.
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3 Probe-Based Photoacoustic Imaging of Inflammation

Note: for the rest of this chapter, the word “probe” refers to acoustogenic molecules
or macromolecular structures, rather than the physical device for signal acquisition.

In addition to the changes in blood flow and tissue oxygenation status mentioned
above, the course of inflammatory diseases is characterized by changes in numerous
inflammatory factors and in the cellular microenvironment. For example, oxidative
stress, as a result of the imbalance between oxidants (e.g., ROS and RNS) and
antioxidants (e.g., glutathione (GSH) and vitamin E), is involved in both acute and
chronic inflammatory responses [6]. Carbon monoxide (CO), a by-product of heme
catabolism by heme oxygenase, plays an effective anti-inflammatory role. Many
inflammatory factors, including cell surface markers such as CD36 and cytokines
(e.g., IL-6), are overexpressed, and there is large recruitment of inflammatory cells.
These alterations provide important biomarkers for inflammation imaging that can
be targeted with specific molecular probes for PA imaging.

A PA probe is composed of a signaling, or acoustogenic, moiety that absorbs light
and generates heat, and a targeting moiety that allows the imaging of a specific
biological process. The signaling moiety can be a small organic molecule, a metallic
or semiconducting nanoparticle, or an organic nanoparticle [65]. The targeting
moiety can be anything that targets a specific biological process or structure, such
as a small molecule, a peptide, an aptamer, an antibody fragment, or a full protein.
The two moieties can be linked through a covalent bond, through encapsulation in a
nanoparticle, or via surface functionalization of a nanoparticle. As for any other
imaging probe, a PA probe must have suitable biological properties such as an
appropriate blood circulation time that allows its accumulation at the target location,
the ability to cross biological barriers to reach its target, good affinity for its target,
and low toxicity. In addition, an ideal PA probe will have the following properties:
an intense (and preferably narrow) absorption peak in the NIR region to provide high
sensitivity and avoid interference with endogenous chromophores, a low quantum
yield (unlike fluorescent probes) so that the relaxation releases more heat, efficient
conversion of heat to pressure waves, and high photostability for consistent imaging
[21, 65]. In this section, we present selected examples of specific exogenous PA
probes and targets for the detection of inflammation.
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3.1 Activatable Photoacoustic Probes Responsive
to Inflammatory Stimuli

3.1.1 Reactive Oxygen Species (ROS)-Responsive Probes

In biological organisms, maintaining adequate levels of ROS is essential for cell
growth and differentiation, immune responses, and aging [66, 67]. Hydrogen per-
oxide (H2O2) is one of the key ROS molecules involved in the development of many
diseases. Excessive H2O2 levels in the body can destroy the structure and function of
proteins, causing tissue damage and leading to a variety of diseases including cancer,
ischemia/reperfusion injury, and inflammation [68, 69]. Therefore, the development
of effective, sensitive, and real-time quantitative H2O2 detection methods may allow
the diagnosis of inflammation and help clarify the chemical mechanism underlying
the development and progression of inflammation. Recently, several optical molec-
ular sensing and imaging methods have been developed to detect H2O2 in vivo using
sensitive and specific probes [70–72]. Fluorescence imaging is an established optical
imaging method with high sensitivity, but there is significant light scatter that
degrades the spatial resolution and limits the imaging depth, thus making difficult
the detection of inflammation in deep lesions. This depth penetration issue can be
solved by using PA imaging. For example, Chen et al. rationally designed the
mitochondria-targeted near-infrared probe TPP-HCy-BOH for fluorescent and PA
imaging of H2O2 in a mouse model of LPS-induced peritoneal inflammation. The
comparison of fluorescence and PA images in this model demonstrates how PA
imaging can improve on in vivo fluorescence imaging in localizing the source and
distribution of inflammation [73]. Chen et al. developed a highly sensitive and
specific PA nanoprobe to detect H2O2, by simultaneously loading HRP and its
substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) into lipo-
some nanoparticles to obtain Lipo@HRP&ABTS [70] (Fig. 4a). In the presence of
H2O2, HRP converts the colorless ABTS into an oxidized form with strong near-
infrared (NIR) absorption (Fig. 4b), enabling the PA detection of H2O2 at low
micromolar concentrations. The authors used a bacterial infection model to induce
cellular oxidative stress, autophagy, and necrocytosis in mice, which increases ROS
production and activates inflammation (Fig. 4c), and used Lipo@HRP&ABTS as an
H2O2-responsive nanoprobe to accurately detect the H2O2 produced in response to
the bacterial infection (Fig. 4d).

To further improve the depth penetration of PA imaging, probes with excitation
peaks shifted further into the near-infrared region have been explored. Indeed, near-
infrared light in the first region (NIR-I, 680–900 nm) has a shallower tissue pene-
tration than near-infrared light in the second region (NIR-II, 900–2000 nm) due to
the different scattering and absorption characteristics of light in different wavelength
bands by biological tissues [74]. Therefore, NIR-II PA imaging has better potential
for imaging inflammatory lesions located deeper inside the body. Ye et al. developed
a novel silver-coated, palladium-tipped gold nanorod (Au–Pd@Ag NR) nanoprobe
to detect H2O2 through ratiometric PA imaging [72]. The Ag shell shifts the
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Fig. 4 (a) Schematic illustration showing the construction of Lipo@HRP&ABTS and its applica-
tions in H2O2 detection by PA imaging and H2O2-activated photothermal therapy. (b) UV–vis–NIR
absorbance spectra of Lipo@HRP&ABTS dispersed in buffers with different H2O2 concentrations.
(c) Schematic illustration of bacterial infection-induced ROS increase. (d) In vivo PA images and
PA signals at 800 nm from mice with bacterial infection, after injection of the H2O2-responsive
probe Lipo@HRP&ABTS. The infected regions and healthy regions injected with
Lipo@HRP&ABTS are highlighted in dashed circles. (a, b, d) Adapted with permission from
Chen et al. [70]



maximum absorption peak at ~1200 nm of these Au–Pd nanorods to 700 nm in the
NIR-I region, which is extended to 1260 nm in the NIR-II region following its
oxidation by H2O2. Thus, ratiometric PA imaging at 1260 and 700 nm (PA1260/
PA700) can be used to accurately quantify H2O2, and this was applied in a mouse
model of bacterial infection and abdominal inflammation, as well as in a rabbit
model of osteoarthritis [72]. The NIR-II PA images of the probe activated by H2O2

accurately differentiated the inflamed tissue from healthy tissue. Therefore, these
novel Au–Pd@Ag nanoparticles have diagnostic potential by precisely quantifying
H2O2 in inflamed tissue. Additionally, considering that osteoarthritis in a rabbit is
located much deeper than in a mouse, the ability to image osteoarthritis by PA in a
rabbit model illustrates the merits of using NIR-II probes for PA imaging.
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3.1.2 Reactive Oxygen Species/Glutathione-Responsive Probes

Sustained oxidative stress in the inflammatory microenvironment leads to the release
of pro-inflammatory cytokines and metalloproteinases, and the activation of antiox-
idant protection mechanisms. H2O2 is the main ROS involved in the oxidation and
reduction of protein thiols, and the glutathione redox pair (GSH/GSSG) is the main
antioxidant protection system [75]. Therefore, the ability to quantify the redox status
through the relative levels of ROS/GSH might provide a more accurate assessment
of the inflammatory activity, compared to the detection of ROS alone.

Illustrating this approach, Gao et al. designed a probe to simultaneously image
ROS and GSH in atherosclerotic plaque [76]. Atherosclerotic plaque disruption is
the most frequent underlying cause of acute clinical events such as myocardial
infarction and stroke. Plaque disruption is directly linked to inflammation, which
causes important ROS production and disrupts redox homeostasis. Therefore, the
ability to quantify plaque-specific redox status is highly desirable for the accurate
assessment of plaque inflammatory activity and vulnerability, for stratification of
patient risk and to gain a deeper understanding of the molecular mechanisms
contributing to plaque instability. In this example, two fluorescent molecular probes,
Cy-3-NO2 for the detection of GSH and Mito-NIRHP for the monitoring of H2O2,
were constructed and then self-assembled with bovine serum albumin (BSA) to form
a BSA-Cy-Mito PA nanoprobe for the detection of the redox levels in vivo, as shown
in Fig. 5a [76]. This BSA-incorporated nanoprobe displayed excellent biocompati-
bility and prolonged the blood circulation time for optimal plaque targeting. It also
showed strong GSH and H2O2-dependent absorbance at 765 and 680 nm for the
simultaneous PA detection of GSH/H2O2 at low micromolar concentrations (Fig. 5b,
c), with high specificity (Fig. 5d). For in vivo imaging of GSH/H2O2 in atheroscle-
rosis, BSA-Cy-Mito was administered to apolipoprotein E-deficient (ApoE-/-) mice
on a high-fat diet, and redox-related inflammation was detected accurately by the
appearance of changes in GSH/H2O2 PA signals in the abdominal aorta.

This nanoprobe also allowed to distinguish vulnerable plaque from stable plaque
based on the difference in H2O2 content and redox status (Fig. 5e, f). Therefore, this



sensitive redox-responsive PA nanoprobe can be an effective tool for the prevention
and treatment of diseases such as vascular plaque inflammation.
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Fig. 5 (a) Structure of the GSH/H2O2-responsive nanoprobe BSA-Cy-Mito. (b) UV–vis–NIR
absorption spectra of Cy-3-NO2, Mito-NIRHP, and BSA-Cy-Mito in PBS (pH 7.4). (c) PA imaging
of BSA-Cy-Mito nanoprobe (0.25 mg/mL) at different concentrations of H2O2 (upper panel) and
GSH (lower panel). (d) Enhanced PA intensity (P/P0) of BSA-Cy-Mito at 680 nm (black bars) and
765 nm (red bars) of various analytes. (e) Representative PA imaging of the abdominal aorta of
plaque-bearing ApoE-/- mice at different stages of plaque development, 2 h after the injection of
BSA-Cy-Mito nanoprobe (10 mg/kg) or pretreated with a scavenger. The scavengers used were
catalase (upper panel) and BSO (lower panel). Scale bar = 2 mm. (f) Normalized PA signal of an
abdominal aorta in (e). Adapted with permission from Gao et al. [76]. © 2019, American Chemical
Society

3.1.3 Carbon Monoxide-Responsive Probes

Carbon monoxide (CO) is a by-product of heme catabolism by heme oxygenase and
possesses effective anti-inflammatory properties [77]. Low concentrations of CO
differentially and selectively inhibit the expression of LPS-induced
pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleu-
kin-1β (IL-1β), and macrophage inflammatory protein-1β (MIP-1β) both in vivo and
in vitro, and increase the LPS-induced expression of the anti-inflammatory cytokine
interleukin-10 (IL-10) [78]. CO has an important protective function against inflam-
matory diseases and therefore has a potential therapeutic use. Therefore, the devel-
opment of convenient and accurate methods to measure changes in CO levels in
complex biological systems in real time is a potential strategy for monitoring



inflammation. Conventional detection methods for CO are based on electrochemical
analysis, gas chromatography, and chromogenic detection [79–81]. However, these
techniques are not suitable for real-time, noninvasive imaging of endogenous CO in
living organisms. Li et al. developed the first small-molecule PA probe (denoted as
MTR-CO) for the sensitive and selective detection of CO [82]. This PA MTR-CO
probe is composed of an allyl formate group (the responsive moiety) and a cyanine-
like dye (the reporting moiety, MTR-OH) (Fig. 6a). The PA signal of MTR-CO is
“off” because the allyl formate moiety masks the hydroxyl group of MTR-OH,
preventing the intramolecular charge transfer that normally gives rise to PA signal.
However, in the presence of CO and exogenous Pd2+, a Tsuji–Trost reaction occurs
that selectively cleaves the allyl formate moiety, thus converting MTR-CO into
MTR-OH, which results in the production of a strong near-infrared (NIR) absor-
bance peak (690 nm) and an intense PA signal (Fig. 6b). The injection of the
MTR-CO probe and PdCl2 in the murine air pouch inflammation model and the
visualization using a PA tomography system at different time points revealed that the
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Fig. 6 (a) Rational design of the PA probe MTR-CO for the detection of carbon monoxide. (b)
Absorption spectra of MTR-CO (10 μM) after the addition of 0–80 μM of the CO donor CORM-3.
Time-dependent PA imaging monitoring the endogenous CO using the MTR-CO probe in vivo. (c)
Schematic representation of the protocol used for PA imaging in vivo using MTR-CO in
LPS-induced air pouch inflammation. (d) PA images of air pouch inflammation in a nude mouse
before and after the subcutaneous injection of the MTR-CO probe (30 μM per mouse) for 0, 0.5,
1, 6, 12, and 24 h. The PA signal was collected under a pulsed laser at 690 nm. (e) Relative PA690
intensity of the corresponding PA images in (d). Error bars represent the standard deviation of three
separate measurements. Adapted with permission from Li et al. [82]. © 2021, American Chemical
Society



mice treated with saline are characterized by a slight PA signal increase after the
injection of MTR-CO at 1 h, followed by a slow decrease (Fig. 6c, d), indicating that
the MTR-CO probe detects low levels of CO in mice, with the detection limit of CO
calculated to be 0.66 μM. These results confirmed that MTR-CO could detect CO
levels in mice in real time. In contrast, there was a larger increase in PA signal in the
LPS-treated model (Fig. 6e), showing that excessive CO is produced in the
LPS-induced mouse inflammation model. All these results indicate that MTR-CO
can be used as an effective PA imaging probe to monitor the fluctuation of CO in a
mouse inflammation model. However, as this method requires the administration of
PdCl2, it is currently unclear whether it could be applied in humans. The safety of PA
probes needs to be considered during their development to increase their transla-
tional potential.
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3.1.4 Leukotriene A4 Hydrolase-Responsive Probes

Leukotriene A4 hydrolase (LTA4H) is a bifunctional zinc enzyme that catalyzes the
biosynthesis of leukotriene B4 (LTB4), a potent lipid chemoattractant involved in
inflammation, immune responses, host defense against infection, and platelet-
activating factor (PAF)-induced shock [83, 84]. Therefore, it is considered as a
biomarker of inflammation in the body, and its detection could allow to distinguish
normal tissues from inflamed tissues. On this basis, Wang et al. developed a near-
infrared (NIR) fluorescent and PA dual-modality imaging probe, Cy-ASP, with high
penetration depth and high selectivity to detect LTA4H and effectively and nonin-
vasively distinguish inflamed tissue from normal tissue [85]. The Cy-ASP probe
uses a hemicyanine dye (Cy-NH2) as the chromophore and the amide bond in the
unnatural amino acid L-Asp-Bzl as the reaction site. L-Asp-Bzl is a specific substrate
of LTA4H; therefore, when the Cy-ASP probe reacts with LTA4H, the amide bond
between L-Asp-Bzl and Cy-NH2 is specifically hydrolyzed by LTA4H, releasing the
Cy-NH2 fluorophore. Upon release, the intramolecular charge transfer effect is
restored, and Cy-NH2 can emit intense fluorescence (Fig. 7a). Cy-ASP has been
used to detect the activity of LTA4H in vivo to detect the site of inflammation. The
PA signal intensity of Cy-ASP in the liver of mice with chemically induced hepatic
fibrosis and in the lung tissue of mice with pneumonia significantly increased over
30 minutes after injection showing the gradual conversion of the probe in the
presence of LTA4H (Fig. 7b–e). These results suggest that Cy-ASP could be a useful
PA probe for imaging the activity of LTA4H in deep tissues, which in turn allows to
identify sites of inflammation in the body.
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Fig. 7 (a) Activation mechanism of Cy-ASP for the detection of LTA4H. (b) In vivo PA imaging
of mice with hepatitis using Cy-ASP. (d) In vivo PA imaging of pneumonia mice using Cy-ASP.
(c, e) Quantification of the PA intensity in panels (b) and (d), respectively. Adapted with permission
from Wang et al. [85]. © 2019, Elsevier B.V

3.2 Photoacoustic Probe Targeted Toward Inflammation
Markers

3.2.1 Photoacoustic Probes Targeted Toward CD36

Cluster of differentiation 36 (CD36) is a scavenger receptor of oxidized low-density
lipoprotein (oxLDL) and a transmembrane glycoprotein found on many cell types
including monocytes, macrophages, microvascular endothelial cells, adipocytes, and
platelets. It is a marker of atherosclerotic inflammation, participating in the



formation of the atherosclerotic arterial plaques by the uptake of oxLDL and
triggering the signaling cascade of the inflammatory response [86, 87]. CD36 is
therefore an interesting target to study the progression and the severity of athero-
sclerosis, and CD36-specific PA probes have been developed for the in vivo imaging
of atherosclerotic inflammation. An anti-CD36 decorated semiconducting polymer
nanoparticle (PBD-CD36 NP, Fig. 8a) was designed, using nanoparticles of PBD as
the PA signal-generating moiety, conjugated to an anti-CD36 antibody for targeting
of the atherosclerotic plaque [88]. The probe has an absorption wavelength of
1064 nm, i.e., in the NIR-II range. The efficient targeting of these nanoparticles
(NPs) to inflammatory cells in atherosclerosis is a prerequisite for the obtention of an
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Fig. 8 (a) Schematic illustration of the preparation of PBD-CD36 targeted nanoparticles for PA
imaging. (b) Schematic representation of the detection of carotid atherosclerotic inflammation. An
excitatory light beam is directed onto the shaved mouse neck, generating a PA signal in the presence
of PBD-CD36 nanoparticles, which is detected by an ultrasonic transducer. (c) Fused PA/US
maximal amplitude projection (MAP) images of a normal mouse (A, D) and two atherosclerotic
mice (B, C, E, F) before (A–C) and 24 h after (D–F) injection of the PBD-CD36, PBD, and
PBD-CD36, respectively, showing the accumulation of the PBD-CD36 nanoparticles at atheroscle-
rotic sites. Adapted from [88] with permission, © 2020, Xie et al. (CC-BY 4.0 license, https://
creativecommons.org/licenses/by/4.0)
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inflammation-specific PA signal in vivo. In vivo PA images of the carotid arteries
showed no evident PA signal enhancement in healthy mice, but an enhanced PA
signal intensity was observed in the carotid arteries of mice with atherosclerosis
plaque (Fig. 8b, c). Notably, this was only observed with the CD36-targeted
nanoparticles and not with non-targeted nanoparticles and was associated with
expression of CD36 (reflecting the inflammatory status) in the arteries. Histologic
analysis of the arteries revealed the good efficiency of PBD-CD36 in specifically
targeting inflammatory cells. These results demonstrate that targeting CD36 with
acoustogenic nanoparticles allows the identification of atherosclerotic inflammation
and the evaluation of atherosclerosis severity in vivo using PA imaging.
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3.2.2 Photoacoustic Imaging of Arthritis Based on an IL-6
Targeted Probe

Pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α overexpressed in serum
and synovial fluid can result in the development of autoimmunity and tissue damage
and induce rheumatoid arthritis (RA) [89]. Among these, IL-6 is an important
pleiotropic cytokine affecting the biological activity of various cells including T
cells, B cells, neutrophils, monocytes, and osteoclasts and is one of the most relevant
targets in the treatment of RA [90, 91]. Therefore, the detection of IL-6 and its
related factors could help stratify the risk of patients and provide a deeper under-
standing of the molecular mechanisms underlying RA. The inhibition of IL-6 and
IL-6 receptor (IL-6R) is a strategy used in the clinic to alleviate the symptoms of
RA. Tocilizumab (TCZ) is a clinically approved humanized monoclonal antibody
that inhibits IL-6 signaling by competitively binding to IL-6R, consequently improv-
ing the severe symptoms of RA [92, 93]. Chen et al. synthesized polymer nano-PA
probes (PNPs) with strong light absorption in the NIR-II region and good biocom-
patibility [94]. Tocilizumab was conjugated to PNPs to obtain TCZ-PNPs as an
IL-6R-targeted theranostic agent for PA imaging and treatment of RA (Fig. 9a).
TCZ-PNPs were effective in showing the inflamed forepaws of mice with collagen-
induced arthritis. The intensity of the PA signal in the paw reflected the severity of
inflammation. After administration of TCZ-PNPs, paws of normal mice showed very
low PA signal (Fig. 9b, c), whereas mice with collagen-induced arthritis showed
intense PA signal in the paw joint area on day 27 after first immunization. The PA
signal gradually decreased over time after the administration of TCZ-PNPs, indicat-
ing a significant reduction in joint inflammation. The PA signal in the cartilage (blue
arrow) and swollen tissue (yellow arrow) in the joint is clearly visible (Fig. 9c,
dashed line) owing to the strong penetrating ability and high sensitivity of NIR-II PA
molecular imaging. This work demonstrates the feasibility of specifically imaging
IL-6 in RA, and TCZ-PNPs have strong potential to become a new theranostic tool
for the diagnosis, real-time monitoring, and treatment of RA.
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Fig. 9 (a) Schematic illustration of the preparation of TCZ-PNPs, a PA probe specific for IL-6, and
its use for NIR-II PA imaging in a mouse model of RA using a 1064 nm laser. (b, c) Photographs
and PA images of the forepaws in normal and TCZ-PNP-treated RA groups at day 27, 42, and
57 after the first immunization. The B-scan PA images correspond to the green dashed region. The
yellow arrow indicates the swollen tissue, while the blue arrow indicates the cartilage tissue.
Adapted from Chen et al. [94] with permission, © 2020, Wiley-VCH GmbH

3.3 Direct Labeling of Immune Cells for Photoacoustic
Imaging of Inflammation

Among the immune responses that occur during inflammation, the activation and
polarization of macrophages play a key role in the development, progression, and
resolution of inflammation [95]. In particular, macrophages participate in multiple
aspects of the regulation of inflammation, by removing damaged tissues and



pathogens through phagocytosis, secreting immunomodulatory cytokines and other
factors, and regulating adaptive immunity through antigen presentation to lympho-
cytes [96]. Cell debris removal and tissue repair during acute or chronic inflamma-
tion also require the participation of other immune cells and stem cells
[97]. Effective cell tracking methods that can elucidate the activation status and
fate of individual cell types in inflammation would be highly beneficial to better
understand disease mechanisms, develop treatments, and monitor patients. Immune
cells can be tracked in vivo by incubation with cell-binding tracers, and this strategy,
also known as direct cell labeling, is routinely used for fluorescence [98], MRI [99],
and nuclear imaging [100], to achieve real-time monitoring of the cell fate. Cell
tracking by PA imaging has also emerged in recent years, particularly for stem cell
imaging where long-term tracking is desirable [101]. As an example of cell labeling
for PA imaging, Li et al. rationally designed and synthesized the
thiadiazoloquinoxaline-based semiconducting polymer p-BBT-TQP and encapsu-
lated it with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG2000) and maleimide-functionalized DSPE-
PEG2000-Mal to form water-dispersed nanoparticles [102]. The nanoparticles were
then functionalized with a cell-penetrating peptide (Tat) to facilitate rapid labeling of
cells. These Tat-BBT-TQP nanoparticles (Tat-BTNPs) were found to efficiently
label macrophages, neutrophils, and mesenchymal stem cells through simple incu-
bation (Fig. 10a, b). Labeled cells were intravenously injected into mice with an
inflamed right ear and a non-inflamed left ear for in vivo PA tracking. Endogenous
PA signals of hemoglobin in blood vessels of the ears were collected using a 532 nm
excitation wavelength, showing the microstructure of the blood vessels and locating
the inflammation site (Fig. 10c). The injected macrophages labeled with Tat-BTNPs
were then monitored by pulsed laser irradiation at 840 nm. The PA signal from Tat-
BTNP-labeled macrophages in the inflamed ear gradually increased from 1 to
24 hours after injection, while the signal in the normal ear remained low over the
same period (Fig. 10d). The relative PA signal of Tat-BTNPs in the inflamed ears
was significantly higher than in non-inflamed ears ( p < 0.0001) from 6 to 24 h after
administration of labeled macrophages, showing the homing and accumulation of
these cells in the inflamed tissues over time (Fig. 10d). These results successfully
prove that this strategy enables the tracking of macrophages in inflamed tissues with
high spatial and temporal resolution, providing a new strategy for the study of
immune cell trafficking in inflammation.

Photoacoustic Imaging in Inflammation Research 213

4 Conclusion and Prospects of Photoacoustic Imaging
in Inflammation Research

Photoacoustic imaging offers many advantages over other biomedical imaging
modalities, including a higher spatiotemporal resolution compared to nuclear and
conventional ultrasound imaging, and a better imaging depth compared to optical



imaging. PA does not involve ionizing radiation, and PA systems are more portable
than PET/SPECT or MRI scanners. These characteristics make PA imaging a
promising tool for the diagnosis of inflammatory reactions or inflammatory lesions
in the living body. In the development and progression of inflammation, changes in
organ perfusion and blood oxygen saturation are two important characteristics that
can be imaged, for example, using hemoglobin as an endogenous, label-free PA
contrast agent. Label-free PA imaging can monitor the changes in vasodilation and
angiogenesis in inflammatory diseases such as RA and CD. In addition, blood
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Fig. 10 (a) Cell labeling with Tat-BTNPs. (b) Representative in vitro PA image of macrophages
after labeling by Tat-BTNPs at 10 and 200 μg/mL. The highest PA signal of the labeled macro-
phages was set at a relative intensity of 100%. Scale bar: 1 mm. (c) PA signals of hemoglobin in
blood vessels at 532 nm excitation wavelength, revealing the vasculature of normal and inflamed
mouse ears. (d) PA signals of Tat-BTNP-labeled macrophages (840 nm excitation) accumulated in
the inflamed ear and collected after their intravenous injection. (e) Representative PA images of Tat-
BTNP-labeled macrophages in a non-inflamed (upper row) and inflamed (lower row) ear. Scale bar:
1 mm. Adapted from Li et al. [102] with permission, © 2021 American Chemical Society



oxygen saturation in the lesion can be detected by PA imaging based on the changes
of the PA spectrum when oxygen binds and dissociates from hemoglobin.
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Furthermore, changes in the inflammatory microenvironment such as increases in
inflammatory factors and recruitment of immune cells are also characteristic. How-
ever, these inflammatory markers have no intrinsic chromophores for PA imaging;
thus, they cannot be detected by label-free PA imaging and need to be functionalized
or targeted with specific probes. Exogenous imaging probes have been developed to
image various components of the intricate inflammatory microenvironment, which
mainly include three categories: (1) activatable probes that respond to endogenous
inflammatory stimuli such as ROS, GSH, CO, and LTA4H, enabling highly sensitive
and specific PA detection of these molecules; (2) antibody-based PA probes targeted
toward inflammation markers such as IL-6 and CD36, which monitor the expression
of these markers in the inflammatory lesions and evaluate the therapeutic effect on
the inflammatory diseases; and (3) direct cell labeling agents for PA imaging of
immune cells, which are used to locate sites of inflammation based on the homing
properties of these immune cells. The above methods allow the dynamic monitoring
of the levels of various factors related to the inflamed microenvironment with high
sensitivity and specificity. Thus, they provide a noninvasive diagnostic strategy for
the occurrence and development of inflammation. One important consideration for
future developments is the biocompatibility of PA probes, particularly in the case of
nanoparticle-based probes as nanoparticles tend to accumulate nonspecifically in the
liver and spleen. This is a potential source of long-term toxicity, and nanoparticles
made of biodegradable materials such as albumin [76] or cellulose [103] are likely to
have better prospects of clinical translation.

With continuous improvements of the performance of PA imaging systems and
increasing commercial availability, label-free PA imaging, which does not require
exogenous probes, has a much lower barrier to clinical translation of inflammation
diagnosis. On the other hand, the use of exogenous contrast agents could extend the
applications of PA imaging and exploit additional mechanisms of inflammation once
the safety of these probes has been established. Therefore, optimizing PA systems
and enhancing the safety profile of PA probes will not only help the understanding of
the occurrence and development mechanisms of inflammatory diseases but also
promote their translation to the clinic.
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Imaging Inflammation by Intravital
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Abstract The ability to visualise the biological processes involved in initiation and
maintenance of inflammation is critical to our understanding of their context in
pathophysiology. Intravital microscopy allows us to directly investigate leukocyte
dynamics in vivo. Dynamic processes and effector functions can now synergistically
be observed in live animal models and through indirect mechanistic experiments for
a more complete picture. Thanks to intravital imaging, we now hold a detailed
understanding of the leukocyte adhesion cascade, as well as mediators of effector
cell migration and interactions with external pathogens. The combination of intra-
vital microscopy and appropriate reporter models also allows the study of processes,
such as sterile inflammation and aberrant modes of leukocyte trafficking,
maintaining important tissue- and cell-specific detail. Importantly, intravital imaging
also has the power to reveal behaviour, forcing us to refine long-held paradigms.
From intravascular leukocyte functions to reverse transmigration and behaviour in
non-blood fluids, intravital microscopy keeps pushing the boundaries of our under-
standing of inflammation. In this chapter, we give examples illustrating the role of
intravital microscopy in describing canonical immunological processes, challenging
established ideas and gathering insights into new paradigms by direct observation.
We also discuss some of the technical challenges encountered during intravital
imaging and how they are being overcome.
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1 Introduction

A combined approach of direct imaging in live organisms together with more
reductionist studies of in vitro or fixed tissue specimens has taken us a long way
towards defining the molecular mechanisms that regulate inflammation. Some of the
earliest observations of the innate immune response in action were made by intravital
microscopy (IVM) of phagocytes [1]. In the intervening 125 or so years, we have
been able to define the molecular details of certain paradigms for how inflammation
responds to infection or physical injury (e.g. the leukocyte adhesion cascade), but
excitingly, IVM often presents us with data that do not fit pre-existing ‘rules’ forcing
us to refine our models to account for these behaviours.

We now know of circumstances where leukocytes crawl long distances on the
luminal side of the endothelium with functional consequences that do not require
extravasation [2–5], such as intravascular immunity and the orchestration of inflam-
mation. Moreover, neutrophils have been shown to reverse transmigrate back into
vessels as both a physiological [6] and pathological [7] response, or even lay trails of
chemotactic ‘breadcrumbs’ for other cells [8]. The role of the aging endothelium
itself in regulating (or dysregulating) these responses is also coming into sharper
focus [9], due to the power of IVM when coupled with single-cell analysis. All these
strikingly different behaviours, sometimes seemingly counterproductive to the host,
are no doubt the product of the complex coevolution of our defences with microbes.

IVM allows us the opportunity to directly see the inflammatory response, span-
ning from microbial or sterile injury to cancer, in the context of a complete immune
response. However, IVM is by no means a perfect methodology. Often only one or a
handful of cell types can be observed, and the surgery required can severely limit not
only the volume of tissue imaged but also the time over which measurements can be
made. Sometimes, surgical preparations required for IVM may even account for
some of the responses observed, requiring carefully designed experiments and
interpretation. Therefore, it is important to put the information gained by IVM in
the context of other techniques (as recently reviewed by Hor and Germain [10]) and
to continue to make progress in tackling some of these technical challenges. How-
ever, many of the major technical limitations affecting early IVM studies have been
overcome (Table 1). We are now able to image across a vast array of tissues and
contexts and more is available in terms of both what we can image and how we can
make sense of images (Fig. 1). In the following sections, we have therefore exem-
plified some of these recent advances in methods and understanding, with a focus on
myeloid cell recruitment and lymphoid cell effector functions.
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Table 1 Challenges in IVM and potential solutions

Major challenge Solution(s)

Multiple cellular markers of interest Fluorescence microscopy and fluorescent dyes,
proteins and intrinsic fluorescence allow spec-
tral/photophysical (e.g. fluorescence lifetime)
multiplexing

Out-of-focus tissue fluorescence Confocal techniques and multiphoton micros-
copy that reject out-of-focus light mechani-
cally, deconvolve, or selectively excite just at
the focus

Fast-moving behaviours Sensitive optics and detectors, spinning-disk,
resonance scanners, multi-line scanning
approaches (cloud-scanner, Airyscan Fast) that
allow high-speed acquisition (tens of frames
per second). However, where the cells imaged
are deep or reporters not bright, there might not
be enough light available to image at more than
one to two frames per second, limiting temporal
resolution

Tissue movement (peristalsis, respiration,
heartbeat)

Physical tissue immobilisation (pinning, glu-
ing, clamping of permanent windows and
holders, vacuum coverslip holders), gated
acquisition, software image stabilisation

Turbid tissue-induced aberrations (in target
tissue)

Adaptive optics

Highly scattering tissue obscures target tissue/
process (e.g. adipose tissue in mammary
glands)

Surgical preparation of target tissue

Processes occur over days or weeks Repeat imaging of permanently installed
imaging windows with fiducial markers

2 Leukocyte Migration to the Site of Inflammation:
Imaging Trafficking in Intravascular (and Non-vascular)
Spaces

In response to tissue inflammation, circulating leukocytes are recruited through a
series of sequential and overlapping steps termed the leukocyte adhesion cascade. In
this context, endothelial cells sense inflammatory cues coming from the inflamed
tissue (such as histamine, platelet-activating factor, IL1-β and TNF) and become
activated [11]. Endothelial cell activation drives important rearrangements of adhe-
sion molecules on the luminal side of the blood vessel, particularly selectins and
intercellular adhesion molecules (ICAMs). This event allows leukocytes to establish
weak and transient tethering to the endothelial cells (slow rolling) followed by strong
shear-resistant adhesions (firm adhesion) and translocation on the apical side of the
endothelium (crawling) and finally exit through the endothelial barrier (transmigra-
tion). IVM is an essential tool for quantitative visualisation of the cellular and



molecular mechanisms governing the leukocyte adhesion cascade during
inflammation.
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Fig. 1 Examples of application of intravital microscopy (IVM). IVM can be used to monitor not
only localisation and behaviour but also function and mechanism. Top left panel: lung IVM image
showing isolectin (white), neutrophils (Ly6G+ cells, red) and the movement of an individual
neutrophil (green line) through the tissue. Bottom left panel: IVM image of liver cancer, showing
neutrophils (Ly6G+ cells, red), endothelial cells (CD31+ cells, blue) and infiltrating lymphocytes
(CD3+ cells, yellow; CD8+ cells, green). Original IVM images from the authors. Schematics:
Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported Licence

2.1 Imaging Classical Leukocyte Rolling and Firm Adhesion

In systemic postcapillary venules, leukocyte rolling is largely dependent on the weak
and transient binding of P-, E- and L-selectins to their ligands. One of the first in vivo
observations of the role of P-selectin in leukocyte rolling was provided by
transmitted-light IVM of mesenteric venules in P-selectin-deficient mice [12]. The
authors observed severe impairment of leukocyte rolling in deficient mice compared
to wild-type (WT) controls and delayed neutrophil recruitment upon experimentally
induced inflammation. A second study using IVM of the cremaster muscle of P-
selectin-deficient mice reported similar results [13]. Furthermore, IVM studies
defined the different kinetics that characterise P- and E-selectin-mediated rolling.
Using TNFα-stimulated cremaster muscle of E- or P-selectin-deficient mice, P-
selectin-mediated rolling was determined to be faster (17.1 μm/s) than E-selectin
rolling (3.5 μm/s) [14].

The transition from rolling to firm adhesion is orchestrated by selectins and
chemokine G-protein-coupled receptor (GPCR) signalling, which ultimately results



in integrin activation on leukocytes. Cooperation of E-selectin and chemokines in
leukocyte rolling was shown by IVM of TNFα-stimulated cremaster muscle of E-
selectin-deficient mice treated with pertussis toxin which blocks Gαi signalling
downstream of GPCRs [15]. Extending this line of investigation, a combination of
autoperfused flow chambers and IVM of thioglycolate-induced peritonitis was used
to demonstrate that PSGL-1 and chemokine-GPCR signalling were both required for
integrin activation [16]. Two integrins are primarily responsible for the firm adhe-
sion phase, Mac-1 (αMβ2, CD11b/CD18) and LFA-1 (αLβ2, CD11a/CD18). Both
integrins bind to ICAM-1 and ICAM-2, although evidence available today shows
variability of contribution depending on mouse model, challenge type and leukocyte
subset. Integrins exist in two main conformational states: a bent, inactive conforma-
tion characterised by low ligand affinity and an extended, active conformation
characterised by high ligand affinity [17]. Conformational switching between the
two states is driven by chemokine-GPCR signalling. IVM studies looking at MIP-2
(CCL3)-stimulated postcapillary venules dissected the role of Mac-1 and LFA-1 in
neutrophil adhesion and transmigration [18]. LFA-1 (but not Mac-1)-deficient mice
had a marked decrease in neutrophil adhesion compared to WT controls, whilst
Mac-1-deficient neutrophils, although capable of adhesion, failed to transmigrate.
Interestingly, the few LFA-1-deficient neutrophils that did adhere were able to
transmigrate, indicating that Mac-1 can mediate transmigration in response to
MIP-2. Furthermore, blocking of ICAM-1 (but not ICAM-2 or PECAM-1) inhibited
neutrophil transmigration but not adherence [18].
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It is now clear that the mechanisms governing leukocyte recruitment, motility and
transmigration are cell- and tissue-specific. For instance, neutrophil (but not T cell)
recruitment to the lungs seems to be independent of ICAM-1 and ICAM-2 in
systemically lipopolysaccharide (LPS)-stimulated mice [19] and more reliant on
physical entrapment mediated by cytoskeletal rearrangement [20, 21]. However,
CD11b has been shown to be important for neutrophil crawling in lung capillaries
[22]. Sphingosine-1-phosphate (S1P) inhibition in T cells impaired integrin-
mediated adhesion in high endothelial venules (HEVs) for entry into peripheral
lymphoid organs but not in Peyer’s patches, indicating tissue specificity in integrin
action [23]. In addition, recent IVM showed that tumour-associated HEVs
(TA-HEVs) can be a major E- and P-selectin-dependent route for lymphocyte rolling
and arrest in solid tumours [24].

2.2 Imaging Novel Leukocyte Trafficking Events

The leukocyte adhesion cascade is often viewed as a unidirectional process resulting
in recruitment of circulating immune cells into the tissue. However, inflammatory
stimuli provided by application of cytokines or ischemia/reperfusion have been
noted by high-resolution IVM to result in disrupted neutrophil extravasation, termed
reverse transmigration (rTEM), implicated in the dissemination of systemic inflam-
mation [25]. Interestingly, other forms of neutrophil rTEM have been postulated to



provide a beneficial role in the resolution of inflammation following hepatic sterile
injury, where neutrophils entered the lesions contributing to debris uptake and tissue
healing before migrating back to the circulation [6] in a process perhaps analogous to
the reverse migration observed in zebrafish neutrophils [26, 27].
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To better address the potentially pathological, ‘disrupted-type’ rTEM, where cells
do not move far enough away from the vessels for the type of photoactivation used to
label cells in other contexts [6, 28], other labelling strategies are necessary. LysM-
EGFP mice (bearing GFP+ neutrophils) were intravenously injected with a
biotinylated anti-Ly6G (a major neutrophil marker) monoclonal antibody, followed
by tissue infusion of far-red fluorescent (AF647)-streptavidin. This method success-
fully differentiated neutrophils that partially or completely migrated though the
endothelial walls and thus could be labelled with the streptavidin-fluorophore
(GFP+, AF647+) from neutrophils that remained on the luminal side (GFP+,
AF647-) allowing their tracking [7]. Subsequent work from the same group showed
that neutrophil rTEM increases in aged mice compared to young controls driven by
mast cell-derived CXCL1 [9]. Using the biotinylated anti-Ly6G approach, the
authors could directly show pathological ‘rTEM-experienced’ neutrophils accumu-
late in the lungs where they were implicated in exacerbation of vascular leakage and
lung damage [9].

As noted above, leukocyte transmigration through the endothelial wall can
represent the final step of the leukocyte adhesion cascade. IVM studies have been
instrumental in revealing some of the molecular details of this process, e.g. the
involvement of PECAM1 (or CD31) and CD99 on the endothelium. Interestingly,
the role of PECAM1 and CD99 seems to be mouse strain-dependent. Cremaster
IVM of IL-1β-injected mice indicated that in FVB/N mice, treatment with anti-
PECAM1 (but not anti-CD99) blocking antibody resulted in leukocyte arrest at the
luminal side of blood vessels, indicating that PECAM1 acts upstream to CD99.
Conversely, in C57BL/6 mice, both anti-PECAM1 and anti-CD99 blocking resulted
in leukocyte arrest at the site between endothelial cells and basement membrane
[29]. In addition to corroborating the role of PECAM1 and CD99 in the leukocyte
migration process, this highlights the power of IVM for uncovering nuances in
different mouse backgrounds important to our interpretation of other data generated
in them. Endothelial cell autophagy in acutely inflamed postcapillary venules has
also been identified as a regulator of neutrophil transmigration in IVM experiments
[30]. Here, an inducible endothelium-restricted Cdh5-CreERT2;ATG5fl/fl mouse
model with a fluorescent reporter for recombination was used to directly compare
in vivo neutrophil migration in WT and autophagy-deficient endothelial cells in the
same venular segment. This approach showed that deficient autophagy causes
PECAM1 accumulation at endothelial cell junctions, and this correlates with higher
neutrophil extravasation. Thus, endothelial cell autophagy may have further ability
to regulate inflammation or its resolution by controlling leukocyte
extravasation [30].

Leukocyte adhesion and slow migration on the endothelium can also occur in the
absence of inflammation particularly in specialised vasculatures like the liver sinu-
soids [5] and the glomeruli [3]. Ly6Clow, CCR2-, CX3CR1+ monocytes have been



demonstrated by IVM to transiently adhere to and migrate in blood vessels in the
dermis, mesentery and peritubular capillaries in a steady state [2, 4]. Upon local
TLR7 stimulation, this monocyte subset was shown to accumulate in the peritubular
capillaries of the kidney and recruit neutrophils which mediated focal necrosis of
endothelial cells with the monocytes clearing cellular debris [4]. This revealed that
these cells, termed patrolling monocytes, whilst still in the lumen of blood vessels,
can provide an important cell orchestration role more commonly associated with
macrophages. Neutrophils and monocytes are also retained in non-inflamed glomer-
ular blood vessels for seconds to minutes. Upon immune complex-driven inflam-
mation in the glomerulus, neutrophils were shown to be retained longer and produce
Nox2-dependent oxidants detected by appropriate probes [3] exemplifying the
power of IVM to reveal both dynamic localisation and function simultaneously.
Further work again implicated patrolling monocytes in the behaviour of glomerular
neutrophils [31], adding to several reports implicating monocytes in general in
regulating neutrophil behaviour, notably for this chapter including those employing
IVM of the paw (arthritis) [32] and lung (ARDS) [33]. A further example of
cooperation in intravascular immunity that could only be exposed by IVM is that
during TNFα-induced inflammation, neutrophils migrate on the endothelium, whilst
their extended ‘antenna-like’ uropod interacts with activated platelets in the blood
via PSGL-1. In some contexts, both endothelial and platelet signals are necessary for
neutrophils to transmigrate into the tissue and generate an inflammatory
response [34].
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Differently from leukocytes in the blood, peritoneal cavity macrophages appear to
rely on shear flow and scavenger receptors rather than integrin pathways for recruit-
ment to the inflamed site. The first direct visualisation of the cavity macrophage
behaviour was obtained using spinning-disk confocal microscopy in a sterile thermal
injury model of the liver. Topical application of anti-F4/80 antibody at the injury site
revealed an F4/80hi population accumulating 1 h post-injury, which were further
phenotyped for the expression of GATA6 [35]. Interestingly, the study found that
transmigration of GATA6+ macrophages is largely independent of chemokine and
integrin signalling, and mediated by necrosis-derived ATP and CD44-hyaluronan
binding [35]. Multiphoton imaging of mouse peritoneal cavities has also been
performed directly through the intact peritoneal membrane to minimise potential
surgically generated artefacts. Here, laser-induced peritoneal sterile injury caused
free-floating GATA6+ macrophages to adhere to the injury within 1–15 min,
followed by tethering of additional macrophages without any obvious chemotactic
behaviour [36]. Administration of the scavenger receptor inhibitor polyinosinic acid
resulted in decreased macrophage aggregation and prolonged tissue healing, indi-
cating that peritoneal macrophages respond in a scavenger receptor-dependent
manner leading to the formation of scar tissue and subsequent repair of the lesion
[36]. IVM of the peritoneal cavity challenged with Escherichia coli revealed that
here macrophages produce factor V and other clotting factors to initiate coagulation
[37]. Formation of the clots trapped bacteria, whilst recruitment and adherence of
additional cavity macrophages led to their clearance [37]. Finally, the peritoneal
cavity is another site where macrophages influence neutrophil behaviour, as shown



by IVM of microlesions in the peritoneal serosa [38]. Here, nonmigratory resident
macrophages covered and sequestered laser-induced necrotic debris before neutro-
phil recruitment, preventing swarming and subsequent inflammation. This mecha-
nism, termed ‘cloaking’, is speculated to protect the tissue from neutrophil damage
in steady-state condition [38].
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3 Visualising the Inflammatory Response in Sterile Injury,
Infection and Cancer

3.1 Imaging Sterile Injury

Sterile injury occurs when stimuli including trauma, auto/alloimmunity or organ
necrosis cause release of danger-associated molecular patterns (DAMPs) to induce
inflammatory responses in the absence of pathogens. This has been studied by IVM
using models of confined injury in the dermis, revealing a stepwise regulated process
consisting of detection by the scanning behaviour of neutrophils followed by their
accumulation and clustering in large numbers [39]. Laser damage of the intact ear
dermis demonstrated that this neutrophil swarming behaviour is LTB4-dependent
[40]. IVM in zebrafish and mice has been used to show that these swarms represent
highly neutrophil self-coordinated and self-limiting behaviour proposed to then limit
bacterial infiltration [41, 42]. In a model of hepatic focal laser injury, neutrophils also
follow a cascade of events that is initially regulated by chemokines and integrins
then switching to formyl peptides to allow entry deep into necrotic tissue [43]. IVM
has also revealed cooperation between platelets and neutrophils early in this process
where platelets adhered and covered the liver sinusoids for several hours providing a
docking site for neutrophils [44]. Further dissection of the role of platelets in sterile
injury comes from IVM of a model of transfusion-related acute lung injury (TRALI),
where platelets covered the lung endothelium and LysM+ leukocytes after anti-MHC
class I antibody injection, followed by retention of neutrophils [45]. Platelet-
dependent neutrophil recruitment has also been observed in the high endothelial
venules of the omentum in a thioglycolate-induced peritonitis model [46]. Here, a
metabolite secreted by platelets and mast cells was shown to bind the GPCR GPR35
expressed on neutrophils, promoting transendothelial migration [46].

3.2 Imaging Infection

The immune system coevolved with microorganisms such as bacteria, viruses and
parasites. IVM can be used to visualise microbial entrance and interaction with and
clearance by leukocytes.
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3.2.1 Bacterial Infections and Bacterial PAMPs

As mentioned above, IVM has been employed to investigate invariant natural killer
T (iNKT) cells in the liver using CXCR6GFP+ transgenic mice, revealing a role in
intravascular immune surveillance [5]. Spinning-disk IVM of Streptococcus
pneumoniae-infected mice further showed that iNKT cell recruitment from the
intravascular space to the interstitial space is regulated by neutrophil-derived
CCL17 [47]. The lung is another site characterised by peculiar immunology, as
the constant inhalation of non-sterile air requires a fine balance between pro- and
anti-inflammatory signals. Thoracic suction windows allow lung imaging whilst
preserving gas exchange and blood flow and limiting tissue motion [48, 49]. The
usefulness of earlier thoracic windows used in rabbits and rats was substantially
increased by miniaturising and refining them for use in mice with the highly
characterised immune system and large reagent portfolio that they represent
[48]. This is demonstrated by clear visualisation of increased neutrophil influx
after intratracheal challenge with MIP-2 and LPS [48]. In addition to fluorescent
reporter mice and antibodies, dyes have excellent utility when they can be introduced
selectively. PKH26 dye aggregates that are directly phagocytosed by alveolar
macrophages (AMs) upon administration to the lungs can be used to visualise
AMs, tracking their behaviour upon bacterial infection [50]. Our own group has
used mouse thoracic suction windows to observe interactions between NK cells,
which are almost entirely intravascular in the lung, and neutrophils, in real time.
Although these two cell types behave very differently in the alveolar capillaries, with
NK cells generally much slower-moving or stationary, NK-neutrophil interactions
that last from a few seconds up to several minutes could be readily observed.
Extensive cell tracking analysis revealed that neutrophils that interact with NK
cells move more slowly, and these kinetic differences could not be accounted for
by the interaction time alone, suggesting different behaviour of these cells. Further-
more, LPS application in NK-cell-depleted mice led to more neutrophil accumula-
tion in the lungs compared to the control, suggesting that in addition to their
canonical roles, NK cells may regulate neutrophilic responses to bacterial PAMPs
[51]. The spleen, a key immune organ, is also accessible by IVM [52]. In a study
investigating S. pneumoniae distribution in the spleen, spinning-disk IVM was used
to dissect the role of immature Ly6G-intermediate and mature Ly6G-high neutro-
phils [53]. Here, the Ly6G-high population was observed to be mobile and to take up
S. pneumoniae bound to resident macrophages in the red pulp via the complement
system. Conversely, splenic immature Ly6G-low neutrophils were static and
transitioned towards a mature phenotype within 24 h after the infection [53]. The
role of blood- and tissue-resident neutrophils in pathogen response was further
investigated using IVM in the lung and spleen in models of systemic E. coli
challenge [54]. In the lung, E. coli particles were captured from the circulation by
endothelial cells and subsequently taken up by marginated neutrophils, which then
slowed down and formed E. coli-positive aggregates [54]. Similarly to the afore-
mentioned S. pneumoniae model, neutrophil abundance did not increase in the



spleen, but instead neutrophils redistributed to the marginal zone, where they acted
as the main cell type responsible for E. coli uptake and clearance.
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Neutrophil extracellular traps (NETs) are composed of chromatin decorated with
MPO, neutrophil elastase (NE), histones and other cytotoxic proteins. They have an
important role in trapping and killing microbes, but they are also implicated in the
onset of some pathologies. Although they have been extensively characterised
in vitro, visualising NETs in tissues in vivo is more challenging. IVM of systemic
Staphylococcus aureus infection showed that most bacteria are rapidly sequestered
in the liver, inducing a strong neutrophil accumulation. The neutrophils then released
NETs (characterised using markers for extracellular DNA, neutrophil elastase and
histone H2) leading to liver injury mediated by neutrophil elastase activity. Interest-
ingly, if treatment with DNases was able to efficiently remove DNA in vivo, it was
not able to remove histones attached to vessel walls and did not fully prevent liver
damage [55]. Similarly, IVM of a methicillin-resistant Staphylococcus aureus
(MRSA) infection model showed that NETs are responsible for bacterial clearance
in the lungs as well as alveolar-capillary damage [56]. Another study showed that in
different mouse models of sepsis, NETs colocalised with activated intravascular
thrombin and platelet aggregates, which promoted intravascular coagulation
[57]. DNase infusion reduced coagulation, improved vascular perfusion and reduced
organ damage. However, it is important to note that DNase has activity beyond its
interaction with NETs, as recent platelet intravital work suggests that DNase I can
also increase hydrolysis of ATP and ADP, which also act as mediators of inflam-
matory responses [58].

3.2.2 Viral Infection

Viruses are incapable of autonomous reproduction; therefore, they are forced to
employ the cellular machinery of the host cell. The resulting response against
infected cells has been extensively studied using IVM. However, when dealing
with live animals infected with pathogenic viruses, caution is required to avoid
spread of the infection to the operator. A good example protocol using high-
efficiency particulate air (HEPA) filters, pressure masks and a Tyvek suit for
operator protection has recently been published [59], but this work is possible in
relatively few centres with the required expertise in both virus work and imaging. A
great example of the impact of IVM in the study of viral infection is the recent
observation of neutrophil-derived trails in the influenza-infected mouse trachea as
mentioned in the opening paragraph of this chapter [8]. Upon viral infection,
neutrophils rapidly but transiently infiltrate the trachea leaving behind CXCL12+

trails visible by multiphoton IVM. These trails persisted during infection and were
shown to be essential to subsequent CD8 T migration in the infected tissue
[8]. Underlining that specialised vasculatures like the lung and the liver have
specialised immunobiology, adoptively transferred HBV antigen-specific CD8 T
cells were shown to continuously crawl inside the liver sinusoids of mice infected
with GFP-tagged hepatitis B virus until they get in close proximity to



antigen-expressing hepatocytes, where they can perform effector functions without
needing to extravasate from the sinusoids [60].
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3.2.3 Parasite Infection

Parasites have complex life cycles that can include multiple hosts/vectors, making
them difficult to study in vitro. IVM and the use of fluorescent parasites can help
understanding the different steps of infections and interactions with these hosts
(reviewed by De Niz et al. [61]). In particular, the first steps of tissue invasion are
hard to address in fixed tissues. Leishmania major is an intracellular parasite of
macrophages transmitted by the sandfly. Multiphoton IVM of the ear using LysM-
GFP reporter mice and RFP-expressing parasites showed early neutrophil infiltration
at the injection site. Invading neutrophils were able to phagocytose Leishmania
parasites, but these remained viable. Furthermore, viable parasites were released
from apoptotic neutrophils close to macrophages (the definitive host cell), and
therefore contributed to the progression of the disease, supporting the hypothesis
of a ‘Trojan Horse’ role for neutrophils in L. major infection [62]. Multicellular
parasites can also be imaged in their host using IVM. Filarial worms are transmitted
into the skin by blood-feeding arthropods and migrate into their host before moulting
and reproducing, but how they migrate from the skin to their final location is not well
understood. Soon after their arrival in the dermis, infective larvae from Litomosoides
sigmodontis enter pre-collecting lymphatics by mechanical disruption of their wall,
causing lymphatic pathology [63, 64]. The larvae then follow lymphatic collectors
unidirectionally towards the lymph node. Confirmation by IVM is still needed, but it
is then thought that larvae join the blood circulation via the thoracic duct, enter the
lungs and settle in the pleural cavity (their final destination) [65].

3.3 Imaging the Tumour Microenvironment: Inflammation
in Cancer

IVM is also a crucial tool to understand immune cell dynamics in the tumour
microenvironment (reviewed by Boulch et al. [66]). Our understanding of the
intratumoural behaviour of neutrophils as well as their role in the metastatic cascade
benefited greatly from IVM. Using fluorescent reporter mice, neutrophil infiltration
was monitored in small intradermal tumour lesions for 6 days [67]. Interestingly,
intratumoural neutrophils showed reduced motility compared to stromal ones. In
addition, the blockade of CXCR2, a major chemotactic receptor for neutrophils, only
transiently reduced intratumoural recruitment whilst it effectively inhibited the
accumulation of neutrophils in stromal regions [67]. IVM experiments in the liver
and in tumours located in the ear dermis showed that neutrophil extracellular traps,
visualised by neutrophil elastase activity, can physically impair contact between



cytotoxic effector lymphocytes and tumour cells [68]. In addition to this ‘shielding’
effect of NETs, IVM imaging demonstrated a role for neutrophils and NETs in the
metastatic cascade. Different studies using IVM have investigated neutrophil-
dependent cancer cell adhesion to liver endothelium. After intra-arterial injection
of H-59 cancer cells, cancer cells have been observed to adhere directly to arrested
neutrophils [69, 70]. NETs had a similar effect by increasing circulating cancer cell
adhesion to liver sinusoids implicated in increasing metastasis in models of lung and
colon cancers [71]. More neutrophils and NETs appear in the lungs of mice
intravenously injected with metastatic 4T1 breast cancer cells than those with
non-metastatic 4T07 cells [72]. Excitingly, permanently implantable thoracic win-
dows enable us to observe the same lung tissue over a period of weeks and therefore
multiple stages of metastatic cascade even in spontaneously metastatic models
[73, 74].
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If IVM is an important tool to understand the biology of tumour and immune
cells, it is also very useful to address the efficacy of therapeutic strategies. IVM has
shown neutrophils can transport drug nanoparticles to tumours [75, 76], and it has
also been used to visualise the effects of adoptive cellular therapy (ACT) in situ and
analyse the morphodynamics of adoptively infused cells in tumours [77]. ACT aims
to provide an abundant population of tumour-reactive T cells to increase antitumour
immune responses by injection of ex vivo manipulated and expanded T cells. IVM
has been used to monitor the infiltration of modified T cells over time and showed
that the GTPase-activating protein RGS1 impairs T-cell infiltration into breast
tumours [78]. Direct functional readouts are also possible by IVM: T-cell cytotox-
icity by using fluorescent T cells and monitoring apoptosis with a Förster resonance
energy transfer-based (FRET-based) reporter of caspase 3 activity has been demon-
strated [79, 80]. In solid tumours, transfer of in vitro-activated OT-I T cells induced
tumour regression through the direct action of the T cells on tumour cells, with
minimal bystander effects [79]. However, the killing of tumour cells was very slow
(6 h on average). Chimeric antigen receptor (CAR) T cells were used to treat the lung
and bone marrow in a mouse model of B-cell lymphoma [80]. CAR T cells
interacted with circulating tumour cells in the lungs where they formed large
aggregates. This ‘trapping’ of CAR T cells in the lung altered their trafficking to
the bone marrow (the tumour site). In the bone marrow, tumour apoptosis (moni-
tored using the same FRET reporter as above) was much faster than that mentioned
above as CAR T cells engaged, killed and detached from their targets within 25 min.
Using the Twitch2B genetically encoded calcium reporter revealed functional het-
erogeneity within the cell population, as the interaction with tumour cells did not
induce calcium signalling in some CAR T cells.



Advantage Limitation

Imaging Inflammation by Intravital Microscopy 235

4 Conclusion and Future Perspectives

In the above sections, we have concentrated on examples of the new understanding
of the regulation of inflammation in a plethora of pathogenic circumstances revealed
by IVM and described some of the technical aspects of these studies where relevant
or interesting. In each case, a compromise between the imaging method and the
biological question must be achieved, and not all methods are equally applicable
(Table 2). However, some of the most exciting recent advances in IVM are not only
coming from the imaging technology itself (as reviewed by Giampetraglia and
Weigelin [81]), but from the way it is used. The computational power required for
manipulation and analysis of huge datasets had until recently been hard to access for
many researchers engaged in IVM, but recent advances in computing hardware and
analytical tools including deep learning allow segmentation [82] and analysis and
clustering of cellular spatial relations [83] in a way not unfamiliar to that exploited in
-omics approaches. An exciting extension of this is to use those approaches to
directly compare how cells move in different conditions, as elegantly recently
demonstrated in the description of behavioural landscapes of inflammation [84].

On a more direct level, 3D printing and flexible materials are revolutionising how
we perform the surgery necessary for IVM by allowing rapid prototyping of micro-
scope mounts and preparation holders [49, 85, 86], some of which have enhanced

Table 2 Advantages and limitations of major IVM imaging approaches

Microscope
technique

Wide field Cheap/accessible Depth, phototoxicity (can be miti-
gated by increasing sensitivity of
detectors); resolution, particularly in
z dimension

Laser-scanning
confocal

Resolution, particularly in
z dimension, very sensitive point
detectors (e.g. GaAsP), spectral point
detectors for multiplexing

Depth, phototoxicity (can be miti-
gated by increasing sensitivity of
detectors)

Spinning-disk
confocal

Fast, sensitive cameras can be used to
limit phototoxicity

Depth, number of channels

Two-photon Depth due to less scattering of long
wavelengths, intrinsically confocal,
pulsing makes time-domain fluores-
cence lifetime imaging upgrade
accessible

Expensive, cannot increase sensitiv-
ity by sacrificing z resolution for light
(by opening confocal pinhole,
multiplexing can require multi-(line)
lasers or optical parametric oscillator

Three-photon in
short-wave
infrared range

Even greater depth, can be combined
with coherent anti-Stokes Raman
spectroscopy for label-free imaging

Phototoxicity, cost of lasers

Light sheet Very high speed across large volumes
with isotropic resolution

Optical design often limits overall
size of organisms (e.g. zebrafish and
embryos fit between objectives but
mice do not) or resolution
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biocompatibility for longitudinal imaging [87, 88]. This may enable even better
imaging of organs such as the lung that have been notoriously tricky to image in situ
longitudinally, but are now being probed more fully [73, 74]. It must also be
acknowledged that although they are often the best alternative due to their well-
characterised immune systems and the availability of transgenic animals and
reagents, imaging in mice has important limitations. Therefore, some of our ambi-
tions must lie towards seeing these processes in other animal models that allow us to
observe or recapitulate what is not visible in mice [89] and ultimately in humans
[90, 91] with the incorporation of IVM into clinical trials (https://clinicaltrials.gov/
ct2/show/NCT03823144).
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It is clear that IVM continues to develop at an incredible pace and still has a lot to
reveal about the processes mediating inflammation and how we can
manipulate them.
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Spatial Transcriptomics in Inflammation:
Dissecting the Immune Response in 3D
in Complex Tissues

Kenneth Hu

Abstract Inflammatory responses in tissues in the contexts of infection, autoimmu-
nity, and tumors display significant spatial heterogeneity. Understanding how the
elements of the immune system are spatially organized and how this organization
evolves over time can reveal important cell-cell communication that leads to reso-
lution of tissue insults/injuries or, in the case of tumors or autoimmunity, lead
to aberrant tissue states. Delineating how cell-cell communication affects tissue
states requires the capability to link gene expression in cells to their spatial coordi-
nates in the tissue and thus merge transcriptomic data with imaging. Here we explore
the ever-evolving world of spatial transcriptomic approaches, consider their unique
strengths, and finally discuss how some of them have been applied toward answering
questions in the immunology space. We close by providing suggestions for
researchers planning to incorporate spatial transcriptomics into their studies and
possible future directions of this field.

Keywords Transcriptomics · Sequencing · Microscopy · Tissue biology ·
Inflammation · Immunity · Cell-cell communication · Tumor immunology

“The body is a cell state in which every cell is a citizen”—Rudolf Virchow

Ever since the emergence of the central dogma, biologists have sought to fully
account for all the mRNA molecules a cell generates as an indicator of cell identity,
response to stimuli, and associated functions. While this collection of total mRNA,
known as the transcriptome, may not tell the full picture (e.g., considering the
epigenome, surface proteome, and metabolome), it serves as an invaluable cell-
profiling tool.

The dream of fully resolving the transcriptome seems ever closer to being reality,
with the advent of first bulk RNA-Seq and then single-cell RNA Seq (scRNA-Seq)
[1]. A staggering amount of information can now be compiled through multimodal
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assays on many thousands of single cells at a time with a combination of epigenome,
transcriptome, and surface proteome all combined in a single assay [2].
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However, humans, mice, and other metazoans are comprised of tissues, complex
and heterogenous assemblies of cells and extracellular components bathed in inter-
stitial fluid. Following from Rudolf Virchow’s statement, where the citizens of a
state reside and move to and from is of utmost importance in determining the
functioning of that state. If we consider the levels of mRNA transcript “A” as
analogous to “wealth”, it would be of great interest to examine each citizen/cell’s
individual wealth as opposed to the gross domestic product of the state. This
highlights the advances scRNA-Seq offers over more traditional bulk RNA-Seq
measurements. However, a state, analogous to a tissue, occupies a physical space
defined by boundaries, landmarks, geographical features, and population centers.
Being able to place that individual wealth data in that physical space represents the
promise of spatial transcriptomics (ST), revealing how the local neighborhood
shapes the citizen and vice versa.

The process of inflammation, a dramatic coordination of cells and signals
between them, represents a response to injury, insult, or infection which seeks to
return the tissue to a state of homeostasis. Naturally, the fluxes of cell expression
states, numbers, and signaling molecules must be spatially organized to achieve the
necessary coordination. In this chapter, we will seek to first motivate the need for
spatial transcriptomics to understand the immune response in multiple disease
models with an emphasis on prior experimental work. Next, we will explore
established and emerging technologies, their strengths and weaknesses, and how
they can be best applied. Finally, we will explore how these technologies are being
applied for discovery in immunology and where the field is going next, with a focus
on computational techniques for extracting useful information from this high-
dimensional data.

We will not aim to cover the sheer number of spatial transcriptomic methods, nor
their technical details in this chapter. Instead, our focus will be on explaining how
spatial transcriptomic information has allowed for new discoveries in systems
immunology in a variety of tissue/disease contexts and where it can go from here.
For technical discussions of the breadth of spatial technologies out there, readers are
encouraged to explore a variety of comprehensive reviews [3–7]. We will instead try
to categorize approaches, both new and old, into general classes with a focus on
those technologies that have been applied to questions in immunology.

1 The Importance of Spatial Dimensions When Studying
Immune Responses in Tissue

The complex signaling networks that govern immune system behavior in tissues are
mediated by a number of mechanisms. Each of these mechanisms has an inherent
length scale (range of effect) from the order of direct cell-cell contact to diffusion of



cytokines in tissues across hundreds of microns or tens of cell diameters [8]. Com-
bined, these signaling mechanisms give rise to multicellular tissue organization and
determine its homeostatic state [9] and response to perturbations such as inflamma-
tion and its resolution. As we will explore below, the spatial organization of immune
cells is tightly linked to their activity and function in a variety of tissues. Thus, being
able to link immune cell transcriptomic information to position will greatly advance
our understanding of the immune system’s components and their interactions.
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1.1 Lymphoid Tissues: It’s All About Space

If we focus our attention on lymphoid tissues such as lymph nodes and the spleen,
the necessity of spatial organization in the immune response becomes immediately
apparent [10]. The arrival and ultimate positioning of antigen-carrying dendritic cells
from the periphery is intricately linked to their ability to present antigen and thus
activate distinct subpopulations of T cells [11–13]. The coordination of multiple cell
types during an immune response requires that the right cell type, in the right state be
found in the right place at the right time, and this complex choreography has only
begun to be deciphered. An example of this coordination can be found in the
dendritic cell compartment in the lymph node, wherein cross-presenting conven-
tional dendritic cells type 1 (cDC1) which serve as effective activators of CD8+ T
cells can be found deep within the T cell zone. This stands in opposition to cDC2
cells which are thought to effectively present to CD4+ T cells through MHCII and
reside on the periphery of the T cell zone [12, 14]. This spatial distribution has also
been hypothesized to affect the uptake of antigen with less antigen available to cDC1
populations due to their more centralized positioning [11]. Concurrently, T lympho-
cytes skew in their distributions according to the most potent antigen-presenting cell
(APC) type, i.e., CD4 more peripheral than CD8 T cells. A number of signaling
mechanisms have been shown to drive these spatial patterns in cell distributions both
at rest and during immunization, such as Ebi2 [14, 15], wherein a combination of
ligand gradient (7α,25-OHC) and receptor expression level tunes a given cell’s
localization. As the immune response is a dynamic process, localizations necessarily
may shift, and indeed in the spleen, cDC2 cells use increased CCR7 expression upon
antigen uptake to move centrally toward the T zone to make CD4 T-cDC2 interac-
tions more likely [15]. Disruption of these signaling mechanisms alters cell locali-
zation patterns and results ultimately in a suboptimal response, again stressing the
link between localization and function.

Other elements of the innate immune system are also found in distinct regions of
the lymph node related to their function such as subcapsular sinus macrophages [16],
natural killer (NK) cells [17, 18], and neutrophils [19]. Even the nonimmune
components of the lymph node, including stromal cells, display distinct spatial
organization relative to the medulla and B cell follicles [20].

The cellular choreography of lymphoid tissues serves as a powerful example for
how multicellular structure arises from intercellular signaling. They also serve as



poignant examples of how structure then informs function, in this case the response
to immunological perturbations.
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1.2 Spatial Organization of Immune Cells in Nonlymphoid
Tissues Is Vital to Their Function

Beyond lymphoid tissues, immune cells in the periphery often occupy specific
niches closely related to their function in either surveillance or maintenance of the
tissue. For example, Kupffer cells occupy a specific intravascular spatial niche in the
liver, where signaling with neighboring stellate cells, endothelial cells, and hepato-
cytes guides their differentiation from monocytes [21]. Through close interactions
with nonimmune cells, this population of immune cells is precisely localized in a
specific intravascular niche within the liver, vital to its function [22].

The skin, as a barrier tissue, exhibits immune organization closely related to the
many microanatomical layers that comprise the tissue [23]. Even hair follicles
interact closely with immune populations, serving as foci for organization of
immune responses to inflammatory perturbation in the skin [24]. Due to the variety
of potentially inflammatory stimuli these barrier tissues face, the placement of
distinct immune cells largely determines the progression of the immune response.
For instance, Langerhans cells reside at homeostasis in close contact with
keratinocytes in the epidermis and upon inflammation-inducing conditions,
downregulate E-cadherin to promote their egress toward draining lymph nodes,
trafficking antigen for presentation [25, 26]. This serves as yet another example of
how cell-cell interactions (in this case a juxtacrine one) govern immune cell posi-
tioning in tissue and tie into their function at different stages of the immune response
(surveillance vs. antigen trafficking).

Taken together, these examples underline how components of the immune system
can be found across diverse tissue contexts, with their specific localizations
governed by cell-cell communication and essential for their function. Thus, efforts
to study the immune system’s role in maintaining homeostasis in these diverse
tissues will be greatly enabled by the merging of spatial information with
transcriptomic.

1.3 Immune Cells in the Physical Space of the Tumor: Order
from Chaos

Given the rise of cancer immunotherapy, there is naturally great interest in studying
the state of the immune system in the tumor microenvironment (TME) [27] and what
features of the immune infiltrate in tumor determine response to immune checkpoint
blockade (ICB). The concept of immunologically “hot” tumors has emerged as a



paradigm to describe TMEs that are poised for optimal responses to ICB [28]; these
tumors are characterized by greater infiltration of T cells and potent stimulatory
antigen-presenting cells (APCs) such as conventional dendritic cells (cDCs)
[29]. Conversely, “cold” tumors are characterized by a lack of T cell infiltration,
an imbalance toward poorly stimulating or inhibitory myeloid cells, and exclusion-
ary fibrosis mediated by stromal cells. Major questions remain:
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Fig. 1 Tissues, both at homeostasis and undergoing an inflammatory response due to injury or
insult, exhibit spatial heterogeneity. Immune cells within these tissues encounter spatially varying
stimuli and signaling. For example, cells may encounter altered ECM architecture and short- and
long-range signals from other cell types and be distributed in different regions of the tumor mass
(Figure made with BioRender)

• What mechanisms shape the progression of a hot versus a cold tumor?
• How can we refine our models of hot/cold tumor with spatial information?
• Can hot and cold regions exist within the same tumor?
• How does intratumoral spatial heterogeneity influence the response to ICB?

At first glance, the tumor represents chaos rather than order, a subversion of the
regulatory pathways that are the basis of multicellular organization and harmony.
However, emerging work has started to highlight surprising levels of spatial orga-
nization in the tumor including the immune compartment (Fig. 1). Because tumors
repurpose existing mechanisms for tissue homeostasis and regeneration [30], per-
haps it is not so surprising that tumors can generate their own unique tissue
architecture with the formation of spatially heterogenous domains [31].

The presence of tertiary lymphoid structures (TLS) in tumors is one example of
newly appreciated spatial organization in the TME and surrounding stroma. These
aggregations of lymphocytes share many of the spatially organized features found in
lymphoid tissues including T and B zones, but can be found in a variety of



chronically inflamed tissues including tumors [32]. Importantly, these structures
serve as foci for proliferation and differentiation of T effector memory (TEM) cells
and plasma B cells, and their presence in the stroma surrounding tumors is strongly
linked to good prognoses across solid tumor indications [33–35]. The mechanisms
that lead to the de novo emergence of these structures involve many cell types, both
immune and nonimmune and signaling molecules such as VEGFC, CCL19/21, and
others possibly unexplored [32]. Because of the strong correlation with good out-
comes to treatment, there is intense interest in deciphering the mechanisms behind
the assembly of TLS.
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While angiogenesis and the role of endothelial cells have been extensively
studied in terms of tumor growth and metastases, recent work highlights the vascu-
lature as an organizing center for tumor-infiltrating immune cells [36, 37]. The
authors of these studies discovered distinct immune populations that resided in
perivascular regions in the tumor which were poised to respond to ICB. In particular,
Di Pilato et al. found that cytokine signaling through CXCR6 served a crucial role in
positioning effector CD8+ T cells to this specific niche where they received signals
from a dendritic cell subpopulation that promoted their survival and persistence in
the TME [36]. This provides yet another example of cell-cell communication leading
to formation of a spatially organized immune compartment in the TME with
implications for the anti-tumor response.

But what are the consequences of altered immune localization in the tumor and
what relevance does it have for clinical prognoses? Already, major efforts have been
made to profile the immune composition of human tumors across indications and
treatment histories and to identify patterns of composition and their correlation to
clinical outcomes [38–40]. Notably, these papers identified general classes of tumors
defined by immune composition which go beyond simple “hot” and “cold” termi-
nology. These efforts have been performed on dissociated tumors, collecting either
bulk or single-cell RNA-Seq on single-cell suspensions.

However, there is ample evidence that applying a layer of spatial information on
top of these compositional profiling approaches can improve our prognostic capa-
bilities and reveal new mechanisms that explain resistance to ICB. Degree of
immune infiltration and the positions of immune cells relative to each other and to
tumor cells hold prognostic value [31, 41–47] and can have significant influences on
the response to immunotherapies [48]. These studies have used a variety of spatial
metrics including co-localization scores, proximity measurements, and cell neigh-
borhood analyses to generate predictive stratification of human tumor samples. For
example, Keren et al. used multiplexed ion beam imaging (MIBI) to show more
favorable prognosis in triple-negative breast cancer (TNBC) samples with specific
immune neighborhoods concentrated at the tumor edge as opposed to dispersed
within the tumor mass [46]. Although the studies vary in assays and metrics used,
they share a common theme in the refinement of prognostic scores with the addition
of spatial information.

Taken together, it becomes apparent that architecture and higher-level organiza-
tion found in healthy tissues can be at least partially recapitulated in the TME and
highlight the need to understand not only the transcriptional state of immune cells,



but their physical position in tumor space. This understanding would then hold great
prognostic value and could generate actionable targets for perturbing the spatial
organization of the immune compartment in tumors to improve outcomes in cancer.
Already several interventions and perturbations have been proposed for inducing
spatial shifts in immune cells in the TME to achieve greater anti-tumor response. For
example, degradation of collagen matrices at the tumor-stroma interface has been
shown to enhance CD8+ T cell infiltration deeper into the tumor mass [49]. Vascular
normalization (e.g., anti-VEGF blockade) has been shown to increase immune
infiltration into the tumor and synergize with immune checkpoint blockade in
tumor clearance [50]. Therapies can also act by altering the distribution of other
cell types. For example, in a mouse model of pancreatic ductal adenocarcinoma
(PDA), CD40 blockade induced macrophage accumulation in the tumor stroma,
leading to a decrease in collagen deposition and disruption of the tumor stroma [51].
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1.4 Spatial Aspects of Autoimmunity

On the other side of the coin, autoimmunity is often characterized by prolonged or
inappropriate inflammation that damages healthy tissue leading to pathology. This
self-targeting immune response also exhibits clear spatial heterogeneity in cell types
and their states which determines the trajectory of pathology. For example, in type
1 diabetes, the stages of disease progression are marked by the accumulation of
distinct immune cell populations in regions surrounding islets followed by increas-
ing infiltration into the islet and eventual destruction of beta cells [52]. This pro-
gression of immune accumulation can also vary significantly between neighboring
islets [53] leading us to ask what cell-cell signals govern the placement of immune
populations and how this affects their ability to be polarized into an inflammatory or
anti-inflammatory state. To do so requires the ability to study the state of these
immune cells as a function of their position relative to the islets [54].

1.5 Summary: Capturing Spatial Information is Vital
for Understanding Immunity

Hopefully the examples above demonstrate the importance of the spatial dimension
in studying inflammatory and immune responses in a wide array of tissue types and
pathologies. In the next section, we will imagine that we wish to understand the
transcriptomic state of a cell to determine its identity or function. However, we also
want to know where exactly that cell was in the tissue and, importantly, what is the
state of other cells near and far from it. We may also have traditional imaging data
marking tissue landmarks of interest such as clusters of a given cell type, vascula-
ture, or ECM components, and we would like to know how cell transcript levels vary



as a function of distance to these landmarks. Keeping these questions in mind, we
will review available methods to address this problem and the considerations we
must keep in mind as we weigh each method.
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2 The Spatial Transcriptomic Toolbox

This section will introduce the many methods for spatial transcriptomic profiling,
both old and new. It is not meant to be a comprehensive catalog of all techniques, but
rather a sampling of the major classes, touching upon principles and particular
strengths. Techniques are covered in this section in the context of the discoveries
they have enabled in the field of immunology.

2.1 The Ever-Evolving Spatial Transcriptomic Toolbox

2.1.1 Targeted Approaches

The earliest attempt at gaining spatial information on transcriptional states of cells
has its roots in in situ hybridization technologies [55]. The field of spatial
transcriptomics, fundamentally, is the marriage of transcriptional space which can
range from 1 to tens of thousands of dimensions, within two- or three-dimensional
physical space. Traditionally, characterization of physical space has been the pur-
view of microscopy; in situ hybridization (ISH) seeks to make use of microscopy to
directly visualize and quantify mRNA species in a biological sample. If proteins can
be detected through specific binding by an antibody, so too can an RNA transcript by
a fluorescently labeled reverse complementary probe.

From the beginning of fluorescence in situ hybridization (FISH) [56], major
advancements have increased the number of targets able to be detected simulta-
neously and the sensitivity of detection. Single-molecule FISH used multiple short
probes per target transcript to achieve signal amplification, allowing for single
mRNAs to be detected [57]. In order to increase the number of mRNA species
detected at a time, the fluorophores attached to these short probes can be varied, such
that the unique combination of fluorophores defines an mRNA species, increasing
the number of discernible targets with a limited set of fluorophores in what is known
as spectral FISH [58].

The advent of multiplexed error-robust FISH (MERFISH) greatly expanded the
number of simultaneously detectable mRNA species by several orders of magnitude.
Instead of direct fluorescent probe binding to the mRNA target itself, the probe
strands contain two overhang regions flanking the targeting region which are
hybridized with fluorescently labeled readout probes. By alternating addition of
fluorescently labeled probes and photobleaching, each detected mRNA is defined
by presence and absence of signal for each round. In this way, mRNA species are



defined by a binary code (presence or absence of a fluorescent signal); with sufficient
edit distance between codes, errors or dropouts in signal can be caught and correctly
assigned [59]. In the latest iteration of MERFISH, the authors demonstrated detec-
tion of 10,050 targets with the ability to localize transcripts to subcellular
compartments [60].
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Sequential FISH uses cycles of probe hybridization and stripping via DNase
treatment to define a sequential barcode. The first iteration of seqFISH managed to
detect 249 individual mRNA targets [61]. However, by encapsulating this serial
barcoding idea to one of four readout regions attached to a target-specific probe, the
authors were able to create 60 pseudocolors (sequential barcodes) for seqFISH+
[62]. Because these pseudocolors are defined by presence/absence of signal in a
round, this approach also deals with the issue of resolving mRNA molecules that
become increasingly crowded with more and more detected targets. Ultimately, this
approach allowed for simultaneous detection of 10,000 genes, approaching the scale
of untargeted, whole-transcriptome approaches detailed below.

An early approach for mapping single-cell transcriptomes in 3D in zebrafish
embryos by Satija et al. made use of a set of known landmark genes, with previously
characterized spatial patterns of expression via FISH [63]. By querying the expres-
sion level of these landmark genes in each cell, and mapping to the previously
determined probability landscape, the authors could infer the likelihood a given
cell’s position in 3D space. While a powerful technique in the embryo, this method
necessarily required previously known landmark genes with geometrically ordered
expression covering enough “degrees of freedom” for accurate mapping. While there
is a wealth of such genes, e.g., morphogens, in the developing embryo, there are
relatively few for other tissue contexts without well-defined geometry.

Performing traditional FISH on thick, 3D tissue samples becomes a challenge due
to imaging and reagent penetration issues; these obstacles have been creatively
tackled using strategies such as tissue clearing, expansion, and sequencing in situ.
Spatially-resolved transcript amplicon readout mapping (STARMap) represents a
combination of technologies that combines hybridization, amplification, and
sequencing by ligation with error correction [64]. The set of issues that the authors
sought to address using STARMap were difficulties in detecting target transcripts,
amplifying signals, and reading out these signals out with in situ sequencing in 3D
intact tissue (brain in their seminal publication). The first step in the solution was the
generation of DNA amplicons from rolling-circle amplification based on target-
specific probes, creating nanoballs containing many copies of a barcode associated
with the target of interest. Critically, these nanoballs incorporate chemical moieties
allowing their anchoring to a hydrogel support which permeates the tissue, thus
allowing other cellular and tissue components to be stripped away, reminiscent of
recent tissue clearing protocols [65]. The final piece of the puzzle is an innovative
sequencing by ligation approach, sequencing with error-reduction by dynamic
annealing and ligation (SEDAL), which addressed the issue of high error rate and
background in other in situ sequencing approaches. Using this technique, the authors
were able to demonstrate detection of 160 target transcripts in a 150-micron-thick



brain section, revealing neuronal clusters that serial 2D sectioning would have
missed.
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Combining both targeted and untargeted capabilities, ExSeq [66] is conceptually
similar to STARMap mentioned above, but builds upon the expansion microscopy
technique [67] to increase spacing between RNA molecules and provide greater
physical accessibility to the reagents and enzymes necessary for fluorescence in situ
sequencing or FISSEQ [68]. Crucially, the authors elute transcripts from the polymer
for traditional next-generation sequencing (NGS), allowing better mapping of their
short in situ reads. The targeted approach was demonstrated in visual cortex sections
around 1 × 1 × 0.02 mm targeting 42 genes. The authors went further and examined
297 genes of interest in a breast cancer metastasis in the liver, finding expression
patterns in one cell type dependent on proximity to an expression pattern in another
cell type. This kind of analysis represents a potentially powerful method for eluci-
dating cell-cell interactions and the signaling pathways they act through.

2.1.2 “Whole” or “Untargeted” Transcriptome Capture Techniques

With the approaches described above (with the partial exception of ExSeq), although
some offer tens of thousands of targets, they still require the selection of targets in
advance and the generation of probes. In this section, we touch upon the exciting
technological advancements that have allowed for capture of the whole
transcriptome, either from single cells or cellular neighborhoods in tissues. The
details and strategies are incredibly diverse in their execution; here we describe
two general groupings: solid-phase capture and region-based selection techniques.
Generally speaking, these techniques use a combination of nonselective capture of
transcripts, reverse transcription, library construction, and next-generation sequenc-
ing (NGS) to quantify transcript levels in an unbiased manner.

Solid-Phase Capture

The core idea behind this group of techniques is first the construction of a solid
support able to capture transcripts, usually through a classic poly-dT oligonucleo-
tide. By varying a barcode sequence in the capture oligo over the capture area, a
transcript captured and turned into cDNA during reverse transcription (RT) by the
solid support can be mapped back to a position on the support and thus the tissue
section placed against that support (Fig. 2).

One of the first exemplars of this family of techniques was the approach
pioneered by Stahl et al. in which immobilized barcoded capture oligonucleotides
were printed in 100-micron spots on a glass slide to capture mRNA transcripts in a
tissue section overlaid on top, relying on the permeabilization of the tissue and
diffusion of transcripts onto the slide [69]. This initial effort has since grown
extensively, commercialized as the Visium spatial transcriptome solution from
10X Genomics, into the most widely used technology in this family. The latest
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commercially available iteration boasts increased spatial resolution (55-micron spots
with a 100-micron center-center distance) and greater transcript capture efficiency
(Fig. 2) [70].
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Variations on this idea can be found in SLIDE-Seq and SLIDE-SeqV2, its
improved version [71, 72], in which an array of beads, each bearing its own barcoded
capture oligonucleotide, serve as the solid support. Naturally, the size of the beads
(10 μm) governs the spatial resolution of the approach.

Combining barcoded beads with an array of hexagonal microwells, high-
definition spatial transcriptomics (HDST) [73] represents another development in
the solid-support family. Seeking to improve the spatial resolution of the earlier
spatial transcriptomics approach, the authors created an array of hexagonal wells,
into which a slightly smaller bead (2 μm diameter) decorated with barcoded capture
oligonucleotides is deposited. Naturally, the arrangement of barcoded beads is
unknown a priori; thus, these approaches require accurate barcode sequencing of
the bead arrays prior to use.

The latest development in solid-phase capture, Seq-Scope [74], creatively
repurposes next-generation sequencing (NGS) flow cells to create a dense forest of
randomly barcoded capture clusters similar to the clusters that form during the
typical NGS workflow. This “organically” grown array of capture spots achieves
exceedingly high spatial resolution, with a 0.5–0.8 μm separation between spots.
This subcellular resolution even allows for identification of differential distribution
of spliced and unspliced transcript variants as a function of nuclear localization
(to see in scale with other approaches, see Fig. 2).

In a similar vein to Seq-Scope, PIXEL-Seq [75] also has its foundation in the
organic growth of “polonies” to form clusters of barcoded capture oligonucleotides.
However, this approach was performed on polyacrylamide gels which, the authors
claim, allow for more uniform density of capture oligonucleotides. The resulting
clusters are on the order of 1.17 microns, allowing again for subcellular spatial
resolution.

DBiT-Seq meanwhile uses an ingenious microfluidic array to physically control
the flow of barcoded RT primers over a tissue section, for in situ reverse transcription
[76]. Clamping of the microfluidic array over the sample allows for barcoded RT
primers to read out transcripts in the lane. By simply rotating the array by 90 degrees
and performing a secondary amplification, the combination of two barcodes maps a
given transcript to a x-y position in the section. The width of microchannels
necessarily determines the capture region size and the spacing between them
(50 and 10 μm sizes described). Although DBiT-Seq does not use a preexisting
array of capture oligonucleotides, the microchannels effectively partition the tissue
into a grid format; thus, we categorize them here.

Region-Based Selection

Another family of spatial transcriptomics techniques seeks to use tissue landmarks or
features to inform selection of cells/transcripts for downstream analysis. One of the



earliest methods in this class is the use of laser microdissection first described in
1996, in which a focused laser beam allows for physical removal of a region of
interest from a tissue explant or section [77]. This region can then be processed
downstream for a variety of assays including scRNA-Seq [78] such as in Geo-Seq
(Fig. 3).
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Fig. 3 Several strategies for light-based cell marking used in NICHE-Seq, SPACECAT, and
SCARI. All three techniques rely on some fluorescent signal to differentiate marked cells for
downstream sorting and scRNA-Seq. Laser capture microdissection physically removes a region
for downstream processing, including scRNA-Seq (made with BioRender)

Light offers theoretically subcellular spatial resolution and modulating illumina-
tion has become technologically commonplace using several devices such as laser
scanning confocal microscopes and digital micromirror devices (DMDs). The other
part of this formula is the wide variety of chemical groups and fluorophores have
been designed to react to illumination at specific wavelengths. By combining this
chemistry with spatially modulated light illumination, these approaches allow for



arbitrary regions of interest (ROIs) to be defined, with cells in these regions
somehow differentiated from those in the rest of the tissue (Fig. 3).
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The first of such techniques, NICHE-Seq, utilizes photoactivatable GFP
(PA-GFP) to mark cells of interest for downstream sorting based on fluorescence
for processing via scRNA-Seq [79]. This of course necessitates the use of a genet-
ically encoded PA-GFP in the cells of interest. In a similar vein, SPACECAT [80]
uses cell-permeable dyes that upon photo-uncaging, become fluorescent, again
allowing for sorting of selected cells. However, this approach does not require
transgenic PA-GFP expression in the tissue/organism, which allowed the authors
to explore different regions of human lung tumor biopsies. Additional chemistry
could lead to orthogonal caged fluorophores that could be uncaged using different
wavelengths or exhibit different fluorescent spectra, allowing for more than one ROI
to be defined in the same tissue.

Along the lines of photo-uncaging, the developers of SCARI-Seq [81] made use
of a photocaged FLAG-Tag attached to a cell-binding nanobody, which upon
photocleavage, opens up the tag for recognition via a fluorescently labeled anti-
FLAG antibody. Finally, ZipSeq directly links photo-uncaging to DNA barcoding
by controlling the hybridization of a readout oligonucleotide (“ZipCode”) to a cell-
anchored photocaged oligonucleotide [82]. By performing a cycle of spatially
modulated illuminations and addition of distinct barcodes on top of a tissue section,
the number of regions defined scales linearly with cycle number (Fig. 4). The
ZipCodes hybridized to the cells are then read out alongside mRNA during common
scRNA-Seq protocols, generating a parallel library for “regional demultiplexing.”

Nanostring’s GeoMX Digital Spatial Profiler (DSP) represents an interesting
fusion of region-based selection and in situ hybridization approaches [83]. The
protocol resembles in situ hybridization but the probe oligonucleotides contain a
photocleavable linker attached to a barcode. After hybridization of a set of probes to
a tissue section, ROIs can be illuminated, liberating the barcodes into solution which
are collected for sequencing to quantify the levels of target transcripts within
the ROI.

For this class of region-based approaches (NICHE, SPACECAT, SCARI, and
ZipSeq), the selection of regions guided by some tissue architecture, geometry, or
fluorescent signal is of utmost importance. To this end, the use of conventional
fluorescence microscopy can provide guidance and landmarks for region definition.
What these approaches lack in spatial resolution, they make up for in cellular
resolution, however. Because these methods plug into existing scRNA-Seq
workflows, they gain all the capabilities this workflow affords. Spatially variable
gene expression can be confidently linked to a given cell type in tissue rather than
relying on computational deconvolution required for other techniques such as
Visium. Theoretically, these approaches can also harmonize with the growth of
multimodal single-cell assays, combining single-cell gene expression, proteomics
(e.g., CITE-Seq or REAP-Seq) [84], epigenome state, immune repertoire, and
CRISPR screening [85].
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Combining Grids with “True” Single-Cell Transcriptomics

A promising middle ground that combines increased spatial resolution and “true”
single-cell transcriptomic profiling makes use of an array of wells upon which a
tissue section can be placed. Upon dissociation, cells fall into the wells (500 μm
center-center) for permeabilization and first-round reverse transcription. By
following with a combinatorial second round of barcoding, XYZeq [86] achieves
single-cell transcriptomic capabilities mapped back to a grid of wells. In a further
development, the authors of sci-Space [87] used a spotted grid of oligonucleotides
(~140 μm with ~220 μm center-center), but not to capture transcript, but rather label
and thus spatially hash nuclei in a permeabilized tissue section. Following extraction
of the nuclei and single-nuclei sequencing via sci-RNA-Seq [88], the authors were
then able to use that hashing information to map a single nucleus transcriptome back
to a grid coordinate. By iterating this spatial nucleus hashing over 14 serial sections,
the authors were able to reconstruct cellular architecture and states in 3D for a mouse
embryo.

Taken together, this impressive array of technologies and workflows represents
the toolbox which immunologists will have to sift through in the coming years. We
note that many of these approaches were tested and showed exemplary data for brain
tissue. Because of the well-characterized spatial organization of the brain, this tissue
is an ideal test bed to showcase the accuracy and precision of new spatial
transcriptomic techniques. As these approaches emerge from their infancy and
become more widespread, we will surely see their increased application toward
questions in immunology.

2.2 Parameters to Consider

When considering the sheer number of approaches published and now commercially
available for performing spatial transcriptomics, there are several parameters to be
weighed in terms of utility for the question being asked. In this section, we will cover
several of the most relevant parameters, compare approaches, and discuss their
importance based on experimental context. As seen in Table 1, every approach
features unique strengths while coming with its own set of considerations and
caveats. Some of these “considerations” could be considered disadvantages or
advantages depending on the context. For example, if examining a rare cell type,
the fact that some approaches are performed on fixed or frozen sections may not be
ideal as these cells cannot be sort-enriched prior to transcript capture and so rare cells

Fig. 4 (continued) Seq workflows to generate two parallel libraries: cDNA and ZipCode, allowing a
single-cell transcriptome to be mapped to a region of interest using the ZipCode “hash.” Adapted
from [82] with permission, © 2020 Hu et al.
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Table 1 List of strengths and considerations for untargeted spatial transcriptomic approaches

Technique Strengths Considerations

Spatial
transcriptomics
(ST) [69] and
Visium [70]

– Commercially available
– Likely to see improvements in
spatial resolution and capture effi-
ciency
– Can be performed on fresh/frozen
and FFPE samples (with modifica-
tions)
– Order of 104 UMI per spot

– Capture spots in first iteration
have resolution of 55 μm
– Convolutes transcripts from all
cells in capture region, potentially
diluting out small/rare cell tran-
script contributions
– Requires computational inference
to assign cell proportions

HDST [73] – Performed on frozen tissue sections
– High spatial resolution (2 μm)
allows for roughly single-cell
resolution

– Low UMI representation per cell
(est. 175 for cell diameter of
10 μm)

SLIDE-Seq v2
[72]

– Performed on frozen tissue sections
–Moderate spatial resolution (10 μm)
could represent mixture of cells but
significantly less than Visium

– Improved UMI/bead order of
~600/bead but still significantly
less than other scRNA-Seq
approaches assuming cell diameter
of 10 μm

DBiT-Seq [76] – Performed on fixed, frozen tissue
sections
– Concurrent protein quantification
through Ab-oligo conjugate staining
– Average of ~104 UMI per 10 μm
pixel, approaching droplet-based
scRNA-Seq
–Moderate spatial resolution (10 μm)
could represent mixture of cells but
significantly less than Visium

–Mixture of cells in transcript pool
per pixel

seq-Scope [74] – Extremely high spatial resolution
allowing for subcellular transcript
localization
– Est. ~6–7 UMI per micron and
comparable UMI/cell in liver section
to droplet-based scRNA-Seq
– Starts with frozen tissue sections

SPACECAT [80] – Pan-cell-type targeting permeant
dye
– Cells can be sorted for enrichment
following
– Plugs into scRNA-Seq pipelines
(transcript capture efficiency depen-
dent on workflow)

– Only one demonstrated ROI per
sample
– Relies on penetration of reagent,
– Possible UV phototoxicity
– No frozen/FFPE solution

SCARI-Seq [81] – Plugs into scRNA-Seq pipelines
(transcript capture efficiency depen-
dent on workflow)
– Not reliant on genetically encoded
reporter
– Cells can be sorted for enrichment
following

– Requires penetration of labeling
nanobody
– Allows for selection of one
region per sample
– Targeting moiety must be
adjusted for cell types of interest
– No frozen/FFPE solution



may be missed unless large expanses of tissue are assayed at great expense, so
techniques performed on live tissues may be advantageous in this regard.
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Table 1 (continued)

Technique Strengths Considerations

ZipSeq [82] – Plugs into scRNA-Seq pipelines
(transcript capture efficiency depen-
dent on workflow)
– Allows for definition of linearly
scaling number of regions of interest
per sample
– Cells can be sorted for enrichment
following

– Requires penetration of labeling
reagents
– Targeting moiety must be
adjusted for cell types of interest
– UV (365 nm) could result in
phototoxicity
– No frozen/FFPE solution

NICHE-Seq [79] – No reliance on tissue penetration of
reagent (ROIs deeper in tissue)
– Can utilize two-photon illumination
for photoactivation
– Plugs into scRNA-Seq pipelines
(transcript capture efficiency depen-
dent on workflow)
– Cells can be sorted for enrichment
following

– Requires genetically encoded
PA-GFP expression, precluding
human samples
– One ROI defined per sample
– No frozen/FFPE solution

XYZeq [86] – Performed on frozen tissue
– Maintains single cell
transcriptomes
– Combinatorial indexing negates
need for droplet-based scRNA-Seq
kits

– Lower spatial resolution
(~500 μm)
– UMIs/cell less than obtained
through traditional scRNA-Seq
(order of 103 UMI/cell)

sci-Space [87] –Maintains single-nucleus resolution – Lower spatial resolution (146 μm
diameter spots with 222 μm C2C)
– Captures nuclei, resulting in lim-
ited transcript pool per cell ~2500
UMI/cell, however could allow for
matching to scRNA-Seq data from
paired sample

2.2.1 Targeted Versus Untargeted Approaches

Analogous to qPCR or microarrays, some spatial transcriptomic assays (e.g., FISH-
based) are performed with a specific set of genes in mind (targeted). Meanwhile,
another class of spatial assays resembles the nonspecific mRNA reverse transcription
and sequencing via NGS (bulk RNA-Seq) which seeks to gain an “untargeted” view
of transcriptome. Whether or not these workflows truly capture an unbiased quan-
tification of all mRNA species in the cell is an ongoing issue, but the main idea is
these approaches are not targeted toward any specific transcripts.
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Recent advances in FISH-based methods have greatly increased the number of
targets that can be detected per sample, increasing the tested order of magnitude from
tens to thousands. For example, the authors of STARMap demonstrate the ability to
detect 1020 transcript targets simultaneously which their clearing and error-
correcting SEDAL sequencing enable [64]. The authors also note that this begins
to reach the physical limit of resolution as the sheer number of detected transcripts
begins to increase the density of signal, making resolution of individual amplicons
more difficult. seqFISH and MERFISH have broken into the realm of tens of
thousands of genes detected at a time, approaching the order of magnitude of
genes often detected in scRNA-Seq [59, 62].

Working with preselected targets may be optimal depending on the question
being investigated. If carefully curated for the question at hand, the gene sets
available for several in situ technologies can effectively provide coverage for certain
pathways of interest, with the added consideration that capturing and sequencing all
mRNA in unbiased methods may not be a cost-effective method all the time. Many
genes may not represent relevant sources of variability, such as housekeeping, cell
cycle, mitochondrial, or ribosomal protein encoding transcripts. For practical con-
siderations, this means occupying precious reads with genes outside of the scope of
the study, crowding out reads from potential genes of interest (in effect wasted
sequencing).

These approaches are not however in opposition or mutually exclusive; the cycle
of target discovery, validation, and thus hypothesis generation could be neatly
fulfilled by a combination of untargeted and targeted approaches. In this way, we
can imagine all these technologies in an ecosystem whereby a tissue feature raises a
question, leading to an untargeted approach directed at that region, followed by
verification of hits via a targeted approach.

2.2.2 Lost in Reverse Transcription: Transcriptome Capture Efficiency

An important factor in whole-transcriptome capture or “untargeted” methods is the
efficiency of transcript capture which translates downstream to the complexity or
diversity of the cDNA library and is commonly measured by the number of unique
molecular identifiers (UMI) per cell/spot/grid position. Importantly, this metric is
distinguished from sequencing depth which depends on the degree of sampling from
a library for sequencing. Low-complexity libraries from inefficient transcriptome
capture cannot be rescued by increasing sequencing depth as UMIs begin to reoccur
[89]. Below, our comparison of UMI counts should be considered in terms of orders
of magnitude and taken with the caveat that UMI per unit area can highly vary due to
tissue type and not solely technical considerations.

What are the consequences of low-read depth? Certain genes may experience
considerable variability in their detection including “dropout” issues in which a
transcript is undetected, possibly due to natural variability in transcript abundance or
stochasticity in the capture and amplification [90, 91]. Lower capture rates will
disproportionately impact these high dropout genes in downstream analyses.
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The combination of limited mRNA capture rate and mixing of transcript contri-
butions of all cells in tissues theoretically presents an issue for studying the immune
system’s activity in tissues. Immune cell representation in tissues, even inflamed
ones, can be quite low compared to stromal/parenchymal cell populations. In
immunologically “cold” tumors, which would be very valuable to characterize,
this problem can become even worse. Compounding the issue is the highly variable
RNA content of different cell types [92] depending on size and cell cycle phase. T
cells have been reported to hold tenfold less transcript than much larger, cycling
tumor cells [93]. When combined with their sparse distribution in a tumor setting, T
cell originating transcripts are necessarily diluted by the presence of many larger,
more transcriptionally abundant cells in their vicinity. Early attempts at whole-
transcriptome capture suffered from low numbers of reads detected per spot, exac-
erbating the issue. For instance, the first iterations of SLIDE-Seq on average had
59 UMI per 10-micron bead [71] and spatial transcriptomics (ST) allowed for around
3 × 104 mean UMI per 100-micron spot (assuming 10-micron cell diameter, this
translates to 300 UMI per cell). Meanwhile, HDST on average detected ~7 UMI per
2-micron well [73]. Extrapolating to a cell on the order of 10 microns in diameter, the
estimate of 175 UMI per cell remains at least an order of magnitude less than that
achieved by droplet-based scRNA-Seq workflows which already face significant
dropout issues. Given the limitations in capture efficiency for untargeted spatial
transcriptomic technologies, study of immune cell gene expression will likely run
into difficulties when considering certain low-read-count genes.

However, new advances in capture chemistry and workflows have greatly
increased the capture efficiencies of these technologies with SLIDE-Seq v2 increas-
ing UMI per bead by ninefold in demonstrated tissues [72] and Visium (commer-
cialized version of ST) to the order of tens of thousands UMIs per 55 μm spot.
Meanwhile DBiT-Seq achieves a similar UMI representation with a significantly
smaller “pixel” size of 10 μm [76]. Seq-Scope, with its extremely high resolution,
manages to achieve a similar “area density” of UMIs as DBiT-Seq, with estimated
UMI/cell approaching that of droplet-based scRNA-Seq [74].

Methods that make use of existing single-cell workflows, such as droplet-based
ones, take advantage of the greater capture efficiency afforded by these techniques.
Regional selection techniques, while affording low spatial resolution and often only
a handful of selected regions, can nevertheless plug directly into scRNA-Seq
workflows. While the actual number of UMIs and genes detected is heavily depen-
dent on cell type, we can nevertheless make order of magnitude judgments in the
relative efficiencies. Direct comparison of droplet-based assays from 10X Genomics
with well-based Smart-Seq2 showed UMIs on the order of 104 and 106per cell,
respectively [94]. This provides a benchmark against which solid-phase capture
techniques such as Visium, SLIDE-Seq, etc. can be compared.

Techniques such as XYZeq and sci-Space sit in a middle ground, preserving
single-cell/nuclei transcriptomes with relatively high spatial resolution in a grid
layout. XYZeq, while maintaining single-cell assignment of transcripts, displays
on the order of 103 of UMI per cell. For large, RNA-rich cell lines such as HEK293T
and NIH3T3 that the authors used, we would estimate a one order of magnitude



decrease compared to droplet-based scRNA-Seq methods. Because sci-Space cap-
tures single nuclei, it naturally suffers from comparably fewer UMIs than entire cells
(order of 2500 UMIs). However, the authors posit that matching single-nuclei data
with a paired scRNA-Seq dataset, more complete single-cell transcriptomes can be
mapped back into the coordinates defined by sci-Space on nuclei [87]. Of course,
capture efficiency is just one parameter when considering approaches and its impor-
tance varies with the aims of the study.
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2.2.3 Spatial Resolution: How Low Can We Go?

Just as microscopy has evolved ever-increasing levels of spatial resolution, so too
has the race for spatial transcriptomic technologies. Of course, in situ techniques
such as smFISH/MERFISH/seqFISH can achieve unparalleled spatial resolution,
theoretically limited by the ability to resolve signals originating from individual
mRNA transcripts. With these techniques, researchers can describe precise subcel-
lular localization of transcripts such as dendritic or axonal localizations in neurons.
Super-resolution microscopy has been used to aid resolution of single mRNA
molecules in a crowded cellular environment [58]. However, approaches such as
seqFISH+ which use a binary ON/OFF barcode mitigate the issue, greatly reducing
the number of fluorescent signals that must be resolved per frame, similar in concept
to super-resolution techniques such as PALM and STORM [62].

Certain technologies are limited in their spatial resolution by the physical size of
the capture spots or partitioning material as seen in Visium (55 micron), SLIDE-Seq
(10 micron), XYZeq (500 micron), HDST (2 micron), and DBiT-seq (50 or
10 micron). Other technologies using light-based regional selection, such as ZipSeq,
SPACE-CAT, and SCARI-Seq, are limited theoretically by the diffraction limit of
light. However, “selecting” a single cell at a time for downstream sorting and
sequencing is very low throughput and likely unfeasible, thus restricting these
techniques to larger regions containing a more reasonable number of cells (e.g.,
200-micron B follicles in ZipSeq [82]).

For most solid-support capture techniques, the question of spatial resolution is
intimately linked to the question of what cell this transcript came from. Capture
zones on the order of or larger than a typical cell face the issue of deconvolving the
transcript contribution of a collection of cells within the capture zone (e.g., Visium).
A considerable amount of computational effort is currently directed at dealing with
the issue of untangling the mix of transcripts obtained (discussed below). Tech-
niques such as XYZeq and sci-Space escape this conundrum, using physical
partitioning or in situ barcoding of intact cells/nuclei, respectively. Techniques that
achieve subcellular resolution such as Seq-Scope and PIXEL-Seq also avoid this
issue, and using cell segmentation, users can partition detected reads as belonging to
a given cell. This, of course, necessitates accurate cell segmentation which can
depend on image quality, membrane marker used, and the tissue/cell types being
considered [95]. For a sense of scale regarding capture regions, please refer to Fig. 2.
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2.2.4 What Kind of Samples Can We Use?

Another important consideration is the type of sample that the method can use as
input. For human tissues, this consideration takes on greater import as fresh tissue
samples are necessarily difficult to obtain on-demand. Banking of specimens has
several significant advantages, one being the ability to process a large number of
banked samples simultaneously, removing potential batch effects. In addition, being
able to tap into the extensive existing tissue banks is a major advantage. Many of the
techniques covered, such as Visium, HDST, Seq-Scope, XYZeq, and others, can be
applied to fresh frozen tissue sections. Meanwhile ZipSeq, NICHE-Seq, SPACE-
Cat, and SCARI-Seq were demonstrated on live tissue sections.

Formalin-fixed paraffin-embedded (FFPE) samples represent a very stable stor-
age solution for tissues with massive existing specimen banks. Extracted macromol-
ecules (RNA/DNA/protein) have been shown to be stable for at least 12 years in
FFPE samples [96]. However, the process of fixation itself along with storage
temperatures is known to significantly impact the quality of extracted RNA from
FFPE samples [97]. 10x Genomics has tackled spatial transcriptomics in FFPE
samples using pairs of probes directed against the entire transcriptome which are
ligated to form an intact probe. It is this hybridized probe strand that it ultimately
captured by the standard Visium spot array, avoiding the need to liberate endoge-
nous RNA strands cross-linked to proteins within the sample.

3 What Has Been Done with Spatial Transcriptomics
in Studying Immunology?

Many of the “newer” technologies discussed have yet to be applied toward studying
the immune system in situ, including inflamed tissues and tumor settings. Many of
these techniques have been validated in brain tissue but are certainly ready to be
applied to other tissues. In this section, we will cover what has been done with spatial
transcriptomics in studying the immune system in situ and emphasize the strategies
the studies used for integrating spatial transcriptomic data with other assays and
using them to inform downstream hypothesis generation.

3.1 Skin Wound Healing

The healing skin wound undergoes phases of inflammation followed by repair and
resolution. The anatomy of a full-thickness wound has x-y coordinates (inner and
outer wound areas) as well as a z-dimension (dermal layers), making localization of
gene expression essential for studying cellular coordination in this process. In a
recent study, Visium was applied to cross sections from a healing skin wound to



reveal expression patterns at several timepoints following wounding. By using
paired scRNA-Seq data, they were able to estimate the contribution and thus local
abundance of four major fibroblast subpopulations [98]. Going further, the authors
integrated scATAC-Seq data in order to impute the epigenetic state of fibroblasts as a
function of spatial localization.
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3.2 The Tumor Microenvironment

The tumor environment represents a spatially heterogeneous environment. With the
advent of cancer immunotherapy, analyzing the state of immune cells and where
they reside in the tumor space has become a major application for spatial
transcriptomics [6]. Due to the accumulation of mutations during tumor develop-
ment and outgrowth of clones, the tumor can represent a spatially heterogenous
landscape of genotypes. The selective pressure of the immune system leads to
immunoediting of the tumor whereby tumor clones undergo antigenic escape
[99]. Models of antigen escape sometimes use mosaic tumors formed from
co-injection of antigen-positive/antigen-negative tumor lines [100]. SCARI-Seq
made its debut selecting antigen-specific CD8+ T cells from antigen+ and antigen-

regions of such a mosaic tumor model to address the activity of the immune response
in these regions. The authors found increased expression of soluble effector mole-
cules from antigen-specific CD8+ T cells isolated from antigen+ regions vs antigen-

regions [81]. Given the ability of secreted cytokines, such as interferon gamma, to
diffuse hundreds of microns beyond the site of secretion, spatial dissection of the
borders between these regions would likely yield additional insights [100].

Recently, the meaning of tissue “atlases” has been revamped with the addition of
the spatial dimension. Nieto et al. created a true tumor atlas by combining scRNA-
Seq of tumor-infiltrating immune cells with data gained from Visium [101]. By using
the NMF-based matrix decomposition technique SPOTLight [102], the authors were
able to define several key immune subpopulations and impute the proportions of
these cells within each capture spot. Using this information, the authors described
co-localization of certain immune populations such as exhausted CD8+ T cells and
C1QC-expressing macrophages. Similar to clustering of cells in scRNA-Seq analy-
sis, spots can be clustered, defining distinct domains of the tumor with certain
signature proportions. Visium has also been applied to cutaneous squamous cell
carcinoma (cSCC) patient samples for identification of gene expression patterns
localized to the leading edge of the tumor as identified via H & E staining [103]. The
authors found an inflammatory signature localized to the edge, with co-localization
of several immune cell populations including exhausted CD8+ T cells and regulatory
T cells. Nagasawa S. et al. made use of Visium in studying gene expression as related
to the structure of ductal carcinoma in situ (DCIS) [104]. Interestingly, the authors
were able to link altered spatial patterns of gene expression to localization of mutant
GATA3 transcripts, examining the sequenced 3′ end of captured GATA3 transcripts



to find Visium spots containing cells with GATA3 variants, demonstrating a fusion
of the genome and transcriptome information.
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In a similar vein, the work from XYZeq also describes varying compositions of
immune cell types relative to tumor core, surrounding stroma, and the margins
between these regions in a model of MC38 colon adenocarcinoma metastasis in
the liver [86]. The authors went further than just cell-type composition and were able
to describe a gradient of gene expression as a function of proximity to tumor mass.
Such spatially variable gene expression patterns showcase the power of spatial
transcriptomics to align vectors in space with vectors of gene expression changes.

The PyMT mouse model is widely used genetically engineered mouse model in
which insertion of an MMTV-PyMT (polyoma middle T antigen) cassette in the
genome serves as an oncogene expressed in the mammary gland, resulting in
spontaneous tumorigenesis that advances through stages mirroring those in patients
[105]. ZipSeq, when applied to the mouse PyMT chOVA (mCherry-ovalbumin)
breast cancer model, identified increasing differentiation of monocytes to macro-
phages correlating with increased tumor depth as well as an increased terminal
exhaustion signature score in adoptively transferred OTI CD8+ T cells [82]. In a
recent study in a B78 tumor model, ZipSeq again identified a spatially correlated
increase in CD8+ T cell exhaustion with increasing monocyte-to-macrophage dif-
ferentiation. Analysis of spatial patterns of gene expression suggests the role of Csf1
and Ccl3/4 expression by exhausted CD8+ T cells in driving this macrophage
differentiation in the tumor interior [106].

Targeted FISH-based technologies serve as excellent methods for bridging the
gap between scRNA-Seq and the imaging realm. scRNA-Seq is invaluable for
identification of population heterogeneity, highlighting subpopulations with unique
differentially expressed genes. However, finding these populations in space via
immunofluorescent staining is not always trivial, given the lack of antibodies for
many proteins and the potential mismatch between proteome and transcriptome
[107, 108]. By “staining” for the transcripts of interest, we can gain a more direct
translation from scRNA-Seq to imaging, and with a priori knowledge of a gene set
such as gene signature defining a cell subpopulation, the probe panel can be
optimally designed. For example, in the tumor immunology space, MERFISH was
used with a 135-gene panel to demonstrate the proximity of macrophages to
glioblastoma cells undergoing a transition to a mesenchymal-like state, supporting
a model where macrophage-derived oncostatin M drives this process [109]. In
another exciting development, Pelka et al. defined co-occurring gene programs
being executed across immune cell types in patient colorectal samples, which they
term “hubs.” Armed with the knowledge of the top-contributing genes to these
programs of interest, the authors used an in situ hybridization approach to map the
activation of these programs in tissue space relative to each other [110]. Understand-
ing the spatial localization of these hubs allows for a tissue to be described as a
mosaic of these multi-cell-type hubs, revealing the cell-cell communication axis that
determines tissue state.
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3.3 Lymphoid Tissues

Moving beyond tumor immunology, ZipSeq has been applied to spatially dissecting
the lymph node at rest. Partitioning the lymph node into T and B zones using spatial
barcodes revealed the expected biases in T and B cell compositions [82]. Using a
higher-resolution second layer of photocaging allowed for a four-region delineation
moving from the deep T cell zone to the B follicles, revealing finer details on the
localization of subsets of T and B cells as well as rarer populations such as NK cells
found predominantly in interfollicular regions. With this four-region definition, the
authors describe spatial profiles of gene expression such as Ccr7 and Klf2 displaying
a monotonic decrease moving out from the deep T cell zone into the B cell zone.

Still in the lymph node space, the authors of NICHE-Seq applied their
photoactivation-based technique toward studying changes in cellular composition
in distinct regions of the lymph node and spleen following infection with the
lymphocytic choriomeningitis virus (LCMV) and the vesicular stomatitis virus
(VSV). Infection with LCMV or VSV results in markedly different immune
responses in the mouse, with stronger cell-mediated or humoral response, respec-
tively. NICHE-Seq was applied to study the differences in the priming niches CD4+

T cells experienced in VSV and LCMV infections that propagate these divergent
responses [111]. Photoactivated cells in the vicinity of fluorescently labeled antigen-
specific CD4+ clusters in the lymph node were sorted for scRNA-Seq, which
revealed an interferon response signature upregulated in niches during LCMV
infection vs. VSV, leading to the hypothesis that timing of type I interferon is a
deciding factor in CD4+ differentiation into a Tfh or Th1 fate. These NICHE-Seq
studies highlight the capability of region-based selection to uncover spatially
restricted gene expression patterns that ultimately inform downstream hypothesis
generation. These studies also relied on selection of one set of ROIs based upon a
fluorescent readout such as transgenically expressed GFP in CD4+ T cells in this
example.

As mentioned above, in situ hybridization techniques serve as powerful tools for
mapping the heterogenous clusters derived from scRNA-Seq experiments back to
the tissue. For example, Xiang et al. used RNAscope to physically map lymphatic
endothelial cell (LEC) subpopulations identified in a scRNA-Seq dataset to regions
in the lymph node [112].

3.4 Infectious Disease and Autoimmunity

In the realm of infectious diseases, the emergence of SARS-CoV-2 raised new
questions about the role of various actors in the immune system in balancing viral
control with pathological tissue damage in the lung [113]. Using the DSP approach,
Delorey et al. characterized the spatially heterogenous gene expression patterns
found in SARS-CoV-2-infected lungs, using anatomical features and amount of



local SARS-CoV-2 RNA detected to define regions of interest [114]. Using this
approach, the authors identified differentially expressed genes found in regions with
high levels of SARS-CoV-2 RNA, including some with unknown functions in the
immune response. In this example, spatial transcriptomics enabled discovery of
potential targets for mechanistic follow-up using selection of regions based on
fluorescent landmarks (SARS-CoV-2 RNA quantity), again highlighting the utility
of pairing imaging with transcriptomics.
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With regard to autoimmune inflammation, application of spatial transcriptomics
(ST) technology to rheumatoid arthritis (RA) and spondyloarthritis patients allowed
the authors of this study [115] to zoom in specifically into regions of increased
immune infiltration visualized via H & E staining. In a follow-up publication, Hardt
et al. used ST on synovial biopsies from RA patients to ask what tissue niches
autoreactive memory B and plasma cells inhabit and what cell-cell interactions might
generate these niches [116]. Again, demonstrating the utility of integrating scRNA-
Seq with spatial data, the authors used gene signatures derived from scRNA-Seq to
estimate cell-type frequencies across the tissue section, finding co-localization of
plasma cells with CCR7+ T cells. Concurrently, CXCL12 reads were also spatially
correlated with plasma cell signatures, suggesting a signaling axis driving the
maintenance of these pro-plasma cell niches.

As seen in this sampling of recent published works, the range of spatial
transcriptomic techniques have already begun to demonstrate their utility in answer-
ing questions in the immunology space. Importantly, as tools for discovery, these
techniques have yielded actionable and verifiable candidate genes and cell types
underlying tissue heterogeneity. It will be exciting to see what new discoveries
continue to be made with wider adoption of spatial transcriptomic techniques.

4 We Have Our Data, Now What? How Do We Analyze
Spatial Transcriptomic Data? And Where Can We Go
from Here?

One way to analyze spatial transcriptomic data is to relate the patterns of expression
to features of interest in the tissue. The big question remains: what are the relevant
tissue features that we center our analysis around? In the examples we have covered
so far, studies have used a combination of endogenous fluorescent reporters, H & E
staining, and immunofluorescent staining to designate tissue features against which
spatial expression data can be mapped to. However, as we explore below, there are
marker-free analyses that work independently of any tissue features to identify
patterns of gene expression.

When trying make meaning of spatially resolved transcriptomics, analysis tech-
niques can run the gamut, with a diverse set of software packages and algorithms for
analysis. For example, Giotto represents an environment with multiple computa-
tional tools for discovery of genes with colocalized expression and thus shared



spatial patterns [117]. One example of the methods implemented by Giotto is spatial
pattern recognition via kernels or SPARK which uses a Gaussian process regression
to identify marker-free patterns of gene expression [118].
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4.1 Deconvolving Spatial Transcriptomes

Capture techniques that are not single-cell in their resolution will require a compu-
tational backend to impute the individual cellular contributions to the “blended”
transcriptome captured in a spot. The issue of disentangling the cellular contributions
from spot-based transcript capture methods such as Visium has motivated a host of
computational work-arounds [119]. One approach, SPOTLight, makes use of non-
negative matrix factorization (NMF) which identifies sets of co-expressed genes and
assigns a weight for these metagenes for every spot corresponding to the cell-type
abundance. The metagenes in this context can be thought of as cell-type-specific
signatures, a collection of genes that define a cell type.

Having a paired scRNA-Seq dataset can greatly help in this deconvolution as seen
in Cell2location which uses the expression signature of clusters defined by scRNA-
Seq to then estimate the abundance of each cell type in a Visium spot [120]. Using
paired scRNA-Seq and Visium data from a human tonsil, the authors imputed cell-
type abundances per spot. In order to decompose the array of cell abundances over
space into a series of overlaid patterns, the authors then applied NMF to find
groupings of cell types with shared spatial distributions. This marker-free approach
was then able to identify spatial patterns that corresponded well with annotations on
a paired H & E image (e.g., within or excluded from germinal centers). In a similar
vein, robust cell-type decomposition (RCTD) uses scRNA-Seq and models each
Visium spot’s count matrix as a linear combination of single-cell expression profiles
with Poisson distributed numbers of observed counts for a gene [121]. In another
approach, the authors used estimates of cell numbers from the paired H & E image
and expression data from paired scRNA-Seq to subtract out contributions from cells
other than fibroblasts to focus on their distribution [98].

4.2 Extracting Cell-Cell Communication

A major motivation behind spatial transcriptomic analysis of the immune system is
the potential to elucidate signaling pathways for cell-cell communication that posi-
tion immune cells and influence their expression state. As we discussed above,
immune cells are often found in specific niches, maintained by a balance of signal-
ing, both long (e.g., cytokines) and short range (e.g., integrins).

Several computational methods have emerged to predict possible ligand-receptor
interactions, independent of spatial information. CellPhoneDB and CellChat use
expression levels of known receptor-ligand pairs from scRNA-Seq clusters to predict



possible cell-cell communication pathways [122, 123]. NicheNet approaches this
issue from a different perspective, looking instead at the expression of known
upregulated genes downstream of a receptor rather than the expression of the
receptor itself, essentially the transcriptomic “footprint” of the ligand-receptor inter-
action [124]. Meanwhile, Tensor-cell2cell models cell-cell communication strengths
varying over many contexts at once as a 4D tensor [125]. Decomposition allows the
fourth dimension, the effective context profile to be extracted for a given L-R pair
between two cell types; this profile could represent varying signaling strengths over
time or spatial contexts.
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Integrating these methodologies with spatial information would greatly enhance
the confidence in the imputed signaling; for instance, a juxtacrine signaling pathway
would be far more likely to occur in close spatial proximity between sender and
receiver. Several computational methods have explicitly integrated spatial elements
into their workflows including Giotto [117], MISTy [126], and SpaOTsc [127].

4.3 Building a Spatial Compendium of Tumors

With the wealth of technologies discussed here, we can be confident that the
applications described represent just the tip of the iceberg as more and more studies
incorporate spatial transcriptomic data. Here we discuss briefly where these tech-
nologies may see the most usage and promise.

As mentioned above, major efforts are being made to profile the immune com-
partment of human tumors, looking for relevant metrics to use for prediction of
patient survival and response to ICB. A major step will be the construction of spatial
profile compendia to complement the existing databases of single-cell and bulk
transcriptomics. Given the throughput necessary to undertake such an endeavor
and the preference for banked FFPE samples, commercially available solutions
such as Visium may be the go-to approach. Samples paired with scRNA-Seq will
be especially powerful in this case, allowing for the computational deconvolution of
Visium “spots” as we discussed before [102]. Combined with pathologist annota-
tions of H & E imaging, this spatial data can be placed into context with tissue
architecture.

Some considerations must be made in terms of sample acquisition protocol. As
many of the approaches described rely on thin (~10 micron) sections, ensuring that
sections are representative of the tumor is of great importance. For example, TLS are
often found in the stroma surrounding the tumor core [35]; thus, these features will
be missed with biopsy sampling of just the tumor mass itself.

With the added dimensions of space, finding the latent, most biologically relevant
metrics to describe spatial patterns of immune cell gene expression becomes crucial
when trying to find correlation with clinical outcomes. Previous correlative
pan-cancer studies used measures such as percentages of populations and TPMs of
genes of interest; spatially resolved datasets will require new ways of describing the
TME. Metrics such as nearest cell-cell distances, degree of intermixing/



sequestration, and alignment with spatial vectors could represent a good start. No
doubt, the field can borrow much from the spatial statistics already developed for
analyzing geographical or demographic datasets.
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4.4 Spatial Transcriptomics Applied to Organoids

The applications we describe have been performed on naturally developing tissues.
For human tissues, this usually means we necessarily get a retrospective view when
it comes to perturbations such as infection, inflammation, or tumorigenesis. We also
lose the capability to introduce our own perturbations to the system such as phar-
macological screening or gene editing.

Organoids have emerged as a promising solution to create in vitro models of
multicellular tissues that can be derived from primary cells dissociated from patient
samples [128]. Organoids generated from banked patient samples can provide more
relevant models for disease in many tissue settings (e.g., intestine, brain, tumor) and
enable high-throughput assays. For example, tumor organoids can be combined with
immune cells to provide a tractable model system for studying tumor-intrinsic
mechanisms for influencing the state of infiltrating immune cells. We anticipate a
powerful synergy between the development of new organoid models and the use of
spatial transcriptomic technologies in the years to come.

5 Conclusion

Future studies employing spatial transcriptomics will need to balance the trade-offs
in capture efficiency, spatial resolution, single-cell or multi-cell transcriptomics,
infrastructure/equipment needs, and sample requirements, among other myriad
considerations. In addition, the data generated will require the use of specialized
analytical tools, which can range from existing tools for transcriptomic analysis to
pipelines incorporating image analysis, cell segmentation, and novel spatial algo-
rithms. In many instances, this data must also be overlaid with imaging data to
provide clues as to how a given cell’s local environment is tied to its expression
pattern.

We can anticipate the arrival of novel, ever-improving spatial techniques in the
ecosystem of transcriptomics tools and the symbiotic analysis tools that accompany
them. Simultaneously, the approaches described here will likely see rapid iterative
improvements in capabilities (e.g., SLIDESeq to SLIDESeq v2) and application to a
wider set of tissue types and questions. We might also anticipate the addition of new
-omics modalities such as epigenetic information and the integration of multiple
high-dimensional data types using methods such as a recently published “weighted
nearest-neighbor” approach by Hao et al. but applied to spatial coordinates [129].
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The development of emergent spatial transcriptomic approaches was motivated
by the promise that marriage of the transcriptional dimension with the physical
would enable a new crop of discoveries in tissue biology. It remains to be seen how
the approaches described will deliver on this promise in the field of immunology and
indeed the real proof of concept will be what new biology is revealed that was
unattainable via microscopy or scRNA-Seq alone. The next half-decade or so will
likely see the same maturation of spatial transcriptomics that single-cell sequencing
has witnessed (for reference, the first droplet-based scRNA-Seq methods were
published only in 2015 [130, 131]). Investigators hoping to tap into this projected
growth should consider the unique strengths/weaknesses of approaches, what spatial
features and metrics are most appropriate for their question, and the computational
applications for fully leveraging these rich datasets. Ultimately, there are now
enough choices of spatial transcriptomic approaches with a sufficiently broad
range of strengths and weaknesses that research questions should motivate the
choice of tool rather than the other way around.
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