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Abstract

Infectious diseases are a leading cause of global morbidity and mortality, and the threat of
infectious diseases to human health is steadily increasing as new diseases emerge, existing
diseases reemerge, and antimicrobial resistance expands. The application of imaging technology
to the study of infection biology has the potential to uncover new factors that are critical to the
outcome of host-pathogen interactions and to lead to innovations in diagnosis and treatment of
infectious diseases. This article reviews current and future opportunities for the application of
imaging to the study of infectious diseases, with a particular focus on the power of imaging
objects across a broad range of sizes to expand the utility of these approaches.
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1. INTRODUCTION

Many scientists and physicians became excited about the natural world when they saw
something that fascinated them. Images tell a story and make one wonder; they lead to the
generation of hypotheses and experimentation that reveal the workings of natural life. As
new imaging modalities are created, we can see with new eyes, which expands our wonder
and in turn increases our knowledge.

The application of imaging to biomedicine has led to pioneering advances in science and
clinical care. However, even though they are the second-leading cause of death in the world,
infectious diseases have historically lagged other fields in imaging sciences. This is despite
the potential for imaging to allow rapid diagnosis of infections and exciting breakthroughs
in the biology of both hosts and pathogens. Moreover, imaging of infections provides the
opportunity to investigate lesions that are due to catastrophic levels of inflammation and that
can be easily distinguished from healthy tissue.
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In this review, | address the current state and potential of imaging infectious processes with
a focus on imaging across a broad range of sizes, from the scale of molecules to cells

to tissues to whole animals. | discuss strengths and limitations of existing techniques. |
highlight future opportunities in imaging infectious diseases that are expanding the field
and promise to provide key insights into infectious processes that would be impossible to
achieve through existing strategies.

2. WHOLE-ANIMAL IMAGING

Multiple imaging modalities enable investigators to image an entire animal. These
technologies have provided information on anatomic changes that occur during infection,
revealing the distribution of infection throughout the body and tracing the trafficking of
molecules from one point within the host to another. Magnetic resonance imaging (MRI)
is one such modality. MRI measures the response of atomic nuclei within the body to
high-frequency radio waves upon exposure to a strong magnetic field, resulting in images
of internal organs. Computed tomography (CT) is a form of cross-sectional imaging in
which the motion of an X-ray source and detectors is controlled by a computer that
processes the data and generates an image. In infection biology, MRI and CT have been
most powerful when combined with nuclear medicine-based technologies such as single-
photon emission CT (SPECT) and positron emission tomography (PET). SPECT and PET
use tracers or probes labeled with high-energy-emission radionuclides. In SPECT imaging,
a gamma camera rotates around the subject while taking pictures so as to create a cross-
sectional image. With PET imaging, compounds labeled with positron-emitting isotopes
are introduced to the body and gamma rays produced by the isotopes are detected and
converted into images, allowing for visualization of a precise location within the body.
These technologies can be applied to three-dimensional and relatively unaltered samples.
Thus, they can be used for both preclinical and clinical imaging and enable longitudinal
experiments so that the progression of an infection can be monitored.

A powerful application of SPECT involves targeting the site of bacterial localization
within the body using probes that either are metabolized by bacterial pathogens or target
the pathogens directly. Imaging bacteria directly allows investigators to detect and study
infection prior to tissue damage. For example, 12°I-FAU is a SPECT probe that can

be phosphorylated by bacterial thymidine kinases and accumulates at sites of bacterial
colonization. This provides positional information regarding the site of infection. This
strategy has revealed bacterial burdens in visible tissue lesions in a Mycobacterium
tuberculosis infection model and highlighted the heterogeneity of microbial colonization
in these lesions (20). The 125-FAU probe is generalizable to numerous infections owing to
the presence of thymidine kinase in most bacteria (74). Bacterium-specific molecules can
also be directly labeled as a strategy to image bacterial localization within whole animals.
For instance, DOTA-Bodipy-NCS-labeled lipopolysaccharide (LPS) has been radiolabeled
with 111In and followed with SPECT-CT and fluorescence microscopy. This exciting
demonstration of the combined application of fluorescence imaging and SPECT-CT revealed
that LPS accumulates early in the liver in mice treated with intravenous LPS (23). In a
final example, the metal-binding properties of microbial siderophores have been exploited

Annu Rev Microbiol. Author manuscript; available in PMC 2022 October 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skaar

Page 3

for PET imaging through the use of 58Ga to label siderophores acquired by Aspergillus
fumigatus in a rat model of infection (73).

PET is a powerful strategy to image sites of infection, and the strength of this technology
is most evident in diagnostic applications. PET can detect hypoxic lung lesions in a mouse
model of M. tuberculosis infection (36). PET combined with 18F-labeled maltohexaose
(MH18F) has been used to image bacteria in vivo with sensitivity and specificity that are
orders of magnitude higher than those of other PET probes such as fluorodeoxyglucose
(*8FDG). Moreover, unlike 18F-FDG, 6" -18F-fluoromaltotriose appears to be specific to
bacteria because it targets the maltodextrin transporter that is expressed in these organisms.
This unique combination of high specificity and high sensitivity for bacteria makes MH8F
a promising compound to improve the diagnosis of bacterial infections (60), as has been
exemplified by the diagnasis of Pseudomonas aeruginosain a clinically relevant mouse
model of wound infection (33). Using a creative strategy, Zhang et al. (102) applied

a radiofluorinated analog of para-aminobenzoic acid (2-[18F]F-PABA) as an efficient
alternative substrate for Staphylococcus aureus dihydropteroate synthase. 2-[18F]F-PABA
rapidly accumulates in S. aureusbut not in host cells, distinguishing between infected

and sterile sites. Incorporation of p-amino acids into peptidoglycan is unique to bacteria,
and this fact has been exploited for PET imaging. o-[3-11C]Alanine and the dipeptide
p-[3-11C]Jalanyl-p-alanine accumulate in a variety of both gram-positive and gram-negative
pathogens, including S. aureusand P, aeruginosa, and specifically label bacteria during
acute bacterial myositis, osteomyelitis, and pneumonia (66). In addition to these directed
approaches, more-unbiased approaches have succeeded in uncovering new molecules that
have value as imaging probes. Screening an in silico library for substrates of essential
metabolic pathways in bacteria revealed fluorine-labeled analogs that were developed as
PET-based imaging tracers. Using this approach, Ordonez et al. (63) found that PABA,
mannitol, and sorbitol are selectively incorporated into bacterial cells. These fluorine-
labeled analogs enable the rapid detection and differentiation of infection sites from sterile
inflammation in mice.

In addition to exploiting bacterium-specific processes to label invading microbes, one can
label antibacterial molecules that target the bacterial cells to localize infection. Bacteria
have been labeled through the application of cationic peptides that are conjugated to
68Ga-NOTA-UBI-29-41. These molecules accumulate at sites of S. aureus infection,

and the amount of signal of the probe positively correlates with the magnitude of
infection (96). In an antibody-based method, immuno-PET (antibody-targeted PET)

with [B4Cu]NODAGA-labeled Yersinia-specific polyclonal antibodies targeting the outer
membrane protein YadA have been used to rapidly detect systemic Yersinia enterocolitica
infections (100). In addition, antibiotics have evolved to be extraordinarily specific to
microbes, and this specificity can be exploited to image bacterial infection, as has been
shown with trimethoprim, which is taken up by live bacteria. In a rodent myositis model,
[18F]fluoropropyl-trimethoprim tracks to live bacterial infection, and this molecule also
demonstrates impressive biodistribution in a primate model (84). [11C]Rifampin is also an
outstanding tool for PET- and CT-based targeting of M. tuberculosis lesions in humans
(Figure 1a). Collectively, these strategies underscore the value of using the specificity of
antibacterial molecules to target bacteria for imaging.
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Infection often leads to considerable inflammation. Therefore, an alternative strategy

to image infection in whole animals is to use probes that target host inflammatory
processes. CT alone is a useful tool to study bone destruction during the pathogenesis of
osteomyelitis (12), and combined PET and CT has also been very powerful in this regard.
Vascular adhesion protein 1 (VAP-1) is an endothelial protein that is presented on the cell
surface during inflammation. 68Ga-labeled 1,4,7,10-tetraazacyclododecane-N NN "' N~
“-tetraacetic acid-peptide (63Ga-DOTAVAP-P1) targets to VAP-1 and detects inflammation
in healing bones and during S. aureus osteomyelitis (46). $8Ga-citrate and 88Ga-Cl are

also used to image S. aureusbone infections (47). The sensitivity of FDG PET/CT is

low. Therefore, FDG-labeled white blood cells can increase specificity for periprosthetic
infection imaging (2, 24). Formylpeptide receptors (FPRs) are expressed on neutrophils and
are critical for the migration of these neutrophils to the site of infection. The FPR-specific
peptide A~cinnamoyl-F-(D)L-F-(D)L-F (cFLFLF) conjugated with a polyethylene glycol
(PEG) moiety and labeled with [84Cu]CuCl, enables imaging of infiltrating neutrophils
during Klebsiella pneumonia lung infection (52). Additional tools can be borrowed from
the field of cancer biology, where PET imaging is used to visualize IFN-y, which is a
potent cytokine produced in response to a variety of infectious agents (30). Reagents for the
visualization of TNF-a have also been developed (28).

In addition to MRI, CT, and PET/SPECT, two-photon microscopy has enhanced intravital
imaging studies, enabling high-resolution imaging of physiologically relevant tissues. These
intravital approaches have been used to visualize infection events ranging from HIV
infection of T cells within the lymph nodes (85) to phagocyte migration to sites of S. aureus
infection (1, 92) to Borrelia burgdorferi infection of the skin and joints (5) to infiltration of
alveolar macrophages and CD11b-positive dendritic cells to the sites of Bacillus anthracis
lung infection. One of the limitations of multiphoton microscopy is motion during image
acquisition. To counteract movement of the chest, a method of employing parenchymal
tissue motion correction through computational analysis has been utilized (25).

Luminescence and fluorescence can be applied to image host and bacterial gene expression
in whole animals. This approach is often referred to by the name of the instrument most
commonly used for these studies, in vivo imaging system (IVIS). IVIS is routinely applied
to infectious disease imaging. In one demonstration of how this approach is applied to
infection biology, enteropathogenic Escherichia coli (EPEC)-infected whole intestines were
assessed. This revealed that different bacterial effector proteins are expressed at distinct
times during infection, providing information regarding which of these factors are important
during colonization versus infection and highlighting the value of imaging bacterial gene
expression within infected mice (59) (Figure 1c). Chemical probes that produce either
luminescence or fluorescence upon binding to specific factors can also be powerful tools
for the study of host-pathogen interactions. Examples include molecules that detect labile
iron accumulation during Acinetobacter baumannii pneumonia (3) or hydrogen peroxide
accumulation at the host-microbe interface (42).

A relatively new approach to enhance the value of imaging whole animals and complex
tissues is termed CLARITY (clear lipid-exchanged, acrylamide-hybridized rigid imaging/
immunostaining/in situ-hybridization-compatible tissue-hydrogel). The method was first
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described by Chung et al. (17), and numerous adaptations have since been developed to
increase its utility. Briefly, CLARITY replaces tissue lipids with a stabilizing hydrogel (e.g.,
an acrylamide-based gel), giving the tissue a transparent appearance, while maintaining
structural integrity and localization of proteins and nucleic acids. Removal of lipids

results in increased penetration of macromolecules such as antibodies and decreases light
scattering, improving the application for studies of deep tissue. CLARITY has been

applied to adult zebrafish infected with Mycobacterium marinum, enabling observations

of fluorescent signals from host and bacterial reporters to increase insight into the host-
pathogen interaction (18). CLARITY and its adaptations [i.e., passive clarity technique
(PACT) and microbial identification after PACT (MiPACT)] are also used for imaging of
intact organs and other biological samples, as shown for murine lungs infected with M.
marinum (18) and sputum isolated from cystic fibrosis patients (21). The use of optically
transparent animal models, such as zebrafish and the nematode Caenorhabditis elegans,
affords unique insights useful for monitoring host-pathogen interactions with high-resolution
microscopic techniques. The use of transgenic zebrafish that express stable, lineage-specific
fluorescent markers in immune cell populations, combined with the genetic tractability of
zebrafish, has afforded critical insights into the recruitment of immune cells to sites of
infection and cellular processes including phagocytosis and efferocytosis (37, 94).

3. TISSUE IMAGING

Perhaps one of the oldest methods of imaging infection is tissue staining followed by
microscopic analysis, or traditional tissue pathology. Staining with relatively nonspecific
stains, such as hematoxylin-eosin (H&E), continues to be a powerful approach to assess
tissue damage and inflammation and identify pathogens. Recently, tissue imaging has
benefitted from innovations that provide molecular information and dramatically expand
the information obtained from a single tissue section.

Immunohistochemistry involves the use of antibodies to image targets of interest.

Multiple techniques can be applied to formalin-fixed, paraffin-embedded tissue sections,

and almost all of these require antibodies for antigen detection and mapping.

Traditional immunohistochemistry involves the use of a single antibody against one

target. However, recent advancements now enable multiple-marker imaging. Multiplexed
immunohistochemistry (mIHC) combines fluorescent and chromogenic staining with
automated whole-slide imaging and integrated whole-slide image analysis. mIHC therefore
enables investigators to detect numerous proteins and characterize thousands of cells directly
in the tissue (7). Tissue-based cyclic immunofluorescence (t-CyCIF) involves assembly of

a 16-antibody panel and has been used to quantify and localize immune cells expressing
immune checkpoint regulators (22). Codetection by indexing (CODEX) is a multiplexed
imaging approach whereby DNA-bar-coded antibodies allow iterative visualization of each
label and the subsequent imaging of dozens of markers. CODEX has tremendous potential
for infection biology owing to its ability to provide quantitative characterization of tissue
architecture in normal and infected tissue samples (32). Imaging mass cytometry (IMC)

is an analytical technique that does not involve traditional cytometry and is therefore
perhaps misnamed. Instead, IMC takes advantage of the mass-resolving power of inductively
coupled plasma mass spectrometers to detect and image heavy-metal-conjugated antibodies
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in tissue sections. IMC allows the detection of numerous targets in a single tissue. This

is perhaps best demonstrated by immunodetection of a 34-antibody panel in human snap-
frozen tissue sections, which reveals the tissue architecture and spatial distribution of various
cell types in the human fetal intestine (34). IMC revealed information regarding the fetal
immune response, providing evidence for the generation of memory-like CD4* T cells in the
fetal intestine that is indicative of foreign antigen exposure (51). Many of these multiplexed
approaches have not yet been applied to infection biology, but given the considerable power
of these approaches, it is only a matter of time before this gap is traversed.

Imaging mass spectrometry (IMS) uses mass spectrometry to obtain molecular data from
tissue sections that can be converted to images. IMS can be applied to a variety of analytes,
from individual elements to intact proteins. Laser ablation inductively coupled plasma IMS
(LA-ICP-IMS) is used to image elemental distributions within biological samples, whereas
metabolites, lipids, peptides, and proteins can be interrogated using matrix-assisted laser
desorption/ionization (MALDI) IMS (90) (Figure 2). Existing MALDI-IMS approaches
were recently complemented by the introduction of MALDI-2. In MALDI-2, MALDI is
combined with laser-induced postionization of analytes to enable improved coverage of
molecular features (6, 8). For deeper insight into biological systems, IMS approaches are
commonly employed in tandem with additional imaging modalities, thereby creating a need
for accurate registration of images generated from separate tissue sections. Such registration
has been achieved through nondestructive autofluorescence microscopy prior to IMS, and
images obtained from H&E staining of adjacent tissue sections are registered subsequently
(68). One exciting, recent advancement in the field of IMS is the ability to combine imaging
modalities in a process termed data-driven image fusion. Through this process, effective
spatial resolution of the lower-resolution modality (e.g., IMS when compared to H&E
microscopy) can be increased several fold (72). A further in-depth discussion of integrated
imaging can be found in Section 6 of this review.

Because of the ability of IMS to assess the spatial distribution of analytes of interest

in tissue, this approach has been applied to various aspects of infection. In one study,
LA-ICP-IMS revealed distribution patterns of various metals in proximity to S. aureus
renal abscesses and revealed heterogeneity of metal distribution across infected organs
(13). Of note, in the same study a staphylococcal protein (§-hemolysin) in infected

tissue was imaged in an unbiased approach via MALDI-IMS, a pioneering example of
using IMS to image bacterial protein production in host tissue. A subsequent study
confirmed the nonhomogeneous nature of the host-pathogen interaction by highlighting
heterogeneous abundance of staphylococcal siderophores in relation to organ-wide iron
distributions using a combination of MALDI-IMS and LA-ICP-IMS (71). MALDI-IMS
is not restricted to bacterial factors but has also been used to monitor the host response

to systemic S. aureus infections (4). Other pathogens for which MALDI-IMS has been
effective for interrogating the host-pathogen interaction include Francisella noviciaa (83),
Salmonella enterica Typhimurium (40), Burkholderia mallei (31), and hepatitis B virus (65),
highlighting the utility and power of this approach.
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4. CELL IMAGING

The power of imaging the interaction between microbial pathogens and eukaryotic cells is
perhaps most obvious when considering microscopic images of microbe-host encounters at
the cellular level. This is particularly so when considering the application of fluorescence
microscopy and electron microscopy (EM) to the biology of intracellular pathogens. The
capabilities afforded by these methods, many of which are directly relevant to observation of
the host-pathogen interface, have expanded massively.

There are countless examples of the value of fluorescence microscopy and EM to the study
of infection biology. For instance, these technologies have revealed that Bacillus cereus
nonhemolytic enterotoxin (NHE) and hemolysin BL (HBL) operate synergistically to induce
inflammation and are both sensed by the inflammasome (27). Confocal microscopy has
demonstrated that the positioning of splenic marginal zone CD169" macrophages affects

the rapidity of antibacterial responses (70). In another example, the increased magnification
afforded by high-resolution fluorescence imaging of the autophagy response against M.
marinum infection has been exploited in combination with the optical transparency of
zebrafish (39). Structured-illumination microscopy (SIM) has been used to study synergy
between influenza and bacterial infections caused by Streptococcus pneumoniae or S. aureus
at resolutions previously not possible using standard confocal technologies. Rowe et al.

(76) visualized influenza virus directly interacting with the bacterial surface, supporting the
model that bacterium-influenza synergy occurs at the initiation of disease causation. These
findings are examples of the many cellular interactions that would not have been revealed
without the power of visual observation.

Innovations in sample preparation for fluorescence imaging have opened the door for
further investigation beyond classical methods. For instance, a physical mechanism
termed one-dimensional membrane wetting revealed that Neisseria meningitidis causes
plasma membrane remodeling along meningococcal type IV pili fibers. This established
one-dimensional membrane wetting as a new process involved in the interaction of

cells with their environment (15). Fluorescence lifetime imaging microscopy (FLIM)
revealed that the lifetimes of bacteria depend on their location within host cells, leading
researchers to propose that this technology has the potential to replace z-stack imaging for
identifying intracellular bacteria. Cell DIVE is an imaging modality that takes advantage
of high-resolution, multiplexed tissue immunofluorescence (MxIF) methods and provides
single-cell-level quantitation of fluorescent signals. It has been applied to fixed archived
monkeypox virus—induced inflammatory skin lesions, where it conserves tissue and provides
biomarker identification and colocalization data (80, 89).

EM has revealed fundamental information about cell structure and organization. Through
advances in sample preparation such as vitrification, researchers can preserve the structure
of cells. Moreover, the advent of three-dimensional imaging by electron tomography (ET)
and enhanced methods to process data have revolutionized the application of EM to the
study of microbial life. EM has been used to study the efficacy of antimicrobial peptides
such as human p-defensins 2 (BD-2) and 3 (BD-3). Rat ischemic skin flaps were infected
with P, aeruginosa and exposed to BD-2 and BD-3, and catheter segments were analyzed
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by scanning EM (SEM). This work is a strong demonstration of the application of SEM to
in vivo infection models (11). EM is also a valuable tool for studying intracellular bacterial
pathogens. For example, quantitative three-dimensional EM has revealed that Chlamydia
trachomatis divides by binary fission and undergoes a sixfold reduction during population
expansion. This seminal discovery demonstrated that the reticulate body of C. trachomatis
can control the timing of the conversion of the reticulate body to the elementary body
without an external signal (48) (Figure 3). In an outstanding application of both fluorescence
and EM to infection biology, ubiquitin was found to recognize M. tuberculosis surface
protein Rv1468c, a previously unidentified ubiquitin-binding protein that also encodes a
eukaryotic-like ubiquitin-associated (UBA) domain. This study described host xenophagy
triggered by binding of ubiquitin to a microbial protein as a strategy employed by M.
tuberculosis to restrict microbial load within cells (14).

5. MOLECULAR IMAGING

EM-based techniques are beginning to reveal the structure of intact molecular machines
within cells in their native context. These techniques have enabled the collection of
structural information, are revealing the macromolecular organization of unmodified cellular
environments (54), and are increasingly applied to host-pathogen interactions (16). Beautiful
images of bacterial molecular machines have been generated, including but not limited to the
S. aureus 50S-RsfS complex together with the crystal structure of the uL14-RsfS complex,
which has provided information regarding the mechanism of staphylococcal ribosome
shutdown (43). Cryo-EM reconstructions of the Helicobacter pylori Cag type IV secretion
system core complex revealed that assembly of this molecular machine is dependent on
incorporation of interwoven species-specific components (86) (Figure 4). Atomic structures
of AP aeruginosa Pf4, a symbiotic filamentous viral prophage, have revealed that liquid
crystalline droplets form phase-separated occlusive compartments around the bacteria,
leading to increased bacterial survival. Tarafder et al. (93) suggest that this may be a
conserved strategy by which secreted filamentous molecules improve bacterial survival

in stressful environments. Pathogen—host cell interactions can also be imaged. Images of
vaccinia virus on mammalian cells reveal cell surface—induced changes in the virus (19).

Cryo-EM can inform drug targeting against bacterial pathogens. For example, single-particle
cryo-EM elucidated five structural states of the A. baumannii ribosome, including the

70S, 50S, and 30S forms, informing future drug design (57). A technique known as
plunge-freezing cryo-EM has shown that pathogenic mycobacteria produce a thick capsule
under unperturbed conditions. This capsule layer comprises arabinomannan, a-glucan,

and oligomannosyl-capped glycolipids. This information can be used to target this shield
around the organism (79). Single-particle cryo-EM has elucidated the structure of the

A. baumannii AdeB resistance—nodulation—cell division multidrug efflux pumps. These
proteins were embedded in lipidic nanodiscs, enabling a resolution of 2.98 A and providing
information regarding the mechanism by which these pumps export antibiotics (91).
Cryo-EM and electron cryotomography (cryo-ET) are also powerful techniques for the
study of the structural biology of viruses. In a single study, cryo-EM and cryo-ET were
used to determine the structure of the Ebola virus nucleocapsid within intact viruses

and recombinant nucleocapsid-like assemblies (98). Such studies have not only provided
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information regarding the biology of viruses but also promoted the development of virus-
based resources for biotechnology (55).

6. INTEGRATION STRATEGIES FOR IMAGING ACROSS A RANGE OF

SIZES

The imaging methods discussed thus far, though common in their purpose of visualization,
have each led to unique results. However, scientific investigation is strengthened through
the combined use of distinct approaches aimed at a single goal. In this regard, integrated
imaging approaches have expanded the information collected from a single experiment into
a full representation of all relevant scales. This widens the lens through which hypotheses
can be developed and strengthens the conclusions drawn from imaging studies.

Cryo-EM and crystallography have been combined to enable researchers to benefit from the
near-atomic structures provided by crystallography with the ability to study large biological
complexes at lower resolution. Combining these modalities enables investigators to image
macromolecular structures that cannot be crystallized and also to study dynamic cellular
processes (75). Various computational and image analysis methods have been developed
that allow investigators to study the conformational flexibility of biological machines.
Examples include the combination of cryo-EM and X-ray crystallography (95) along with
algorithms to place three-dimensional atomic structures into scaled cryo-EM microscopy
maps (78). Wang et al. (99) prepared a complex of cowpea mosaic virus saturated with

a Fab fragment of a monoclonal antibody against the virus. They combined cryo-EM and
X-ray crystallography to define a physical footprint of the Fab on the capsid surface and the
orientation and position of the Fab.

Transmission EM (TEM) and SEM are often used in combination with light microscopy.

P, aeruginosa biofilms in a mouse model of corneal infection were imaged using slit

lamp microscopy in combination with light microscopy, confocal microscopy, and EM to
interrogate the host-microbe interactions (81). Correlative light and electron microscopy
(CLEM) combines the advantages of three-dimensional live cell imaging with ultrastructural
analysis. CLEM allows investigators to use fluorescence microscopy to identify and follow
cell processes in a monolayer and serial SEM to study cellular structure. CLEM has

been applied to study M. tuberculosisin primary human lymphatic endothelial cells as

well as HIV-1 in human monocyte-derived macrophages (77). Correlative electron and
fluorescence microscopy has also been applied to individual HIV particles bound to
mammalian cell surfaces and has been used to image microtubule end structures bound

to mal3p in fission yeast (45). One challenge with these approaches is the fact that radiation
can damage tissue. To circumvent this, a correlative fluorescence light microscopy—EM
approach was developed that uses light microscopy to search for the structures of interest
and allows EM to zoom in on these features. With this approach, the total dose of radiation
spent on locating regions of interest is minimized, reducing damage to radiation-sensitive
samples. This technique has potential for infection biology (82). CLEM has been modified
to facilitate correlative light and scanning electron microscopy (CLSEM), use of gold

mesh grids for epithelial cell monolayers, and imaging of infection. CLSEM has been
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applied to trigger invasion by S. entericaand Listeria monocytogenes, as well as the
enterocyte attachment and effacement phenotype of EPEC. This highlights the ability of
this technique to facilitate research into understanding how bacterial pathogens interact
with the apical side of polarized epithelial cells (44). miniSOG (miniature singlet oxygen
generator) is a protein fusion strategy that involves correlations of fluorescent data with

EM data after fixation without the need for exogenous ligands, probes, or permeabilizing
detergents. miniSOG employs a 106—amino acid fluorescent flavoprotein engineered from
Avrabidopsis phototropin 2. lllumination of miniSOG generates singlet oxygen that catalyzes
the polymerization of diaminobenzidine into a reaction product resolvable by EM. miniSOG
preserves ultrastructural information and allows three-dimensional protein localization via
ET or serial section block-face SEM (87).

Cryo-EM can also be merged with fluorescence light microscopy to provide movies of
dynamic cellular processes as well as still pictures at molecular resolution. Integration of
cryo-EM and fluorescence imaging modalities is often referred to as correlative microscopy,
and this strategy benefits from both the high resolution provided by cryo-EM and the
dynamic nature of optical microscopy (101). Protocols for correlated cryogenic fluorescent
light microscopy (cryo-fLM), cryo-EM, and cryo-ET (i.e., cryo-CLEM) of virus-infected
or -transfected mammalian cells have been established (35) (Figure 5). In a remarkable
integration of these approaches, a platform has been developed for three-dimensional
cryogenic superresolution and focused ion beam-milled block-face EM across entire
frozen cells to facilitate superresolution fluorescence and EM. These and other emerging
technologies have the potential to revolutionize infection biology (38) (Figure 5).

Correlative X-ray CT-steered serial block-face SEM (SBF-SEM) and TEM have been
combined to provide ultrastructural images of the most used model of trichuriasis, Trichuris
muris (61) (Figure 6a). In a remarkable example of imaging integration, four modalities
were merged—three molecular imaging methods [PET, SPECT, and fluorescence molecular
imaging (FMI)] and one anatomic imaging modality (CT)—all in the same animal and with
multiple tracers. Such image integration has significant potential for the study of infectious
diseases (53).

IMS has also been integrated with other imaging modalities. Pioneering work integrated
spatially resolved MALDI-IMS ion images of whole mouse heads with high-resolution MRI
(88). MALDI-IMS and MRI were also merged to interrogate the innate immune response

to systemic S. aureus infections (4) (Figure 6b). This work was expanded to combine
MALDI-IMS, LA-ICP-IMS, IVIS, and MRI in a single experiment to study the impact

of staphylococcal infection on metalloprotein distribution, elemental reorganization, and
bacterial gene expression during systemic infection (Figure 6d). These experiments once
again revealed the significant levels of heterogeneity in analyte distribution that exist during
infection, at both the host and bacterial level (13).

IMAGING MODALITIES APPLIED TO MICROBIAL COMMUNITIES

Microbes often live in diverse, dynamic, heterogeneous, three-dimensional communities.
Imaging these communities is challenging, particularly without disrupting the three-
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dimensional information contained within these biofilms (58). A variety of strategies have
been used to image microbial biofilms, including many of those covered above.

Numerous investigators have used SEM to study microbial communities. Campos-Silva

et al. (10) imaged S. aureus biofilms in vivo in Galleria mellonellalarvae, employing
toothbrush bristles as an abiotic surface to mimic a medical device. Confocal laser scanning
microscopy has become a standard technique to study microbial communities. Imaging
biofilm formation of the model organism Bacillus subtilis has once again highlighted
phenotypic heterogeneity within microbial communities (29). Multiphoton and spinning-
disk microscopes provide new options for in situ imaging of microbial communities. Light
sheet fluorescence microscopy has strong optical resolution, good sectioning capabilities,
and high speed and therefore has considerable potential for infection biology imaging

and microbiology. Light sheet fluorescence microscopy enables rapid acquisition of three-
dimensional images over large fields of view and over long periods of time and can be
applied to bacterial biofilms (67). Biofilm formation can also be studied using a microfluidic
system in combination with epifluorescence microscopy, thus allowing for live imaging of
biofilm formation and maintenance over time in a dynamic and complex environment. This
system has perhaps been best used to study biofilm formation by S. aureus (56).

Other, less conventional, imaging modalities have also been applied to studies of

intact microbial communities. Imaging can provide powerful information about elemental
distribution and heterogeneity in microbial communities. Scanning transmission X-ray
microscopy mapped the spatial distribution of iron species throughout 2 aeruginosa biofilms
and revealed a complex distribution of this element (41). Nanoscale multiparametric imaging
of living bacteria revealed that zinc strongly increases cell wall rigidity and activates the
adhesive function of S. aureus SasG (26). Thermal atomic force microscopy revealed
nanomechanical properties of internal structures within bacteria, as has been applied to

B. anthracis spores. This work employed a nanosurgical sectioning method to cut an
individual spore, exposing its internal structure (49). Raman microscopy can also facilitate
determination of the distribution of microorganisms and their metabolites inside biofilms
(69).

The inherent strengths of IMS make the technique valuable for studying microbial systems.
IMS can reveal molecular patterns in homogeneous or mixed microbial communities,

or during interactions with the host (9). Workflows have been created that enable
characterization of microbial ecosystems including Pseudomonas putida F1 and S5hewanella
oneidensis MR-1. MALDI-IMS, secondary ion mass spectrometry (SIMS), and SEM of both
single-species and multispecies drip flow biofilms provide incredible insight into biofilm
formation, microbe-microbe interactions, and microbial processes (50). SIMS, borrowed
from the field of geobiology, is another powerful tool for defining isotope and elemental
abundance (64). Finally, as described above for tissues, LA-ICP-IMS can be combined with
MALDI-IMS to study elemental distributions in microbial communities and to image the
associated bacterial factors that respond to these changes (97) (Figure 6¢).
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8. CHALLENGES AND FUTURE PERSPECTIVES

The relative paucity of imaging studies in infection biology, as compared to fields like
cancer biology and neuroscience, has slowed the pace of discovery in infectious disease
research. The lag in development is primarily due to a few aspects of infectious disease
research. First, it requires higher biosafety levels. Many institutions are not willing or

able to allow the use of certain instruments to image biohazardous samples if those

same instruments will subsequently be used to image noninfected or immunocompromised
samples. Second, greater sensitivity is required to image smaller objects such as microbes.
Finally, because of the diversity of microbial species, it is difficult to develop tools such

as probes and dyes that are broadly useful across the entire field. Despite these challenges,
technological and computational innovations are leading to impressive improvements in
sensitivity and specificity and the ability to integrate imaging across a range of sizes.
Moreover, global events are increasing the focus on infectious diseases and the microbiome
so that greater resources are being directed to this area. As more researchers enter the field,
infection biology should become a driving influence behind the advancement of imaging
sciences, and in turn imaging sciences will provide unprecedented insights into host-microbe
interactions.
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Figurel.
Whole-animal imaging in the study of infectious diseases. (&) Three-dimensional

[*1C]rifampin PET-CT image of a human patient infected with Mycobacterium tuberculosis.
The 11C-labeled rifampicin (orange) is imaged using PET. The CT image is blue. Adapted
with permission from Reference 62. () The [*1C]rifampicin-associated PET signal can be
quantified in a coronal CT section from the same patient. Volumes of interest are indicated.
Adapted with permission from Reference 63. (¢) Bacterial gene expression in a murine
model of EPEC. These IVIS images show differences in expression of genes encoding
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EPEC effector proteins during infection. Adapted with permission from Reference 59.
Abbreviations: CT, computed tomography; EPEC, enteropathogenic Escherichia coli; IVIS,
in vivo imaging system; PET, positron emission tomography.

Annu Rev Microbiol. Author manuscript; available in PMC 2022 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Skaar Page 20

Granular cell layer

White
matter

Molecular

T mm

m/z 5,024 Q=== 80

m/z 7,070 0C——390
m/z 10,665 0C——60 o 1 mm 100 pm
m/z 13,790 080 ; — -
m/z 15,203 Q=380

Figure 2.
IMS provides molecular information at microscopic resolution. (&) A transverse section of a

rat brain imaged using ultrahigh-throughput MALDI-IMS. Each color represents a different
analyte, as indicated by the listed mass/charge. (4) Corresponding H&E-stained region of
the same brain. Boxed region was imaged at 10-uM resolution, and individual ion images
are shown in panels c-e. Abbreviations: H&E, hematoxylineosin; IMS, imaging mass
spectrometry; MALDI, matrix-assisted laser desorption/ionization. Adapted with permission
from Reference 90.
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Figure 3.
Three-dimensional scanning electron microscopy reconstruction of a chlamydial inclusion

in a Chlamyudia trachomatis-infected HeL a cell. Sections indicate micrographs, and colors
indicate reticulate body (dark blue), dividing reticulate body (/ight blue), inclusion body
(orange), and elementary body (red). Adapted with permission from Reference 48.

Annu Rev Microbiol. Author manuscript; available in PMC 2022 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Skaar Page 22

a Sample purified from source b Cryo-EM reconstruction and refinement € Model building

Quter membrane

CagT4SS

Outer membrane

Inner membrane

Helicobacter pylori
Refinement

Figure 4.
(@) The Helicobacter pylori Cag T4SS was purified directly from the bacterium for use

in structural analysis. (6) A three-dimensional volume was reconstructed using the T4SS
particles and was subsequently used to refine subcomplexes of the T4SS to near-atomic
resolution. (¢) These high-resolution reconstructions were then used to model several of

the individual proteins that contribute to the structure of the T4SS (Zgp), leading to the
identification of the asymmetric unit (botffom). Abbreviations; EM, electron microscopy;
T4SS, type IV secretion system. Figure adapted from image created by Drs.Michael Sheedlo
and Borden Lacy.
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Figure5.
Fluorescence and correlative microscopy. (&) Fluorescence light microscopy using spinning-

disk confocal and laser scanning confocal to determine the permissivity of cell lines to RSV.
The images are stained for RSV fusion protein (red), nucleocapsid (green), and nucleus
(blue). Adapted with permission from Reference 35. (4) Volume rendering of cryo-FIB
milling coupled to SEM of a SUM159 cell. The inset is a correlative cryo—three-dimensional
SIM image where transferrin is colored green to show the endolysosomal compartments.
Abbreviations: FIB, focused ion beam; RSV, respiratory syncytial virus; SEM, scanning
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electron microscopy; SIM, structured illumination microscopy. Adapted with permission
from Reference 38.
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Integrating imaging modalities for infection biology. (&) Electron micrograph of 7richuris
murifs using a correlative workflow that employs CT-guided SBF-SEM. This image
highlights cuticular inflations. A large accumulation of mitochondria is outlined in

red. Adapted with permission from Reference 61. (6) IMS integrated with MRI of a
Staphylococcus aureus-infected mouse shows masses in the kidney (#) or whole animal
(#) that correlate with a subunit of the innate immune protein calprotectin. Adapted with
permission from Reference 4. (¢) MALDI-IMS images of a Pseudomonas aeruginosa
biofilm. The horizontal arrows at the top depict the flow of nutrients, and the individual
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mass images represent analytes that are affected by the nutrient gradient in the community.
Blue dashed arrows orient the reader to the orientation of the image, and white arrows

show where within the biofilm the individual column of images came from. Adapted with
permission from Reference 97. (d) Integration of MALDI-IMS, LA-ICP-IMS, and block-
face images of an S. aureus-infected mouse showing the localization of calcium, manganese,
zinc, and calprotectin. Adapted with permission from Reference 13. Abbreviations: CP,
calprotectin; CT, computed tomography; ICP, inductively coupled plasma; IMS, imaging
mass spectrometry; LA, laser ablation; MALDI, matrix-assisted laser desorption/ionization;
MRI, magnetic resonance imaging; SBF, serial block-face; SEM, scanning electron
microscopy.
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