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Preface 

This muti-author book was conceived at a time of massive worldwide academic, 
medical and public interest in virus infections. Indeed, the book supplements 
previous volumes in the Subcellular Biochemistsry series devoted to viruses (Vol. 
15, 1989, Virally Infected Cells; Vol. 68. 2013, Structure and Physics of Viruses; 
Vol. 88, 2018, Virus Protein and Nucleoprotein Complexes). Also, individual 
chapters relating to viruses appear elsewhere within volumes of the series. The 
chapters in this book encompass a diverse collection of interesting topics covering 
both structural and functional aspects of viral infection within cells. 

The book is largely split into two sections. The first group of chapters showcases 
general aspects and state-of-the-art technical advancements applied currently in 
studying virus infected cells. The second group of chapters focus primarily on 
specific viruses covering a broad range of human and animal RNA and DNA viruses. 

The 16 chapters here have been contributed by eminent international scientists 
and together provide a good overview of the subject. The initial book project 
commissioned more than 20 chapters, but several were lost along the way to 
publication, no doubt due to the increasing pressures of work placed upon scientists 
working in research institutes and academia through recent years. Rather than 
selecting a few chapters for comment, we simply refer the reader to the Contents 
list, immediately following. 

This unique collection of chapters highlight the recent advances made in cellular 
virology. We hope that this book will be of interest and value to the broad interna-
tional community of virologists and cellular biologists and to others who wish to 
delve in some depth into this fascinating and rapidly advancing field of study. 

Glasgow, UK Swetha Vijayakrishnan 
Shanghai, China Yaming Jiu 
Mainz, Germany J. Robin Harris
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Part I 
General/Technical Aspects



Chapter 1 
In Situ Imaging of Virus-Infected Cells by 
Cryo-Electron Tomography: An Overview 

Swetha Vijayakrishnan 

Abstract Cryo-electron tomography (cryo-ET) has emerged as a powerful tool in 
structural biology to study viruses and is undergoing a resolution revolution. 
Enveloped viruses comprise several RNA and DNA pleomorphic viruses that are 
pathogens of clinical importance to humans and animals. Considerable efforts in 
cryogenic correlative light and electron microscopy (cryo-CLEM), cryogenic 
focused ion beam milling (cryo-FIB), and integrative structural techniques are 
helping to identify virus structures within cells leading to a rise of in situ discoveries 
shedding light on how viruses interact with their hosts during different stages of 
infection. This chapter reviews recent advances in the application of cryo-ET in 
imaging enveloped viruses and the structural and mechanistic insights revealed 
studying the viral infection cycle within their eukaryotic cellular hosts, with partic-
ular attention to viral entry, replication, assembly, and egress during infection. 

Keywords Virus infection · Cryo-electron tomography · In situ cellular imaging · 
Enveloped virus · Correlative light and electron microscopy · 3D structural 
determination 

Introduction 

Being the most abundant life form on the planet, viruses are present everywhere, 
from plants to organisms deep within the ocean. Studies in marine ecology indicate a 
gigantic number (1030 ) of viruses inhabiting the biosphere, exhibiting astounding
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levels of genetic diversity (Jian et al. 2021; Suttle 2007). Viruses need suitable host 
cells to replicate and release progeny for subsequent cycles of productive infection. 
Interactions of viruses with their hosts are complex and diverse, encompassing a 
balanced interplay between viral and host factors that regulate viral replication and 
host responses to infection. Dissecting the molecular mechanisms involved is critical 
to our understanding of virus infection and the changes they bring about in the 
cellular environment of their hosts (Rodrigues et al. 2017). Knowledge gained from 
these crucial studies is important for implementing strategies to control virus infec-
tion and transmission, predicting their impact on the environment, zoonotic, and 
human populations as well as the design of effective antiviral and vaccine interven-
tions against current and emerging diseases.
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Fig. 1.1 Correlation of structural biology and imaging methods with sample size and reso-
lution. Sample length, resolution, and the extent of nativeness (in vitro or in situ) are the main 
determinants when choosing structural biology and imaging methods. Sample size and resolution 
ranges of the most common methods are shown for comparison, highlighting the suitability of cryo-
ET for imaging a wide range of molecular and cellular samples including protein assemblies, 
viruses, and cells. In combination with correlative light-electron microscopy (CLEM) and cryo-
focused ion beam milling (cryo-FIB), cryo-ET resolves native structures of protein at relatively high 
resolution as well as provides abundant information on protein–protein, protein–membrane, or 
protein–nucleic acids interactions in an in situ setting. Figure adapted from (Li S, 2022) under CC 
BY 4.0. The various sample types used in this figure were created with Biorender.com 

Many different techniques are employed to image biological processes at differ-
ent length scales ranging from tissues (mm) and cells (microns) to nanometre scale 
subcellular structures (Fig. 1.1). At one end of the spectrum, light microscopy 
images whole cells and tissues at low resolution (120–250 nm), while at the other 
end, three main techniques—X-ray crystallography, nuclear magnetic resonance 
(NMR), and cryo-electron microscopy (cryo-EM)—enable high-resolution imaging 
(0.1–0.5 nm) and structural determination of proteins and macromolecular assem-
blies such as viruses (Campbell 2002;  Li  2022). While the former two methods have 
helped push structural biology to the forefront by resolving structures of isolated 
proteins and complexes at close-to-atomic resolutions, they are time-consuming



and occasionally prone to misinterpretation due to lack of the native environment in 
which such proteins and complexes normally exist. On the other hand, cryo-EM is a 
versatile technique that resolves three-dimensional (3D) structures of macromolec-
ular assemblies of various sizes in multiple functional states under near-
physiological conditions at 0.2–0.5 nm resolutions. Further, samples are in an intact 
hydrated state and are not fixed, stained, or manipulated into a crystalline state. The 
most widespread application of cryo-EM is the study of purified samples by the 
“single particle analysis” method. However, with the cryo-EM resolution revolution 
era, cryo-electron tomography (cryo-ET) has emerged as a powerful method in 
structural biology, specifically for viruses, bridging the resolution range 
(sub-nanometre) achievable between light microscopy and cryo-EM (Fig 1.1). It 
allows imaging of purified non-symmetric pleomorphic viruses such as HIV-1 and 
Influenza A as well as large complex viruses like poliovirus and herpes simplex virus 
(HSV-1) (Calder et al. 2010; Cyrklaff et al. 2005; Grunewald et al. 2003; Liu et al. 
2010; Mangala Prasad et al. 2022b). But perhaps the most advantageous application 
of cryo-ET over other structural methods is the ability to visualize cells and the 
macromolecular complexes housed within it at 3–5 nm resolutions. 
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Enveloped viruses are surrounded by a lipid membrane and comprise a large 
number of RNA and DNA viruses, the majority of which are pathogenic to animals 
or humans. They are highly pleomorphic proving difficult for structure determina-
tion by traditional structural biology methods including cryo-EM. Asymmetric 
elements associated with these viruses such as locally ordered helical symmetry of 
the matrix protein layer in influenza A virus (IAV) and Ebola virus, absence of 
global symmetry in capsid cores (HIV-1), and flexibility of glycoproteins (SARS-
CoV-2) are uniquely suited for investigation by cryo-ET. This chapter will examine 
sample preparation methods, data collection and image processing pipelines, and 
integrative approaches used to aid cryo-ET imaging of enveloped viruses. Further, 
the role of cryo-ET in expanding the structural biology of viruses and their interac-
tions within the cellular host during entry, receptor interactions, replication, and 
assembly will be highlighted. 

Sample Preparation 

For imaging samples by cryo-ET, the primary step is to plunge freeze the specimen 
by a method known as vitrification (Fig. 1.2). Based on sample thickness there are 
two ways to plunge freeze. Samples less than 10 μm such as purified proteins, 
viruses, or thin cells can be vitrified directly by plunge freezing into a cryogen with 
high heat capacity and thermal conductivity such as liquid ethane or propane 
(Dubochet et al. 1988). For purified preparations of proteins and viruses, typically 
2–5 μl is applied to holey carbon copper grids, and then blotted with filter paper to 
leave behind a thin layer of liquid (typically 50–100 nm). For thin cells directly 
cultured on grids, gold grids are used to avoid the toxicity of copper. After blotting, 
grids are then vitrified in ethane and stored for future use.
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Biological sample 
(viruses, cells, tissue) 

Thickness 

Thickness 

Cryo-FIB 
milling 

Cryo-ET Imaging 

(purified virus, viruses-infected thin cells, thinned virus, infected lamellae, 
cut sections of virus-infected thick cells, thinned sections of virus-infected tissues 

CEMOVIS 

Thinned lamella sample 
(cells, viruses-infected cells) 

Thinned sections on grid 
(cells, viruses-infected cells, tissues) 

Tokuyasu 
VFS 

Single slice Number of 
cut slices 

Multiple slices 

Plunge 
freezing 

Plunge 
freezing 

High 
pressure 
freezing 

Vitrified grid 
(viruses, thin cells) 

Vitrified block 
(thick cells, tissues) 

Thin (<10 µm) Thick (<10 – 300 µm) 

<0.5  µm 
Purified viruses, 

thin regions of cells 

0.5 – 10 µm 
Virus-infected 

thin cells 

Fig. 1.2 Sample processing for cryo-ET imaging. Flowchart illustrating sample preparation for 
cryo-ET imaging where the choices for preparation (cyan ellipses), appropriate techniques used 
(green hexagons), and the desired structures to visualize (purple rectangles) are depicted. Samples 
thinner than 10 μm such as viral proteins and thin cells are vitrified by plunge freezing, while thicker 
samples like cell pellets or tissue blocks/biopsies are mainly cryo-fixed by high pressure freez-
ing (HPF). The only exception is thick, chemically fixed, gelatin-embedded, sucrose-infiltrated 
Tokuyasu cell pellet or tissue samples, where they are fixed by plunge freezing in liquid nitrogen. 
Samples thicker than ∼500 nm (e.g., cells and tissue) are thinned by cryo-ultramicrotomy 
(CEMOVIS, Tokuyasu vitrified frozen sections [VFS]) or cryo-FIB milling prior to imaging in 
order to make them electron transparent. Finally, all vitrified cryo-specimens—thinner than 500 nm 
samples or cryo-ultramicrotomy/cryo-FIB thinned samples are imaged by cryo-ET, acquiring tilt 
series for 3D tomogram generation and/or sub-tomogram averaging
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Samples greater than 10 μm in thickness but less than 300 μm like cell pellets and 
tissues are frozen at high pressure, commonly known as “high-pressure freezing” 
(HPF) (McDonald and Auer 2006). When high pressure (200 MPa) is applied using 
a liquid nitrogen jet at –196 °C to biological samples, expansion of water is 
counteracted, promoting the formation of vitreous ice, and samples are frozen within 
~15 ms in a reproducible manner. After vitrification, thick HPF samples are thinned 
by cryo-ultramicrotomy or cryo-focused ion beam (cryo-FIB) milling prior to 
imaging (Fig. 1.2). 

Cryo-ultramicrotomy is performed at cryogenic temperatures (–180 °C) using 
methods like cryo-electron microscopy of vitrified sections (CEMOVIS) or 
Tokuyasu sectioning, where the sample is thinned using a diamond knife to slice 
the frozen sample into thin sections (50–200 nm) (Al-Amoudi et al. 2004, 2005; 
Tokuyasu 1973). Both CEMOVIS and Tokuyasu combine cryo-preservation and 
high-resolution imaging of thin sections of thick samples such as vitrified cell 
pellets. While both techniques are technically demanding, CEMOVIS causes 
knife-related artefacts, sample distortion, and compression, and Tokuyasu involves 
chemical fixation of samples prior to sectioning (Al-Amoudi et al. 2005; Tokuyasu 
1973). Single or multiple cut sections can be transferred onto an EM grid and imaged 
by cryo-ET. 

Alternatively, unwanted material can be removed from vitrified specimens and 
thinned down by ablation to a specified thickness employing a cryo-FIB by using 
heavy metal ions such as Gallium. Cryo-FIB provides artefact-free thinning of 
specimens and has been successfully used to section samples prepared by HPF 
and direct plunge freezing (such as cells) (Hayles et al. 2010; Marko et al. 2007; 
Rigort et al. 2012a). HPF samples can be cut by the ion beam and imaged by the 
electron beam as serial sections; within the cryo-FIB scanning electron microscope, 
plunge-frozen cellular samples on EM grids are milled by cryo-FIB to produce 
electron-transparent lamellae for subsequent cryo-ET imaging (Rigort et al. 2012a; 
Klein et al. 2020; Mendonca et al. 2021a; Berger et al. 2023). Although this 
technique enables peering into the interior of the cell, it is low in throughput often 
resulting in lamellae that are broken, have irregularities, or are contaminated by frost 
during transfer to the cryo-transmission electron microscope (Rigort and Plitzko 
2015). The development of integrated cryo-FIB machines housing fluorescence light 
microscope systems along with the design of high-vacuum transfer systems and 
cryo-shutters will help mitigate these problems and streamline the workflow for 
automated cryo-FIB milling. 

An attractive and easier alternative is using vitrified frozen sections (VFS), where 
Tokuyasu sections of cellular samples cut at cryogenic conditions are thawed and 
then re-vitrified by plunge freezing for imaging by cryo-ET. Using Tokuyasu VFS 
coupled with CLEM and STA allows for successful in situ imaging and high-
resolution 3D structure determination of viruses from within cells (Tokuyasu 
1973; Vijayakrishnan et al. 2020; Sabanay et al. 1991). Further, this method offers 
several advantages such as the availability of less technically challenging, relatively 
inexpensive equipment, higher throughput, and the addition of CLEM to the pipe-
line, broadening its scope to the study of low-frequency events with a greater



likelihood of successful imaging. Using automated data collection procedures on 
300 KV microscopes fitted with high-speed direct electron detectors and streamlined 
STA procedures will further improve the applicability of this method and enable the 
determination of in situ near-atomic resolution structures. 
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Data Collection and Image Processing 

Biological materials undergo damage by radiation within the electron microscope, 
and therefore, it is crucial to minimize electron exposure of the sample. In cryo-ET, 
plunge-frozen samples are rotated around an axis over a tilt range, typically –60° to 
+60° and two-dimensional (2D) projection images are recorded at each tilt to 
generate a “tilt series”. As images are collected on the same region of the sample 
at multiple angles (or tilts), electron exposure is minimized by reducing the overall 
electron dose, typically not greater than 78–100 e-/Å2 (to achieve nanometre 
resolution) and distributing (fractionating) it over the number of images recorded 
in each tilt series. Consequently, the fractionated electron dose results in 
low-contrast and heavily noisy images, making accurate alignment of images in 
the tilt series challenging. To overcome this problem, gold fiducial markers (diam-
eter 5–20 nm) are added to the samples prior to vitrification. As these fiducials are 
high contrast, they can be tracked successfully through the images, helping increase 
the alignment accuracy of the tilt series. 

Computational analysis of the aligned tilt series produces a 3D volume of the 
sample known as a “tomogram”, which provides detailed ultrastructure of the size, 
shape, and organization of macromolecules and cells at 3–5 nm resolutions (Wan 
and Briggs 2016). Repeating structures within tomograms can be extracted from 
tomograms (sub-tomograms/sub-volumes) and subject to extensive computational 
processing with iterative steps of alignment and averaging by a process called 
sub-tomogram averaging (STA), to obtain high-resolution structures at 0.5–2 nm. 
Identification and extraction of sub-tomograms is executed by template matching to 
a known structure or generating a template by manually picking sub-tomograms. 
Alignment of sub-tomograms is carried out with one or multiple references based on 
cross-correlation methods that inform on the similarity of the structures. Due to the 
restricted tilting range (–60o to +60°) and mechanical limitations of the stage, data 
cannot be acquired at all angles, causing missing information in reconstructed 
tomograms and sub-tomograms, called the “missing wedge”. However, cross-
correlation-based sub-tomogram alignments and classification procedures are sensi-
tive to the missing wedge information. Using a wedge-shaped mask for the reference 
as well as application of defocus-gradient corrections or contrast transfer function-
corrected sub-tomograms helps mitigate these problems, allowing near-atomic 3D 
structure determination (Tegunov et al. 2021; Xiong et al. 2009; Zanetti et al. 2009). 
In recent years, major microscope hardware developments such as phase plates, 
energy filters, and direct electron detectors (DEDs) have significantly increased the 
quality of cryo-ET images enabling visualization and study of macromolecules



in situ (Vijayakrishnan et al. 2020; Tegunov et al. 2021; Bammes et al. 2012; Danev 
et al. 2014; Haney et al. 2022; Schur et al. 2016; Vijayakrishnan et al. 2013; Zila 
et al. 2021). Additionally, ongoing improvements in software development and 
processing pipelines have allowed us to reach near-atomic resolution (~0.4 nm) 
for cryo-ET data by STA (Tegunov et al. 2021; Schur et al. 2016). 
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To obtain insights into the biological processes, interpretation of the 3D volume 
data is important. To achieve this, specifically in tomography samples of cells and 
tissues, biologically relevant features within the 3D-reconstructed tomograms are 
surface rendered and pseudo-coloured by a process known as segmentation to aid in 
the interpretation and visualization of the 3D volume. In practice, structures of 
interest are manually drawn by hand into the volume, being highly time intensive 
and subjective. On the other hand, automated segmentation can speed up the process 
and provide a reproducible and objective way for the interpretation and quantifica-
tion of data. Software development implementing faster and better algorithms using 
template matching, neural networks-based AI, and 3D deep learning are making this 
a reality, revolutionizing automated segmentation to visualize proteins and larger 
structures such as actin filaments, microtubules, and vesicles inside cellular tomo-
grams (Klein et al. 2020; Chen et al. 2017; Rigort et al. 2012b; Rusu et al. 2012). 

Integrative Techniques 

In addition to cryo-ET, several newly developing accessory techniques such as cryo 
serial block face scanning electron microscopy (cryo-SBF SEM), cryo-soft X-ray 
tomography (CSXT), and cryo-correlative light and electron microscopy (cryo-
CLEM) enable 3D imaging of cells and tissues in close-to-native environments. 
Combining these methods alongside cryo-ET can be a powerful and informative 
approach to obtain insightful data at multi-scale resolutions (6–200 nm). 

Cryo-serial Block Face Scanning Electron Microscopy 

Cryo-SBF SEM combines serial sectioning of thick samples coupled with successive 
imaging by SEM. Typically one flat surface of a HPF cellular or tissue specimen is 
repeatedly imaged by SEM alongside removal of consecutive slices sectioned by a 
focused ion beam (FIB). Successive imaging and sectioning are performed automat-
ically several hundreds of times to reconstruct a 3D volume of the sample. A major 
advantage of this technique is the capability to image thick and large sized samples 
that are not amenable for direct imaging by cryo-ET. Cryo-SBF SEM has been 
successfully applied to study the process of cells transforming into mineralized 
tissues in the tail fin of zebrafish, and more recently in the study of SARS-CoV-2 
assembly (Mendonca et al. 2021a, b; Vidavsky et al. 2016).
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Cryo-soft X-Ray Tomography 

In CSXT, X-rays are used for imaging vitrified biological samples. As X-rays have a 
larger penetration depth, thicker specimens can be used such as whole cells without 
the need for sectioning, a fundamental and crucial difference from cryo-ET. Soft 
X-rays have energies (284–543 eV) that fall within the so-called “water window”, 
allowing for selective absorption between carbon-rich elements and water. This 
absorption difference provides significant contrast in vitrified biological specimens 
that are largely rich in carbon and oxygen. Typically, samples are tilted (–60o to +60° 
with EM grids or a full 360° with capillary tubes) and projection images captured at 
each tilt are subsequently reconstructed to obtain a 3D tomographic volume. In 
CSXT, the X-ray beam focusing on the sample is detected by zone plates that act as 
detectors. Unlike lenses or mirrors, zone plates define the resolution limit and use 
diffraction instead of refraction or reflection. Current resolutions of CSXT range in 
the order of 25–40 nm. Several studies have been performed using CSXT to explore 
the changes in ultrastructure of whole cells upon virus infection (Fig. 1.3) 
(Harkiolaki et al. 2018; Perez-Berna et al. 2016). Hepatitis C virus (HCV) infection 
in liver cells showed significant changes in the endoplasmic reticulum (ER) and 
cellular morphology of the cytoplasm, with formation of a membranous web of 
tubules and vesicles of variable size and orientation, similar to a sponge-like 
appearance (Fig. 1.3a) (Perez-Berna et al. 2016). Furthermore, treatment of 
HCV-infected cells with clinically approved antivirals reversed completely the 
virus-induced ultrastructure to an uninfected state indistinguishable from control 
samples, demonstrating the potential for using CSXT as a preclinical tool for drug 
efficacy testing, selection, and development. Recent quantitative analysis of SARS-
CoV-2 infected cells showed large cellular remodelling induced by the virus, 
specifically changes in the mitochondrial network, increase in lipid droplets, and 
convoluted membrane structures and vesicles, overall indicating cell apoptosis 
(Mendonca et al. 2021a, b; Loconte et al. 2021). CSXT imaging has also been 
extended to DNA viruses such as Herpes simplex virus-1 (HSV-1) infection show-
ing unique nuclear bodies and virus capsid aggregates (JH Chen et al. 2022). In 
combination with fluorescence light microscopy (LM), CSXT has been used to 
image in a correlative manner to link morphology, location, and function in virus-
infected cells. Correlative CSXT with LM revealed that HSV-1 induces organelle 
remodelling, elongation of mitochondria, and influencing dynamics during fission/ 
fusion (Fig. 1.3b) (Nahas et al. 2022). The highly complex virus maturation and 
morphogenesis pathway of the large poxvirus vaccinia virus was elucidated in detail 
by imaging the various forms of the virus—immature and mature within the cyto-
plasm of whole cells by CSXT (Fig. 1.3c) (Chichon et al. 2012).
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Fig. 1.3 Whole-cell imaging by cryo-soft X-ray tomography. CSXT enables 3D imaging of 
vitrified whole cells, without the need for sectioning, providing overall cellular architecture at 
mesoscale resolution (25–40 nm). Three viral systems HCV (Perez-Berna et al. 2016), HSV-1 
(Nahas et al. 2022), and VACV (Chichon et al. 2012) imaged by CSXT are depicted demonstrating 
detection of virus particles and remodelling of cellular organelles that is triggered upon infection. 
(a) Tiled projection images, 3D tomographic volumes, and annotation by segmentation of whole-
cell volumes of control and HCV-infected cells are shown. ROI selected for CSXT imaging from 
the projection images (black and white squares) and their corresponding volume slices and 
segmentation images show significant alteration of ER forming a membranous web network upon 
HCV infection. The various organelles, nucleus (pink), mitochondria (green), normal ER (light
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Cryo-correlative Light and Electron Microscopy 

Although cryo-ET provides high-resolution tomograms of the cellular landscape, the 
high magnifications used limit the area that can be imaged. As the interior of the cell 
is extremely dense, identifying regions or macromolecules of interest within the cell 
is an arduous and challenging task, similar to searching for a “needle in a haystack”. 
Cryo-CLEM overcomes this problem by combining fluorescent light microscopy 
(LM) imaging to target the same specific sites with cryo-ET, increasing the effi-
ciency of subcellular localization with single molecule precision. This is achieved by 
using fluorescent labelling techniques like genetic tagging (using GFP) or chemical 
labelling of specialized dyes targeting structures of interest. Recently, a genetically 
encoded protein tag that synthesizes gold ions into beads and DNA based signpost 
origami tags (SPOTs) have been developed, offering attractive options for both 
intracellular and surface labelling of proteins (Jiang et al. 2020; Silvester et al. 
2021). Imaging can be done via a two-step process, selecting a region of interest 
(ROI) and imaging by LM first followed by cryo-EM/cryo-ET or via an integrated 
set-up having an integrated LM within a transmission electron microscope (TEM) 
(Faas et al. 2013; Hampton et al. 2017; Wang et al. 2017). Although the resolution 
gap between LM (250 nm) and cryo-ET (5 nm) is massive, currently a localization 
precision of ~40 nm can be achieved using cryo-LM. Targeting smaller molecules 
within the crowded cell can be performed by cryo-CLEM employing super-
resolution LM (Wolff et al. 2016). Cryo-CLEM studies have been performed to 
identify virus and virus–host interactions in cells (Fig. 1.4). Cryo-CLEM has 
elegantly shown the transport of HSV-1 in neurons (Fig. 1.4a) and offered structural 
insights on HSV-1 capsid interaction with its associated tegument proteins within the 
cell nuclei (Vijayakrishnan et al. 2020; Ibiricu et al. 2011). Furthermore, in HIV-1 
infected cells, cryo-CLEM revealed the inhibitory mechanism of virus release during 
egress under the influence of tetherin, a host restriction factor (Fig. 1.4b) (Hampton 
et al. 2017; Jun et al. 2011; Strauss et al. 2016). 

⁄>

Fig. 1.3 (continued) brown), altered ER (yellow), cytoskeleton actin (light blue), and Golgi (grey), 
are depicted. Yellow arrows indicate putative lysosomes/lipid droplets. Scale bars are 10 μm 
(projection images) and 0.5 μm (volume slices). Figure was adapted from Perez-Berna et al. 
(2016), copyright © 2016, American chemical society, (b) Comparison of uninfected (UI) and 
HSV-1 infected cells (+HSV) by CSXT (volume slices and segmentation) highlights extensive 
morphological changes in mitochondria, with the 3D geometry shifting from short and long 
mitochondria in uninfected control cells to an elongated, branched dense network upon HSV-1 
infection. Scale bars = 1 μm. Figure adapted from Nahas et al. (2022) under CC BY 4.0. (c) ROI 
selected (yellow square) from a bright field image of VACV-infected cells was imaged by CSXT 
(projection image) to obtain tomograms. Single volume slices of tomograms provided insights into 
the assembly pathway identifying both immature (IV) and mature (MV) viral particles of VACV, 
present close to each other in densely packed clusters within the cell cytosol. Scale bar represents 
100 μm and 0.5 μm in bright field and volume slice images, respectively. The figure was adapted 
from Chichon et al. (2012), copyright © 2012, Elsevier
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Fig. 1.4 Virus–host interactions revealed by cryo-CLEM and cryo-ET. Cryo-CLEM imaging 
provides information on spatial dynamics, specifically in locating the “needle in a haystack”, i.e., 
protein or virus within the dense environment of the cell. However, when coupled with cryo-ET, it 
offers an extremely powerful approach to obtain structural insights into virus–protein interactions in 
situ. Interaction of two viruses HSV-1 (Ibiricu et al. 2011) and HIV-1 (Hampton et al. 2017) with 
their hosts is shown. (a) Cryo-CLEM and cryo-ET imaging of HSV-1 infected neurons detected the 
transport of virus capsids during egress. Neurons observed by bright field imaging (BF) revealed
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Cryo-ET Studies of Enveloped Viruses and Their 
Interactions Within the Host Cell 

Cryo-ET in combination with STA provides detailed 3D ultrastructure and insights 
into in situ structure and assembly of macromolecular assemblies. However, 
sub-optimal throughput in data acquisition coupled with relatively low resolution 
of STA has limited its potential. But recent advances in these areas are steering the 
resolution revolution of cryo-ET. 

Obtaining high-resolution structures from cryo-ET is determined by the quality of 
high-throughput data collected in minimal time. To obtain a reasonable level of 
signal-to-noise ratio (SNR) in the tilt series, the sample is exposed to a high 
cumulative dose (2–3 times more than in SPA). However, the earliest images 
collected during the tilt series have the lowest exposure of electrons and therefore 
high SNR. This problem was elegantly overcome by employing a dose-symmetric 
scheme that minimized the accumulated electron dose by starting the data acquisi-
tion at low tilts (0°) following a walk through to higher tilts with the dose symmet-
rically spread across the tilt range (Hagen et al. 2017). Hybrid STA-SPA approaches 
have further maximized SNR with successful determination of retroviral capsid and 
tobacco mosaic virus (TA Bharat et al. 2012; Sanchez et al. 2020). 

Although the dose-symmetric tilt scheme retains high-resolution information, it 
comes at the cost of low throughput. Several newly developed tilt schemes incor-
porating beam-tilt induced image shift methods such as beam image-shift electron 
cryo-tomography (BISECT), parallel cryo-electron tomography (PACE-tomo), and 
multishot-tomography have significantly increased the throughput of tilt series 
acquisition (Bouvette et al. 2021; Eisenstein et al. 2023; Khavnekar et al. 2023). 
These methods exploit the dose symmetric acquisition scheme by collecting them in

⁄>

Fig. 1.4 (continued) neurite (white arrow) and cell body (white asterisk) structures. The fluores-
cence (F) and overlay (BF and F) images show bright punctate spots, denoting individual virus 
particles (white arrows) travelling along the axon. Detail is observed in the projection image of the 
intact axon including HSV-1 genome-filled C-capsids (black squares) and empty A-capsids (black 
dashed square). Tomographic volume slices of these selected regions (squares in projection image) 
clearly denote the virus capsids transporting across the axon close to the plasma membrane 
(pm) and microtubules (black arrows). Scale bar represents 6 μm, 5 μm, and 200 nm in the BF, F 
and BF+F volume slice images, respectively. Figure was adapted from Ibiricu et al. (2011) under 
CC BY 4.0. (b) Structural insights on tetherin binding to HIV-1, preventing virus release, were 
obtained by successful cryo-CLEM and cryo-ET imaging. The montage map overlay of BF+F was 
used to select ROI (white square) representing colocalization of mCherry-Gag (red) and EGFP-
tetherin (green). The ROI selected by CLEM was imaged by cryo-EM to produce a low montage 
projection map that was further used to select areas (white squares) for cryo-ET data acquisition. 
Tomographic slice and segmentation images depict a cluster of HIV-1 virions (capsid cores—pink 
and virion envelope—yellow) connected by tetherin (elongated structures—red) near a cell exten-
sion. Scale is 50 μm, 2 μm, and 200 nm for the BF+F overlay, projection, and tomogram slice 
images, respectively. The figure was adapted from Hampton et al. (2017), copyright © 2016, 
Springer Nature
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multiple areas in parallel, reducing the acquisition time substantially from 45–70 min 
to 3–4 min for each tilt series, yielding high-resolution structures. The beam image-
shift scheme has also been used to acquire montage tomograms by splitting a large 
field of view into overlapping tiles that can be subsequently stitched computation-
ally, particularly useful for imaging cellular samples by cryo-ET such as respiratory 
syncytial virus-infected cells (Yang et al. 2022; Peck et al. 2022). While BISECT 
performs effectively with purified specimens, PACE-tomo and multishot tomogra-
phy have been tested on both in vitro and FIB-milled in situ lamellae with tremen-
dous success.

1 In Situ Imaging of Virus-Infected Cells by Cryo-Electron Tomography:. . . 15

In cryo-EM analysis, the mathematical equation termed the contrast transfer 
function (CTF) defines how aberrations within the TEM influence the image of the 
sample. Therefore, CTF correction is crucial for obtaining high-resolution structural 
information using cryo-EM and cryo-ET. During cryo-ET tilt series acquisition, CTF 
estimation is required for accurate determination of defocus, to enable extraction of 
high-resolution information from the data. Major improvements in microscope 
hardware, data acquisition schemes, and software algorithms including improving 
CTF estimation and correction have gradually evolved paving the way for the cryo-
ET resolution revolution from 20 to 8 Å and currently to near-atomic 3–4  
resolution (Xiong et al. 2009; Zanetti et al. 2009; Schur et al. 2016; Schur et al. 
2013; Bharat et al. 2015; Ni et al. 2021). 

Cryo-ET of Purified Enveloped Viruses 

Several hundreds of pleomorphic, enveloped viruses are responsible for a wide range 
of human diseases. Over the past 20 years, cryo-ET has provided astonishing 
structural insights into the assembly of several of these viruses including HIV-1, 
influenza A virus (IAV), SARS-CoV-2, RSV, HSV-1, Ebola virus, Lassa virus 
(LASV), Marburg virus (MARV), and Rift valley fever virus (RVFV) (Conley 
et al. 2022; Halldorsson et al. 2018; Li et al. 2016; McElwee et al. 2018; Peukes 
et al. 2020; Schur et al. 2016; Vankadari et al. 2002; Wan et al. 2017, 2020; Yao 
et al. 2020). In this chapter, we will focus on a subset of viruses mentioned above 
with special attention to HIV-1 and SARS-CoV-2 (Fig. 1.5). 

Human Immunodeficiency Virus (HIV-1) 

HIV-1 is a single-stranded RNA retrovirus and causative factor of acquired immu-
nodeficiency syndrome (AIDS). Upon infection of its host, HIV-1 integrates its 
genome into the host DNA, and weakens the host immune system, resulting in a 
gradual decline of immune cells (such as CD4+ T cells, macrophages) over time, 
causing AIDS. Despite antiretroviral therapy being an effective treatment to lower 
mortality rates due to AIDS, nearly 9.7 million people do not have access to it, 
especially in developing countries (WHO 2021).
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Fig. 1.5 Structures of purified enveloped viruses resolved by cryo-ET and STA. A selection of 
high-resolution structures of representative enveloped purified viruses determined by cryo-ET and 
STA is shown. (a) Structure of mature HIV-1 capsid (PDB: 3J3Y) colour coded with CA hexamers 
(brown) and pentamers (blue). (b) Ultrastructure of the SARS-CoV-2 virion (EMD-30430); lipid 
envelope (grey), S protein (blue), and RNPs (yellow). (c) The STA reconstructed prefusion LASV 
glycoprotein (GP) trimers (yellow) embedded on the viral envelope (blue) and filled with internal 
material (grey) segmented from the tomogram. Figure reproduced from Li et al. (2016) under CC 
BY 4.0. (d) Structure of the helical IAV M1 matrix protein (grey and blue) (EMD-22384). (e) 
Structure of RVFV prefusion GP pentamers (blue) and hexamers (brown) reprojected on the viral 
envelope (EMDB-4197). (f) Structure of mature HSV-1 capsid (EMD-5452) denoting the five-fold 
portal structure (blue) and surrounding hexamers (cyan). Figure was adapted from (Vankadari et al. 
2002) under CC BY 4.0 using publicly available atomic coordinates and maps from the protein data 
bank (PDB) and Electron Microscopy Data Bank (EMDB) and using UCSF ChimeraX (Pettersen 
et al. 2021) 

The mature HIV-1 virion is composed of a capsid core made of capsid protein 
(CA) enclosing the dimeric RNA genome. Upon entry and membrane fusion of the 
CA core, viral RNA is reverse transcribed to double-stranded DNA (dsDNA), which 
in turn traffics to the nucleus to integrate into the host chromosome. HIV-1 morpho-
genesis is a structured process composed of three steps—assembly, budding, and 
maturation (Sundquist and Krausslich 2012; Sundquist and Krug 2012). In associ-
ation with the membrane, the 55 kDa Gag polyprotein that comprises the matrix 
(MA), CA, nucleocapsid (NC), SP1, and p6 domains mediates virus membrane 
curvature via self-multimerization to form a Gag shell layer during HIV-1 assembly. 
Post-assembly the viral envelope encoding the immature Gag shell undergoes 
scission from the cell membrane via the ESCRT-III complex, resulting in the 
budding of spherical immature HIV-1 particles. Subsequently, the envelope of



released HIV-1 virions containing immature Gag is cleaved at the MA–CA, CA– 
NC, SP1-NC, CA-SP1, and NC–p6 sites by the virally encoded protease. This 
produces major structural rearrangements including disassembly and 
re-organization of the conical CA core as well as condensation of the RNA genome, 
forming mature virions that are now infectious and ready to enter and replicate in a 
nearby cell. 

1 In Situ Imaging of Virus-Infected Cells by Cryo-Electron Tomography:. . . 17

Studies on HIV-1 capsids over more than a decade have greatly impacted in situ 
structural virology by pushing cryo-ET and STA development, leading the cryo-ET 
resolution revolution towards achieving sub-nanometre and near-atomic resolutions 
(Mangala Prasad et al. 2022b; Schur et al. 2016; Li et al. 2020; Mattei et al. 2016; 
Schur et al. 2015; Zanetti et al. 2006; Zhao et al. 2013). Cryo-ET imaging of purified 
HIV-1 virions has revealed fascinating insights into the structure of CA and the 
molecular mechanisms driving assembly and maturation. In immature virions, CA 
forms discontinuous lattices with partial hexamers at the lattice edge, making the 
overall surface very elastic (Schur et al. 2015; Briggs et al. 2009). This arrangement 
of CA in the lattice is vital for the regulation of cleavage and the production of 
mature infectious virions. Determination of the CA structure in immature HIV-1 
particles provided a comprehensive view of the proteolytic mechanism revealing that 
cleavage at the other sites caused CA lattice disturbance allowing for the final step of 
CA-SP1 proteolysis prior to maturation (Schur et al. 2016; Mendonca et al. 
2021a, b). The lattice structure of CA also helped identify the destabilization of 
the CA-SP1 helix bundle as being the key factor for CA maturation (Mattei et al. 
2018). An integrative approach combining cryo-ET, cryo-EM, and all-atom molec-
ular dynamics was used to determine the first high-resolution structure of a mature 
HIV-1 capsid core at 3 nm (Zhao et al. 2013). The CA core in mature particles is 
cone-shaped and heterogeneous, comprising 186 hexamers and 12 pentamers 
(Fig. 1.5a). The heterogeneity is attributed to the relative movements of the N- and 
C-terminal domains that result in tilt and twist of hexamer pairs that in turn dictates 
variable curvature throughout the entire CA cone (Mattei et al. 2016). Further, in 
mature HIV-1 particles, the matrix protein MA is packed as a hexagonal lattice that 
facilitates the distribution and fusion of the surface glycoprotein, Env. These studies 
employed a dose-symmetric tilt acquisition scheme and 3D CTF correction, show-
casing the full power of cryo-ET coupled with STA to achieve near-atomic resolu-
tions (Qu et al. 2021). Put together, these observations suggest that in HIV-1, the 
Gag lattice not only modulates the assembly of CA and MA but also regulates the 
functional properties of the viral envelope and Env. 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 

Belonging to the family of Coronaviridae, SARS-CoV-2, the causative agent of the 
COVID-19 pandemic, is a positive sense single-stranded RNA virus that primarily 
infects the respiratory tract causing respiratory illness, and in severe cases pneumo-
nia and acute respiratory distress syndrome (ARDS). SARS-CoV-2 uses its surface 
glycoprotein, spike protein “S”, to bind the receptor, angiotensin converting enzyme



2 (ACE2), to enter cells. The unprecedented public health and economic impact 
caused by the COVID-19 pandemic has been met with an equally extraordinary 
scientific response. The majority of this response has been focused on extensive 
structural and cellular analysis by cryo-ET and cryo-EM to understand the multi-step 
entry process of SARS-CoV-2, including the structure of the S protein conforma-
tions, required for SARS-CoV-2 to associate with receptor ACE2, engagement of the 
receptor-binding domain of S with ACE2, proteolytic activation of S, endocytosis, 
and membrane fusion (Yao et al. 2020; Barnes et al. 2020; Hoffmann et al. 2020; 
Jackson et al. 2022; Ke et al. 2020; Liu et al. 2020; Turonova et al. 2020; Wrapp 
et al. 2020). 
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Cryo-ET of purified, inactivated clinical strains of SARS-CoV2 virions exhibit 
pleomorphic morphology, with 20–40 randomly distributed S proteins on their 
surface (Yao et al. 2020; Ke et al. 2020; Liu et al. 2020; Turonova et al. 2020). In 
SARS-CoV-2 virions, the RNA genome is encapsulated by the nucleoprotein, N, 
forming ribonucleoprotein complexes (RNPs). In situ cryo-ET coupled with STA 
provided insights into the detailed structures of prefusion and postfusion S protein as 
well as RNPs (Fig. 1.5b). Specifically of note was the inverse G-shaped architecture 
(~15 nm in diameter) of RNP obtained from 2D classification and averaging within 
virions. Further, the overall 3D ultrastructures of RNPs were observed to be similar 
to a bead on a string following a specific configuration, a hexagonal “eggs in a nest” 
or a tetrahedral “pyramid” arrangement (Yao et al. 2020). The flexibility present in 
the stalk of the trimeric S spike drives the conformational switching of the receptor-
binding domain (RBD) allowing it to adopt an open (1 RBD up or 2 RBDs up) or 
closed conformation in the prefusion form (Ke et al. 2020; Turonova et al. 2020). 
Elegant STA workflows in these studies confirmed that the open and closed confor-
mations of S protein on the virus surface prime the RBDs for association with the 
ACE2 receptor as well as modulating antibody binding. Interestingly, the S on 
purified virions was mostly present in the prefusion conformation and observed to 
be extensively glycosylated, protecting S from antibody access and binding. STA 
also revealed the presence of three hinges in the stalk domain of S, allowing the head 
domain significant orientational freedom, permitting it to flex as high as 90°. 
Crucially, these studies indicated that it was important to consider how virus samples 
were prepared for vaccine development, as inactivation and purification procedures 
altered the distribution and ratio of the S open and closed conformations. This, in 
turn, can modify their immune sensitivity, and their ability to induce a neutralizing 
antibody response, therefore being an effective vaccine immunogen. Crucially, cryo-
ET coupled with STA demonstrated unequivocally the power of this technique to 
examine the structure of new emerging viruses and its capability in providing tools to 
screen and assess the effectiveness of vaccine candidates for therapeutic 
development.
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Other Enveloped Viruses 

This section will highlight how cryo-ET has advanced our understanding of other 
pleomorphic and clinically important viruses such as LASV, IAV, RVFV, and 
HSV-1 (Fig. 1.5). 

Lassa virus (LASV) is a zoonotic pathogen belonging to the family of 
arenaviruses and causes haemorrhagic fever. Endemic in West Africa, with nearly 
half a million people being affected annually, it is spread and transmitted via aero-
sols, therefore posing a major health risk and burden. LASV encodes for the heavily 
glycosylated membrane glycoprotein (GP) that comprises the receptor-binding GP1 
subunit and the fusion GP2 subunit. Cryo-ET studies of LASV at low pH revealed 
the trimeric structure of GP on the virion surface and the conformational changes it 
undergoes for receptor binding and viral entry (Fig. 1.5c) (Li et al. 2016). As LASV 
is a containment level-4 pathogen, samples were chemically fixed prior to imaging. 
Although the structure of GP from a non-infectious virus-like particles differed in 
morphology, it shared a high degree of structural similarity with the virion GP. This 
enabled the use of low pH to probe the structural states of unbound GP and GP in 
complex with lysosomal receptor LAMP1, similar to that encountered during LASV 
endosomal entry and membrane fusion (Li et al. 2016). 

Spherical viruses like LASV have a discontinuous and loosely structured matrix 
layer beneath the lipid envelope of the virion, proving its investigation a huge 
challenge. Cryo-ET and STA showed interaction of the cytoplasmic tail of LASV 
GP with the underlying matrix protein (Z) of LASV. While a hexameric assembly of 
Z dimers was obtained by X-ray crystal structures, it was not observed in the 
tomograms, possibly due to the lower stiffness of oligomerized Z beneath the viral 
membrane. Not only did this study resolve the first high-resolution in situ structure 
of viral glycoprotein, but it also provided snapshots of structural rearrangements that 
occur during host cell entry and membrane fusion. 

Influenza A virus (IAV) is a pleomorphic RNA virus, which causes seasonal 
epidemics and occasional pandemics infecting millions of people worldwide. IAV 
exhibits spherical and filamentous morphology, with the latter form believed to be 
the clinical phenotype. The virus envelope is studded with glycoproteins 
haemagglutinin and neuraminidase which are critical for virus entry and egress. 
Beneath the viral envelope is the matrix protein (M) layer that plays a key role in 
virus fusion, assembly, and morphogenesis. Recent studies on intact IAV filaments 
and virus-like particles (VLP) suggest dimerization of M through binding of the 
C-terminal domain (CTD) with the N-terminal domain (NTD) of a neighbouring M 
via electrostatic interactions to form a polymeric helical assembly (Fig. 1.5d) 
(Peukes et al. 2020; Selzer et al. 2020). A positively charged cluster of five histidine 
residues present at the interface of three M dimers serves as a trigger for 
pH-mediated disassembly. These structural data imply that the M dimer represents 
the basic assembly unit for filamentous enveloped viruses, providing a greater 
understanding of the IAV assembly and disassembly process.
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The GPs of some enveloped viruses form oligomers covering the entire surface of 
the virus. Such architectures are the result of viruses that frequently lack the M 
proteins and rely on the GPs for assembly and budding. For example, in 
bunyaviruses, GPs can form diverse oligomers ranging from monomers on 
nairovirus to tetramers of dimers on phleboviruses, like Rift Valley fever virus 
(RVFV). Transmitted by mosquitoes, RVFV is a clinically important pathogen 
that infects humans and livestock causing viral haemorrhagic fever. The structure 
of an early fusion intermediate of RVFV with liposomes at pH 5 determined by cryo-
ET/STA pipelines revealed the insertion of GP pentamers into the target liposome 
membrane forming an intermediate sandwich structure comprising GP pentamer-
viral membrane-target membrane (Halldorsson et al. 2018). Interestingly, this inter-
mediate was not observed on pentamers unbound to a target membrane or on any 
hexamers, suggesting greater stability of the pentamers. Further, the arrangement of 
GP oligomers in a continuous higher-order lattice covering the entire virion surface 
(Fig. 1.5e) reduced the overall solvent-exposed area on the GPs, aiding RVFV to 
evade antibody recognition. This work was the first structure of a higher oligomeric 
GP, demonstrating the virus fusion mechanism in action using cryo-ET and STA. 

Belonging to the alphaherpesvirus subfamily, herpes simplex virus, HSV-1 is a 
double-stranded DNA (dsDNA) virus that is contagious and causes cold sores and 
rare but severe encephalitis. The dsDNA genome is packed into the icosahedral 
(T = 16) capsid in a liquid crystalline arrangement (Booy et al. 1991). Release and 
packaging of the genome during viral disassembly and assembly are mediated 
through a special structure in the capsid called the portal (Fig. 1.5f) (McElwee 
et al. 2018; Chang et al. 2007; Schmid et al. 2012). Imaging of HSV-1 virions by 
cryo-ET has uncovered several asymmetric elements including polarization of the 
nucleocapsid at one end within virions and the disproportionate arrangement of the 
tegument (the proteinaceous region between the capsid and the viral envelope) 
cap-like structure, which contained 40 nm long-filaments (∼7 nm wide) apposed 
to the membrane (Grunewald et al. 2003). In recent times, cryo-ET/STA has been 
used to determine the structure of the glycoprotein B prefusion complex to 9 Å 
resolution, demonstrating the power and potential of this technique to study 
uncharacterized protein structures of large viruses at high resolution, which serve 
as immunogens for vaccine development (Vollmer et al. 2020). 

Overall, these studies demonstrate that cryo-ET has a tremendous capacity to 
improve our understanding of the molecular architecture of purified viruses at high 
resolution, as well as their mechanisms of entry, disassembly, and assembly, 
highlighting its ability to reveal novel drug targets and the development of potential 
therapeutics and vaccines.
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In Situ Cellular Cryo-ET Enables Peering into the Cell 

Cellular cryo-ET is emerging as a major structural tool to study virus-host interac-
tions in situ (within cells and tissues). In combination with other integrative tech-
niques like cryo-CLEM, cryo-FIB, and CSXT, cryo-ET is making great strides, 
overcoming the significant gap in length scales and resolution between viruses and 
cells. This section of the chapter will describe how cryo-ET is aiding studies of 
enveloped virus behaviour within infected cells, focusing on recent discoveries that 
have expanded our knowledge of the viral life cycle, cellular interactions, and viral 
activities within eukaryotic cells at nanometre to sub-nanometre resolution. 

Probing Enveloped Viral Infections and Molecular 
Mechanisms of Virus-Host Interactions 

For viruses to enter cells and replicate successfully, it is imperative that they carry 
out several steps in an ordered manner. Being the most abundant species in the 
biosphere (~1 quintillion), they adopt diverse strategies for the key steps of their life 
cycle such as cell attachment and entry, viral disassembly and genome release, 
replication and translation, assembly, and virus budding, with the common goal 
for survival via multiplication and evolution. Until now, high-resolution in situ 
visualization of these viral activities have been hindered by the massive gap in 
length scales between cells and viruses and the thickness of the cellular samples. For 
a long time, hypothesis generation, functional experiments and observations, and 
classical plastic resin embedding EM have driven our understanding of the viral life 
cycle, devoid of any direct structural evidence for proposed virus–host interactions. 
Resin-embedded plastic cell sections provide striking contrast images of viruses 
infecting cells, but at the cost of sample preservation, quality, and resolution. In 
recent years, the combination of cryo-CLEM, EM-specific labelling, cryo-FIB, 
Tokuyasu VFS, cellular cryo-ET, and STA techniques has provided unprecedented 
insights into infected cells at nanometre resolution (Fig. 1.6). This section will 
highlight the identification of various activities of enveloped viruses inside cells 
based on the key steps of the viral life cycle. 

Viral Disassembly and Genome Release 

Enveloped viruses attach and enter cells by binding to receptors. This often involves 
using the endocytotic machinery for membrane fusion and subsequent uncoating to 
release their genome, all of which happens in the cytoplasm of the cell. Protein-
mediated membrane fusion is a critical step in enveloped virus infection and a 
fundamental process that underpins many cellular functions. Extensive cryo-ET 
studies on virus binding to liposomes have provided a simplistic model to extract
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Fig. 1.6 In situ imaging of viral processes in cells by cryo-ET and STA. In combination with 
cryo-CLEM, CEMOVIS, Tokuyasu VFS, and cryo-FIB milling, cryo-ET has provided important 
structural insights for various steps of the viral life cycle. (a) Overlay of a fluorescence HPF 
CEMOVIS section of a cell with the correlated EM image showing staining for HIV-1 (mScarlet, 
red), NPC (mCLING, pink), nucleus (Hoescht, blue), and decorated with multi-fluorescent fiducials 
(Fd). Enlarged region (white square) displays the mScarlet HIV capsid signal at the nuclear 
envelope (white arrow). A slice through a tomogram of the CEMOVIS section at the CLEM 
correlated position shows an HIV capsid lodged at the nuclear envelope (NE). Both cytosol 
(Cy) and the nucleus (Nu) regions are on either side of NE. The enlarged image (black square) of 
the tomogram slice shows an intact HIV-1 capsid (black arrowhead) docked deep inside the central 
channel of the NPC (green arrowheads) with its narrow end towards the nucleoplasm. Slice through 
a tomogram of a cryo-FIB-milled lamella infected with HIV-1 corroborates the data, illustrating a 
capsid (black arrowhead) localized inside of the NPC (green arrowhead). Isosurface rendering via 
segmentation is shown. Capsid (magenta); NE (yellow); NPC (purple). Top and side views of the 
NPC structures (EMDB-11967; red; NE—yellow) without and with superposition of the HIV-1 
capsid (PDB: 3J3Y, cut-open side view) revealing dilation of the NPC wide enough to transport 
intact HIV-1 capsids to the nucleus. The CLEM overlay and cryo-ET images were adapted from 
Zila et al. (2021), copyright © 2021, Elsevier. Structural models of NPC with and without HIV-1 
capsids were made using publicly available PDB (3J3Y) and EMDB (11967) coordinates. (b) 
Budding RSV filaments studied by cryo-ET (2D projection image) revealed preservation of intact



important knowledge on fusion activation, intermediate conformations of glycopro-
teins interacting with the membrane, and the sequence of events resulting in mem-
brane remodelling, fusion, and genome release (Halldorsson et al. 2018; Calder and 
Rosenthal 2016; Ward et al. 2020; Mangala Prasad et al. 2022a). IAV fusion studies 
have revealed important insights into the fusion process. Membrane fusion of viral 
and endosomal membranes at low pH is driven by conformational changes in the 
IAV glycoprotein haemagglutinin, HA. Cholesterol-mediated membrane fusion 
proceeds via an intermediate called hemifusion that is induced by HA, resulting in 
the formation of a hemifusion stalk junction leading to the formation of a fusion pore 
(Chlanda et al. 2016). A sequence of membrane-centric remodelling events at pH 
5.5–6.0 leads to the formation of this fusion pore. This includes the formation of a 
“dimple structure” in the target membrane created by a localized HA cluster, scission 
of the target membrane with the viral membrane being unperturbed, creation of an 
open mouth funnel structure that inserts into the viral membrane, which in turn leads 
to apposition, and a hemifusion intermediate with a constrained pore that is 
maintained by the intact IAV matrix protein layer (Lee, 2010). When pH is lowered 
to 5.0 as in the case of late endosomes, the matrix disintegrates or weakens, causing 
dilation of the pore and release of the genome. These studies suggest that by
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Fig. 1.6 (continued) filamentous morphology and a complex envelope. Tomographic slice of the 
enlarged region (black square) showed the viral envelope of the filament lined with the matrix 
protein M below acting as a scaffold. RSV filaments also displayed dense packing of outer 
glycoprotein spikes exhibiting a picket-fence-like appearance. Virions packed helical nucleocapsids 
having characteristic herringbone morphology (blue arrow). Helical ordering of the glycoproteins 
as well as their clustering in pairs (blue ovals in enlarged image—yellow rectangle) is clearly 
evident looking at the top slice of the tomogram. STA of the viral envelope reveals the helical 
arrangement of the matrix layer (blue), and it is packing as a curved lattice of M dimers upon 
docking with the X-ray structure of M (PDB: 4V23). A cut-open view of an RSV filament model 
incorporating structural information pertaining to all its viral proteins. Figure adapted from Conley 
et al. (2022) under CC BY 4.0. (c) In situ cryo-ET of cryo-FIB lamella depicts the SARS-CoV-2 
assembly process. Tomographic slice of the lamella (scale = 300 nm) and the enlarged inset (black 
square, scale = 100 nm) show DMV portals (yellow arrow), assembling virus (blue arrow), 
assembled virus (black arrow), viral spikes on SMV membranes (red arrows), transporting vesicles 
around the assembly site (pink arrow), and a nuclear pore (black arrowhead). 3D volume rendering 
by segmentation illustrates three virus particles (black arrows) and two assembly sites (blue arrows). 
Figure reproduced from Mendonca et al. (2021a) under CC BY 4.0. (d) In situ cryo-ET of Tokuyasu 
VFS revealed critical information on the HSV-1 assembly pathway inside the nucleus. Low 
magnification cryo-EM image of the VFS showed well-preserved structure and an abundance of 
capsids within the nucleus (black rectangle) and cytoplasm (black circle) of the cell separated by the 
nuclear membrane (black arrows). Other membranous and vacuolar structures (white arrows) are 
also observed within the dense cytoplasm. High-magnification 2D cryo-EM projection image and a 
central tomographic slice display uniform dispersal of the three different types of capsids, A-type 
(empty capsids, grey arrow), B-type (scaffold-containing capsids, white arrow), and C-type 
(DNA-containing capsids, black arrow). HSV-1 capsid structure determined by STA showed 
additional pronounced star-like density (blue) above the pentons on the five-fold capsid vertex 
corresponding to the tegument protein complex CATC, confirming its addition to the capsid prior to 
nuclear egress during HSV assembly. Figure adapted from Vijayakrishnan et al. (2020) under CC 
BY 4.0



concentrating on membrane deformation of only the target membrane during the 
early steps of fusion, IAV does not risk the premature release of its RNPs into the 
degradative lumens of mature endosomes and lysosomes.
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Fusion intermediates of RVFV, Chikungunya virus (CHIKV), and SARS-CoV-2 
have also been observed by cryo-ET and STA. Using liposomes and varying 
conditions of pH as well as reaction time points, the ultrastructure of CHIKV, its 
class-II glycoprotein conformations, membrane re-organization, and the fusion 
pathway were mapped at high resolution, demonstrating that the process is markedly 
different from fusion mediated by class-I fusion systems such as IAV. Further, the 
surface glycoprotein-nucleocapsid interaction is highly dependent on the pH and 
plays a regulatory role in CHIKV fusion (Mangala Prasad et al. 2022a). Recent high-
resolution in situ structural studies of SARS-CoV-2 virions provided evidence for 
the molecular basis of enhanced infectivity and attenuated dependency on cellular 
proteins during the fusion of the Delta variant, suggesting the correlation of 
fusogenicity with pathogenicity (Song et al. 2022). 

Postfusion, some enveloped viruses like retroviruses and orthomyxoviruses need 
to import their genome into the nucleus of the host cell for replication, a process that 
is not well understood. It was believed that HIV-1 capsids disassemble at the nuclear 
membrane prior to crossing the nuclear pore complex (NPC) owing to the small size 
of NPC. However, in a ground-breaking study using in situ cryo-CLEM, 
CEMOVIS, cryo-FIB, cryo-ET, and STA workflows, it was elegantly shown that 
in human CD4+ T cells, intact HIV-1 capsid cores dock at the nuclear membrane and 
initiate NPC dilation instead to accommodate complete viral capsids during trans-
location (Fig. 1.6a) (Zila et al. 2021). Once the capsids enter the nucleus, they 
undergo partial disruption leading to uncoating and genome release. This strengthens 
the model proposing HIV-1 uncoating occurring at the nuclear pore rather than it 
happening upon entry, i.e., cytoplasmic uncoating. Crucially, this indicates signifi-
cant differences in structural information obtained between in vitro and in situ 
studies, arguing for the importance of studying in situ systems when interpreting 
data to understand the function and molecular mechanisms of viral infection in 
native-like environments such as cells and tissues. 

Viral Factories Are Sites of Viral Replication 

After release, the genome has to be replicated and translated for packaging into 
progeny virions. The majority of RNA viruses (positive and negative strands) 
replicate in the cytosol, modifying intracellular membranes to form virus-induced 
vesicles. These vesicles serve as viral replication factories by concentrating all the 
necessary ingredients prior to assembly and budding whilst evading intracellular 
detection and host immune defences.
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Enveloped Positive-Strand RNA Viruses 

In positive-strand RNA viruses (+RNA), the viral antigenome is used for replication 
and transcription, but not directly for protein translation or packaging progeny 
viruses. Cryo-ET of SARS-CoV-2 identified endoplasmic reticulum (ER)-derived 
double-membrane vesicles (DMV) encompassing branched double-stranded RNA 
filaments (Klein et al. 2020; Mendonca et al. 2021a; Knoops et al. 2008; Miller and 
Krijnse-Locker 2008). It was further realized that SARS-CoV-2 uses membranous 
viral replication compartments like DMVs to protect the genome, adopting these 
structures as safehouses during replication to evade the innate antiviral response. A 
similar strategy has been observed in cells infected with alphaviruses, which form 
single membrane, balloon-shaped replication complex structures, called spherules, 
composed of several non-structural proteins (NSP) and house RNA intermediates 
(Laurent et al. 2022; Tan et al. 2022). Similar to the NPC, +RNA viruses form highly 
oligomerized pore complexes that import and export material through the viral 
replication complex. In alphaviruses, these pores are present on the neck of spherules 
and found to be a 12-fold symmetric crown-shaped complex by STA, comprising 
NSP4, the RNA-dependent RNA polymerase facing the spherule side (Laurent et al. 
2022; Tan et al. 2022). Similar pores were observed in cells infected with 
coronaviruses (mouse hepatitis virus and SARS-CoV-2) by GFP and CLEM label-
ling. This answered the long-standing question of how RNAs in the DMVs access 
the cytosol for RNP encapsidation and budding. Using cryo-FIB milling coupled 
with cryo-ET, pores spanning the DMV membranes were observed to be hexameric 
6-fold symmetric structures, comprising NSP3 as the central component. These 
pores formed an exit pathway for the newly made viral genomic RNA from the 
DMV interior to cytosolic sites for encapsidation (Wolff et al. 2020). 

While NSPs have several important roles during viral infection, a crucial one 
being suppression and evasion of cellular antiviral defences, their functions depend 
on coordinated interactions with a number of cellular proteins, membranes, and 
multiple NSPs. An in-depth understanding of their function requires knowledge of 
their residing cellular context. High-resolution in situ structures of NSPs by cryo-ET 
offer the key to deciphering defence strategies adopted by viruses, promising to be 
exciting targets for drug screening and therapeutic development. 

Enveloped Negative-Strand RNA Viruses 

In negative-strand RNA viruses (-RNA), the viral antigenome functions for replica-
tion as well as protein coding, requiring exposure of both antigenome and genome to 
the cytosol. RNA viruses like vesicular stomatitis virus, measles virus, and RSV 
form unique virus-induced, membrane-less organelles called inclusion bodies (IBs), 
serving as sites of replication, i.e. virus factories (Heinrich et al. 2018; Rincheval 
et al. 2017; Su et al. 2021; Zhou et al. 2019). These IBs are suggested to be stress-
induced liquid phase-separated condensates and their architecture remains largely 
obscured. A recent study integrating light microscopy, proteomics, and in situ cryo-



ET on cryo-FIB-milled lamellae of mumps virus-infected cells provided some 
insight into identifying IBs as liquid-like condensates that are enriched in nucleo-
capsids, and resolved the nucleocapsid structure to 6.5 Å resolution (Zhang et al. 
2022). 
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Viral Assembly and Egress 

In enveloped viruses, the replicated genome along with translated viral proteins will 
need to gather to assemble into progeny virions and bud from the cell membrane. 
Recently, these events have been captured by in situ cryo-ET imaging on various 
clinically relevant human viruses revealing overall virus morphology and confirma-
tions of the viral structural proteins involved. 

Although respiratory viruses are largely pleomorphic and enveloped, budding 
and egress of the clinically relevant filamentous morphology of IAV and RSV from 
human cells have been well studied by cryo-ET. Using light microscopy and cryo-
ET, intact budding IAV filaments attached or in proximity to the cell membrane were 
visualized by performing viral infections directly on EM grids prior to imaging. This 
impactful study helped develop sample preparation methods for imaging the ultra-
structure of fragile filamentous viruses budding at the membrane, which are other-
wise ruptured during harsh purification preparations. Budding IAV filaments were 
extremely long (greater than 20 μm) and often attached to the cell membrane. In 
addition to smaller bacilliform particles, three distinct classes of viral filaments 
(empty filaments, RNP-containing filaments, and Archetti bodies) were identified 
and proposed to have different functions, with empty filaments devoid of RNPs 
suggested to play a role in immune evasion (Vijayakrishnan et al. 2013; Dadonaite 
et al. 2016). 

Using a similar approach, Cryo-ET and STA of RSV filaments egressing from 
cells revealed the helical curved lattice architecture of the matrix protein M that 
forms an endoskeleton below the viral envelope (Fig. 1.6b) (Conley et al. 2022). 
Further, the helical packing of M dimers coordinates the helical ordering of the 
surface glycoproteins that cluster in pairs as doublets. In addition to packing multiple 
helical RNPs, virions also package an abundance of ring assemblies formed of 
nucleocapsid N and RNA. During respiratory virus infections, the respiratory tract 
constitutes an ecological niche where taxonomically different respiratory viruses can 
coinfect and co-exist. In a landmark study, employing multimodal imaging 
approaches, budding infectious hybrid virus particles (HVPs) from coinfection of 
taxonomically different, clinically important viruses IAV and RSV were identified. 
HVPs are composed of structural, genomic, and functional components of both 
parental viruses, and exhibit altered antigenicity and expanded tropism, a crucial 
factor impacting pathogenesis and disease outcome (Haney et al. 2022). 

Coronaviruses bud and egress at different sites. This was confirmed by cryo-ET 
of cryo-FIB-milled MHV and SARS-CoV-2 infected cells, where virus assembly 
was observed at ER-Golgi intermediate compartment (ERGIC)-like vesicles. Fur-
ther, several assembly intermediates were captured including trimeric S protein



inside vesicles, RNPs outside the vesicles, and smaller adjacent vesicles comprising 
inward pointing S trimers (Fig. 1.6c) (Klein et al. 2020; Mendonca et al. 2021a, b; 
Wolff et al. 2020). The RNPs are proposed to assemble following encapsidation of 
newly synthesized RNA, exported via the replication and transcription complex at 
the gate of the DMV-spanning pore, by accumulated nucleoprotein N (Wolff et al. 
2020). This is further validated by the presence of ordered RNP assemblies in 
isolated SARS-CoV-2 virions (Yao et al. 2020). In addition, egress at the plasma 
membrane suggests two egressing pathways, through extended tunnels via 
exocytosis-like release or through membrane rupture (Mendonca et al. 2021a, b). 
Further, these studies confirmed that in vitro characterization of structures and 
distribution of S trimers in purified virions were comparable to in situ intracellular 
virions. 
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In some enveloped viruses, the crucial steps of assembly and budding take place 
concomitantly. In CHIKV-infected cells, cryo-ET and STA captured the various 
snapshots of assembly and budding at nanometre resolution, providing mechanistic 
insights into the whole process. Structures on budding intermediates revealed a 
progressive glycoprotein spike-driven nucleocapsid morphogenesis, whereupon ini-
tial convergence of membrane-embedded spikes and immature non-icosahedral 
nucleocapsid-like particles (NLPs) occurs at the cell surface (Chmielewski et al. 
2022). Subsequently, the assembly of the icosahedral spike lattice enwraps the NLPs 
and reorganizes it from an asymmetric structure to an icosahedral nucleocapsid 
through a series of sequential steps. Further, the structure of a neutralizing antibody 
C9, crosslinking with CHIKV spikes on the infected cell surface and inhibiting virus 
budding, provided a mechanistic model for the development of therapeutics. 

The measles virus (MeV) remains an important human pathogen with no antivi-
rals to treat infection. Whole-cell cryo-ET of MeV provided direct evidence for a 
detailed assembly pathway and release of MeV virions. The matrix protein M drives 
virus assembly by coalescing with the host membrane at the budding site, concen-
trating the glycoproteins and RNPs via direct protein–protein interactions (Ke et al. 
2018). Budding and release are driven by membrane remodelling mediated by M 
that forms a 2D paracrystalline lattice, which in turn induces an F array formation. 
This study elegantly demonstrated that in the paramyxovirus family, oligomerization 
of the scaffold viral protein M into ordered arrays regulates the spatial arrangement 
of surface glycoproteins and the RNP complex for viral assembly and budding. 

Some enveloped viruses like DNA viruses undergo multiple assembly steps at 
various sites in the cell. Herpesviruses replicate and assemble the capsid inside the 
nucleus. After nuclear egress, the mature nucleocapsid gathers its envelope, acces-
sory tegument proteins, and glycoproteins during budding at the plasma membrane 
to egress as mature enveloped virions. CLEM and cryo-ET imaging along with STA 
analysis of Tokuyasu VFS of HSV-1-infected cells revealed that different forms of 
capsids (A-type, B-type, and C-type) assemble at the nucleus with varying scaffold 
proteins and packaged DNA (Vijayakrishnan et al. 2020). The capsid-associated 
tegument complex (CATC) comprises three tegument proteins and is observed on 
matured enveloped HSV-1 virions. For a long time, the precise site of CATC 
addition, i.e. in the nucleus or the cytoplasm, had been unclear. Importantly, this



study resolved the structure of CATC on intranuclear HSV-1 capsids (Fig. 1.6d), 
confirming that CATC binds capsids in the nuclei prior to egress, thereby exempli-
fying the potential of CLEM/cryo-ET/STA workflows in imaging and resolving 
structure within crowded intracellular environments like the nucleus. 
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Using multimodal imaging including CEMOVIS, HSV-1 maturation and assem-
bly at the nuclear membrane was investigated, revealing that a protein coat of the 
nuclear egress complex (NEC) is added to the HSV-1 capsids prior to egress from 
the inner nuclear membrane (C Hagen et al. 2015). Further, in infected cells, the 
NEC coat displayed a curved double-layered hexagonal lattice composed of viral 
protein pUL34 that mediates the curvature and size of the coat to match the size of 
HSV-1 capsids. 

Concluding Remarks and Perspectives 

Understanding the molecular architecture of different viruses and the structural and 
mechanistic basis of their infection, replication and transmission are crucial to 
understanding the fundamental biology of how viruses work. While X-ray crystal-
lography and NMR yield atomic structures of protein complexes, they are limited to 
purified specimens. Super-resolution light microscopy and CSXT are helpful to 
study large proteins and cells in situ but at lower resolutions (25–250 nm). Cryo-
ET with STA is uniquely suited to image both in vitro and in situ homogeneous and 
pleomorphic samples, bridging the resolution gap and achieving 0.5–5 nm resolu-
tion. Advances in microscopes, detectors, and data processing software have enabled 
cryo-ET to resolve structures of macromolecular assemblies at near-atomic resolu-
tion, increasing its application in the field of structural biology. All these technical 
developments built on earlier cryo-ET studies were quickly applied to intact SARS-
CoV-2 viruses during the pandemic, providing vital structural information for 
vaccine candidates and the development of antivirals. In combination with integra-
tive techniques and other imaging modalities such as cryo-CLEM, CSXT, cryo-FIB, 
and VFS, cryo-ET has provided important insights into structure and mechanisms 
driving entry, replication, assembly, maturation, and egress during infection of 
several pleomorphic enveloped viruses. 

Although cryo-ET and ancillary techniques have allowed in situ visualization of 
structures and life cycles of many important viruses, steps associated with data 
collection and processing are challenging and are relatively low throughput. The 
cryo-ET resolution revolution has made possible several innovations pertaining to 
tilt series (TS) acquisition, data processing, and hardware, but general throughput 
and resolution are still incomparable to SPA. Recent progress in TS acquisition 
developments has incorporated tilt schemes and instrument innovations, aiming to 
achieve both precision and throughput in practical cryo-ET applications. Further, the 
lack of a streamlined approach to cryo-ET data processing, involving the execution 
of several steps with a range of software applications, makes the computational 
processing time intensive and tedious. Integrating STA applications into a single



package will provide a flexible choice of tools and speed up the whole process. In 
addition, as we aim to approach higher resolutions, STA methods need further 
development and evaluation to better extract high-frequency information from 
low-resolution SNR images. Further, artificial intelligence-based semi-automated 
template matching, image segmentation, and surface-based rendering techniques are 
necessary to circumvent time-consuming and subjective manual drawing of struc-
tures to speed up the entire process for 3D visualization, annotation and data 
interpretation. 
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Locating a protein or virus within the dense environment of the cell is comparable 
to finding a needle in a haystack. Advances in cryo-CLEM coupled with cryo-ET 
have helped visualize several steps of the viral cycle by localizing proteins of 
interest, albeit at low resolution (~50–100 nm). The precise location of proteins/ 
viruses requires the development of super-resolution CLEM to improve resolutions 
to 10–40 nm along the lateral Z-axis. The success of such technical development 
alongside high throughput will be crucial for routine imaging of intracellular viral 
events at sub-nm resolution. Alternatively, the development of EM tags will prove 
useful when correlating data across imaging methods. High-contrast EM tags that are 
genetically coded and pose minimal toxicity to cells with negligible influence on 
protein structure such as dual nano tags made of fluorescent gold or fluorescent 
silver, quantum dots, and DNA origami offer viable options for EM labelling. 

Thinning down cellular and tissue samples by cryo-FIB milling is a key step for 
in situ imaging by cryo-ET. A major drawback currently is the low throughput in 
milling due to challenges in controlling cell growth on grids, targeted milling, 
minimizing lamella damage during or after milling, lamella contamination during 
milling and specimen transfer, and processing thick samples such as tissues or cell 
blocks. Recently, several approaches have been implemented to mitigate these 
problems. Although at an early stage, the development and optimization of inte-
grated correlative light and cryo-FIB microscopes will allow simultaneous localiza-
tion and milling of ROI, improving the efficiency of targeted milling. Furthermore, 
the development of several techniques to improve lamella throughput and quality 
will enable automated pipelines for routine efficient cryo-milling of samples from 
organisms to macromolecules in the future. This includes increasing sample 
throughput and optimizing cell distribution procedures by micropatterning of EM 
grids, designing devices that minimize lamella contamination such as high-vacuum 
transfer systems and cryo-shields, improving milling protocols like the Waffle 
method to increase milling speed and lamella stability, and implementing the cryo-
FIB lift-out technique to increase milling efficiency and aid milling of bulky 
specimens. Synchronized development of all of the above will critically help stream-
line the workflow for automated milling, facilitating the ambitious vision for the 
future of correlated cryo-FIB. 

As more and more processes pertaining to the viral life cycle are being discovered 
by in situ cryo-ET within cells, mechanistic insights on some key steps such as viral 
entry, membrane fusion and genome release, the architecture of IBs, and replication 
and transcription complexes are currently lacking, and therefore deserving of atten-
tion to fill the knowledge gaps for currently well-studied enveloped viruses. But



more importantly, in situ cryo-ET will be a critical technique to understand virus and 
host interplay during infection for the huge spectrum of other pathogenic enveloped 
viruses and novel emerging viruses that are yet to be investigated and may poten-
tially be sources of future epidemics/pandemics. 
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With cryo-ET rapidly evolving, it is without a doubt that it will become an 
indispensable and sought-after structural biology tool to study complex processes 
of viral infections in their hosts within the native environment of cells and tissues at 
extraordinary resolution. With improvements in sample and data throughput, sample 
quality, and data processing pipelines, sub-nm resolution structures are expected to 
be routinely determined for purified proteins and macromolecular assemblies within 
the cell. This paves the way for exciting future innovations such as time-resolved 
cryo-ET to study dynamic molecular processes and imaging large volume clinical 
samples that in turn will expand the capability of cryo-ET for drug discovery and 
vaccine development. 

Looking ahead into the future, given how cryo-ET has advanced in such a short 
time, there are bound to be many more surprising and exciting technological 
advancements as well as breathtaking scientific discoveries in the years to come. 
In situ cryo-ET imaging is heading towards a grand and attainable reality: a 3D 
reconstruction of a virus-infected cell in its native state, providing unprecedented 
insights on protein interactions and molecular mechanisms. 
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Chapter 2 
Approaches to Evaluating Necroptosis 
in Virus-Infected Cells 

Crystal A. Lawson, Derek J. Titus, and Heather S. Koehler 

Abstract The immune system functions to protect the host from pathogens. To 
counter host defense mechanisms, pathogens have developed unique strategies to 
evade detection or restrict host immune responses. Programmed cell death is a major 
contributor to the multiple host responses that help to eliminate infected cells for 
obligate intracellular pathogens like viruses. Initiation of programmed cell death 
pathways during the early stages of viral infections is critical for organismal survival 
as it restricts the virus from replicating and serves to drive antiviral inflammation 
immune recruitment through the release of damage-associated molecular patterns 
(DAMPs) from the dying cell. Necroptosis has been implicated as a critical 
programmed cell death pathway in a diverse set of diseases and pathological 
conditions including acute viral infections. This cell death pathway occurs when 
certain host sensors are triggered leading to the downstream induction of mixed-
lineage kinase domain-like protein (MLKL). MLKL induction leads to cytoplasmic 
membrane disruption and subsequent cellular destruction with the release of 
DAMPs. As the role of this cell death pathway in human disease becomes apparent, 
methods identifying necroptosis patterns and outcomes will need to be further 
developed. Here, we discuss advances in our understanding of how viruses coun-
teract necroptosis, methods to quantify the pathway, its effects on viral pathogenesis, 
and its impact on cellular signaling. 
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Abbreviations 

AIM2 Absent in melanoma 2 
ATP Adenosine triphosphate 
DAMPs Damage-associated molecular patterns 
DNA Deoxy-ribose nucleic acid 
dsRNA Double-stranded RNA 
hpi Hours post-infection 
IFN Type I interferon 
ISG IFN-stimulated gene 
LPS Lipopolysaccharide 
MEF Mouse embryo fibroblasts 
MLKL Mixed-lineage kinase-like 
PAMPs Pathogen-associated molecular patterns 
PKR Double-stranded RNA-dependent protein kinase 
PRRs Pattern recognition receptors 
RHIM RIP homotypic interaction motif 
RIPK Receptor-interacting protein kinase 
RNase Ribonuclease 
serpins Serine protease inhibitors 
ssRNA Single-stranded ribonucleic acid 
TNF Tumor necrosis factor 
TRIF/TICAM-1 TIR domain-containing adaptor inducing interferon-β/TIR 

domain-containing adaptor molecule 1 
VACV Vaccinia virus 
wt Wild type 
Za Z-nucleic acid binding domain 
ZBP1 Z-nucleic acid binding protein 1 
Z-NA Z-form nucleic acid 

Introduction 

Viruses are obligate intracellular parasites that depend on host cell machinery for 
replication. As viruses evolve and increase pathogenicity, infected hosts counter 
these changes by developing immune strategies that protect the host. Mammalian 
host immune systems, in particular, have evolved defense mechanisms that increase 
resistance to infection as well as strategies to recognize viruses and target infected 
cells for elimination. In a perpetual arms race, the viral pathogens respond to these 
host defense mechanisms by developing gene products that antagonize or allow the 
virus to evade detection via the immune system. While the strategies used to subvert 
innate immunity are recognized as crucial to ensuring the propagation and transmis-
sion of infections, our full understanding of their role in disease pathogenesis



remains limited. Part of what researchers have been able to discover is that many 
viruses manage to overcome the full impact of a host antiviral state, involving the 
interferon (IFN) family and other inflammatory cytokines, by counteracting patho-
gen pattern recognition receptors (PRRs) and downstream signaling cascades 
(Pestka et al. 2004; Amarante-Mendes et al. 2018). Without employing these 
pathogenic strategies, elements produced from viral infections typically are recog-
nized by PRRs which trigger an inflammatory response causing the upregulation of 
inflammatory cytokines along with programmed cell death pathways. Programmed 
cell death of infected cells has long been recognized as a highly effective mechanism 
to restrict pathogens by eliminating host machinery needed for viral replication and 
subsequent spread. The critical process has been exemplified by the abundance of 
virus-encoded inhibitors that have been found to suppress programmed cell death 
pathways(Mocarski et al. 2015; Jorgensen et al. 2017; Koehler and Jacobs 2021; 
Guo et al. 2022a). Here we discuss a specific type of programmed cell death known 
as necroptosis. 
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Necroptosis is part of a subgroup of programmed cell death known as necrosis. 
Necrosis was previously believed to be a dysregulated or accidental type of cell 
death that results from a toxic insult or physical stressors. Now it has become 
recognized to include a multitude of distinct regulated pathways with similar mor-
phologies including necroptosis, pyroptosis, ferroptosis, pyronecrosis, parthanatos, 
oxytosis, and NETosis. Of these morphologies, necroptosis is characterized by a 
gain in cell volume, swelling of organelles, plasma membrane rupture, and subse-
quent loss of intracellular contents (Berghe et al. 2014; Green and Llambi 2015; 
Cotsmire et al. 2021). Unlike apoptosis and pyroptosis, it is independent of caspases 
(Vercammen et al. 1998; Holler et al. 2000) and generated from death receptor 
activation (TNF superfamily) due to ligand sensing by PPRs along with innate 
sensors. Necroptosis has also been implicated to contribute to numerous 
non-infectious pathological medical conditions including Alzheimer’s disease, 
Parkinson’s disease, age-related macular degeneration, skin autoimmunity/inflam-
mation, tumor invasion to chemotherapeutics during colorectal cancer treatment, and 
many more (Bonnet et al. 2011; Moriwaki et al. 2015; Hanus et al. 2015; Bozec et al. 
2016; Zhang et al. 2017). Non-infectious diseases and their relationship to 
necroptosis have been reviewed at length previously in “Necroptosis in the Patho-
physiology of Disease” (Khoury et al. 2020). Since the pathway is also so critical for 
the early control of both DNA and RNA viruses, this work will focus on necroptosis 
as it relates to viral pathogens. We will explore the viruses that induce necroptosis, 
the strategies viruses employ to disrupt it, and the ways this death pathway has been 
studied.
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Necroptosis Pathway and Players 

Programmed cell death is a genetically regulated process leading to the death of cells 
that was synonymous with apoptosis for some time. However, over the past several 
years, an array of alternative programmed cell death pathways have been identified 
and established as important regulators of the innate immune response to viral 
infections. Through these discoveries, the field of virus-induced, programmed cel-
lular death rapidly evolved along with apoptosis, necroptosis, and pyroptosis, 
representing key pathways involved in the innate response to intracellular pathogens. 
Out of these pathways, necroptosis is characterized as an inflammatory form of 
programmed cell death believed to function as an alternative to extrinsic apoptosis, 
observed when caspases are inhibited (Vercammen et al. 1998; Li and Beg 2000; 
Holler et al. 2000; Mocarski et al. 2011). Activation of necroptosis leads to a signal 
cascade dependent on the receptor-interacting serine/threonine protein kinase 
(RIPK)3 and the downstream pseudokinase executer, MLKL (Sun et al. 2002; 
Murphy et al. 2013; Rodriguez et al. 2016) (Fig. 2.1). Because necroptosis is a 
caspase-independent programmed cell death, it is thought to play a critical role in the 
host defense mechanism against viruses that encode anti-apoptotic genes (Mocarski 
et al. 2011, 2015; Koehler and Jacobs 2021). 

Much of our current understanding of the necroptosis pathway arises from studies 
investigating TNF-α signaling in the presence of a caspase inhibitor (de Almagro 
et al. 2017). Through these studies, it is now known that binding of a TNF-α 
homotrimer with TNF-R1 promotes the formation of a membrane-associated signal-
ing complex termed complex I through scaffolding of TRADD, RIPK1, TRAF2, and 
cIAP1/cIAP2 (Li et al. 2012; Chen et al. 2019). Formation of complex I leads to two 
distinct outcomes depending on cosigning and other cellular factors. In cellular 
conditions that promote the polyubiquitination of RIPK1 via cIAP1/cIAP2 and 
LUBAC, complex I drives pro-survival signaling via NFκB and MAP kinase 
(O’Donnell et al. 2007; Declercq et al. 2009; Dikic et al. 2009). In contrast, when 
RIPK1 undergoes deubiquitination, complex I dissociates from the membrane and 
becomes cytoplasmic in order to recruit FADD to form complex II which favors 
death signaling (Li et al. 2012). by inducing the dimerization and activation of 
caspase 8 causing apoptosis. This activation of caspase 8 not only initiates extrinsic 
apoptosis but also precludes necroptosis since it cleaves essential necroptotic medi-
ators including RIPK1, RIPK3, and CYLD (Oberst et al. 2011). However, in 
situations where caspase activity is restricted, necroptosis proteins are not 
inactivated by caspase 8, but instead, RIPK1 recruits RIPK3 to complex II, thereby 
forming the necrosome. This can occur with viral caspase inhibitors like serpin or 
chemical inhibitors such as zVAD-fmk. This interaction of RIPK1 with RIPK3 
drives large amyloid-like complexes via RIP homotypic interaction motifs 
(RHIMs) (Li et al. 2012). The combination of blocking caspase 8 activity and the 
formation of the necrosome by RIPK1 recruitment of RIPK3 is the molecular switch 
that turns cell death from apoptosis to necroptosis. Necrosome formation then results 
in the recruitment of MLKL via its interaction with RIPK3 which causes MLKL to
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Fig. 2.1 Necroptosis pathway and the three adaptors. Necroptosis is a form of programmed cell 
death that is initiated in response to various stimuli, such as viral infection. The signaling pathway 
of necroptosis involves three major adaptor proteins, namely receptor-interacting protein kinase 
1 (RIPK1), TIR domain-containing adapter-inducing interferon-β (TRIF), and Z-DNA binding 
protein 1 (ZBP1). RIPK1: Various stimuli such as tumor necrosis factor (TNF) binding to TNF 
receptor 1 (TNFR1) activate RIPK1. RIPK1 has a death domain that enables it to interact with other 
death domain-containing proteins. When caspase-8 is inhibited, RIPK1 undergoes 
autophosphorylation and recruits other proteins to form a complex called the necrosome. TRIF: 
The second adaptor protein involved in the necroptosis pathway is TRIF. TRIF is a signaling protein 
that plays a role in the immune response to viral infection through the activation of TLR3. When 
TRIF is activated by a viral infection, it recruits RIPK1 to form a complex that leads to necroptosis. 
ZBP1: The third adaptor protein involved in the necroptosis pathway is ZBP1. ZBP1 is a cytoplas-
mic Z-RNA sensor. When ZBP1 recognizes Z-RNA, it undergoes a conformational change and 
recruits RIPK3 to form a complex that leads to necroptosis. Activation of any of these three adaptors 
results in the recruitment and activation of RIPK3. Activated RIPK3 then phosphorylates and



be phosphorylated to its active state by the kinase activity of RIPK3 (Wang et al. 
2014a; Rodriguez et al. 2016). Activation of MLKL leads to its oligomerization and 
localization to the plasma membrane causing a disruption of the membrane (Murphy 
et al. 2013; Dondelinger et al. 2014; Dovey et al. 2018; Samson et al. 2020). While 
the precise mechanism of this disruption is not fully understood, current evidence 
suggests that it may involve one of two mechanisms. These mechanisms involve 
either the activation of cation channels causing an alteration of cellular osmotic 
pressures leading to a membrane disruption or MLKL pore formation causing a 
direct breakdown of the membrane. Regardless of the mechanism, subsequent 
rupturing of the membrane then results in the release of intracellular DAMPs that 
drive local inflammatory processes.
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Fig. 2.1 (continued) activates MLKL, which translocates to the plasma membrane, where it 
oligomerizes and forms pores, leading to necroptotic cell death 

While the cytokine-driven pathway in which RIPK1 activates RIPK3 has been 
fundamental to defining the general necroptosis pathway (Sun et al. 2002, 2012; 
Polykratis et al. 2014; Moriwaki et al. 2015; de Almagro et al. 2017), two other 
proteins are known to activate RIPK3 through RHIM domain interactions to cause 
necroptotic cell death. TICAM1, also known as TRIF, is one of these proteins that 
activate RIPK3 after undergoing interactions with TLR3 or TLR4 (Kaiser et al. 
2008, 2013; He et al. 2011). These toll-like receptors initiate the process after being 
activated through receptor–ligand interactions. TLR3 is activated by dsRNA known 
to be present in many viral replication processes, while TLR4 recognizes LPS which 
is a common gram-negative bacterial virulence factor. The other RHIM domain-
containing protein that can activate RIPK3 is ZBP1, formerly called DAI and 
DLM1. ZBP1 triggers necroptotic cell death after sensing Z-form nucleic acids 
(Z-NA) released during viral infections (Zhang et al. 2020; Koehler et al. 2021). 

Overall, RIPK3 can be activated to initiate necroptotic cell death through RHIM 
domain interactions with RIPK1, TRIF, or ZBP1. Regardless of the trigger, activa-
tion of RIPK3 and subsequent MLKL phosphorylation lead to a rupturing of the 
plasma membrane and release of pro-inflammatory DAMPs which drives a local 
inflammatory response. 

Necroptosis Inhibitors 

Many necroptotic inhibitors have been developed over the past several years that 
target different components of the cell death pathway including RIPK1, RIPK3, and 
MLKL (Fig. 2.2). Notably, RIPK1 inhibitors include necrostatin (Nec)-1 and 
GSK2982772. Nec-1 is a tryptophan-based inhibitor that works by stabilizing 
RIPK1 into its inactive form (Degterev et al. 2013). RIPK1 inhibitors: the most 
studied and well-characterized RIPK1 inhibitors are kinase inhibitors that bind to the



ATP-binding pocket of the kinase domain and block its activity. GSK’963, for 
example, has been shown to inhibit RIPK1 kinase activity and prevent the formation 
of the necrosome complex, which is composed of RIPK1, RIPK3, and MLKL 
(Berger et al. 2015). Other RIPK1 inhibitors, such as Nec-1s and Nec-1h, have 
been shown to stabilize RIPK1 in a non-phosphorylated state, thereby preventing its 
recruitment to the necrosome (Degterev et al. 2013; Cao and Mu 2021). A derivative 
of Nec-1, Nec-1s, has also been developed and shows increased specificity for 
RIPK1 binding along with better stabilization of RIPK1 into its inactive conforma-
tion compared to Nec-1. While both of these compounds have been utilized to study 
a multitude of disease processes, poor pharmacokinetic properties have made their 
potential limited. 
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Fig. 2.2 The chemical inhibitors of necroptosis and their targets. The necroptosis signaling 
pathway involves a series of protein–protein interactions and post-translational modifications that 
ultimately lead to the activation of the executioner protein, MLKL, and subsequent cell death. The 
signaling pathway of necroptosis involves three major adaptor proteins, namely RIPK1, TRIF, and 
ZBP1. Chemical inhibitors can target specific upstream adaptors of RIPK3, RIPK3, or the down-
stream executer MLKL. This figure summarizes the chemical inhibitors and their specific targets 

RIPK3 inhibitors include dabrafenib and other small-molecule inhibitors 
(Martens et al. 2020). Dabrafenib has been traditionally used in the treatment of 
melanoma where it acts as a B-RAF inhibitor (Rheault et al. 2013). Recently though, 
it has also been found to compete for an ATP-binding site on RIPK3, thereby



inhibiting RIPK3’s kinase capability (Li et al. 2014). This compound has been 
implemented in studies using human hepatocytes where it has shown promise in 
reducing acetaminophen-induced necrosis. GSK’840, GSK’843, and GSK’872 are 
also effective RIPK3 inhibitors but have been found to cause a dose-dependent 
induction of apoptosis when administered alone which has made their use limited 
(Mandal et al. 2014). Compounds that inhibit both RIPK1 and RIPK3 have been 
studied as well. The FDA-approved chemotherapeutic drugs pazopanib and 
ponatinib inhibit both of these components of the necroptotic pathway but are 
unlikely to have broad implications due to their associated cardiotoxicity. 
GSK’074 is another dual inhibitor recently developed that has shown promise in 
inhibiting necroptosis while potentially being less cardiotoxic based on early mouse 
models (Zhou et al. 2019; Chen et al. 2022). 
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MLKL is a critical downstream effector of necroptosis, a programmed form of 
cell death that is implicated in various pathological conditions (Murphy 2020). 
MLKL oligomerizes and translocates to the plasma membrane, where it forms 
pores that disrupt cellular membranes and lead to cell death. Chemical inhibitors 
of MLKL have been developed as potential therapies for necroptosis-related dis-
eases. One such inhibitor necrosulfonamide has been shown to bind to a different site 
on MLKL and block its translocation to the plasma membrane, preventing the 
execution of necroptosis (Dondelinger et al. 2014; Su et al. 2014). These MLKL 
inhibitors have demonstrated efficacy in various disease models, including myocar-
dial infarction, ischemic stroke, and acute pancreatitis, suggesting their potential as 
novel therapies for necroptosis-related disorders (Dondelinger et al. 2014; Zhang 
et al. 2017, 2022). However, further research is needed to optimize their efficacy and 
safety in humans. Another MLKL inhibitor that has shown promise as a potential 
therapeutic agent is NSA (necrosulfonamide-α), which is a derivative of 
necrosulfonamide. NSA binds specifically to the MLKL protein and inhibits its 
oligomerization and translocation to the plasma membrane, thereby preventing 
necroptosis. In addition to its potent anti-necroptotic activity, NSA has also been 
shown to have anti-inflammatory effects in various disease models, including colitis 
and sepsis (Jiao et al. 2020). These findings suggest that NSA could be a promising 
therapeutic agent for necroptosis-related disorders with an added anti-inflammatory 
benefit. Further preclinical studies and clinical trials will be needed to assess the 
efficacy and safety of NSA in humans. 

In summary, many necroptotic inhibitors have been developed that target a 
variety of critical components of the cell death pathway. The complexity of signaling 
involved in necroptosis has contributed to the pros and cons associated with each 
inhibitor choice currently available. Challenges include unwanted signaling overlap 
with the apoptotic death pathway, a lack of target specificity, and unwanted tissue 
toxicity. While these challenges do represent hurdles in working to develop 
necroptosis-based therapeutics, current progress suggests that continued research 
into this intricate cell death pathway could yield significant insights into treating a 
multitude of disease processes in the future.
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In Vitro Necroptosis in Cultured Cells 

Necroptotic death was very difficult to identify and study for several years since only 
a few specific cell lines actually had the necessary machinery to elicit necroptosis as 
a result of epigenetic regulation (Koo et al. 2015). Of these necroptotic-capable cells, 
the L929 and SVEC4-10 lines have been utilized the most due to ease of use and 
long-established protocols. HT29 cells are used frequently as well but need to have 
ZBP1 artificially expressed due to the limited presence of the protein in the line. 
Other necroptotic-capable lines include 3T3-SA, BMDM, HMEC-1, IMR-90, J2, 
MDM, MEF, U937, and THP-1 cells. Of these, the THP-1 line has been found to 
have variable necroptotic expression, based on differentiation status. Other lines that 
do not have the necessary necroptotic machinery have been adapted to have 
necroptotic capabilities through either transduction or ectopic expression of missing 
components. These lines include NIH3T3, HEK293T, HF, and HT29 cells. A full list 
of cell lines utilized to study necroptotic death can be found in Table 2.1. This is not 
an exclusive list as not all cells have been evaluated. However, prior to initiating 
studies, there should be a careful evaluation of a culture systems ability to undergo 
necroptosis and the suitability for the specific virus. 

In Vivo Models of Necroptosis 

Concerns over the complicated delivery of chemical necroptotic inhibitors with 
potential off-target effects have led to the development of a multitude of genetically 
modified in vivo models to study the cell death pathway. Many of these genetically 
modified models have worked to alter necroptotic steps involved in the RIPK1-
RIPK3-MLKL and ZBP1-RIPK3-MLKL pathways. A list of necroptosis-deficient 
mice and the genetic targets utilized to study the role of necroptotic death in viral 
pathogenesis can be found in Table 2.2. 

The RIPK1–/– mice generated have not been able to be implemented in studying 
necroptosis since they demonstrate perinatal lethality due to apoptosis and RIPK1-
independent necroptosis (Berger et al. 2014; Polykratis et al. 2014). As such, RIPK1 
knock-in models have been developed in which the native RIPK1 gene is replaced 
with a genetically modified version that alters the kinase capabilities of RIPK1 
making it catalytically inactive. Ripk1K45A and Ripk1D138N/D138N are two of these 
catalytically inactive RIPK1 knock-in models that produce viable mice while 
inhibiting RIPK1-dependent necroptosis (Berger et al. 2014; Polykratis et al. 
2014). This suggests that the kinase activity of RIPK1 is needed for a necroptotic 
response, but not necessary for embryonic development. A RIPK1 scaffold mech-
anism has been proposed which suggests that RIPK1 prevents ZBP1-induced 
necroptotic death. It is interesting to also note that RIPK1 knockout mice can be 
rescued when crossed with RIPK3/Caspase-8 double knockout mice or ZBP1–/–
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Table 2.1 Genetic summary of mice used in the studies of virus-induced necroptosis 

Protein Function Mice Description Sources 

RIPK1 RIPK1 recruits and 
activates RIPK3 
Potential dual role in 
apoptosis and 
necroptosis 

RIPK1–/– • Not typically used due to 
perinatal lethality
• Lethality can be rescued 
when crossed with Caspase-
8 knockout 

https://doi.org/ 
10.1073/pnas. 
1401857111 
https://doi.org/ 
10.1016/j.cell. 
2020.02.050 
(IAV) 

RIPK1K45A/ 
K45A

• Catalytically inactive. 
Knock-in inactivates kinase 
activity but retains activity 
for development 

https://doi.org/ 
10.1073/pnas. 
1401857111 
https://doi.org/ 
10.1007/ 
s00430-015-
0410-5 
(HSV1) 
https://doi.org/ 
10.1126/ 
sciimmunol. 
aag2045 
(IAV) 

RIPK1D138N/ 
D138N

• Catalytically inactive. 
Knock-in inactivates kinase 
activity but retains activity 
for development 

https://doi.org/ 
10.4049/ 
jimmunol. 
1400590 

RIPK3 Interacts with 
RIPK1 via RHIM 
domain 
Phosphorylates 
MLKL 

RIPK3–/– Allows examination of 
RIPK3 mediated cell death 

https://doi.org/ 
10.1016/j.cell. 
2009.05.037 
https://doi.org/ 
10.4049/ 
jimmunol. 
1400590 
(VACV) 
https://doi.org/ 
10.1073/pnas. 
1700999114 
(VACV) 
https://doi.org/ 
10.1073/pnas. 
1412767111 
(HSV1) 
https://doi.org/ 
10.1007/ 
s00430-015-
0410-5 
(HSV1) 
https://doi.org/ 
10.1038/ 
s41419-018-
0868-3 
(HSV1) 

(continued)

https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1073/pnas.1401857111
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.4049/jimmunol.1400590
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
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Table 2.1 (continued)

Protein Function Mice Description Sources 

https://doi.org/ 
10.1016/j. 
chom.2012. 
01.016 
(MCMV) 
https://doi.org/ 
10.1126/ 
sciimmunol. 
aag2045 
(IAV) 
https://doi.org/ 
10.1016/j.cell. 
2020.02.050 
(IAV) 

RIPK3K51A/ 
K51A 

https://doi.org/ 
10.1007/ 
s00430-015-
0410-5 
(HSV1) 

RIPK3ΔR/ΔR https://doi.org/ 
10.1101/gad. 
223321.113 
https://doi.org/ 
10.1016/j. 
immuni.2020. 
11.020 

ZBP1 Recognizes Z-form 
nucleic acid, acti-
vates RIPK3 via 
RHIM interaction 

ZBP1–/– Used to study necroptotic 
death triggered by Z-form 
nucleic acid 

https://doi.org/ 
10.1073/pnas. 
1700999114 
(VACV) 
https://doi.org/ 
10.1038/ 
s41419-018-
0868-3 
(HSV1) 
https://doi.org/ 
10.1016/j. 
chom.2012. 
01.016 
(MCMV) 
https://doi.org/ 
10.1126/ 
sciimmunol. 
aag2045 
(IAV) 
https://doi.org/ 
10.1016/j.cell. 
2020.02.050 
(IAV)

https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050


mice which suggests RIPK1’s dual role in both apoptotic and necroptotic pathways. 
Domain-specific ZBP1 mutants have been developed but have not been applied to 
viral research, but would likely give significant insights to advance our understand-
ing of virus-induced necroptosis in vivo.
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Table 2.1 (continued)

Protein Function Mice Description Sources 

MLKL Activated by RIPK3 
Oligomerizes and 
translocates to 
membrane for pore 
formation 
Executioner of 
necroptosis 

MLKL–/– Used to study impact of 
necroptotic death 

https://doi.org/ 
10.1016/j. 
immuni.2013. 
06.018 (ori-
gin) 
https://doi.org/ 
10.1038/ 
s41419-018-
0868-3 
(HSV1) 
https://doi.org/ 
10.1084/jem. 
20191259 
(IAV) 
https://doi.org/ 
10.1126/ 
sciimmunol. 
aag2045 
(IAV) 
https://doi.org/ 
10.1016/j.cell. 
2020.02.050 
(IAV) 

Caspase8 Activates apoptosis, 
inhibits necroptosis 

Casp8DA Knock in point mutant of 
caspase 8 

https://doi.org/ 
10.1084/jem. 
20191259 
(IAV) 
https://doi.org/ 
10.1016/j.cell. 
2020C.02.050 
(IAV) 
https://doi.org/ 
10.1126/ 
sciimmunol. 
aag2045 
(IAV) 

This table is a summary of small animal models used in the studies of virus-induced necroptosis to 
investigate the role necroptosis play in viral pathogenesis. Column one designated the gene/protein 
target. The column provides a brief functional role of the protein. Column 3 describes the specific 
genetic mutation and designated identification of the mutation. Column 4 describes the specific 
function and general rationale for mutation use. The column provided the link to the reference and 
viruses used in each study

https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1038/s41419-018-0868-3
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1084/jem.20191259
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1016/j.cell.2020C.02.050
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
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While these animal models are useful in studying RIPK1-induced necroptosis, 
they are not able to prevent all forms of necroptosis such as those involved in 
RIPK3 activation via TRIP or ZBP1. Consequently, catalytically inactive RIPK3 
knock-in mice have also been developed (Newton et al. 2014). While these lines 
can prevent necroptotic death, they are subject to death by RIPK3-mediated 
apoptosis, evident in influenza A viral and HSV models (Nogusa et al. 2016b; 
Kuriakose et al. 2016; Guo et al. 2022b). This suggests that RIPK3 also has a dual 
role in both apoptotic and necroptotic pathways. The dual necroptotic and apopto-
tic roles both RIPK1 and RIPK3 play help to represent  the  complexity of these  
regulators involved with multiple immunologic responses. Due to this complexity, 
MLKL-knockout mice have also been produced and are currently the best option 
for studying the impact of necroptotic cell death in various diseases (Wu et al. 
2013; Moerke et  al.  2019; Tovey Crutchfield et al. 2021; Cao et al. 2022). This is 
evident in studies showing intact pro-inflammatory cytokine, NF-kB, and MAPK 
signaling post-LPS or TNF treatment in MLKL–/– mouse models immune to 
necroptotic death (Wu et al. 2013). 

Other in vivo models have looked at TLR-induced necroptosis through TLR3–/– 

mice or Z-NA-induced necroptosis through ZBP1–/– mice. In TLR3–/– mice, TLR3 
ligand sensing of dsRNA cannot occur to activate TRIF (Chen et al. 2021; Kaiser 
et al. 2013). Research utilizing this model has shown that TLR3–/– mice infected with 
various viruses show greater viral loads and disease progression compared to 
controls (Vercammen et al. 2008; Zhang et al. 2013; Perales-Linares and Navas-
Martin 2013). This is interesting since no viral infection has been able to produce 
TLR3-dependent necroptosis in vitro with the pathway only being studied with 
synthetic RNAs designed to mimic viral nucleic acids (Kaiser et al. 2013). Future 
research will need to delve into whether or not certain viruses actually utilize this 
pathway to stimulate necroptotic death in vitro. ZBP1–/– mice on the other hand have 
been able to produce evidence of necroptotic cell death when infected with various 
viruses that correlates with in vitro studies (Thapa et al. 2016; Koehler et al. 2017; 
Upton et al. 2019). In these mice, ZBP1 cannot sense Z-NA released during viral 
infections to stimulate necroptotic death. Since many viruses have developed inhib-
itors to counteract necroptotic cell death, work utilizing this model will be interesting 
to follow as it could lead to the development of novel therapeutics designed to treat a 
variety of viral infections. 

Cellular Patterns and Methods to Evaluate Necroptosis 

Since cell death pathways are complex in nature and share a multitude of compo-
nents with one another, distinctly identifying necroptotic processes from other cell 
death pathways has been challenging. Therefore, it comes as no surprise that 
necroptosis identification tends to require a multifaceted approach that assesses 
many different interactions within the pathway. Additionally, in the setting of viral
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Table 2.2 Cells used in the studies of virus-induced necroptosis 

Cells Use Origin Sources 

3T3 Used for transduction 
studies 

Mouse NIH/Swiss 
embryo fibroblast. 
NIH3T3 ATCC number 
CRL-1658 
3T3-SA ATCC CCL92 

https://doi.org/10.1007/ 
s00430-015-0410-5 
(HSV1) 
https://doi.org/10.3390/ 
v13112134 (HCMV) 
https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 
https://doi.org/10.1016/j. 
chom.2010.03.006 
(MCMV) 
https://doi.org/10.1074/ 
jbc.C800051200 
(MCMV) 
https://doi.org/10.15252/ 
embr.201743947 
(MCMV) 
https://doi.org/10.1016/j. 
chom.2012.01.016 
(MCMV) 

A549 In vitro studies for viruses 
that impact lung tissue 

Human airway epithe-
lium cell line 
ATCC CCL-185 

https://doi.org/10.1016/j. 
cell.2020.02.050 (IAV) 

BMDM Cell death assessment Bone marrow-derived 
macrophages 

https://doi.org/10.1101/ 
2022.04.20.488871 
(IAV) TLR2–/– and 
TLR4–/– 

https://doi.org/10.1126/ 
sciimmunol.aag2045 
(IAV) (ZBP1–/– ) 

HEK293T Used for ectopic or lentivi-
rus transduction to recon-
stitute necroptosis 
machinery 

ATCC 
Invitrogen Cat#: R70007 

https://doi.org/10.1016/j. 
immuni.2020.11.020 
(CPXV) 
https://doi.org/10.1073/ 
pnas.1700999114 
(VACV) 
https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 
https://doi.org/10.1016/j. 
chom.2010.03.006 
(MCMV) 
https://doi.org/10.1074/ 
jbc.C800051200 
(MCMV) 
https://doi.org/10.1016/j. 
chom.2016.09.014 (IAV)

https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.1007/s00430-015-0410-5
https://doi.org/10.3390/v13112134
https://doi.org/10.3390/v13112134
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.15252/embr.201743947
https://doi.org/10.15252/embr.201743947
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1101/2022.04.20.488871
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1126/sciimmunol.aag2045
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1016/j.chom.2016.09.014
https://doi.org/10.1016/j.chom.2016.09.014
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Table 2.2 (continued)

Cells Use Origin Sources 

HFFFs-
TERT 

TERT-immortalized pri-
mary human fetal fore-
skin fibroblasts 

https://doi.org/10.1073/ 
pnas.2001887117 
(HCMV) 

HF and 
ihf-ei1.3 

Lentivirus transduction Newborn foreskin 
fibroblasts 

https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 

HMEC-1 Cell death signaling 
assessment 

Human microvascular 
endothelial cells 

https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 

HT29 Necroptosis inducible cells Epithelial colorectal 
adenocarcinoma cell line 
ATCC Cat# HTB-38 

https://doi.org/10.1016/j. 
celrep.2019.08.055 (Pox-
viruses) 
https://doi.org/10.1016/j. 
chom.2015.01.003 
(HSV1) EV, ICP6 
https://doi.org/10.1074/ 
jbc.RA118.004651 
(HSV1) 
https://doi.org/10.3390/ 
v13112134 (HCMV) 
https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 
https://doi.org/10.15252/ 
embr.201743947 
(MCMV) 
https://doi.org/10.1016/j. 
cell.2020.02.050 (IAV) 

IMR-90 Cell death assessment Human fetal fibroblasts https://doi.org/10.1074/ 
jbc.M115.646042 
(HCMV) 

J2 Cell death signaling 
assessment 

Murine J2 virus 
transformed 
macrophages 

https://doi.org/10.1016/j. 
immuni.2020.11.020 
(CPXV) 

Jurkat Used to study cell signaling 
events 

Human T lymphocyte 
cell line 

https://doi.org/10.1016/j. 
cell.2009.05.037 
(VACV) 
https://doi.org/10.1074/ 
jbc.M305633200 
(VACV) 

L929 Necroptosis inducible cells Mouse-derived connec-
tive tissue cell line 
ATCC Cat# CCL-1 

https://doi.org/10.1016/j. 
cell.2009.05.037 
(VACV) 
https://doi.org/10.1073/ 
pnas.1700999114 
(VACV) 
https://doi.org/10.1016/j. 
immuni.2020.11.020 
(CPXV) 
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https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1073/pnas.2001887117
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1074/jbc.M115.646042
https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.celrep.2019.08.055
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Table 2.2 (continued)

Cells Use Origin Sources 

https://doi.org/10.1016/j. 
chom.2010.03.006 
(MCMV) 

LET1 
AEC 

In vitro studies for viruses 
that impact lung tissue 

Mouse airway epithelial 
cell line 

https://doi.org/10.1016/j. 
chom.2016.09.014 (IAV) 
https://doi.org/10.1016/j. 
cell.2020.02.050 (IAV) 

MDF Transduction and cell 
death signaling assessment 

Mouse dermal 
fibroblasts 

https://doi.org/10.1016/j. 
celrep.2019.08.055 
(poxviruses) 

MDM Cell death analysis Human monocyte-
derived macrophages 

https://doi.org/10.1101/ 
2022.04.20.488871 
(IAV) 

MEF Cell death analysis Mouse embryonic 
fibroblasts 

https://doi.org/10.1016/j. 
immuni.2020.11.020 
(CPXV) 
https://doi.org/10.1016/j. 
chom.2021.05.009 
(VACV) (Pkr deficient) 
https://doi.org/10.4049/ 
jimmunol.1400590 
(VACV) 
https://doi.org/10.1038/ 
s41419-018-0868-3 
(HSV1) 
https://doi.org/10.1073/ 
pnas.2001887117 
(HCMV) 
https://doi.org/10.1016/j. 
chom.2010.03.006 
(MCMV) 
https://doi.org/10.1016/j. 
chom.2012.01.016 
(MCMV) 
ZBP1–/– 

https://doi.org/10.1084/ 
jem.20191259 (IAV) 
MLKL–/– 

https://doi.org/10.1016/j. 
chom.2016.09.014 (IAV) 
https://doi.org/10.1016/j. 
cell.2020.02.050 (IAV) 

SVEC4-
10 

Necroptosis inducible cells Mouse endothelial cell 
line 
ATCC Cat# CRL-2181 

https://doi.org/10.1016/j. 
chom.2021.05.009 
(VACV) (ZBP1 deficient 
and WT 
https://doi.org/10.1038/ 
s41419-018-0868-3 
(HSV1) (ZBP1 KO) 

(continued)
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infections, it is important to note that viruses have been found to inhibit necroptosis 
at different levels which makes it critical to assess which component a particular 
virus of interest may be targeted to inhibit the pathway. This is especially important 
in the development of therapeutics which require specific targets to be efficacious.
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Table 2.2 (continued)

Cells Use Origin Sources 

https://doi.org/10.3390/ 
v13112134 (HCMV) 
https://doi.org/10.1016/j. 
chom.2010.03.006 
(MCMV) (RIP1–/– 

transformed) 
https://doi.org/10.1074/ 
jbc.C800051200 
(MCMV) 
https://doi.org/10.15252/ 
embr.201743947 
(MCMV) 
https://doi.org/10.1016/j. 
chom.2012.01.016 
(MCMV) 

THP-1 Undifferentiated cells sen-
sitive to necroptosis 

Human leukemia mono-
cyte cell line 
ATCC Cat# TIB-202 

https://doi.org/10.1016/j. 
immuni.2020.11.020 
(CPXV) 

U937 Cell death assays Human histiocytic lym-
phoma cell line 
ATCC Cat# 
CRL-1593.2 

https://doi.org/10.1016/j. 
celrep.2019.08.055 
(poxviruses) 

Table of common cell types used as tools to study virus-induced necroptosis. 1st column is the 
common name of the cell; the column contains a brief categorical description of their use; column 
3 is the type of cell and ATCC catalogue number (is listed) and the column is the reference and 
viruses used in the studies 

Metabolic Viability Assays 

Metabolic viability assays are an important method to evaluate cell death that utilizes 
markers of mitochondrial activity to detect changes manifested in viable or 
nonviable cells. Here we describe three assays that can be used to measure metabolic 
changes in cells exposed to viral infections: 

ATP Assay Adenosine triphosphate (ATP) is an organic, energy-carrying molecule 
that is essential to fueling many cellular processes. Produced in the mitochondria by 
metabolically active cells, ATP can be assayed to determine the changes in cell 
viability with nonviable cells showing diminished ATP levels from a lack of
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https://doi.org/10.1016/j.celrep.2019.08.055
https://doi.org/10.1016/j.celrep.2019.08.055


production. While not specific to only necroptotic death, diminished ATP levels help 
us to broadly determine if some type of cellular demise is taking place for a given 
disease process. Most commonly this is done by using a bioluminescent assay that 
uses the two-part firefly luciferase reaction. Lysing cells to release intracellular ATP 
in the presence of a luciferin enzyme and substrates can effectively measure the 
concentrations of cellular ATP. The available ATP in the lysate is used to adenylate 
luciferin forming luciferyl-adenylate. In the second step of the reaction, oxidative 
decarboxylation of luciferyl-adenylate forms an excited oxyluciferin. When this 
oxyluciferin returns to the ground state, light is emitted which can be measured by 
a luminometer. The measurement of emitted light from this reaction can be corre-
lated to the amount of ATP in the sample. In utilizing this technique, it is important 
to note that in cases of programmed cell death, ATP breakdown is delayed from 
death execution steps and may produce a false negative limiting the use as an 
immediate indicator of a necroptotic death. This makes using appropriate time points 
essential when using the technique to study necroptosis. Additionally, pairing the 
assay with small-molecule or genetic modification approaches can verify if the cell 
death events observed are in fact a result of necroptosis. 

54 C. A. Lawson et al.

MTT Assay The MTT assay is a very common colorimetric assay to measure cell 
viability or cytotoxicity in viral infections. Viable, metabolically active cells produce 
mitochondrial dehydrogenases that can reduce MTT, a yellow tetrazolium salt, to 
form purple formazan crystals. Cells that are no longer metabolically active or 
producing mitochondrial dehydrogenases are dead or dying and these cannot com-
plete the reduction reaction to generate the purple formazan. The purple color 
correlates to the number of metabolically active cells and the intensity of the color 
can be spectrophotometrically measured: the darker the color, the greater the number 
of viable cells. 

Resazurin Assay Similar to the MTT assay, the resazurin assay is also an indicator 
dye assay that measures cell viability based on the reduction of blue resazurin by 
mitochondrial reductases to red fluorescent resorufin. Cells that are dead or dying 
will not have the necessary reductases to convert the blue resazurin to red resorufin. 
The measurement of the resorufin produced is proportional to the number of viable 
cells in the sample, the greater red fluorescence signal corresponds to an increase in 
the number of metabolically active cells, and, conversely, more blue fluorescence 
indicates more cell death, including cells undergoing necroptosis. 

These cell viability assays are not specific indicators of necroptosis, but they are 
indicators of cell death that can be paired with other assays to determine if 
necroptosis is occurring. Additionally, these assays are not accurate indicators of 
the timing of cell death, and they do require careful control of cell number and an 
understanding that states or conditions that cause metabolic senescence should be 
avoided.



2 Approaches to Evaluating Necroptosis in Virus-Infected Cells 55

Membrane Integrity Assays 

Cell membrane integrity assays are crucial to assessing virus-induced necroptotic 
cell death, the hallmark of which is cell swelling and rupture due to plasma 
membrane damage. 

LDH Assay The lactate dehydrogenase (LDH) assay uses LDH to measure a loss in 
cell membrane integrity. In viable or uninfected cells, the LDH enzyme is present 
only inside the cells, but infection or other cytotoxic insults can degrade the plasma 
membrane and allow the release of this enzyme into the media. In a damaged cell, 
LDH catalyzes the reduction of NAD+ to NADH and the oxidation of lactate to 
pyruvate. In the second step, the NADH is used to catalyze the reduction of an 
indicator dye, like luciferin or resazurin. The resulting amount of fluorescence or 
color measured is an indicator of membrane integrity loss. This assay is not a specific 
measure of necroptosis but should be used with other assays such as inhibitors or 
genetic knockouts to verify that an increase in LDH levels is the result of 
necroptosis. 

Membrane Impermeant DNA Dyes A simple method for quantifying cell death is 
to use DNA-binding fluorescent dyes that are impermeant to healthy cell mem-
branes. These fluorescent nucleic acid-binding dyes can penetrate the compromised 
membranes of dead or dying cells and the fluorescence of the nucleic acid-bound dye 
can be measured using live cell imaging. This method gives a real-time measurement 
of membrane permeability to help establish the timing of signaling events in cells 
that are dying. This is an effective tool to use for cells undergoing necroptosis where 
the pathway results in pore formation and the dyes can access the DNA and can be 
utilized as a real-time measurement of loss of membrane integrity in live cell 
imaging to give kinetic insights into death (Upton et al. 2019). Many dye systems 
are available including SYTOX from Invitrogen and Incucyte Cytotox Dyes from 
Sartorius. 

Necroptosis Morphology 

Various imaging techniques have been implemented to assess the morphological 
characteristics of cells undergoing necroptosis. These techniques have been used to 
show evidence of typical characteristics of cells undergoing necroptotic death, 
including a gain in cell volume, swelling of organelles, and a rupturing of the plasma 
membrane (Newton et al. 2014; Cotsmire et al. 2021) (Fig. 2.3). Since this process of 
cellular swelling with subsequent membrane rupture generates fairly fragile speci-
mens, techniques that rely on fixation like transmission microscopy and confocal 
imaging have been unsuccessful. However, techniques that work by freezing the 
specimen in place before fixation such as cryo-electron microscopy have shown 
moderate success (Daley-Bauer et al. 2017). Additionally, utilizing necroptotic



inhibitors cells deficient in necroptotic machinery that halt cell death has allowed 
more traditional imaging techniques to observe activation of the necroptosis pathway 
for unaffected proteins at discrete time points. Ultimately though, given the quick
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Fig. 2.3 Diagram of common morphology of a virus-infected cell undergoing necroptosis. During 
necroptosis, cells undergo a series of morphological changes that ultimately lead to cell death. At 
the early stage of necroptosis, cells undergo swelling and rounding, followed by the formation of 
blebs on the cell surface. The blebs are caused by the disintegration of the plasma membrane and the 
release of cytoplasmic contents. The cells also exhibit a loss of plasma membrane integrity, which 
leads to the leakage of intracellular contents into the extracellular space. As the process progresses, 
the cells become progressively more swollen and eventually burst open, releasing their contents into 
the extracellular environment. This final stage of necroptosis is characterized by the formation of 
large membrane pores, which allow the influx of water and ions into the cell and lead to osmotic 
lysis. Overall, the morphology of cells undergoing necroptosis is characterized by swelling, 
membrane blebbing, loss of membrane integrity, and osmotic lysis. These changes are distinct 
from other forms of programmed cell death, such as apoptosis, which is characterized by shrinkage, 
condensation of chromatin, and fragmentation of the nucleus



onset and fragility of the necroptosis process, live cell imaging has proven to be the 
most successful in studying the pathway and provides critical kinetic information 
(Koehler et al. 2017, 2021; Upton et al. 2019). This technique allows a researcher to 
observe the necroptotic process in real time to differentiate morphological manifes-
tations from those observed in other cellular death pathways.
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Immuno-techniques 

Immuno-techniques utilized to study necroptosis rely on antibody–antigen interac-
tions to isolate and characterize various components pertinent to the necroptotic 
pathway. These techniques include immunohistochemistry, immunoprecipitation, 
and western blots. 

Immunohistochemistry This technique utilizes chromogen-tagged antibodies that 
attach to antigens on critical necroptotic components. After allowing time for these 
antibodies to adhere to their respective antigens, a substrate is added that reacts with 
the tagged antibody complex to produce a color change. This color change correlates 
to the amount of a particular necroptotic component present. While this technique 
makes theoretical sense for studying the pathway, antibody cross-reactivity has 
made it difficult to assess if the changes observed are accurate. As such, the 
technique has not been utilized too much in present studies but has potential for 
future research endeavors as more specific antibodies are being developed. 

Immunoprecipitation These techniques work by precipitating out necroptotic com-
ponents of interest using immobilized antibodies. Direct immunoprecipitation tech-
niques involve antibodies immobilized on density beads that can directly bind to 
antigens of interest. Indirect immunoprecipitation techniques are performed by 
exposing a solution containing necroptotic components of interest to antibodies 
directed toward specific antigens on these components. After allowing time for 
these antibodies to bind to their antigens, beads designed to capture antibodies are 
added to the solution and bind to the antibody–antigen complexes. After necroptotic 
components of interest have been immobilized by either technique, the remaining 
solution is washed away. This allows these components to be isolated for further 
analysis with other techniques such as immunoblotting or proteomic analysis. This 
approach is useful in determining which necroptotic components are being affected 
by various disease processes and protein interactions that propagate necroptosis 
signaling. Careful consideration should be taken to minimize off-targeting effects 
of non-specific antibody interactions. The use and development of engendered cell 
lines that express epitope-tagged necroptotic proteins has drastically mitigated the 
off-targeting effects observed and facilitated key advances in our understanding of 
necroptosis signaling (Sridharan et al. 2017; Upton et al. 2019). 

Western Blots Western blots are common experiments used to study various cell 
signaling events including necroptosis protein activation states. These experiments



work by separating different proteins of interest by size with denaturing gel electro-
phoresis. This allows for the identification and semi-quantification of the levels of 
proteins in a given sample. A multitude of antibodies have been developed that 
specifically target activated or phosphorylated necroptotic proteins including MLKL 
and RIPK3 which have been used to document necroptosis signaling in virus-
infected cells. This helps to garner evidence that a particular component of interest 
is present and activated by controlling for both size and phosphorylation state. 
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The Viruses That Activate or Inhibit Necroptosis 

Much like apoptosis, necroptosis plays out as a cell-autonomous innate immune 
mechanism to kill virus-infected cells and cut short productive infection. This potent 
host defense mechanism limits viral replication and spread by eliminating infected 
cells (Koehler et al. 2017; Upton et al. 2019). The significance of necroptosis as a 
host defense mechanism has been reinforced by the identification of virus-encoded 
inhibitors that block specific steps in the pathway (Fig. 2.4). These viral inhibitors 
sustain infection allowing the virus to replicate and spread. A series of reports 
demonstrated the significance of necroptosis in restricting viral pathogenesis and 
how ZBP1 is a critical mediator of virus-induced necroptosis observed during innate 
immune sensing of viruses in both DNA and RNA viruses. 

DNA Viruses 

Herpesviruses 

Herpesviruses are a large family of double-stranded DNA viruses. The 
Herpesviridae family consists of more than 100 viruses, nine of which primarily 
infect humans where infection and replication take place in the epithelial cells and 
some of which can cause lifelong latent infections. Necroptosis studies utilizing 
herpes viruses have included investigations with murine cytomegalovirus (MCMV), 
human cytomegalovirus (HCMV), herpes simplex virus 1 (HSV1), and herpes 
simplex virus 2 (HSV2). 

Murine Cytomegalovirus 

MCMV is a species-specific double-stranded DNA virus that is a natural pathogen in 
wild mice populations. While MCMV infection triggers necroptotic cell death, 
MCMV has also evolved viral inhibitors to counteract the host defense mechanisms 
to ensure viral replication. Early evaluation of a mutant MCMV transposon library 
identified M45 as an important gene for endothelial and macrophage cell survival



in vitro and viral replication (Brune et al. 2001; Lembo et al. 2004). Delving further 
to elucidate M45-encoded protein function, the sequence was analyzed and found to 
contain an N-terminal RHIM domain facilitating binding to RHIM-containing 
receptor-interacting kinases, RIPK1 and RIPK3 (Kaiser et al. 2008). To examine 
the impact of this protein on necroptosis, cells were infected with recombinant 
MCMV engineered to have a nonfunctional M45 RHIM domain by mutations of 
four amino acids in the RHIM sequence (Kaiser et al. 2008). Cells infected with the 
M45-deficient MCMV (M45MutRHIM) had decreased cell viability compared to 
wild-type M45. The M45-encoded viral inhibitor of RIP activation (vIRA) was
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Fig. 2.4 Viral inhibitors of necroptosis and their cellular targets. Crm (light purple) proteins are 
found in orthopoxviruses but are best described in the cowpox virus. These proteins are competitive 
inhibitors of TNF receptor signaling and prevent RIPK1-mediated necroptosis. ICP6(blue) is the 
HSV1 and HSV2 RHIM-containing inhibitor that targets host RHIM interactions of adaptors and 
RIPK3. M45(Red) are found in MCMV and are an RHIM-containing protein similar to ICP6 in 
HSV. M45 blocks necroptosis by preventing RHIM interactions of the adaptor proteins and RIPK3, 
thereby blocking all three pathways of necroptosis. vIR (green) is found is poxviruses and functions 
to enhance the turnover of RIPK3 preventing it from activating MLKL. vMLKL is a truncated 
MLKL homologue and functions to restrict necroptosis by acting as a decoy preventing host MLKL 
from getting phosphorylated. E3(dark purple) is a Z-RNA competitive inhibitor found in 
orthopoxviruses and prevents the activation of ZBP1. HCMV has an unidentified inhibitor of 
MLKL (burgundy)



found to impede the RIPK1 and RIPK3 complex from forming via RHIM domains. 
To evaluate this disruption, the roles of these receptor interaction kinases were 
individually examined. Treatment of cells with RIPK1-specific inhibitor 
Necrostatin-1 did not reveal any decrease in cell survival (Upton et al. 2010a), 
suggesting a RIPK1-independent mechanism. The independence from RIPK1-
mediated necroptosis was confirmed in MEFs from mice deficient in RIPK1 where 
these mice were also insensitive to necroptosis induction (Upton et al. 2010a). vIRA 
inhibition of RIPK3-dependent necroptosis was confirmed through various knock-
out studies. M45mutRHIM-infected cells expressing reduced RIPK3 via shRNAs 
were not susceptible to necroptosis and had no reduced cell viability. Additionally, 
the mutant M45mutRHIM virus did not demonstrate viral replication in the wild-
type animal; however, in the RIPK3 knockout, the wild-type and mutant virus had 
comparable levels of replication confirming the importance of RIPK3 for the inhi-
bition of necroptosis via vIRA (Upton et al. 2010a). This was the first time that a 
RHIM domain-containing protein other than RIPK1 was found to be capable of 
stimulating necroptosis through RIPK3 (Nailwal and Chan 2019).
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More recent studies identified that ZBP1 interacts with RIPK3 and that this 
complex is the target for the MCMV vIRA necroptosis inhibitor (Upton et al. 
2012). Similar to experiments with RIPK3, M45mutRHIM infection of ZBP1-
deficient cells and mice resulted in viral replication of the mutant virus (Upton 
et al. 2012). These data implicate the vIRA in preventing the ZBP1 RHIM from 
binding and activating RIP3, halting the ZBP1/RIPK3/MLKL necroptotic pathway 
and protecting the infected cell, allowing it to continue replication and 
pathogenesis (Upton et al. 2012). Further studies identified viral transport factor 
immediate early protein 3 (IE3) as a pivotal player in ZBP1-dependent necroptosis in 
MCMV infection. Recombinant viruses for wild-type MCMV and M45mutRHIM 
were generated that contained an IE3 protein fused to the C-terminus (Sridharan 
et al. 2017). Under normal conditions, the addition of the destabilizing domain 
triggers rapid proteosomal degradation. Chemical ligand Shield-1 stabilizes the 
destabilization domain and allows the transcriptional functions to persist. Results 
from these studies demonstrated that M45mutRHIM-infected cells would undergo 
ZBP1-mediated necroptosis in the presence of Shield-1 but would be resistant to 
necroptotic death in its absence. This showed that the early transcription of viral 
RNA via IE3 is required for necroptosis and is the ligand for ZBP1-mediated 
necroptosis. One last interesting MCMV study found that when MCMV’s viral 
inhibitor of caspase 8-induced apoptosis (vICA) is altered to be nonfunctional, 
cells show evidence of RIPK3, MLKL, and caspase 8 activation. This showed that 
apoptotic and necroptotic processes could occur simultaneously. 

Human Cytomegalovirus 

HCMV studies reveal significant species-specific differences in the human virus 
compared to the murine strain. HCMV functions to block necroptosis after the 
phosphorylation of RIPK3 and MLKL. This resistance to necroptotic death is



dependent on viral transcriptional processes regulated by the viral protein IE1; 
however, necroptosis-resistant cells still show evidence of MLKL phosphorylation 
(Omoto et al. 2015). It has been shown that the HCMV UL36 protein is a key player 
in inhibiting necroptosis by interacting with MLKL and inducing its demise 
(Fletcher-Etherington et al. 2020). UL36, a dual cell death pathway inhibitor also 
able to inhibit apoptosis by binding caspase 8, is capable of inhibiting necroptosis in 
a species-specific manner and does not inhibit necroptosis in murine cells. 

2 Approaches to Evaluating Necroptosis in Virus-Infected Cells 61

Herpes Simplex Viruses 

Studies investigating herpes simplex viruses (HSV1 and HSV2) have also found that 
these viruses are able to inhibit necroptosis in virus-infected human cells (Guo et al. 
2015, 2018). This mechanism of cell death inhibition is similar to that of MCMV, 
where vIRA blocks the necrosome formation by RHIM interaction of RIPK3 and 
prevents further execution of the necroptotic pathway through RIPK3 and MLKL 
(Upton et al. 2010a, b, 2012). In HSV1 infection of human cells, ICP6 acts as an 
inhibitor that contains an N-terminal RHIM domain allowing it to competitively bind 
and sequester RIPK3 from the other interacting proteins, blocking necrosome 
formation and inhibiting the activation of RIPK3/MLKL-dependent necroptosis. 
Strangely enough, ICP6 has been found to induce necroptotic death in HSV1-
infected murine cells through interactions of the RHIM domains on ICP6 and 
RIPK3 (Wang et al. 2014b). Later studies revealed HSV1 infection triggers 
necroptosis through the ZBP1/RIPK3-dependent pathway. Evaluation of ZBP1-
deficient MEFs and mouse cell lines found the ZBP1-deficient cells resistant to 
necroptosis, confirming the importance of ZBP1 in HSV1 infection in mouse cells 
(Guo et al. 2018). Evaluation of MLKL phosphorylation during WT and ICP6 
RHIM mutant virus infection revealed that the ICP6 mutant virus promotes the 
formation of a necrosome-like complex involving ZBP1/RIPK3/MLKL to promote 
MLKL phosphorylation and necroptosis in mouse cells (Guo et al. 2018). To analyze 
if ZBP1 also contributes to the initiation of necroptosis in human cells, ZBP1 
expressing HT29 and ZBP1 deficient cells were infected with HSV1 ICP6 RHIM 
mutant virus. As in the mouse cells, the ZBP1-expressing human cells showed an 
induction of cell death, but the ZBP1-deficient cells did not. Using various inhibitors 
of necroptosis pathway players, RIPK3 and MLKL and caspase inhibitor zVAD, it 
was determined that the HSV ICP6 RHIM mutant virus-induced cell death through 
ZBP1/RIPK3/MLKL-mediated necroptosis. WT HSV1 infection did not induce cell 
death in the human cells, showing that the ICP6 RHIM was required for HSV1 
necroptosis inhibition in its natural host species. These studies highlight species-
specific differences in how viral inhibitors act on cells, suggesting a viral restriction 
in non-natural host infection. In addition to necroptotic inhibition in human cells, 
ICP6 has demonstrated an ability to bind to and inhibit caspase 8 (Langelier et al. 
2002; Esaki et al. 2010; Dufour et al. 2011). This means that the viral protein ICP6 
can inhibit both necroptosis and apoptosis in human cells.
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Poxviruses 

Poxviruses are a double-stranded DNA family of viruses. Most notable among these 
viruses may be the Orthopoxvirus genus due to the infamy of the variola virus 
(smallpox virus). The Orthopoxvirus genus includes vaccinia virus (VACV), cow-
pox virus (CPXV), Mpox (formerly monkeypox), and ectromelia (ECTV). Like 
other dsDNA viruses, this family encodes numerous accessory virulence factors that 
inhibit cell death. 

Vaccinia virus (VACV) is the prototypic model for orthopoxvirus research and 
the poxvirus strain utilized in smallpox vaccinations. Early VACV studies identified 
a novel necrotic cell death pathway that eliminated virus infected cells. Researchers 
found that VACV encodes a caspase-8 inhibitor known as CrmA-like ortholog 
B13R (aka Spi2), which blocks caspase-dependent cell death pathways and sensi-
tizes infected cells for this necrotic death pathway through TNF signaling (Li and 
Beg 2000). TNF signaling in VACV infection was further clarified using VACV-
infected cells that are normally sensitive to necroptosis. RIPK1-deficient cells 
showed a reduction in necrosis, confirming RIPK1 as an essential player in the 
pathway. Further, TNFR-2 was also shown to be essential for this pathway in an 
in vivo infection by creating TNFR-2-deficient mice and observing reduced inflam-
mation in the liver (Chan et al. 2003). RNA interference screens identified RIPK3 as 
another pivotal player in the necroptosis pathway. Wild-type and RIP3K-deficient 
cells were infected with VACV showing the deficient cells resistant to 
TNF-α-induced necroptosis. As with the RIPK1-deficient mice, RIPK3-deficient 
mice infected with VACV showed much less necrosis and liver inflammation than 
infected wild-type mice (Cho et al. 2009), showing that RIPK3 is part of the host 
defense mechanism protecting against VACV. Together, during VACV infection, 
these two protein kinases form a RIPK1–RIPK3 necrosome complex through RHIM 
interactions, RIPK1 thereby activating RIPK3 to phosphorylate and subsequently 
activate MLKL to execute necroptosis (Sun et al. 2002, 2012; Rodriguez et al. 2016). 
Later studies would look at another RHIM-containing stimulator of necroptosis 
known as ZBP1. In addition to two RHIM domains (RHIM-A and RHIM-B), this 
protein contains two Z-NA (Zα) binding domains located at the N-terminus. These 
Z-NA binding domains can be triggered by Z-NA released during VACV infections. 
Once triggered, type I IFN-signaling increases along with further ZBP1 expression. 
Utilizing RHIM domain interactions, ZBP1 can then instigate necroptotic cell death 
via RIPK3/MLKL activation. This necroptotic pathway is not observed in wild-type 
VACV infections, however, since the virus also encodes a protein with a Zα-binding 
domain known as E3 which serves to inhibit necroptosis (Koehler et al. 2017). 

Studies examining how VACV utilizes E3 to prevent necroptotic death have 
produced some interesting findings. In vivo studies have shown that mice infected 
with a mutant VACV that encodes a truncated E3L lacking a Zα-binding domain did 
not exhibit severe pathology comparable to mice infected with the wt virus. How-
ever, pathogenicity was restored in both ZBP1–/– and RIPK3–/– mice. Additionally, 
follow-up in vitro studies demonstrated that knocking out the Zα-binding domains of



ZBP1 was sufficient for increasing viral pathogenesis. The culmination of these and 
other studies provided evidence that VACV’s E3 is a competitive inhibitor of ZBP1/ 
RIPK3/MLKL-induced necroptosis (Koehler et al. 2021). This provides another 
example of how viruses have co-evolved with us to evade our innate immune 
system. 
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Another virus that utilizes necroptotic inhibitors is cowpoxvirus (CPXV). Cow-
pox is known to block caspase activation by CrmA (homologue of VACV B13R) 
making the cells susceptible to necroptosis by triggering RIPK1/RIPK3 (Kettle et al. 
1997; Li and Beg 2000; Chan et al. 2003). Most poxviruses, like VACV, also encode 
various amounts of TNF inhibitors to block signaling to restrict TNF-induced 
necroptosis. CPXV has been found to encode many inhibitors: CrmB, CrmC, 
CrmD, and CrmE (Cunnion 1999). Additionally, CPXV has been found to produce 
a CD30 homologue with exclusive TNFSF8 binding whose role in pathogenesis is 
still unknown (Panus et al. 2002). Aside from these TNF inhibitors, a targeted small 
interfering RNA (siRNA) screen was able to identify a novel inhibitor of RIPK3 
generated by CPXV termed viral inducer of RIPK3 degradation (vIRD) (Liu et al. 
2021). vIRD binds to RIPK3, causing RIPK3 ubiquitination and subsequent 
proteasome degradation as detected in western blots. Mice infected with mutant 
CPXV in which vIRD had been deleted showed significant decreases in many 
pathogenic processes including mortality. These pathogenic processes were able to 
be reversed in mice deficient in RIPK3 and MLKL. This evidence shows vIRD was 
able to inhibit all known forms of necroptotic cell death by directly targeting RIPK3 
for degradation. 

Other poxviruses have been co-opted to study the vIRD inhibitor including 
VACV, ectromelia virus (ECTV), and leporipoxvirus myxoma virus (MYXV). 
VACV encodes a defective vIRD that has been truncated. When a functional version 
of vIRD is integrated into VACV, mice infected with the mutant virus show 
increased viral titers. MYXV, which also lacks a functional vIRD, has been shown 
to be more pathogenic in RIPK3-deficient hosts, which makes sense since these 
hosts would have resistance to necroptotic death. ECTV, which also has an intact 
vIRD ortholog, induced RIPK3 degradation and resistance to TNF-induced 
necroptosis (Liu et al. 2021). ECTV, however, does not fit the typical necroptosis 
story where the crucial players, RIPK3 and MLKL, do not seem to play the same role 
in controlling viral infections (Montoya et al. 2023). Studying these inhibitors and 
comparing them to other viruses can help us to understand more about how viruses 
have continued to evolve survival mechanisms within their hosts. 

Another method used in some poxviruses to inhibit necroptotic death is to mimic 
viral proteins. BeAn58058 and Cotia poxviruses encode proteins with high enough 
homology to competitively bind and sequester RIPK3 and out-compete host MLKL 
and disrupt necroptosis (Petrie et al. 2019). These mimic proteins have been iden-
tified in several clades of poxviruses, including avipoxviruses and leporipoxviruses.
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RNA Viruses 

Influenza A 

Influenza A (IAV) is a negative, enveloped single-stranded RNA virus from the 
Orthomyxoviridae family that causes seasonal and sometimes severe respiratory 
tract infections in humans worldwide. Current and commonly circulating subtypes 
of influenza are A(H1N1) and A(H3N2). IAV infection typically affects human lung 
epithelial cells and triggers cell death. IAV was originally thought to mainly activate 
the apoptotic cell death pathway. After the discovery of RIPK3 as a crucial factor for 
cell death in IAV infections, it was recognized that the cell types most commonly 
used in viral and medical research were not appropriate to study cell death pathways 
for IAV infection because they did not express RIPK3 (Nogusa et al. 2016a). 

Research utilizing the influenza A virus P8 strain model has helped to illuminate 
the dual role ZBP1 and RIPK3 play in both apoptosis and necroptosis. Early on, it 
was found that a ZBP1/RIPK3-dependent signaling axis induced cell death in human 
lung epithelial cells and MEFs following IAV infection. MEFs from RIPK3-
deficient mice were infected with PR8 and found to be resistant to cell death and 
cytopathic effects, whereas wild-type mice showed susceptibility to the infection 
resulting in cell death (Nogusa et al. 2016a). However, MEFs generated to be 
deficient in MLKL, the executioner of necroptotic death, were determined to be 
just as susceptible as wild types to cell death (Nogusa et al. 2016b). This suggested 
that ZBP1 was capable of stimulating a non-necroptotic form of cell death post-IAV 
infection. Further genetic analyses revealed the absence of MLKL-activated ZBP1 
and could trigger apoptosis in IAV-infected MEFs. Consequently, it was found that 
both the apoptosis regulator Fadd and the necroptosis executor MLKL needed to be 
knocked out in order to rescue IAV-infected MEF survival. Looking further into this 
ZBP1-stimulated apoptotic pathway demonstrated some interesting findings. After 
ZBP1 is activated post-IAV infection, RIPK3 is needed for the early onset of 
apoptosis, but not required at later time points. Additionally, the kinase activity of 
RIPK3 has been shown to be needed for necroptotic but not apoptotic cell death. As 
such, catalytically inactive RIPK3-expressing mice are subject to early caspase-8-
dependent apoptosis, while those deficient in RIPK3 altogether (RIPK3–/– ) are 
subject to later onset apoptotic cell death. 

Additional studies verified that IAV was able to generate Z-RNA and activate 
ZBP1 to initiate the activation of RIPK3 and cell death pathways (Zhang et al. 2020). 
By transfecting labeled antiserum to Z-NA, it was found that the antiserum 
co-localized with Z-RNAs in the nucleus of infected cells. This Z-RNA was then 
shown to co-localize with ZBP1 and activate RIPK3 death signaling culminating in 
cell death. 

While program cell death can be advantageous as a host defense mechanism, 
necroptosis, by way of its inflammatory nature, can also have severe pathogenic 
disadvantages when triggered by IAV infection. This was evaluated by examining 
MLKL-, ZBP1-, and RIPK3-deficient animals after IAV infection. Again, MLKL



did not show any increased lethality or viral load, while ZPB1–/– and RIPK3–/– mice 
had significantly higher pathogenesis than their wild-type counterparts (Zhang et al. 
2020). 
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Reovirus 

Reoviruses are non-enveloped RNA viruses with ten linear double-stranded genomic 
segments (Danthi et al. 2013). Four main serotypes of mammalian ReoV have been 
identified. These serotypes are represented by prototype strains Type 1 Lang (T1L), 
Type 2 Jones (T2J), Type 3 Dearing (T3D), and Type 4 Ndelle (T4N) (Attoui et al. 
2001). 

It was previously believed that the primary PCD pathway triggered by ReoV 
infection was apoptosis. However, recent studies of T3D-infected L929 cells dem-
onstrated that necroptosis is an important innate mechanism triggered in response to 
infection. L929 cells infected with the T3D strain underwent a rapid induction of 
death even in the presence of a caspase inhibitor (Berger and Danthi 2013). The cell 
death was characterized to be necroptosis as a result of loss of membrane integrity 
that was inhibited by necrostatins. A follow-up study then demonstrated that IFN-β 
production, cellular incorporation of viral genomic RNA, and de novo synthesis of 
viral dsRNA were required to induce necroptosis (Berger et al. 2017). Together, 
these results suggest that incoming genomic RNA is detected by RLRs in the 
cytoplasm of the infected cell, which then signals via the adaptor protein MAVS 
to produce IFN-β followed by the synthesis of viral RNA establishing a pathway to 
upregulate and detect the likely ligand of dsRNA. Additionally, it was found that 
knockdown of the dsRNA binding protein σ3 resulted in enhanced necroptosis 
which was attributed to RLR-mediated increase in IFN-β production (Roebke et al. 
2020). Further support of multifactorial death requirements is indicated by the 
enhanced rate of necroptosis when the ReoV μ1 protein is knocked down, which 
is associated with an increase of accumulated progeny dsRNA and viral protein 
synthesis. The specific mechanism of necroptosis induction by ReoV remains 
unclear. One proposed mechanism is the downregulation of the cIAP family of E3 
ubiquitin ligase ReoV (Kominsky et al. 2002). cIAPs are known to polyubiquinate 
RIPK1 and RIPK3 resulting in kinase inhibition and therefore the decreased cIAP 
could result in more RIPK1 and RIPK3 and thus more necroptosis (Annibaldi et al. 
2018). This model, however, does not address the need for de novo dsRNA synthesis 
required for necroptosis activation (Jiffry et al. 2021). It is also unclear if the 
induction of necroptosis, as in many other virus models, contributes to viral clear-
ance or pathogenesis. RIPK3 deficiency does result in an increase in ReoV progeny 
virions suggesting potential for a protective mechanism indicative of a potentially 
protective role for necroptosis in ReoV clearance (Yue and Shatkin 1997; Berger 
et al. 2017). Both cultured BMDMs and L929 fibroblasts undergo necroptosis within 
a few days post-infection (DeBiasi et al. 2004; Xing et al. 2016; Gummersheimer 
and Danthi 2020). It remains unclear if ReoV-induced necroptosis occurs within 
biologically relevant cell types in the gut, CNS, or heart and, furthermore, whether



Reo-mediated necroptosis is protective or deleterious due to inflammation during 
other RNA viral infections like IAV (Balachandran and Rall 2020). More studies are 
warranted to further clarify the role of necroptosis in ReoV infections and its role in 
enhancing or restricting pathogenesis. 
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Respiratory Syncytial Virus 

Human respiratory syncytial virus (RSV) is a nonsegmented negative-stranded RNA 
virus from the Paramyxoviridae family (Collins et al. 2013). This enveloped virus is 
a significant cause of acute bronchiolitis in infants, the outcomes and severity of 
which are associated with necroptosis. It is hypothesized that infants suffering acute 
RSV infection may later be predisposed to respiratory complications, such as asthma 
and wheezing, later in life. While much of the data is clinical, reports of 
RSV-triggered necroptosis are relevant to the focus of this chapter. Early RSV 
necroptosis studies used selective inhibitors of necroptosis pathway players to 
determine that RSV infection activated the necroptotic pathway RIPK1/RIPK3/ 
MLKL (Muraro et al. 2018; Simpson et al. 2020). Further studies demonstrated 
that RSV infection may involve TNF-mediated macrophage necroptosis which can 
cause increased lung damage during RSV infections. This is supported by findings 
showing that Tnfr1–/– mice demonstrate decreased numbers of necrotic macrophages 
in lung tissue with less RIPK3 and MLKL expression, while elevated levels of TNF 
in RSV-infected infants correlate with increased disease severity (Santos et al. 2021). 
RSV-infected mice demonstrate an increased expression of activated RIPK1 and 
MLKL with no increase in activated caspase-3 expression which correlates with 
neutrophilic inflammation and airway epithelial cell sloughing (Simpson et al. 
2020). When MLKL or RIPK1 were taken out of the equation using pharmacolog-
ical inhibitors, inflammation and airway remodeling were prevented and there was a 
decreased viral load. Furthermore, limiting necroptosis in RSV infection in neonatal 
mice was associated with decreased viral or allergen-triggered asthma later on in life. 
These findings argue that necroptotic processes stimulated by RSV infection are 
actually harmful by increasing viral pathogenesis and making those who become 
infected more susceptible to developing asthma. This is important to note in the 
development of future therapeutics as researchers will need to weigh the benefits 
versus harms of utilizing an inflammatory form of cell death in necroptosis. 

SARS-CoV-2 

SARS-CoV-2 is a positive single-stranded RNA virus. SARS-CoV-2 infection has 
been shown to induce a strong inflammatory response that results in severe lung 
disease in critically ill patients. SARS-CoV-2 infection in lung epithelial cells 
revealed activation of NF-κB, upregulation of inflammatory cytokines, upregulation 
of ZBP1, and significant cell death. It has been reported that SARS-CoV-2 triggers 
the production of viral Z-RNA and initiates the ZBP1-RIPK3-MLKL necroptosis



pathway. In ZBP1 CRISPR knockout epithelial cells, a reduced MLKL phosphor-
ylation confirmed the role of necroptosis. Additionally, a significant reduction in 
inflammatory cytokines released in the ZBP1-deficient cells. This showed that 
SARS-CoV-2 infection activates necroptosis and induces pro-inflammatory signal-
ing (Li et al. 2023). It was shown that ZBP1 deficiency in mice also reduced immune 
cell infiltration and lung damage, demonstrating that in the mouse model, ZBP1 is 
important for SARS-CoV-2 pathogenesis (Li et al. 2023). Further down the pathway, 
RIPK3 knockdown cells did not appear to impact viral load, but a significant 
reduction of inflammatory cytokines and chemokines was demonstrated. This deple-
tion of MLKL did not reduce the inflammatory response. Inhibition of the RIPK3 
kinase activity also did not appear to impact the inflammatory response but only the 
necroptosis activation; thus, the scaffolding of RIPK3 was determined to be crucial 
for triggering the inflammatory response resulting in severe lung damage. 
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Flaviviruses 

Flaviviruses are a family of positive, single-stranded, enveloped RNA viruses. This 
genus of viruses includes mosquito-transmitted viruses such as yellow fever, Japa-
nese encephalitis, Dengue fever, West Nile, and Zika virus (Pierson and Diamond 
2020). Ticks are also responsible for some flavivirus transmission, causing enceph-
alitis and hemorrhagic fever viruses. These include Palm Creek virus, Parramatta 
River virus, Kyasanur Forest disease, Alkhurma disease, and Omsk hemorrhagic 
fever. 

Zika virus (ZIKV) is a flavivirus transmitted by mosquitoes that can cause various 
neurological outcomes in humans. ZIKV infection in pregnancy can result in the 
virus crossing the placenta resulting in severe fetal abnormalities like microcephaly 
(Coyne and Lazear 2016; Costa and Ko 2018). Infection in adulthood can also result 
in neurological injury but is rare (Mehta et al. 2018). Early studies conducted found 
that neurons infected with ZIKV activated a cell-restricting pathway. Using mice 
deficient in the crucial necroptotic players, ZBP1, RIPK3, or the RIPK1 kinase 
activity, researchers found that the incidence of paresis to be rapidly increased 
during CNS infection demonstrating the protective role of necroptosis in neuron 
ZIKV infection. After activation of the ZBP1 necroptosis pathway, instead of 
completing necroptosis, RIPK signaling in ZIKV-infected neurons causes them to 
enter a metabolic state that suppresses viral genome replication (Daniels et al. 2019). 
This change in metabolic state is evidenced by the identification of IRG1 production 
of itaconate that inhibits succinate dehydrogenase activity in the mitochondria, 
restricting viral replication (Daniels et al. 2019). Intracranially infected mice defi-
cient in IRG1 had a greater viral burden, but injection of itaconate rescued the IRG1-
deficient mice from this viral burden. Later studies, however, found evidence of 
necroptosis occurring in ZIKV-infected human astrocytes and resulted in a protec-
tive effect on glial cells. This is of interest since astrocytes are known to support 
neurons in many ways including providing key components to fuel neuronal metab-
olism. It is important to also note that the necroptotic cell death observed was RIPK1



independent and associated with an upregulation of ZBP1 (Wen et al. 2021). While 
these are some fascinating findings, ultimately, studies using ZIKV-infected MLKL-
knockout mice have shown no differences in mortality compared to wild types 
infected with the virus which suggests that necroptosis does not play a major role 
in pathogenesis (Daniels et al. 2019). 
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Necroptotic processes in West Nile virus (WNV) models have not been thor-
oughly studied. What has been demonstrated is that microarray analysis of brain 
tissues harvested from WNV-infected mice shows an upregulation of necroptotic 
genes (Peng and Wang 2019). While these genes are upregulated, other in vivo 
studies have shown that RIPK3-deficient mice had increased mortality after WNV 
infection; however, in mice deficient in MLKL, the executioner of necroptosis, no 
impact on mortality was observed. These data suggest RIPK3 is involved in coor-
dinating other immune responses including chemokine expression and lymphocyte 
recruitment (Daniels et al. 2017). This further demonstrates the complexity of key 
necroptotic components and the multiple roles RIPK3 plays in the host defense. 

Rotavirus 

Rotavirus (RV) is a double-stranded RNA virus of the Reoviridae family and a 
leading cause of gastroenteritis in young children. Rotavirus infection mainly 
impacts enterocyte cells in the small intestine where infection concludes in cell 
death. RV induces necroptosis and apoptosis, the latter being well characterized. In 
early RV-induced necroptosis studies, RV was demonstrated to trigger MLKL 
phosphorylation, oligomerization of MLKL, and translocation to the plasma mem-
brane for pore formation (Mukhopadhyay et al. 2022) and shown to act through 
RIPK1-dependent pathway. Interestingly, a cooperative element between apoptosis 
and necroptosis appears to be a part of RV infection. When necroptosis is inhibited, 
apoptosis is activated and cell viability is also increased, resulting in an antiviral state 
where infected cells are phagocytized and RV replication reduces. When apoptosis is 
restricted in vivo, necroptosis becomes the death pathway of choice and a proviral 
response occurs. As a consequence of necroptosis, infected cells burst and the viral 
contents are released to promote infection (Soliman et al. 2022). 

Conclusion 

Viruses have invested substantial resources in the inhibition of programmed cell 
death by the host, highlighting the importance of cell death in the arms race between 
hosts and pathogens. While caspase-dependent cell death is traditionally thought of 
as the default host cell death pathway, numerous virus-encoded gene products have 
been identified that inhibit caspase-dependent cell death. However, inhibition of 
caspase-dependent cell death sensitizes cells to MLKL-dependent necroptotic cell 
death. Thus, viruses have evolved multiple mechanisms to inhibit necroptotic cell



death that can be engaged to gain further understanding of the consequences of 
unleashing or restricting this death pathway. Viral inhibitors target RIPK3 degrada-
tion or redistribution, ZBP1/DAI antagonist, restriction of RHIM activation, TNFR 
activation, and MLKL antagonist. Antagonism of necroptosis is important for 
poxviral resistance to interferon, both in cells in culture and in animal models, and 
for pathogenesis in animal models. Thus, inhibition of necroptosis appears to be an 
important means for viruses to maintain an edge in the arms race between viruses 
and their hosts. 
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Chapter 3 
Apoptosis and Phagocytosis as Antiviral 
Mechanisms 

Firzan Nainu, Youdiil Ophinni, Akiko Shiratsuchi, 
and Yoshinobu Nakanishi 

Abstract Viruses are infectious entities that make use of the replication machinery 
of their hosts to produce more progenies, causing disease and sometimes death. To 
counter viral infection, metazoan hosts are equipped with various defense mecha-
nisms, from the rapid-evoking innate immune responses to the most advanced 
adaptive immune responses. Previous research demonstrated that cells in fruit flies 
and mice infected with Drosophila C virus and influenza, respectively, undergo 
apoptosis, which triggers the engulfment of apoptotic virus-infected cells by phago-
cytes. This process involves the recognition of eat-me signals on the surface of virus-
infected cells by receptors of specialized phagocytes, such as macrophages and 
neutrophils in mice and hemocytes in fruit flies, to facilitate the phagocytic elimi-
nation of virus-infected cells. Inhibition of phagocytosis led to severe pathologies 
and death in both species, indicating that apoptosis-dependent phagocytosis of virus-
infected cells is a conserved antiviral mechanism in multicellular organisms. Indeed, 
our understanding of the mechanisms underlying apoptosis-dependent phagocytosis 
of virus-infected cells has shed a new perspective on how hosts defend themselves
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against viral infection. This chapter explores the mechanisms of this process and its 
potential for developing new treatments for viral diseases.
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Introduction 

Viruses are tiny infectious agents composed of a small amount of genetic material 
(either DNA or RNA), surrounded by a protein coat called the capsid. Viruses were 
originally considered pathogenic agents that can pass a common filter used in the 
isolation and detection of bacteria (Louten 2016). Soon enough, we later appreciated 
the existence of these tiny pathogenic entities, mostly with caution, and learned to 
live with them. Structurally, a virus is an infectious particle composed of genomic 
materials, enclosed in physically connected proteins to form capsid. The capsid 
protects the viral genome and helps the virus to enter the host cells. The combination 
of genomic materials and capsid proteins is termed nucleocapsid. Some viruses are 
surrounded by lipid membranes, designated as the viral envelope, derived from the 
host cell membranes (Madigan et al. 2017; Louten 2016). 

In order to replicate, a virus must enter a host cell and use the host’s cellular 
machinery to produce progenies. This process can cause defects in protein synthesis 
in the host cell, as the cell’s normal functions may be disrupted by the presence of the 
virus (Walsh et al. 2013; Walsh and Mohr 2011). The virus may also produce 
proteins that interfere with the host’s normal processes, further disrupting the 
cell’s functions (Walsh et al. 2013). As a result, the host cell may be damaged or 
killed in response to the viral infection, which can have significant consequences for 
the overall health of the host organism (Walsh and Mohr 2011). 

To mitigate viral infection, the host employs multilayer innate and adaptive 
immune responses (Aoshi et al. 2011). The orchestration of cellular and humoral 
mechanisms in those two arms of immunity has been reported to be able to alleviate 
viral propagation either directly by responding to the virus particles or indirectly via 
the elimination of virus-infected cells (Aoshi et al. 2011; Nainu et al. 2017). In this 
chapter, we aim to outline recent progress and insights on the role of apoptosis-
dependent phagocytosis of virus-infected cells as one of the evolutionarily con-
served mechanisms to eliminate virus-infected cells from the host. To achieve this 
purpose, we will delineate knowledge on what we have so far regarding the 
biological process and significance of apoptosis-dependent phagocytosis as an 
antiviral innate immune response in both invertebrates and vertebrates. Hopefully, 
by addressing this particular topic, we can improve our understanding of the 
potential targets for antiviral drug discovery, aiming toward the best treatment and 
safety of the patient.
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Virus Life Cycle, Classification, and Infection 

Viruses are obligate intracellular parasites; henceforth they are fully dependent on 
the replicative machinery of the host cells to produce new infectious particles 
(virions). To start its life cycle, a virus needs to bind to an appropriate receptor at 
the surface of the host cell and further promote a safe passage to deliver its genetic 
materials into the cytoplasm of the host cell (Louten 2016). Later, the viral genetic 
materials will be properly processed to produce new virions that are ready to be 
released to infect new healthy host cells (Madigan et al. 2017). A simplified diagram 
to illustrate the life cycle of a virus is presented in Fig. 3.1. 

Viruses produce multiple copies of virions, or progenies, by replicating their 
genetic material and constructing new viral particles using the host cell’s machinery 
(Sumbria et al. 2020). The process of viral replication can occur in several ways, 
depending on the type of virus. Some viruses, such as retroviruses, replicate using a 
reverse transcription process, in which the virus’s RNA genome is converted into 
DNA, which can then be integrated into the host cell’s genome (Madigan et al. 
2017). Other viruses, such as herpesviruses, replicate using a process called rolling 
circle replication, in which the viral genome is replicated as a circle and then cut into 
pieces, which are packaged into new viral particles (Madigan et al. 2017).

Fig. 3.1 Life cycle of a virus. Virus starts its life cycle by infecting a healthy cell to carry out 
replication of its genome as well as the production of virus proteins. The newly synthesized viral 
proteins are then assembled with the viral genome to form new virus particles prior to being released 
into the extracellular regions. Adapted from “Generic Viral Life Cycle” by BioRender.com (2023). 
Retrieved from https://app.biorender.com/biorender-templates

https://app.biorender.com/biorender-templates


Regardless of the specific mechanism of replication, the outcome of viral infection is 
the production of new viral particles that are able to infect other cells and continue 
the cycle of infection. This process can be very efficient, with some viruses able to 
produce hundreds of progenies per infected cell in a matter of hours (Mateu 2013).
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Viruses can be classified based on their shape, size, genomic structure, and the 
type of disease they cause (Mateu 2013). Some common shapes include spherical, 
rod-shaped, and filamentous (Madigan et al. 2017; Mateu 2013). Most viruses are so 
small that they can only be seen with the help of an electron microscope. However, 
some viruses, termed as giant viruses, can more easily be seen as their size is larger 
than bacteria. Nevertheless, in general, viruses are equipped with simple and effi-
cient genomic components, which can be in the form of either DNA or RNA, 
structured as a single- or double-strand. Hence, based on their genomic structures, 
viruses can be classified into either DNA viruses or RNA viruses (Madigan et al. 
2017). The genome of a DNA virus can be as small as 1.75 kilobase (kb) in the form 
of single-stranded and as big as 2.5 megabase (Mb) in the form of double-stranded 
(Madigan et al. 2017). On the other hand, the genome of RNA viruses is typically 
smaller in size than that of DNA viruses. 

Viruses can be classified into three main groups based on the type of genome they 
possess: DNA viruses, RNA viruses, and reverse-transcribing viruses (Madigan 
et al. 2017). This classification scheme, widely known as the Baltimore Classifica-
tion System, can be seen in Fig. 3.2. Common DNA viruses have a double-stranded 
DNA genome and can replicate their genome using the host cell’s machinery and can 
produce proteins using the host cell’s ribosomes. Examples of DNA viruses include 
herpesviruses, poxviruses, and adenoviruses (AdVs). On the other hand, common 
RNA viruses have a single-stranded RNA genome. These viruses can replicate their 
genome using their own RNA-dependent RNA polymerase. Examples of RNA 
viruses include influenza virus, rabies virus, and hepatitis C virus (HCV). Lastly 
are the reverse-transcribing viruses. These viruses have a single-stranded RNA 
genome that they convert into DNA before integrating it into the host cell’s genome. 
Examples of reverse-transcribing viruses include human immunodeficiency virus 
(HIV) and human T-cell leukemia virus (HTLV) (Madigan et al. 2017). 

By convention in virology, double-strand DNA viruses (Baltimore Class (BC) I, 
e.g., bacteriophage T4) can perform transcription (viral DNA is converted into viral 
mRNA) and DNA replication using the same mechanisms used by the host cells. 
However, BC II viruses with single-stranded DNA genome either in a positive (+) 
polarity (e.g., majority of parvoviruses) or negative (–) polarity (e.g., mink enteritis 
virus) perform the synthesis of a complementary single-strand DNA sequence prior 
to the mRNA synthesis (transcription) or DNA replication (Madigan et al. 2017; 
Koonin et al. 2021). Viruses with RNA genomes have slightly different mechanisms 
to produce their new infectious virions. The formation of new RNA genomes for 
their newly produced virions is carried out using a dedicated RNA-dependent RNA 
polymerase. For double-strand RNA viruses (BC III, e.g., rotavirus) and single 
negative-strand RNA viruses (BC V, e.g., Influenza virus), the negative (–) strand 
serves as the template to produce a new viral genome. However, unlike BC III and V, 
the genome of RNA viruses of BC IV (positive-strand RNA genome, e.g.,



Poliovirus) can undergo a direct translation into proteins. For its genome replication, 
BC IV RNA viruses need to synthesize a complementary negative-strand RNA to 
accommodate its genomic replication (Madigan et al. 2017; Koonin et al. 2021). 
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Fig. 3.2 The Baltimore classification system. This system classifies viruses into seven different 
groups based on the nature of genetic materials and the way their genetic materials are processed to 
generate messenger RNAs. +, positive sense; –, negative sense; BC, Baltimore Class; ss, single 
strand; ds, double strand; mRNA, messenger RNA; RT, reverse transcriptase. Adapted from “The 
Baltimore Classification of Viruses” by BioRender.com (2023). Retrieved from https://app. 
biorender.com/biorender-templates 

The last two classes are positive-sense RNA viruses equipped with reverse 
transcriptase (RT) that promote the replication via a DNA intermediate (BC VI) 
and viruses that package a genomic dsDNA (despite the fact that one of the strands is 
usually incomplete) that make use of RT to replicate via an RNA intermediate 
(BC VII). In general, viruses classified into these two latter classes, BC VI and BC 
VII, have a distinct role of RT in their replication cycle, hence separated from other 
viruses in BC I (dsDNA) and BC IV (positive-sense ssRNA). For more details on the 
virus classification and their replication, please refer to Fig. 3.2. 

Upon successful replication, viruses can escape from infected cells through a 
variety of mechanisms. Some viruses, for example, varicella-zoster virus (VZV) and 
dengue virus (DENV), use the host cell’s exocytosis machinery to be released from 
the cell (Buckingham et al. 2016; Islam et al. 2021). Exocytosis is a process by 
which cells release substances through the fusion of vesicles with the cell membrane 
(Südhof and Rizo 2011). In exocytosis, the virus is enclosed in a vesicle, which fuses

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates


with the cell membrane and releases the virus into the extracellular space (Südhof 
and Rizo 2011). However, it is also possible for viruses to escape from infected cells 
by destroying the host cell, which is known as lysis (Bird and Kirkegaard 2015). 
This can occur through a variety of mechanisms, including the production of 
enzymes that digest the cell membrane, or the activation of programmed cell death 
pathways in the host cell. In addition to exocytosis and lysis, there are several other 
ways that viruses use to escape from infected host cells, such as budding and 
envelopment (Chazal and Gerlier 2003). Budding is employed by some viruses, 
such as HIV. Using this mechanism, the virus forms small buds on the surface of the 
host cell and eventually breaks off from the host cell, taking the virus with them 
(Votteler and Sundquist 2013). In another mechanism, termed envelopment, some 
viruses, such as influenza virus, wrap themselves in the host cell’s membrane as they 
are released, taking the membrane with them, and protecting the virus from the 
immune system (Sun and Whittaker 2003). Overall, the specific mechanism of viral 
escape depends on the type of virus and the host cell. 
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Changes in Host Cells After Viral Infection 

In the event of viral infection, host cells initiate transcriptional changes leading to the 
induction of intrinsic immune responses for the resolution of infection (Aoshi et al. 
2011). Alternatively, the virus will escape from the intrinsic immunity and subse-
quently infect the host cell to initiate a variety of changes that may favor the viral 
invader. In the latter event, the host cells become infected and subsequently manip-
ulated to produce viral progenies (Andreu-Moreno et al. 2020). While both events 
lead to different outcomes, they may drive molecular and/or phenotypical changes in 
the infected cells. Obviously, either events will impact the global transcriptional state 
of infected host cells. This section is dedicated to exploring what are the changes 
identified in the host cells and why such changes occurred in response to viral 
infection. 

Alteration of Gene Expression 

Introduction of foreign entities such as virus particles/genomes into the intrinsic 
environment of host cells can lead to a variety of changes in the cell, including robust 
alteration of gene expression that may either facilitate viral replication or initiate the 
intrinsic immune responses (Sumbria et al. 2020; Walsh et al. 2013). In addition, 
viral infection may drive specific modifications of host cell structure to accommo-
date the formation of viral envelopes, enabling the assemble of newly generated viral 
particles (Omasta and Tomaskova 2022; Villanueva et al. 2005). 

Some of the most common changes that are related to the modulation of gene 
expression in the infected host cells are mainly stimulated by replication of the viral



genome and initiation of viral protein synthesis. The replication of the viral genome 
using either the host cell’s genetic machinery or the virus’s own proteins leads to the 
production of many copies of the virus (Rampersad and Tennant 2018). In accor-
dance with such an invasive event, viral proteins are subsequently synthesized by the 
host cell’s ribosomes and other host cellular machinery. These newly synthesized 
viral genomes and proteins are then assembled into new virions, ready to infect new 
healthy host cells (Rampersad and Tennant 2018). 
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In general, a virus is a metabolically inert entity. However, during infection, 
viruses may alter the metabolism of the host cells to support their replication 
(Sumbria et al. 2020). There are several virus-mediated cell metabolism modifica-
tions that have been reported. For example, the upregulation of glycolysis by AdV 
has been shown essential to support its optimal replication in the primary lung 
epithelial cells (Thai et al. 2014). Another example is the activation of glutamine-
mediated, instead of glucose-mediated, production of ATP in the host cells by 
human cytomegalovirus (Chambers et al. 2010). For a detailed explanation of the 
impact of virus infection on the metabolic state of host cells, please refer to the 
published literature (Sumbria et al. 2020; Thaker et al. 2019). 

Changes in Cell Surface Structures 

During a viral infection, the structure of the cell surface can undergo various 
changes. Some viruses, such as the influenza virus, can cause changes in the 
glycosylation patterns of the cell surface (York et al. 2019; Alymova et al. 2022). 
While others, such as HIV, can alter the expression of cell surface proteins (Speth 
and Dierich 1999; Sugden et al. 2016). Additional changes can also occur in the cell 
surface structure during viral infection. Some examples include the appearance of 
viral surface proteins (Villanueva et al. 2005), the downregulation of host cell 
surface proteins (Depierreux et al. 2022), and the upregulation of immune check-
point receptors (Saheb Sharif-Askari et al. 2021). These changes can be infection-
specific, as different viruses can have different effects on the cell surface. 

In addition to the above-mentioned changes, virus infection can trigger the death 
of virus-infected cells, mostly in a process termed apoptosis (Verburg et al. 2022; 
Nainu et al. 2017). However, it is important to note that changes present on the cell 
surface during viral infection do not necessarily occur in an apoptosis-dependent 
manner (Thomson 2001). Apoptosis is a separate process that can occur concurrently 
with changes in the cell surface structure during viral infection. Nevertheless, 
induction of apoptosis in response to viral infection has been widely reported 
(Majchrzak and Poręba 2022; Rex et al. 2022; Turpin et al. 2022; Holzerland et al. 
2020), and these apoptotic virus-infected cells are subjected to evolutionarily con-
served phagocytic elimination by immune cells such as neutrophils and macro-
phages (Hashimoto et al. 2007; Nainu et al. 2015), which will be described later in 
detail.
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The sequence leading to the engulfment of apoptotic cells typically starts with the 
release of “find-me” signals from the apoptotic cells to recruit phagocytic cells, 
recognition via expression of “eat-me” signals, internalization and cytoskeletal 
rearrangement by phagocytic cells, and finally, digestion, phagocytic response, 
and cytokine release. Secretion of the “find-me” signals creates the chemotactic 
gradient surrounding the apoptotic cells that may attract chemotaxis and diapedesis 
of local and distant phagocytes (Ravichandran 2003). The classic example is 
chemokines, such as fractalkine (CXC3CL1), which binds to CX3CR1 expressed 
on numerous lymphoid and myeloid effector immune cells (Imai et al. 1997). 
CX3CR1 was initially described as an HIV-1 fusion co-receptor and implicated in 
faster progression to AIDS (Faure et al. 2000; Combadiere et al. 1998), and indeed, 
fractalkine expression is increased in HIV-1 neuro-infection (Pereira et al. 2001). 
MIP1α and MCP-1 are other chemoattractants for nearby macrophages, which are 
upregulated in influenza virus and HCV infection in macrophages before cell death 
(Hofmann et al. 1997; Liu et al. 2017). Later discovered “find-me” signals include 
lipids, such as lysophosphatidylcholine (Lauber et al. 2003) and nucleotides (Elliott 
et al. 2009). 

Apoptosis and Viral Resistance to Apoptosis 

Physiological homeostasis is one of the most important properties to maintain. To 
achieve this, a delicate balance of the formation of new cells via the cell cycle and the 
destruction of damaged/dead cells via programmed cell death needs to be strictly 
maintained (Arandjelovic and Ravichandran 2015). Apoptosis is one type of 
programmed cell death process that occurs in cells during development and in the 
maintenance of tissue homeostasis (Arandjelovic and Ravichandran 2015). In the 
event of viral infection, virus-infected host cells may undergo apoptotic cell death 
(Nainu et al. 2017). The antiviral properties of virus-induced apoptosis have been 
widely reported (Barber 2001; Clarke and Tyler 2009; Orzalli and Kagan 2017; Rex 
et al. 2022; Upton and Chan 2014). Induction of apoptosis is essential to maintain 
tissue homeostasis (Taylor et al. 2008; Fuchs and Steller 2011), as it allows the body 
to rid itself of unnecessary or damaged cells (Arandjelovic and Ravichandran 2015), 
including the ones that are infected with viruses (Nainu et al. 2017). However, some 
viruses are known to resist apoptosis in the infected cells in order to maintain their 
replication state and spread to new healthy cells (Thomson 2001; Clarke and Tyler 
2009). 

Apoptosis is an evolutionarily conserved process and has been intensively studied 
in invertebrate model organisms (Caenorhabditis elegans and Drosophila 
melanogaster) and vertebrate animals (the mouse Mus musculus). While the detail 
of mechanisms is slightly differed across species, the main components and funda-
mental pathways that regulate the induction of apoptosis remain similar (Fuchs and 
Steller 2011; Hay et al. 2004). For example, the role of initiator and effector cysteine 
proteases, simply termed caspases, in the activation of apoptosis has been reported in



model organisms (Taylor et al. 2008; Shi 2004; Parrish et al. 2013). In addition, 
similar cellular changes such as DNA fragmentation, chromatin condensation, and 
cell shrinkage were observed in the apoptotic cells of worms, flies, and mice 
(Xu et al. 2009; Saraste and Pulkki 2000). 
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Fig. 3.3 Induction of 
caspase-mediated apoptosis 
in Drosophila upon viral 
infection. Apoptosis is 
induced upon DCV 
infection possibly via 
depletion of DIAP1 leading 
to the activation of initiation 
(Dronc) and effector 
(DrICE, Dcp-1) caspases. 
Dcp-1, death caspase-1; 
DCV, Drosophila C virus; 
DIAP1, Drosophila 
inhibitor of apoptosis 
protein 1; DrICE, death-
related ICE-like caspase; 
Dronc, death regulator 
Nedd2-like caspase. Created 
with BioRender.com 

We previously demonstrated that Drosophila C virus (DCV), a picorna-like RNA 
virus that naturally infects Drosophila, was able to induce the activation of caspase-
mediated apoptosis in Drosophila (Nainu et al. 2015). Hallmarks of apoptotic cells 
such as chromatin condensation, DNA fragmentation, and caspase activation were 
evident in the DCV-infected Drosophila S2 cells, suggesting that these 
DCV-infected cells underwent apoptotic cell death (Nainu et al. 2015). We observed 
that DCV-infected cells experienced depletion of Drosophila inhibitor of apoptosis 
protein 1 (DIAP1) which led to the onset of apoptosis (Nainu et al. 2015). Since 
DIAP1 acts to inhibit caspases, and DIAP1 has been known to be regulated by the 
pro-apoptotic protein reaper, hid, and grim, we speculated that the upregulated 
expression of the reaper, hid, and grim at the upstream of DIAP1 plays an important 
role in the depletion of DIAP1, resulting in the subsequent action of initiator and 
effector caspases to induce apoptosis (Fig. 3.3). While detailed mechanisms remain 
unrevealed, prior data from our group and others indicate the existence of DIAP1-
regulated, caspase-mediated apoptosis in the DCV-infected cells (Nainu et al. 2015; 
Liu et al. 2013).
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In mammals, there are two main paths toward apoptosis: the mitochondria-
initiated intrinsic pathway and the death receptor-mediated extrinsic signaling path-
way. The intrinsic pathway can be induced by various intracellular stimuli, which 
include DNA damage, oxidative stress, endoplasmic reticulum (ER) stress, exces-
sive oncogene activation, unfolded protein response, cytokine deprivation, or cyto-
solic Ca2+ overload. These internal stimuli trigger sequential processes of 
mitochondrial outer membrane permeabilization (MOMP) (Tait and Green 2010), 
the release of cytochrome c and other mitochondrial factors (e.g., Smac) into the 
cytosol to bind to Apaf-1 and procaspase-9 to form the apoptosome (Li et al. 1997), 
degradation of inhibitors of apoptosis proteins (IAPs) (Vince et al. 2018), and 
generation of the initiator caspase-9 to cleave the executioner caspases-3 and -7 
(Brentnall et al. 2013). IAP members XIAP, c-IAP1, and C-IAP2 can bind to 
caspases-3/-7 to inactivate them, while survivin inhibits apoptosome formation, 
antagonizes IAP inhibitor Smac/DIABLO, and inhibits caspases directly (Silke 
and Meier 2013; Wheatley and Altieri 2019). MOMP signifies the point-of-no-return 
toward apoptosis, whose formation is dependent on the homooligomerization and 
outer membrane insertion of the pro-apoptotic Bcl-2 family of proteins (Dewson 
et al. 2008; Pawlowski and Kraft 2000). As the master regulator of the intrinsic 
apoptosis pathway, the Bcl-2 family can be classified into three classes. First is the 
“pore-former” Bax-like pro-apoptotic factors (Bax, Bak) that can oligomerize to 
form MOMP. The second class is the BH3-only factor, which can further be divided 
into apoptosis “activator” (Bid, Bim, Puma) that activates the pore formers or inhibit 
the Bcl-2-like proteins and apoptosis “sensitizer” (Hrk, Noxa, Bad, Bmf, Bik, Blm-s) 
that releases the activators or inhibit the anti-apoptotic counterparts. The last is the 
Bcl-2-like anti-apoptotic factors (Bcl-2, Bcl-XL, Mcl-1, Bcl-w, Bcl-B, Bfl-1) that can 
sequester and inhibit both the pore-former and the activator BH3-only proteins. 
Membrane interaction via the C-terminal transmembrane domains (TMD) is essen-
tial for the function of the Bcl-2 family of proteins (Kale et al. 2018). 

Some viruses encode proteins that inhibit apoptosis, allowing the infected cells to 
survive longer and provide a favorable environment for viral replication (Clarke and 
Tyler 2009; Kaminskyy and Zhivotovsky 2010). For example, herpes simplex virus 
(HSV) can express viral protein ICP34.5 to prevent the activation of caspases, 
enzymes that play a key role in initiating apoptosis (Pasieka et al. 2006). Another 
herpesvirus, Epstein-Barr virus (EBV), expresses the viral protein BHRF1 that can 
bind to and inactivate the pro-apoptotic proteins expressed in the host cells 
(Kvansakul et al. 2010; Desbien et al. 2009). Inhibition of the apoptotic mechanism 
was also evident in other viruses. The viral protein E6 of human papillomavirus 
(HPV) can bind to and inactivate the tumor suppressor protein p53, which plays a 
key role in promoting apoptosis in response to DNA damage (Shimada et al. 2020), 
and the viral protein HBx of hepatitis B virus (HBV) induces anti-apoptotic path-
ways via activation of the Akt signaling pathway (Rawat and Bouchard 2015). In 
addition, in the realm of retroviruses, HTLV type 1 (HTLV-1) has been shown to be 
able to generate viral protein Tax that binds to and activates the anti-apoptotic 
protein NF-kB (Kannian and Green 2010). These are some examples of viral proteins 
that have been shown to inhibit or resist apoptosis, but it is important to note that not



all viruses have the same mechanisms to resist apoptosis. Examples of viral proteins 
with anti-apoptotic activity can be seen in Fig. 3.4. 

3 Apoptosis and Phagocytosis as Antiviral Mechanisms 87

Viruses have evolutionarily developed strategies to modulate the intrinsic path-
way, which include disruption of the intracellular sensors, signaling cascade, 
caspases, and viral mimicry of cellular apoptotic factors. A well-studied viral factor 
is vBcl-2, the viral homolog of cellular Bcl-2, which can hijack intrinsic pathway 
processes to prevent the premature death of host cells (Cuconati and White 2002). 
Similar to cBcl-2, vBcl-2 possesses TMD and can homo-oligomerize and interact 
with cellular Bcl-2 TMDs within the membranes of ER, mitochondria, and nuclear 
envelope (García-Murria et al. 2020). Membrane-associated vBcl2 proteins include 
AdV E1B 19K (White et al. 1984), EBV BHRF1 (Henderson et al. 1993), murine 
gammaherpesvirus-68 (MHV-68) M11 (Wang et al. 1999), African swine fever 
virus (ASFV) A179L (Hernaez et al. 2013), and Frog virus 3 (FV3) 97R (Ring 
et al. 2013). Functionally, vBcl-2 bound to apoptosis activator and pore-forming 
cBcl2 can disturb their functions: AdV E1B 19K engages with, at that time, the 
newly discovered Bak, Bax, and Bik (Farrow et al. 1995; Han et al. 1996; Boyd et al. 
1995); Herpesvirus saimiri (HVS) ORF16 binds to Bax and Bak (Nava et al. 1997); 
cytomegalovirus (CMV) vMIA (UL37) inhibits Bax and Bak oligomerization and 
upregulates Mcl-1 before shifting to Bcl-2 (Goldmacher et al. 1999; Collins-
McMillen et al. 2015); EBV BHRF1 resembles Bcl-2 and sequesters to Bim and 
Bak (Flanagan and Letai 2008); Kaposi’s sarcoma-associated herpesvirus (KSHV) 
Ks-Bcl-2 is more related to Mcl-1 and binds to Bim, Bid, and Noxa (Flanagan and 
Letai 2008); MHV-68 M11 binds to Bak, Bim, Noxa, Bid, Bmf, and Puma (Ku et al. 
2008); vaccinia virus (VACV) F1L binds to Bim and Bax and replaces Mcl-1 to 
inhibit Bak activation (Taylor et al. 2006); variola virus (VARV) F1L binds to Bid, 
Bak, Bax, and inhibits Bax independent of Bim (Marshall et al. 2015); myxoma 
virus (MYXV) M11L engages with Bak, Bax, Bim, and Bid (Wang et al. 2004; 
Kvansakul et al. 2007); ASFV A179L interacts with Bax, Bak, Bid, and Noxa 
(Galindo et al. 2008); orf virus (ORFV) ORFV125 interacts with Bik, Puma, Hrk, 
Noxa, and Bim (Westphal et al. 2009); canarypox virus (CNPV) CNP058 engages 
with Bax, BimL, and Bik to prevent Bax activation (Banadyga et al. 2009); sheeppox 
virus (SPPV) SPPV14 binds to Bam, Bak, Bim, Bid, Bmf, Hrk, and Puma (Okamoto 
et al. 2012); deerpox virus (DPV) DPV022 binds to Bax, Bak, and Bim (Burton et al. 
2015); and fowlpox virus (FPV) FPV039 interacts with Bax, Bak, and all BH3-only 
proteins (Anasir et al. 2017). 

The extrinsic apoptotic pathway is induced by the binding of the TNF family of 
death receptors (DRs) with their respective ligands: TNFR1 with TNF (Chen and 
Goeddel 2002), Fas (CD95/Apo-1) with Fas ligand (FasL) (CD95L) (Lacana and 
D’Adamio 1999), DR4 (TRAIL-R1) and DR5 (TRAIL-R2) with TRAIL (Apo2L) 
(Wang and El-Deiry 2003), DR3 with TL1A (Migone et al. 2002), and DR6 possibly 
with N-APP (Pan et al. 1998). DRs are transmembrane proteins consisting of 
extracellular domains containing 2–4 cysteine-rich repeats for ligand binding and 
an intracellular death domain to recruit adaptors required for downstream signaling. 
DR-induced cascades can be divided into two: TNFR1 and DR3 recruit the adaptor 
molecule TRADD, which subsequently forms the death-inducing signaling complex
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(DISC) by involving FADD together with RIP and TRAF2 (Pobezinskaya et al. 
2008); the latter recruits E3 ubiquitin ligase cIAPs to ubiquitinate RIP1 (Mahoney 
et al. 2008). The outcome of TRADD-recruiting DR signaling is the activation of 
NF-κB, c-Jun amino-terminal kinase (JNK), and p38 mitogen-activated protein 
kinases (MAPKs), and thus is inflammatory, while cell death is a secondary outcome 
due to inadequate or aberrant signaling (Natoli et al. 1998). On the other hand, Fas 
and TRAIL-Rs recruit FADD as the adaptor protein together with procaspase-8, 
procaspase-10, and the caspase-8/-10 regulator c-FLIP to form the DISC. Down-
stream of DISC is either cascade activation of the initiator caspases-8/-10 to cleave 
the executioner caspases-3/-7 to prompt apoptosis (Aouad et al. 2004) or caspase-
8 cleavage of Bid to produce tBid and subsequently trigger MOMP, thus creating 
linkage to the intrinsic apoptosis pathway (Li et al. 1998). Caspase-8 and -9 
activation signify the extrinsic and intrinsic pathways, respectively, and both path-
ways converge to the executioner caspases-3/-7. However, the caspase cascade in the 
intrinsic pathway is not required for apoptosis but instead to dampen cytokine 
production of the dying cell (McArthur and Kile 2018).

3 Apoptosis and Phagocytosis as Antiviral Mechanisms 89

Besides the perforin/granzyme pathway, DR stimulation can also be used by 
innate and adaptive immune cells to facilitate cytolysis and combat viral infections. 
The Fas/FasL-binding is utilized by cytotoxic T cells (CTLs) to induce the death of 
virus-infected and bystander cells in both MHC-II- and MHC-I-restricted lympho-
cytic choriomeningitis virus (LCMV) infection (Zajac et al. 1996; Medana et al. 
2000), HCV-infected cells (Gremion et al. 2004), and EBV-transformed B cells 
(Wilson et al. 1998). TRAIL also facilitates virus-specific CD8+ T-cell killing of 
influenza A virus (IAV)-infected pulmonary epithelial cells (Brincks et al. 2008). 
DRs may also exert immunoregulatory effects; for example, the Fas/FasL pathway 
may regulate mucosal neutrophil infiltration in HSV-2 infection (Krzyzowska et al. 
2011) and M1 macrophage differentiation and neuroinflammation in HSV-1 
(Krzyzowska et al. 2021). 

On the other hand, viruses can upregulate DRs in host cells to induce apoptosis, 
which is beneficial during the lytic stage to disseminate viral progeny with minimal 
host immune response. One of the most well-known examples is Fas; HIV-1 
infection, via Tat, Env, and Vpu proteins, upregulates both Fas on the surface of 
CD4+ T cells and macrophages, which leads to apoptosis and depletion of T cells 
(Aries et al. 1995; Badley et al. 1996). Fas upregulation has also been noted to 
mediate apoptosis of Madin-Darby canine kidney (MDCK) cells and HeLa cells in 
influenza virus infection (Takizawa et al. 1993), hepatocytes in HCV and HIV–HCV 
coinfection (Pianko et al. 2001; Macias et al. 2005), lymphocytes in VZV and Zaire 
ebolavirus (ZEBOV) (Ito et al. 1995; Baize et al. 1999), hematopoietic progenitor 
cells in murine CMV (Mori et al. 1997), CD4+ T and B cells in EBV (Tanner and 
Alfieri 1999; Le Clorennec et al. 2006), airway epithelial cells in respiratory syncy-
tial virus (RSV) (O’Donnell et al. 1999), human umbilical vein endothelial cells 
(HUVECs) in DENV (Liao et al. 2010), PK-15 cells in transmissible gastroenteritis 
virus (TGEV) (Ding et al. 2012), neurons in CHPV (Ghosh et al. 2013), astrocytes 
and microglia in HSV-1 (Krzyzowska et al. 2021), and peripheral T cells in SARS-
CoV-2 (Bellesi et al. 2020). FasL instead is upregulated in effector cells, such as



mononuclear cells in HCV (Mita et al. 1994), macrophages in HIV-1 (Badley et al. 
1996), and monocytes in HSV-1 (Iannello et al. 2011). Increased FasL, but not Fas, 
DR4/5 has also been observed in apoptotic LNCaP cells after SARS-CoV-2 infec-
tion (Johnson et al. 2022). Moreover, Fas also mediates bystander cell death, such as 
in HIV-1 (Algeciras-Schimnich et al. 2002), and surface or soluble FasL from 
infected cells can also promote Fas upregulation in CTL for elimination and thus 
weaken cellular immunity, as observed in EBV (Contini et al. 2000), HIV (Mueller 
et al. 2001), HSV-1 (Iannello et al. 2011), rabies virus (RABV) (Baloul et al. 2004), 
and AdV infection of the liver (Liu et al. 2001). Augmented co-expression of Fas and 
FasL in influenza-infected HeLa cells induces apoptosis from cell-to-cell contact 
(Fujimoto et al. 1998). In HSV-2 infection, an apoptotic tendency from Fas/FasL 
upregulation is balanced by anti-apoptotic factors, such as Bcl-2, Akt, and NF-κB 
(Krzyzowska et al. 2011). 
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Similarly, increased susceptibility to TRAIL-induced apoptosis due to 
upregulation of DR4/5 or TRAIL is noted in fibroblasts in CMV and reovirus 
infection (Sedger et al. 1999; Clarke et al. 2000), resting memory CD4+ T cells 
and macrophages in HIV-1 (Lum et al. 2001), T cells in HTLV (Rivera-Walsh et al. 
2001), primary airway cells in RSV and IAV (Kotelkin et al. 2003; Ishikawa et al. 
2005), HepG2 cells in HBV in part via Hbx protein (Janssen et al. 2003), hepatocytes 
in HCV (Deng et al. 2012), neuroblastoma cells in lyssaviruses (Kassis et al. 2004), 
primary keratinocytes in Sendai virus (SeV) (Kirshner et al. 2005), and HeLa cells in 
Newcastle disease virus (NDV) (Liao et al. 2017). SARS-CoV-2 ORF7b can induce 
IFN-β, TNF-α, and IRF3 phosphorylation, thus promoting TNF-mediated apoptosis 
in 293T and Vero cells (Yang et al. 2021). TRAIL induction also depends on type-I 
interferon and IRF3 (Kirshner et al. 2005; Herbeuval et al. 2006). DR4/5 
upregulation also contributes to HIV-1 pathogenesis by inducing apoptosis of 
bystander T cells, neurons, and B cells (Herbeuval et al. 2005; Miura et al. 2003; 
van Grevenynghe et al. 2011). The HBx protein of HBV also increased TRAIL-
induced apoptosis through Bax or E3 ubiquitin ligase (Liang et al. 2007; Zhang et al. 
2015). 

Further downstream, the c-FLIP anti-apoptotic function can be disrupted by HBV 
HBx protein in HepG2 cells (Kim and Seong 2003), HSV-1 in dendritic cells (Kather 
et al. 2010), and HPV E2 (Wang et al. 2011). Caspase-8 maturation has been 
observed in T cells in HIV-1 via Env gp160 (Algeciras-Schimnich et al. 2002) and 
in Middle East respiratory syndrome coronavirus (MERS-CoV) infection (Chu et al. 
2016), melanoma cells in VZV (Brazeau et al. 2010), mouse brain tissue in West 
Nile virus (WNV) (Clarke et al. 2014), and neural progenitor cells in Zika virus 
(ZIKV) (Souza et al. 2016). SARS-CoV-2 ORF3a also increased caspase-8-
activation, BID cleavage, and cytochrome c release, indicating an external apoptotic 
entry pathway that leads to mitochondrial damage (Ren et al. 2020). 

On the contrary, DR downregulation to subvert apoptosis in viral infection is 
associated with latency establishment and chronic disease progression. Fas is 
downregulated in AdV infection by the adenoviral E3 protein 10.4K/14.5K complex 
(Shisler et al. 1997), human CMV (HCMV) in myeloid progenitors (Seirafian et al. 
2014), and HBV in hepatocytes by the core protein (Liu et al. 2015). NF-κB



activation protects against Fas-mediated apoptosis, which can be induced by HSV-1 
gD protein (Medici et al. 2003) and HCV E2 (Chen et al. 2011). Caspase-8 activation 
blockade can be enacted by HIV-1 Nef (Yoon et al. 2001), the R1 subunits of HSV-1 
and HSV-2 (Dufour et al. 2011; Langelier et al. 2002), vICA (UL36) of HCMV and 
murine CMV (MCMV) (Skaletskaya et al. 2001; McCormick et al. 2003), and EBV 
LMP1 (Snow et al. 2006). The HBc protein of HBV represses the DR5 promoter and 
prevents TRAIL-induced apoptosis contributing to chronic hepatitis development 
(Du et al. 2009). DR4/5 are also downregulated in AdV infection by E3 10.4K/ 
14.5K/6.7K (Benedict et al. 2001) and DENV-2-infected HUVECs (Liao et al. 
2010). Additionally, the TNFR1 apoptotic pathway can also be disrupted by EBV 
BZLF1 protein via TNFR1 downregulation (Morrison et al. 2004), HCV NS5A 
via TRADD interaction (Majumder et al. 2002), adenovirus type 5 (Ad5) E3-14.7K 
via DISC formation blockade (Schneider-Brachert et al. 2006), and MCMV M45 via 
RIP1 interference (Mack et al. 2008). c-FLIP is induced in EBV infection of B cells 
and in nasopharyngeal carcinoma cells via LMP1 protein (Snow et al. 2006; Li et al. 
2011), HTLV-I in T cells via Tax oncoprotein (Okamoto et al. 2006), HCMV in 
retinal epithelial cells via IE2 (Chiou et al. 2006), and HCV via core protein (Ray 
et al. 1998). The viral homolog of c-FLIP is the v-FLIP proteins of 
gammaherpesviruses, such as KSHV K13 protein, and poxviruses, such as 
molluscum contagiosum virus (MCV) MC159 and M160, which act by competi-
tively inhibiting interaction with FADD and blocking procaspase-8 maturation, thus 
subverting apoptosis via all three of Fas-, DR4/5-, and TNFR1-mediated pathways 
(Thome et al. 1997; Bélanger et al. 2001). HCMV vMIA also inhibits Fas induction 
of the intrinsic apoptotic pathway downstream of the Bid cleavage (Goldmacher 
et al. 1999). 

3 Apoptosis and Phagocytosis as Antiviral Mechanisms 91

Cellular and Humoral Immune Responses Against Virus 
Infection and the Possible Induction of Cytokine Storm 

The immune system is a complex network of cells, tissues, and organs that work 
together to defend the body against foreign invaders, such as viruses and bacteria. 
There are two main types of immune responses in the innate and adaptive arms of 
immunity: cellular immune responses and humoral immune responses (Marshall 
et al. 2018). Cellular immune responses involve the activation of immune cells, for 
example, macrophages and dendritic cells (innate immune cells) as well as T cells 
(adaptive immune cells), which can directly attack infected cells and destroy them. 
These immune cells can also release cytokines, either with pro-inflammatory or anti-
inflammatory signatures, which help to coordinate the immune responses (Marshall 
et al. 2018). When a virus infects a cell, it can often evade the immune system by 
hiding inside the cell and replicating (Beachboard and Horner 2016; Simmons et al. 
2013). However, the immune system has various mechanisms for detecting



virus-infected cells and eliminating them (Beachboard and Horner 2016; Carty et al. 
2021; Nainu et al. 2017). 
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One way that the immune system can detect infected cells is through the presence 
of viral proteins on the surface of the cell. When a virus infects a cell, it often 
expresses viral proteins on the cell surface, which can be recognized by the immune 
system as foreign materials. Once infected cells are detected, immune cells such as 
phagocytes and T cells can be activated to attack and destroy them (Herbert and 
Panagiotou 2022). There are two main types of T cells: CD8+ T cells and CD4+ T 
cells. CD8+ T cells, also known as CTLs, can directly attack and kill infected cells 
by releasing toxic substances. CD4+ T cells, also known as helper T cells, can help 
to coordinate the immune response by releasing cytokines and activating other 
immune cells (Herbert and Panagiotou 2022). 

Another way that the immune system can detect infected cells is through the 
presence of viral RNA or DNA inside the cell (Iwasaki 2012). Cells employ the 
pathogen-associated molecular pattern (PAMP) recognition receptor (PRR) system 
that can detect viral RNA or DNA and trigger an immune response. When a cell is 
infected with a virus, it can release pro-inflammatory cytokines and interferons, 
which are signaling molecules that can alert nearby cells to the presence of the virus 
and help to activate the immune response (Neufeldt et al. 2022; Kopitar-Jerala 
2017). Overall, the immune system has multiple mechanisms for detecting and 
eliminating virus-infected cells, including the activation of T cells and the interferon 
system. 

Humoral immune responses involve the activation of immune cells called B cells, 
which produce antibodies that can recognize and neutralize foreign substances in the 
body (Herbert and Panagiotou 2022; Aoshi et al. 2011). When a virus infects a cell, it 
can trigger the activation of B cells, which can produce antibodies that are specific to  
the virus. Once activated, B cells divide and differentiate into two main types of 
cells: plasma cells and memory B cells. Plasma cells produce large amounts of 
antibodies, which are proteins that can recognize and bind to specific viral proteins. 
These antibodies can neutralize the virus by blocking its ability to infect cells or by 
marking it for destruction by other immune cells (Herbert and Panagiotou 2022; 
Aoshi et al. 2011). Memory B cells, on the other hand, are long-lived cells that 
remain in the body after the initial infection has been cleared. These cells can 
“remember” the specific viral proteins that they encountered, and can rapidly 
produce antibodies if the same virus is encountered again in the future (Dörner 
and Radbruch 2007). Such a convenient principle has been applied in the vaccination 
with a weakened or inactivated form of a virus, which can provide long-lasting 
immunity to the corresponding virus (Pollard and Bijker 2021). Overall, the humoral 
immune response involves the production of antibodies that can recognize and 
neutralize virus-infected cells, and it can provide long-lasting immunity to future 
infections with the same virus. 

A cytokine storm is a phenomenon that occurs when the immune system releases 
a large number of cytokines in response to an infection or other stimulus (Tisoncik 
et al. 2012). This can lead to inflammation and damage to healthy cells and tissues, 
and can sometimes be life-threatening (Tisoncik et al. 2012; Fajgenbaum and June



2020). Cytokines are signaling molecules that are produced by immune cells and 
other cells in the body. They play a crucial role in coordinating the immune response 
and helping to eliminate foreign substances, such as viruses and bacteria (Marshall 
et al. 2018). However, if the immune system releases too many cytokines at once, or 
if the cytokines are not properly regulated, it can lead to a cytokine storm (Tisoncik 
et al. 2012; Fajgenbaum and June 2020). Several factors can contribute to the 
development of a cytokine storm. One factor is the severity of the infection or 
other stimulus. More severe infections or other stimuli can trigger a larger immune 
response and a greater release of cytokines (Tisoncik et al. 2012). Another factor is 
the overall health of the individual. Individuals with compromised immune systems 
or underlying health conditions, including aging, may be more likely to experience a 
cytokine storm (Nidadavolu and Walston 2021). Finally, genetic factors can also 
play a role in the development of a cytokine storm, causing some individuals maybe 
more prone to developing a cytokine storm due to their genetic makeup (Vakil et al. 
2022). Overall, a cytokine storm is a complex process that is triggered by the 
immune system in response to an infection or other stimulus. It can lead to inflam-
mation and damage to healthy cells and tissues, and it can sometimes be life-
threatening. 

3 Apoptosis and Phagocytosis as Antiviral Mechanisms 93

Roles for Phagocytosis in the Prevention and Progression 
of Viral Diseases 

The emergence of virus-related proteins on the surface of infected cells can be a sign 
of an ongoing immune response to the infection. These proteomic biomarkers may 
be infection-specific, meaning that they are only expressed in response to a particular 
type of infection, or they may be apoptosis-specific, meaning that they are only 
expressed on cells that are undergoing apoptosis. Infection-specific biomarkers are 
molecules that are expressed on the surface of infected cells in response to a 
particular type of infection. These biomarkers can be used to identify the progression 
of the infection and may also be involved in the immune response against infection 
(Shapiro et al. 2022). Apoptotic biomarkers, on the other hand, are molecules that are 
expressed on the surface of cells undergoing apoptotic cell death, which can be used 
to identify apoptotic cells and may be involved in the regulation of the apoptotic 
process (Ward et al. 2008). Overall, the emergence of these markers on the surface of 
infected cells can provide important information about the immune response to the 
infection and the status of the infected cells. 

One of the most important viral-related biomarkers is viral antigens themselves. 
Viral antigens are molecules that are produced by viruses in infected cells and can be 
recognized and targeted by the immune system. These molecules may be expressed 
on the surface of virus-infected cells and can be used to identify and track the site of 
infection (Selvarajan et al. 2021; Tsao et al. 2020). These molecules are usually 
identified as PAMPs, molecules that are characteristic of pathogens, including



viruses, and can be recognized by the immune system (Thompson et al. 2011). 
However, in some cases, certain molecules that are produced by cells in response to 
damage or stress, including viral infection, can be recognized by the immune system 
(Land 2021). These molecules are collectively termed damage-associated molecular 
patterns (DAMPs). DAMPs may be expressed on the surface of virus-infected cells 
and can be used to stimulate an immune response to the infection (Land 2021). 
Overall, these markers can be used to identify and track cells undergoing apoptosis 
in response to viral infection, and are useful in understanding the role of apoptosis in 
viral infection. 

94 F. Nainu et al.

The emergence of virus-related markers on the surface of virus-infected cells is a 
prime subject for immunological responses. In addition to the swift response, T cells 
and phagocytic immune cells, such as neutrophils and macrophages, can respond to 
the alarming presence of virus-infected cells (Nainu et al. 2017). These latter cells 
have been reported to be able to eliminate virus-infected cells via apoptosis-
dependent phagocytosis of virus-infected cells leading to the mitigation of viral 
infection (Nainu et al. 2015; Hashimoto et al. 2007). 

Phagocytosis of Virus-Infected Cells as Innate Immune 
Response 

Metazoan species, which include animals such as insects, mammals, and birds, have 
evolved a variety of mechanisms to recognize and destroy virus-infected cells 
(Herbert and Panagiotou 2022). For example, mammals have several types of 
immune pathways that can be activated in response to viral infections, including 
the innate immune pathway and the adaptive immune pathway (Herbert and 
Panagiotou 2022). The innate immune pathway is activated by the presence of 
PAMPs that are present on the surface or in the interior of the viruses (Lee 2013; 
Mogensen 2009). Subsequent interaction of PAMPs with PRRs activates the pro-
duction of pro-inflammatory cytokines, antimicrobial peptides, and the recruitment 
of immune cells to the site of the infection (Herbert and Panagiotou 2022; Mogensen 
2009). The adaptive immune pathway, on the other hand, involves the activation of 
specific types of T cells and B cells, which can recognize and target specific viruses 
and help to eliminate them from the body (Herbert and Panagiotou 2022). In addition 
to the activation of immune pathways, metazoan species can also use other mech-
anisms to recognize and destroy virus-infected cells. For example, some species 
have developed mechanisms for detecting the presence of abnormal proteins or 
changes in gene expression that are characteristic of virus-infected cells, and they 
can use these mechanisms to identify and eliminate infected cells. Additionally, 
vertebrates have evolved specialized immune cells called CTLs that can directly 
recognize and kill virus-infected cells (Herbert and Panagiotou 2022). Overall, the 
ability to recognize and destroy virus-infected cells is a critical component of the



immune systems of metazoan species, and it plays a key role in protecting them from 
viral infections (Herbert and Panagiotou 2022). 
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Phagocytosis of virus-infected cells is an important mechanism by which the 
immune system can eliminate viral infections and prevent the spread of the virus 
(Nainu et al. 2017; Fujimoto et al. 2000; Hashimoto et al. 2007). Phagocytes, such as 
neutrophils and macrophages, are important immune cells that can recognize and 
engulf virus-infected cells (Hashimoto et al. 2007). Once inside the phagocyte, the 
engulfed virus-infected cell is exposed to a range of antimicrobial substances, such 
as reactive oxygen and nitrogen species, which can kill the virus and prevent it from 
replicating (Paiva and Bozza 2014; Molteni et al. 2014). Subsequently, the engulfed 
virus-infected cell is broken down and its components, including the virus, are 
degraded and recycled (Nainu et al. 2017). Many types of immune cells, including 
neutrophils, monocytes, and macrophages, are capable of phagocytosis and use this 
process to help eliminate pathogens and infected cells from the body (Hashimoto 
et al. 2007; Nainu et al. 2017). 

In Drosophila or fruit flies, phagocytosis is a process by which immune cells 
called hemocytes or blood cells engulf and digest foreign substances, including virus 
particles (Zhu and Zhang 2013) and virus-infected cells (Nainu et al. 2015). It is an 
important part of the immune response in Drosophila, as it helps to remove infected 
cells and prevent the spread of the virus (Nainu et al. 2015; Zhu and Zhang 2013). 
When a virus-infected cell is detected, hemocytes can bind to and engulf it (Nainu 
et al. 2015). During phagocytosis, the engulfed materials are subjected to a digestion 
process within a specialized structure called the lysosome, which contains enzymes 
that break down foreign substances (Melcarne et al. 2019). In addition to phagocy-
tosis, Drosophila is also equipped with other mechanisms to fight against viral 
infection, including the activation of autophagy, the production of antiviral proteins, 
and the activation of RNA interference pathways (Mussabekova et al. 2017; Xu and 
Cherry 2014). Together, these mechanisms help to protect the fly from viral infec-
tions and maintain the health of the fly’s immune system. Phagocytosis of virus-
infected cells in Drosophila is mediated by two types of phagocytosis receptors, 
namely, Draper and integrin (Nainu et al. 2015). Draper is a transmembrane protein 
that is expressed on the surface of phagocytes, such as hemocytes (Manaka et al. 
2004). It plays a key role in the recognition and engulfment of apoptotic cells 
(Manaka et al. 2004; Zheng et al. 2017). Integrin, also a transmembrane protein, is 
generally involved in cell adhesion and signaling (Moreira et al. 2013). Our study 
demonstrated that Drosophila integrins can play a role in the phagocytosis of virus-
infected cells (Nainu et al. 2015). Both Draper and integrin receptors are activated 
upon binding to specific ligands, most likely phosphatidylserine (PS), on the surface 
of infected cells, which leads to the activation of signaling pathways that trigger 
phagocytosis (Nainu et al. 2015). Specific ligands and signaling pathways involved 
in Draper- and integrin-mediated phagocytosis may vary depending on the types of 
viruses and host immune responses, but no studies have been done to explore this. 
Nevertheless, our initial study confirmed the antiviral role of phagocytosis of virus-
infected cells in Drosophila (Fig. 3.5), and such an event plays a critical role in the 
control of viral infections and the maintenance of immune homeostasis.



96 F. Nainu et al.

Fig. 3.5 Induction of apoptosis upon DCV infection and apoptosis-dependent phagocytosis of 
DCV-infected cells in Drosophila. Cells with apoptotic signatures, for example, increased levels of 
PS exposure, are targets for phagocytic elimination by Drosophila phagocytes. Adapted from Nainu 
et al. (2017). DCV, Drosophila C virus; PS, phosphatidylserine. Created with BioRender.com 

Fig. 3.6 Mechanisms of apoptosis-dependent phagocytosis of virus-infected cells in the mamma-
lian host. Cells with apoptotic signatures, for example, increased levels of Fas and Fas ligands, are 
targets for phagocytic elimination by mammalian phagocytes. Adapted from Nainu et al. (2017). 
Created with BioRender.com 

In the mammalian host, virus-infected cells are also targeted for removal from the 
host body by the apoptosis-dependent phagocytosis mechanism (Fig. 3.6) (Fujimoto 
et al. 2000; Hashimoto et al. 2007). Previous in vitro data have suggested that HeLa 
cells and MDCK cells underwent apoptosis in the presence of influenza A virus 
infection (Takizawa et al. 1993), most likely as the outcome of the increased levels of 
Fas and FasL (Wada et al. 1995; Fujimoto et al. 1998; Takizawa et al. 1993). 
Subsequent studies further revealed that influenza A virus-infected cells were 
targeted for phagocytic elimination by macrophages in both the in vitro (Fujimoto 
et al. 2000) and the in vivo (Hashimoto et al. 2007) settings. Preliminary analysis 
using HeLa cells suggested that apoptotic cells were subjected to engulfment in a 
manner dependent on the presence of PS on the surface of virus-infected cells 
(Shiratsuchi et al. 2000; Watanabe et al. 2002). While the biological implication of 
such an event was convincingly stated: the inhibition of viral propagation (Fujimoto 
et al. 2000) that leads to the mitigation of virus-related pathologies (Hashimoto et al. 
2007), it is important to note that the find-me signals involved in the recruitment of



phagocytes to the infected sites are still unidentified. In addition to that, detailed 
mechanisms of apoptosis-dependent phagocytosis of virus-infected cells remain 
unexplored, which would be scientifically suitable for future studies. 
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Consequences of Apoptosis-Dependent Phagocytosis 
of Virus-Infected Cells 

Phagocytosis is the process by which immune or non-immune cells engulf and digest 
foreign particles or microorganisms (Gordon 2016; Uribe-Querol and Rosales 
2020). Phagocytosis can help remove viruses from the body by engulfing and 
digesting them. This can help prevent the spread of the virus and reduce the severity 
of the infection (Tay et al. 2019; Nainu et al. 2017). Thus, phagocytosis is an 
important defense mechanism used by the immune system to remove pathogens, 
including viruses, from the body. When a phagocyte encounters a virus, it will 
extend pseudopodia (projections) around the virus and engulf it, forming a 
phagosome. The phagosome then fuses with a lysosome, which contains hydrolytic 
enzymes that can digest and destroy the virus (Gordon 2016; Tay et al. 2019). This 
process helps to prevent the virus from replicating and spreading and can help to 
reduce the severity of the infection (Tay et al. 2019). 

In the context of viral infections, the outcome of phagocytosis may extend to the 
presentation of viral antigens, removal of viruses, and mitigation of viral infection 
(Nainu et al. 2017). When viruses are phagocytosed, they are broken down into 
smaller components that may be recognized by immune cells. These components, 
collectively referred to as viral antigens, can be presented on the surface of immune 
cells, such as dendritic cells, to stimulate the development of adaptive immune 
responses (Nainu et al. 2017). This process, known as antigen presentation, is an 
important way that the immune system can recognize and respond to viral infections. 
When a dendritic cell presents viral antigens to a T cell, the T cell can recognize the 
antigens and becomes activated. Activated T cells can then secrete cytokines and 
other signaling molecules to stimulate other immune cells to respond to the infection, 
and can also directly kill infected cells. This process helps to clear the virus from the 
body and can also help to establish immunity to the virus, protecting against future 
infections (Nainu et al. 2017; Tay et al. 2019). 

However, in some cases, phagocytosis may not be effective at eliminating 
viruses, and the infection may progress. While phagocytosis can be an effective 
way for the immune system to eliminate viruses and other pathogens, it is not always 
successful in every case. Some viruses are able to evade the immune system and 
replicate inside cells, despite the efforts of phagocytic cells to destroy them. This can 
lead to the progression of the viral infection and the development of associated 
diseases. For example, HIV is able to evade the immune system and replicate inside 
immune cells, including CD4+ T cells and macrophages. Despite the efforts of these



cells to remove the virus through phagocytosis, HIV is able to replicate and spread, 
leading to the progression of AIDS (Balasubramaniam et al. 2019). 
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Perspectives 

Phagocytosis can play both a helpful and harmful role in virus-induced diseases, 
depending on the specific virus and the context in which it is operating. On the one 
hand, phagocytosis can be a useful defense mechanism for the immune system to 
remove viruses and other pathogens from the body. By engulfing and digesting 
viruses, phagocytic cells can help prevent the spread of the virus and reduce the 
severity of the infection. However, in some cases, phagocytosis can also contribute 
to the progression of viral diseases. Some viruses evade digestion and achieve 
successful replication in phagocytes after engulfment, and continue the infection 
process. 

There are currently no medical treatments that are specifically based on phago-
cytosis for the treatment of viral diseases, including COVID-19. However, some 
treatments for viral infections, including antiviral medications and vaccines, may 
indirectly enhance phagocytosis as part of the immune response to the virus. 
Antiviral medications work by inhibiting the replication of viruses, which can help 
to reduce the severity of the infection and the load of the virus in the body. This can 
make it easier for the immune system, including phagocytic cells, to clear the virus 
from the body. Vaccines, on the other hand, stimulate the immune system to develop 
immunity to a particular virus, without causing illness. When a person is vaccinated 
against a virus, their immune system is exposed to viral antigens, which can 
stimulate the development of adaptive immune responses, including the production 
of antibodies and the activation of T cells. These immune responses can help to clear 
the virus from the body and protect against future infections. 

Overall, while phagocytosis is an important defense mechanism for the immune 
system to remove viruses and other pathogens from the body, it is not currently a 
primary focus of medical treatments for viral diseases. Serious attention should now 
be given to this research area, as phagocytosis has been widely shown to play 
important roles in many aspects of viral diseases. Successful navigation on the 
prospective yet uncharted mechanisms of targeted phagocytic elimination of viral 
particles and virus-infected cells may lead to the discovery of generic targets 
presented on the surface of virus-infected cells and/or universal phagocytic receptors 
that can target viral particles and virus-infected cells. Therefore, instead of targeting 
different viruses with different medicines, generic targeting of virus-specific anti-
gens and/or virus-infected cells with enhanced phagocytosis activity in the patients’ 
bodies may provide a universal and hopefully better disease management in the 
future. 
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Chapter 4 
The Art of Viral Membrane Fusion 
and Penetration 

Sophie L. Winter and Petr Chlanda 

Abstract As obligate pathogens, viruses have developed diverse mechanisms to 
deliver their genome across host cell membranes to sites of virus replication. While 
enveloped viruses utilize viral fusion proteins to accomplish fusion of their envelope 
with the cellular membrane, non-enveloped viruses rely on machinery that causes 
local membrane ruptures and creates an opening through which the capsid or viral 
genome is released. Both membrane fusion and membrane penetration take place at 
the plasma membrane or in intracellular compartments, often involving the engage-
ment of the cellular machinery and antagonism of host restriction factors. Enveloped 
and non-enveloped viruses have evolved intricate mechanisms to enable virus 
uncoating and modulation of membrane fusion in a spatiotemporally controlled 
manner. This chapter summarizes and discusses the current state of understanding 
of the mechanisms of viral membrane fusion and penetration. The focus is on the role 
of lipids, viral scaffold uncoating, viral membrane fusion inhibitors, and host 
restriction factors as physicochemical modulators. In addition, recent advances in 
visualizing and detecting viral membrane fusion and penetration using cryo-electron 
microscopy methods are presented. 

Keywords Enveloped viruses · Non-enveloped viruses · Membrane fusion · Fusion 
pore · Virus uncoating · Virus penetration · Virus scaffold · Cholesterol · Cryo-EM 

General Terminology and Mechanisms of How Viruses Cross 
Host Membranes 

Membrane bilayers, comprising lipids and (glyco)proteins, constitute interacting 
barriers that effectively organize molecular processes in different cellular compart-
ments. They provide a platform for protein and lipid interactions while spatially

S. L. Winter · P. Chlanda (✉) 
Schaller Research Group, Department of Infectious Diseases, Virology, Heidelberg University 
Hospital, Heidelberg, Germany 
e-mail: sophie.winter@bioquant.uni-heidelberg.de; petr.chlanda@bioquant.uni-heidelberg.de 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. Vijayakrishnan et al. (eds.), Virus Infected Cells, Subcellular Biochemistry 106, 
https://doi.org/10.1007/978-3-031-40086-5_4

113

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-40086-5_4&domain=pdf
mailto:sophie.winter@bioquant.uni-heidelberg.de
mailto:petr.chlanda@bioquant.uni-heidelberg.de
https://doi.org/10.1007/978-3-031-40086-5_4#DOI


separating cellular processes from one another. Thus, it is not surprising that viruses 
have evolved to utilize membranes and membrane-bound compartments as sites to 
replicate their genomes and assemble their progeny. To initiate an infection, viruses 
need to enter host cells by crossing the host cell membrane and releasing their 
genome into the cytosol. To this end, they have evolved several mechanisms 
based on the architecture of the virus particles (virion) and particularly the organi-
zation of their outer protective coat: enveloped viruses are surrounded by a lipid 
bilayer acquired during the assembly and budding of viral progeny on the host cell 
membranes, whereas non-enveloped viruses, sometimes referred to as naked 
virions, protect their genome with a proteinaceous capsid that confers stability and 
renders them resistant to harsh environments.
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Enveloped viruses comprise particles of various shapes and sizes, in some cases 
even within the same viral population. Their large membrane surfaces typically 
harbor many viral glycoproteins whose main function is to attach to the host cell 
and carry out the fusion between the viral envelope and the host membrane. Viral 
fusion proteins are assembled and incorporated into viral particles in a metastable 
conformation and often require proteolytic cleavage of precursor fusion proteins 
referred to as priming. Upon entry into host cells, the virions then encounter various 
molecular cues such as receptor binding or acidic pH, which trigger conformational 
rearrangements of the fusion protein into energetically more favorable states. The 
fusion peptides become exposed and inserted into the host membrane, thereby 
bridging the viral and host membrane. Subsequently, the fusion machinery pulls 
the two membranes together until they eventually mix, and the membranes fuse to 
form a fusion pore through which the viral genome is released. 

As opposed to enveloped viruses, non-enveloped viruses do not have a lipid 
envelope and rely on intricate penetration machinery to cause local membrane 
ruptures, which allow either the entire capsid or the viral genome to enter the cytosol. 
Similar to the fusion machinery of enveloped viruses, proteolytical priming of the 
membrane penetration machinery and additional molecular cues (such as receptor 
binding and low pH) are often required to render non-enveloped virions infectious. 
Despite their less complex structural composition compared to enveloped virions, 
membrane penetration remains poorly characterized for many non-enveloped 
viruses and only a few structural studies on any penetration machinery exist. 

Membrane fusion and penetration are followed by the release of the viral genome 
into the cytoplasm of infected cells. To this end, scaffold-forming proteins 
(in enveloped viruses) and capsids (in non-enveloped viruses) undergo conforma-
tional changes leading to global changes in the viral architecture and compromising 
the virions’ integrity. This process is part of the virus uncoating, which typically 
consists of several spatially and temporally controlled steps initiated prior to mem-
brane fusion or penetration and completed once the free genome is available for 
transcription and replication. Virus entry into the host cell is a complex process 
encompassing virion binding, a crossing of the host membrane, and delivery of the 
viral genome to sites of virus replication. Some viruses are able to directly cross the 
plasma membrane, but the majority of viruses evolved to hitchhike the endocytic 
pathway and cross endosomal membranes to release their genome. This is



sometimes referred to as viral endocytic escape and includes viral uncoating and 
membrane fusion or membrane penetration. Differences and similarities of 
enveloped versus non-enveloped endosomal escape including the terminology cur-
rently used in the literature are summarized in Fig. 4.1. 
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Viral Membrane Fusion and Membrane Fusion Proteins 

Membrane fusion is an essential cellular process, which likely evolved concomi-
tantly with the development of the first membrane-surrounded cells, and greatly 
diversified to support compartmentalization in eukaryotic cells (reviewed by Mar-
tens and McMahon 2008). Governed by the hydrophobic effect, phospholipids 
assemble into bilayers to minimize the exposure of hydrophobic acyl chains to an 
aqueous solution. Lipid bilayers inherently form closed compartments that have 
negatively charged surfaces due to the phosphate groups present on the phospho-
lipids. Hence, substantial energy is required to overcome the repulsion of the 
surfaces, bring two membranous compartments in proximity, and merge them 
without causing a rupture and leakage. Membrane fusion occurs through an inter-
mediate called hemifusion at which the proximal monolayers are fused, but the 
distant monolayers remain separated. At this stage, lipids from the viral and target 
membrane can move from one to the other in a process called lipid demixing. 
Hemifusion can assume different geometrical conformations, called either 
hemifusion stalk or hemifusion diaphragm (Chernomordik and Kozlov 2008). 
While the hemifusion stalk can proceed to fusion pore formation, an extended 
hemifusion diaphragm can represent a dead-end product which does not proceed 
to pore formation due to a high energy penalty (Chlanda et al. 2016). 

Fusion proteins have evolved as molecular machines that upon refolding can 
bring two membranes in proximity and form a fusion pore that allows for lipid and 
content mixing. Perhaps, the most striking examples of cellular fusion proteins are 
Syncytin-2 implicated in placenta formation (Esnault et al. 2008) and the hapless 
2 proteins (HAP2) (Fedry et al. 2017), which are responsible for membrane fusion of 
male and female gametes. Remarkably, both proteins are structural homologues to 
viral fusion proteins, raising the question of whether these proteins are ancestral to 
viral fusion proteins or vice versa (Doms 2017). Interestingly, membrane fusion 
proteins are not only limited to viruses infecting eukaryotes but are also found in 
bacteriophages such as the membrane-enveloped bacteriophage φ6 (Bamford et al. 
1987) or haloarchaeal pleomorphic virus from the Pleolipoviridae family (El Omari 
et al. 2019). Viral membrane fusion proteins are in most cases initially synthesized in 
non-fusogenic forms and must be primed by proteolytic cleavage, which occurs 
either at or en route to the plasma membrane. Primed fusion proteins are metastable 
and undergo conformational changes upon triggering during host cell entry to 
assume a more stable, low-energy state. These conformational changes involve the 
formation of an extended intermediate structure that exposes a fusion peptide 
anchoring to the target membrane. The amphipathic fusion peptides form helices
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Fig. 4.1 Membrane penetration mechanisms of enveloped and non-enveloped viruses. (a) 
Endosomal escape of enveloped and non-enveloped viruses. After cell attachment and entry by 
endocytosis, viruses are exposed to specific cues such as changes in pH, which (1) initiate a cascade 
of structural changes such as the weakening of capsid and nucleocapsid protomer interactions in a



or loops that upon insertion into the target membrane locally disrupt the bilayer 
architecture leading to the exposure of phospholipid acyl chains. The exerted work, 
which equals the released energy gained after assuming the low-energy postfusion 
conformational state, is invested into pulling the viral and host membrane together. 
Recent molecular dynamics simulations on the SARS-CoV-2 spike showed that the 
bound fusion peptide can withstand forces up to 250 pN before detaching from the 
target membrane (Schaefer et al. 2021). Subsequently, the extended intermediate 
folds back to bring the membranes to proximity below 1–2 nm (Harrison 2015). 
Based on the architecture and evolution, so far characterized viral fusion proteins 
have been classified into three classes (see Table 4.1), which mechanistically 
perform a similar task reviewed in detail by Rey and Lok (2018).
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Class I viral fusion proteins are non-covalently linked trimers in both prefusion 
conformation and postfusion conformation. They are synthesized as a single protein 
in the ER and trafficked to the plasma membrane via the Golgi, where they are 
cleaved into two subunits that remain linked in most cases by a disulfide bridge. One 
of the subunits entails a transmembrane domain and a fusion peptide, whereas the 
second subunit serves as the receptor binding domain and is often heavily 
glycosylated. In prefusion conformation, the amphipathic fusion peptides are local-
ized in the trimeric interface in proximity to the viral membrane. After activation by 
low pH, the fusion peptides extend toward the target membrane and are inserted, 
thereby forming an extended intermediate. They then fold back by the formation of 
antiparallel α-helical coiled-coil assemblies composed of so-called heptad repeat 
domain 1 (HRD1) and HRD2 containing non-polar amino acids. Since the class I 
fusion proteins are trimeric, three pairs of antiparallel α-helices assemble into a 
so-called six-helix bundle in the postfusion conformation of the fusion protein 
(Kielian and Rey 2006). 

⁄>

Fig. 4.1 (continued) process called viral uncoating and (2) activate the membrane fusion or 
penetration machinery (triggering). In both enveloped and non-enveloped viruses, these steps 
lead to the liberation of the viral genome into the cytosol followed by viral replication. (b) 
Membrane fusion is driven by enveloped viruses. A fusion protein in prefusion conformation 
binds to a receptor present on the host membrane. Upon triggering by low pH, proteolytic 
processing, or receptor binding, the prefusion spike protein rearranges its conformation to form 
an extended intermediate. The extended intermediate exposes an amphipathic fusion peptide that 
inserts into and disrupts the host membrane. Subsequently, the fusion protein folds back into a 
low-energy postfusion conformation that causes the formation of a hemifusion intermediate and 
ultimately leads to a fusion pore opening. (c) Membrane penetration by non-enveloped viruses. 
Non-enveloped viruses bind to a membrane using exposed binding domains on the surface of their 
proteinaceous capsid. Once internalized and upon triggering by low pH, proteolytic cleavage, or 
receptor binding, the viral capsid changes its conformation, leading to exposure of hydrophobic, 
amphipathic, or lipidated peptides (orange), which insert deeply into the host bilayer. Some 
non-enveloped viruses such as parvoviruses harbor phospholipases and thereby convert phospho-
lipids to lysophospholipids (green lipids). Since lysolipids contain only one acyl chain and are able 
to form micelles, they play an important role in membrane lysis and increase the stability of open 
membrane pores. Image a was generated with BioRender under a personal license
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Class II viral fusion proteins form homodimers that assemble icosahedral or 
highly ordered coats around the viral envelope. They function similarly to class I 
fusion proteins; however, in contrast to class I fusion proteins, they are mainly 
composed of β-sheets and do not contain long central α-helices. Upon activation, 
they first form a trimeric extended intermediate which folds back by domain 
rearrangement rather than by an extensive refolding of secondary structures 
(Modis 2014). In addition, class II proteins use fusion loops in contrast to 
α-helical fusion peptides typically utilized in class I fusion proteins. 

Class III viral fusion proteins share distinct structural characteristics with class I 
and class II proteins and utilize bipartite fusion loops (Albertini et al. 2012). While 
class III viral fusion proteins form trimers in prefusion and postfusion conformation 
as found in class I fusion proteins, they do not require proteolytic cleavage for 
activation. Members of the same viral family typically rely on the same class of 
fusion proteins, pointing toward a common ancestor of the families. An interesting 
exception is represented by Thogotoviruses, which belong to the family of 
Orthomyxovididae. Unlike influenza A viruses which harbor the class I fusion 
protein hemagglutinin (HA), Thogotoviruses express a class III viral fusion protein 
(Peng et al. 2017). 

Overall, there is more information known about the viral fusion machinery of 
RNA viruses than of DNA viruses whose machinery is more complex. The fusion 
machinery of RNA viruses such as influenza A viruses, human coronaviruses, and 
filoviruses is composed of a single protein, “single-fusers.” On the other hand, 
paramyxoviruses rely on more complex fusion machinery composed of two proteins, 
“tandem-fusers.” DNA viruses typically rely on highly complex fusion machinery 
composed of multiple protein components, which impart a timely execution and 
regulation of membrane fusion. Perhaps the best characterized viral fusion machin-
ery of DNA viruses is the fusion machinery of herpesviruses, which rely on 
glycoprotein B (gB) and the heterodimer of gH/gL constituting the core fusion 
machinery (Vollmer et al. 2020). Additional viral proteins specific to herpesvirus 
subfamilies are involved in regulation and binding (Vollmer and Grunewald 2020). 
Even more sophisticated machinery is utilized by poxviruses, which rely on a 
complex of 11 proteins (Laliberte et al. 2011). It remains to be seen how these 
proteins orchestrate membrane fusion. Vaccinia virus A26 is an important viral 
fusion protein controlling membrane fusion in the late endosome. However, in the 
absence of A26 membrane fusion occurs at the plasma membrane (Chang et al. 
2019), indicating that A26 functions as a membrane fusion suppressor at the plasma 
membrane. Recent studies show that the African swine fever virus, which like the 
poxviruses belongs to the order of nucleocytoplasmic large DNA viruses (NCLDV), 
shares similarities with the poxviral fusion machinery (Matamoros et al. 2020).
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Conformational States of Viral Fusion Proteins 

Influenza A virus HA has been used as a model system to understand the structure 
and dynamics of conformational changes of class I fusion proteins. HA is produced 
as a precursor (HA0), before being cleaved at or en route to the plasma membrane 
into the subunits HA1 and HA2, which remain linked by disulfide bonds. Upon 
entry, low pH encountered by the virions in late endosomes induces drastic confor-
mational changes of the fusion protein leading to several intermediate structures. As 
these conformational changes occur rapidly, the existence of extended intermediates 
was experimentally confirmed by single-molecule Förster resonance energy transfer 
(FRET) (Das et al. 2018). To this end, click chemistry was employed to attach one 
fluorophore close to the fusion peptide and the second fluorophore within the D helix 
of HA2. By monitoring FRET, the dynamic landscape of HA conformational 
changes at low pH was determined. These data showed that initial conformational 
changes leading to the formation of the extended HA intermediate can be reversed by 
changing the pH back to neutral. This confirms earlier results from fusion inactiva-
tion assays, in which purified influenza A virions were subjected to low pH for a 
short time prior to re-neutralization and performing fusion assays (Leikina et al. 
2002). The conformational change leading to the extended intermediate becomes 
irreversible after extended incubation in acidic pH and the presence of sialic acid 
receptors. 

Recent advancements in fluorescence-based assays allow studying viral fusion on 
a single virion level and provide several advantages over assays assessing viral 
fusion in bulk (reviewed by Haldar 2022). Single virion fusion assays, which utilize 
supported lipid bilayers or liposomes of defined lipidic composition and virions 
labeled with fluorescent lipidic and content dyes, have proven to be an invaluable 
biophysical tool to dissect the kinetics of viral fusion (Otterstrom et al. 2014; Zawada 
et al. 2018). Such studies showed that 3–4 neighboring HAs, which undergo 
conformational changes, are required to form a membrane fusion pore. In addition, 
fusion kinetics measurements of HA with different mutations within the fusion 
peptide revealed that the withdrawal of the fusion peptide from a pocket in the 
prefusion trimer is a rate-limiting step of the conformational changes of HA 
(Ivanovic et al. 2013). Exciting structural data came from a recent single-particle 
cryo-EM study that uncovered the structure of the extended HA intermediate, which 
occurs within 10–20 s upon acidification and is short-lived (Benton et al. 2020). The 
HA trimer undergoes lateral dilation characterized by the separation of HA1 globular 
domains followed by the formation of the extended 150 Å-long triple-helical coils of 
HA2 (Fig. 4.2). Interestingly, an uncleaved HA0 precursor, which is unable to 
conduct membrane fusion, undergoes similar conformational changes leading to 
the formation of an extended intermediate; however, these conformational changes 
are reversible and HA0 returns into prefusion conformation at neutral pH (Garcia-
Moro et al. 2022). Hence, it was proposed that the low pH structure of “unprimed” 
class I fusion proteins triggered by acidification may serve as a potential indicator of 
intermediates in the conformational changes of primed glycoproteins at low pH.
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Fig. 4.2 Single-particle reconstruction using cryo-EM of purified HA ectodomain from X31 
influenza A virus subjected to low pH for 10, 20, 60 s, and 30 min. Top views and side views of 
electron microscopy maps (white isosurface) with a fitted atomic model showing HA structural 
rearrangement captured in five steps. The atomic structures of HA 2 fusogenic domains (HA2) are 
shown in magenta and binding domains HA2 are shown in cyan. The membrane bilayer is shown in 
green. HA conformational stages were visualized in ChimeraX (Pettersen et al. 2021) and corre-
spond to PDB structures (from left to right): 6y5g, 6y5i, 6y5j, 6y5k from Benton et al. (2020) and 
PDB 1HTM from Bullough et al. (1994) 

Membrane Penetration by Non-enveloped Viruses 

In contrast to enveloped virions, non-enveloped virions developed mechanisms to 
disrupt the bilayer architecture of the membrane via viral lytic peptides embedded 
into the viral capsid. Since most non-enveloped viruses require a trigger such as 
receptor binding (Hrebik et al. 2021) or low pH to initiate viral uncoating and 
exposure of the lytic peptide, they typically rely on the endosomal route for entry 
into the host (Kumar et al. 2018; Moyer and Nemerow 2011). The molecular 
mechanism and extent of membrane lysis caused during cytosolic entry (Fig. 4.1c) 
vary for different non-enveloped viruses. Based on the size and type of pore 
formation, non-enveloped viruses can be classified into (1) proteinaceous pore-
forming viruses, which induce a protein-lining pore spanning the endosomal mem-
brane to release the genome from the virion into the cytosol without completely 
disrupting the endosomal compartment, and (2) membrane perforating viruses, 
whose endosomal exit is characterized by the formation of a large pore which allows 
the capsid to reach the cytosol. Membrane perforating viruses either rely on the 
exposure of amphipathic peptides (lytic peptide-driven membrane penetration) that 
disrupt the membrane bilayer or on phospholipase activity (lipid-modifying mem-
brane rupturing viruses). As a membranous compartment which undergoes a rupture



tends to immediately reseal, bilayer edges of the open pore must be stabilized either 
by specialized lipids or by viral amphipathic and hydrophobic peptides. 

4 The Art of Viral Membrane Fusion and Penetration 123

Proteinaceous Pore-Forming Viruses 

Picornaviridae such as poliovirus, hepatitis A virus, foot-and-mouth disease virus, 
or rhinoviruses contain a genome of positive polarity in the form of single-stranded 
RNA. Upon uptake into late endosomes, the icosahedral capsids undergo low 
pH-induced conformational changes that lead to the exposure of the 
N-myristoylated peptide VP4 and the N-termini of VP1 proteins which together 
anchor to the endosomal membrane (Paul et al. 1987). Electron microscopy and 
biophysical assays revealed that purified rhinovirus VP4 proteins oligomerize and 
are able to form size-selective pores of approximately 12 nm in diameter (Panjwani 
et al. 2014) in supported membrane bilayers. Similar results were obtained with 
purified VP4 from the hepatitis A virus (Shukla et al. 2014). While a proposed model 
suggests that picornaviruses could release their genome via such a pore without 
disrupting the endosomal compartment, further structural studies using virions and 
liposome mixtures and cryo-electron tomography (cryo-ET) are needed to validate 
this model. It is possible that viral capsids form multiple pores across the endosomal 
membrane and thereby induce lysis of the entire endosomal compartment. Recent 
data show that in a cellular context endosomal escape is more complex and involves 
host proteins. For picornaviruses, for example, genome-wide haploid genetic screens 
identified A2 (PLA2G16) as an essential host factor required for viral entry (Staring 
et al. 2017). While the authors show that in the absence of PLA2G16, galectin-
8 targets endosomes harboring viruses for degradation by autophagy, it is currently 
not understood whether phospholipase A2 activity aids in the formation of the pore 
or increases its stability via generation of lysophospholipids (see below). 

Viruses Utilizing Lytic Peptide-Driven Membrane Penetration 

The majority of non-enveloped viruses such as adenoviruses, reoviruses, and 
polyomaviruses enter host cells by endocytosis and undergo low pH-induced struc-
tural changes leading to the exposure of lipidated amphipathic peptides to induce 
membrane lysis directly in late endosomes. The molecular mechanism of how lytic 
peptides induce membrane rupture followed by stabilization and enlargement of a 
pore remains to be understood. Recently, all-atom molecular dynamics simulations 
of the γ lytic peptide from Flock House Virus, a member of the Nodaviridae family, 
interacting with two membrane bilayers showed oligomerization of the peptides 
followed by the formation of a water pore between the bilayers (Nangia et al. 2020). 
Interestingly, based on the α-helical secondary structure and physical behavior of γ 
lytic peptides it has been suggested that they may act similarly to antibacterial 
peptides, which represent a promising antibacterial therapy (Moretta et al. 2021).



It is plausible that upon insertion into the membrane bilayer, lytic peptides cause 
exposure of phospholipid acyl chains similar to that shown for fusion peptides of 
viral fusion peptides. Lytic peptide exposure and interaction with the membrane may 
subsequently cause adsorption of the endosomal membrane on the surface of the 
viral particle and thus induce a high positive curvature reminiscent of viral budding. 
In this model, lytic peptides anchored in the membrane would synergistically disrupt 
the membrane integrity to establish a pore. The lipidic edge of the pore would be 
stabilized by lytic peptides reducing the line tension as suggested for other model 
systems (Akimov et al. 2017) and was observed experimentally on giant unilamellar 
vesicles in the presence of an actin-binding protein called talin (Saitoh et al. 1998). 
This mode of action of lytic peptides would be further enhanced by lipidation such as 
myristylation which may stabilize the edge of the pore. 

124 S. L. Winter and P. Chlanda

Interestingly, polyomaviruses, small icosahedral viruses with a DNA genome 
(e.g., simian virus 40 or BK virus), undertake a far more complex path on their way 
to establishing replication in the host cells (reviewed by Mayberry et al. 2021). 
Polyomaviruses enter through the caveolar endocytic pathway and undergo low 
pH-induced conformational changes leading to the exposure of a myristoylated 
amphipathic peptide in VP2. However, polyomaviruses are further trafficked into 
the endoplasmic reticulum (ER) starting 1–2 h post-infection (Kartenbeck et al. 
1989). Although the mechanism of virus cytosolic escape from the ER is not yet 
fully understood, polyomavirus membrane rupture is dependent on the ER-resident 
protein folding machinery, which acts as a chaperone to destabilize the capsid 
(Schelhaas et al. 2007). It is not clear why polyomaviruses need to be trafficked 
into the ER via a pathway which bypasses the Golgi apparatus. Since the viral DNA 
genome replicates inside the nucleus, it is believed that ER exit brings capsids into 
the vicinity of the nucleus. Recent data show that polyomavirus particles residing in 
endosomes are directed for fusion with the ER via the Rab18 and SNARE machinery 
(Zhao and Imperiale 2017). To shed light on this fascinating process, early electron 
microscopy studies should be revisited with modern electron microscopy methods to 
provide a better understanding of this peculiar and complex entry pathway. 

Lipid-Modifying Membrane Rupturing Viruses 

Endosomal rupture mediated by viruses of the family Parvoviridae relies on A2 

(PLA2) buried in the shell of the icosahedral capsid (Zadori et al. 2001). At neutral 
pH, PLA2 is buried in the capsid, and upon entry into the late endosome, acidifica-
tion is required for structural rearrangements of the capsid and exposure of the 
N-terminal region of the minor capsid viral protein 1 (VP1) with PLA2 activity. 
PLA2 hydrolyzes the covalent bond between the glycerol backbone and the sn2 acyl 
chain, which leads to the formation of a lysophospholipid. Lysophospholipids have a 
conical shape and positive intrinsic curvature and thus promote pore formation and 
lysis of membrane bilayers (see Fig. 4.4). Thus, it is plausible that lysophospholipids 
could stabilize the rim of the membrane and prevent resealing of the pore. In vitro 
studies on capsids of the adenovirus-associated virus (AAV) showed that their



stability is pH dependent, and capsids mixed with liposomes and analyzed by 
negative staining showed remodeling indicating that acidification is sufficient for 
the exposure of PLA2 (Lins-Austin et al. 2020). In the context of late endosomes, 
low pH-dependent proteases such as cathepsins may be critical to proteolytically 
activate capsids and render them pH sensitive or cathepsins contribute to capsid 
destabilization and exposure of the PLA2 domain (Akache et al. 2007) (Table 4.2). 
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Fig. 4.4 Regulation membrane fusion by lipids. (a) Role of lipids with positive (green) and 
negative spontaneous curvature (blue) in stabilizing or promoting hemifusion intermediate and 
pore formation. (b) Different shapes of lipids and their monolayer spontaneous curvature C. 
Monolayer spontaneous curvature is determined by the chemical structure of lipids. (c) Hypothet-
ical energy profiles of membrane fusion showing two local energy barriers for hemifusion and 
fusion pore formation. Green and blue curves represent energy profiles of membrane fusion for 
conical and inverted conical lipids, respectively 

Visualization of Viral Membrane Fusion and Penetrations 
Using Cryo-electron Tomography 

While fluorescence-based assays and microscopy have been instrumental to study 
membrane fusion at a high temporal resolution, cryo-ET continues to play a critical 
role in visualizing membrane fusion intermediates. Unlike single-particle cryo-
electron microscopy, which is applied to study the structure of purified fusion 
proteins and their conformational changes at the subnanometer resolution, cryo-ET 
enables visualization of the steady state of the viral membrane fusion pathway in 3D 
(Fig. 4.3). This allows us not only to capture membrane fusion intermediates but also 
to shed light on structural changes of the virion scaffold and nucleocapsids, which 
are important viral constituents and implicated in the membrane fusion process. 
Cryo-ET entails sample preservation by plunge freezing into liquid ethane, which
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Table 4.2 List of non-enveloped viruses and properties of their penetration machinery 

Virus family Attachment 
Penetration 
protein/ 
machinery 

Priming of the 
Cue to initiate 
membrane 
penetration 

Reoviridae 
(Rhesus rotavirus 
(Gaudin 2021), 
bluetongue virus 
(Mohl and Roy 
2014)) 

VP8* (rhesus 
rotavirus) 

VP5* 
(rhesus 
rotavirus) 

VP4 cleavage by 
trypsin-like proteases 
into VP5* and VP8* 
fragments (rhesus 
rotavirus) 

Decrease in 
calcium con-
centration 
(rhesus 
rotavirus) 

VP2 (blue-
tongue virus 

VP5 (blue-
tongue 
virus) 

No proteolytic priming 
of VP5 (bluetongue 
virus) 

Low pH (blue-
tongue virus) 

Adenoviridae 
(Human adenovi-
rus (HAdV) 
(Nemerow et al. 
2009)) 

Fiber pVI – Low pH-driven 
dissociation of 
vertex proteins 

Anelloviridae 
(Torque teno virus 
(Desingu et al. 
2022)) 

Unknown Unknown Unknown Unknown 

Astroviridae 
(HAstV (Ykema 
and Tao 2021)) 

V27/VP25 
(probable) 

Unknown Unknown Unknown 

Caliciviridae 
(Norovirus 
(Campillay-Veliz 
et al. 2020; 
Graziano et al. 
2019)) 

VP1 (feline 
calicivirus, 
FCV, human 
Norovirus, 
HNoV) 

Unknown Unknown Low pH (FCV) 

Hepeviridae 
(Hepatitis E virus 
(Lin and Zhang 
2021)) 

P domain of 
the capsid 
protein 

Unknown Unknown Unknown 

Nodaviridae 
(Flock House 
virus, FHV 
(Nangia et al. 
2020)) 

Capsid 
protein 

γ-peptide – Low pH 

Papillomaviridae 
(Human papillo-
mavirus (Nangia 
et al. 2020)) 

L1 L2 KLK8 priming of L1 
capsid to trigger con-
formational changes 
important for cytosolic 
entry 

Unknown 

Parvoviridae 
(Parvovirus 
(Tu et al. 2015)) 

VP2 VP1 – Low pH ! 
conformational 
changes in VP1 

Picobirnaviridae 
(Human 
picobirnavirus) 

CP Unknown Unknown Unknown
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allows vitrifying a thin film of aqueous samples with cooling rates of 5 × 105 K/s. 
Rapid processes such as membrane fusion are thereby instantly immobilized. The 
vitrified sample is subsequently imaged in a transmission electron microscope at 
cryogenic temperatures to acquire datasets of 2D projection images while tilting the 
sample typically from 60° to –60°. After alignment of the projection images, they are 
reconstructed into a final tomogram, which captures the site of interest in 3D.
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Table 4.2 (continued)

Virus family Attachment 
Penetration 
protein/ 
machinery 

Priming of the 
Cue to initiate 
membrane 
penetration 

Picornaviridae 
(Poliovirus 
(Tuthill et al. 
2006)) 

VP1 VP4 – Receptor-
binding 

Polyomaviridae 
(Simian virus 
40 (Chen et al. 
2019)) 

VP1 VP2 Proteolytic priming of 
the virus particle by 
ER-resident redox 
proteins 

Low pH 

Reoviridae 
(Rotavirus (Arias 
and Lopez 2021)) 

VP4 (subunit 
VP8) 

VP4 
(subunit 
VP5) 

Trypsin cleavage of 
VP4 

Ca2+ decrease 

Cryo-ET has successfully been applied to study reconstituted viral membrane 
fusion using purified viruses and liposomes of defined lipid composition (Calder and 
Rosenthal 2016; Fontana and Steven 2015; Gui et al. 2016; Halldorsson et al. 2018; 
Lee 2010). Since many viruses engage either protein or lipid receptors to initiate 
fusion, liposomes must be equipped accordingly. The reconstitution of influenza A 
virus membrane fusion in vitro has for example been possible because the sialic acid 
receptor can be incorporated into liposomes in the form of gangliosides. A recent 
study using purified endosomes containing influenza A virions showed similar 
fusion kinetics as shown for viral membrane fusion with liposomes, confirming 
that liposomes are a good model system for studying membrane fusion (Haldar et al. 
2020). Some viruses, however, require protein receptors and hence proteoliposomes 
must be used, which are produced by reconstituting the purified receptors into 
liposomes. Alternatively, giant plasma membrane vesicles (so-called blebs) or 
exosomes containing cellular receptors can be used to study viral membrane fusion. 
This has been demonstrated by a study showing human immunodeficiency virus 
(HIV) membrane fusion intermediates in the presence of membrane fusion restric-
tion factors or fusion peptide inhibitors (Ward et al. 2020). Cryo-ET has also been 
applied to shed light on the function of fusion peptide inhibitors which are designed 
to block SARS-CoV-2 mediated membrane fusion (see below) (Marcink et al. 
2022). 

While most of the cryo-ET studies were performed to reconstitute membrane 
fusion of viruses harboring class I fusion proteins, cryo-ET was also applied to 
capture membrane fusion driven by class II viral proteins of the phlebovirus Rift 
Valley fever virus (Halldorsson et al. 2018) and the alphavirus chikungunya virus
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Fig. 4.3 Cryo-ET of virus membrane fusion and penetration using liposomes. (a) Prefusion 
structures of influenza A virus HA (PDB:6Y5G, HA1 magenta, HA2 cyan) and chikungunya 
virus E1/E2 (PDB:3J2W, E1 cyan, E2 magenta, capsid blue) as examples of membrane fusion 
class I and class II machinery, respectively. The structure of bluetongue virus VP5 trimer at low pH 
(PDB:7RTN) is shown on the right (each monomer is shown in different colors). Images were 
prepared with ChimeraX (Pettersen et al. 2021). (b) Cryo-ET of virus–liposome mixtures under-
going membrane fusion (influenza A virus—left, chikungunya virus—middle) or membrane pen-
etration by bluetongue virus (right). Three different subsequent states of membrane fusion or 
membrane penetration are shown in columns (binding, hemifusion/penetration, and postfusion/ 
post-penetration events). Scale bars: influenza A virus and bluetongue virus: 50 nm; chikungunya 
virus: 20 nm. Images were used with the permission of corresponding authors of respective 
publications: influenza A virus (Chlanda et al. 2016); chikungunya virus (Mangala Prasad et al. 
2022a); bluetongue virus (Xia et al. 2021). The image for the influenza A virus postfusion event was 
not previously published and was acquired for this chapter. White spots in the image are 
computationaly erased fiducial markers used for tilt series alignments



(Mangala Prasad et al. 2022a). For the chikungunya virus, the authors were able to 
directly visualize an array of trimeric fusion complexes and long glycoprotein 
connections binding to the liposomal membrane, consistent with chikungunya E1 
homotrimers whose fusion peptides have been exposed and buried into the target 
membrane. Interestingly, large extended hemifusion intermediates and large fusion 
pores were revealed, which are not typically observed for class I fusion proteins. 
This difference may arise from the icosahedral structure of alphaviruses and may 
indicate that the formation of hemifusion intermediates and fusion pores requires the 
orchestrated action of more glycoproteins than in the case of class I fusion proteins. 
Intriguingly, after the completion of membrane fusion, which was reported to occur 
after 3 min at pH 5, the chikungunya nucleocapsid remains intact. This indicates that 
in the context of infection, additional factors are required to initiate nucleocapsid 
uncoating and liberation of viral RNA.
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Finally, cryo-ET has also been applied to study membrane penetration by 
non-enveloped viruses. Xian Xia and colleagues thereby unraveled interactions of 
the non-enveloped icosahedral bluetongue virus with liposomes. Bluetongue virus is 
an endemic livestock pathogen, which belongs to the family of Reoviridae (Xia et al. 
2021). It enters cells by clathrin-mediated endocytosis and utilizes the membrane 
penetration protein VP5, which forms 120 trimers on the viral surface. The VP5 
trimer contains a histidine cluster and structurally resembles the prefusion confor-
mation of the fusion domain of class I fusion proteins (Zhang et al. 2010, 2016). 
Single-particle cryo-EM of virions subjected to low pH revealed that VP5 undergoes 
structural rearrangements to form a central extended coiled-coil structure. The stalk 
formation appears to be irreversible as a change of pH back to neutral pH levels did 
not reverse the conformational changes. Cryo-ET of the virion and liposome mix-
tures showed that virions are decorated by rod-shaped stalks approximately 19.5 nm 
in length, which interact with the liposomal membrane (Xia et al. 2021). Interest-
ingly, the interaction causes the formation of a single rupture site rather than multiple 
perforated areas. Hence, it is plausible that protruding stalks stabilize the ruptured 
edge of the liposomal membrane and successively enlarge the opening pore by 
engaging additional stalks all around the virion until the virion leaves the endosomal 
compartment. It remains to be determined whether, in the context of infection, the 
ruptured endosome spontaneously reseals after the completion of viral cytosolic 
entry. 

Besides the many benefits of cryo-ET, as with any technique, several pitfalls 
should be considered during data interpretation. Membrane fusion is a rapid process, 
and while cryo-ET offers high-resolution imaging, it provides 3D snapshots of a 
steady state where long-lived intermediates are represented more frequently than 
short-lived membrane fusion intermediates. In addition, dead-end products or spu-
rious by-products may be prevalent in certain buffer conditions or lipid composi-
tions. Hence, it is highly advisable to complement cryo-ET studies with additional 
assays such as fluorescent dequenching assays to validate the membrane fusion 
system. Furthermore, misinterpretation of densities can arise in tomograms 
reconstructed from data acquired with an extensive defocus at thicker regions of 
samples due to decreased signal-to-noise ratio. While increasing the defocus leads to



an increase in contrast, it also causes fringing artifacts manifested in a white halo 
around lipid monolayers and proteins. This can be mitigated for example by using 
the Volta phase plate and in-focus data collection (Danev et al. 2014), which was 
shown to improve the data interpretability of membrane fusion events (Chlanda et al. 
2016). Additionally, the sample tilt range during acquisition is limited by the 
specimen holder, causing a so-called “missing wedge” of information and elongation 
of features in the Z-direction. This missing wedge information can be minimized by 
using dual-axis tomography which can also be combined with Volta phase plate 
imaging (Winter and Chlanda 2021). 
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Finally, to be able to localize rare fusion events and increase the throughput of 
cryo-ET, cryo-fluorescence microscopy can be applied to localize fluorescent 
dequenching events after vitrification. The cryo-light microscopy maps can be 
correlated with the cryo-EM map for targeted tomography. Metskas and Briggs 
used cryo-correlative light and electron tomography to correlate hemifusion events 
which are characterized by high fluorescent signal arising from lipid demixing and 
minimization of fluorophore self-quenching (Metskas and Briggs 2019). 

Endosomal Lipids as Regulators of Membrane Fusion 

In endosomal compartments, membrane fusion and penetration are tightly controlled 
by lipids, ions, and host proteins determining the outcome of infection. Phospho-
lipids are synthesized in the ER and are variously distributed to the different 
organelles, conferring specific properties to their membrane bilayers. It is well 
established that lipids are involved in signaling and give a specific physicochemical 
signature to membrane bilayers. They control the fluidity, rigidity, and membrane 
bending properties through their intrinsic shape, which can lower or increase the 
energy barrier of membrane fusion or rupture. Depending on the site of membrane 
interaction, lipids can inhibit or promote viral membrane fusion or penetration 
(reviewed here Sardar et al. 2022). Recent studies collectively indicate that mem-
brane fusion is mainly controlled by lipid intrinsic curvature and lipid charge. 

Effect of Lipid Curvature 

Based on effective molecular shape given by chemical structure, lipids are classified 
into cylindrical lipids (e.g., phosphatidyl choline, phosphatidyl serine); lipids with 
negative spontaneous curvature (e.g., phosphatidyl ethanolamine, diacylglycerol, 
cholesterol); and lipids with positive spontaneous curvature (e.g., lysolipids, 
phosphatidylinositol 4,5-bisphosphate) (Dymond 2021). Cylindrical lipids are able 
to form a membrane bilayer, whereas lipids with positive intrinsic curvature form a 
micelle, and lipids with negative intrinsic curvature form inverted micelles. The 
effect of lipid intrinsic curvature and its role in membrane fusion have been well



characterized (Chernomordik and Kozlov 2003). Lipids with positive spontaneous 
curvature present in the membrane bilayer during membrane fusion will inhibit 
hemifusion but will facilitate the formation of a fusion pore. Conversely, lipids 
with negative intrinsic curvature will promote establishing hemifusion but will 
inhibit the progression from hemifusion to fusion pore opening (Fig. 4.4a–c). One 
of the most important lipidic regulators of membrane remodeling processes is 
cholesterol, which stands out from other lipids by its compact shape and the small 
hydroxy group as the only polar constituent of the molecule. Upon synthesis in the 
ER, cholesterol is trafficked toward the plasma membrane by cholesterol transporters 
that regulate the cholesterol homeostasis in the cell. Cholesterol is highly enriched in 
the plasma membrane and its concentration within the bilayer decreases along the 
retrograde trafficking pathway (Iaea and Maxfield 2015). Besides its high negative 
intrinsic curvature, cholesterol increases phospholipid packing and thereby increases 
bilayer thickness, reduces membrane permeability, and is critical for the formation of 
liquid-ordered domains in the membrane. Cholesterol also influences membrane 
bending rigidity, which represents the energy needed to change the membrane 
curvature (Karal et al. 2022). The impact of cholesterol in viral membrane fusion 
has extensively been studied using in vitro membrane fusion assays. In vitro 
experiments using the influenza A virus and liposomes with variable concentrations 
of cholesterol showed that at low cholesterol concentrations in liposomes, low 
pH-induced HA conformational changes lead to liposomal rupture rather than 
membrane fusion (Chlanda et al. 2016; Haldar et al. 2018). Volta phase plate 
cryo-ET revealed that membrane rupture is followed by spontaneous insertion of 
the ruptured membrane into the viral envelope. This data is supported by fluores-
cence microscopy of individual membrane fusion events of influenza A viruses 
showing that the efficiency of lipid mixing increases with increasing cholesterol 
concentration in the target membrane, whereas the rate of lipid mixing that occurs 
during HA-mediated membrane fusion is cholesterol independent (Liu and Boxer 
2020). Recent studies showed that influenza A virions depleted of cholesterol or 
virions produced in the presence of lovastatin, which impairs cholesterol synthesis, 
exhibit reduced fusion efficiency (Zawada et al. 2016). Interestingly, similar results 
were obtained using Ebola virus-like particles produced in the presence of statins. 
Experiments employing photoactivatable cholesterol and NMR revealed that the 
transmembrane domain of the Ebola virus GP2 directly interacts with cholesterol via 
several glycine residues (Hacke et al. 2015; Lee et al. 2021), whose mutation 
increased the probability of hemifusion stalling and reduced GP-mediated mem-
brane fusion (Lee et al. 2021). The importance of cholesterol as a mediator of 
membrane fusion has also been demonstrated for other viruses including SARS-
CoV-2 (Sanders et al. 2021), and cholesterol within the HIV envelope influences the 
clustering of the envelope fusion glycoprotein (Env) to promote membrane fusion 
(Nieto-Garai et al. 2021). In conclusion, effective and non-leaky membrane fusion 
mediated by viral proteins requires cholesterol in both virion and the target 
membrane.
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Effect of Lipid Charge 

Collective evidence indicates that negatively charged lipids play an important role in 
viral attachment and membrane fusion. It has been reported that filamentous viruses 
such as the Ebola virus and large viruses such as the vaccinia virus display 
phosphatidylserine on their envelope and trigger uptake into target cells by a process 
termed “apoptotic mimicry.” The negatively charged phosphatidylserines are recog-
nized by cellular receptors to trigger macropinocytosis (Acciani et al. 2021; Mercer 
and Helenius 2008; Nanbo et al. 2018). 

Moreover, recent studies indicate that negatively charged lipids are implicated as 
cofactors of membrane fusion. For example, it was shown that anionic lipids are 
required for dengue virus class II fusion protein-mediated membrane fusion with 
liposomes and promote cell-to-cell fusion (Zaitseva et al. 2010). Similarly, HIV 
Env-mediated membrane fusion depends on the exposure of the negatively charged 
lipid phosphatidylserine. The Env trimer is composed of gp41 and gp120 that binds 
to CD4-positive cells and requires one of the two co-receptors CCR5 and CXCR4. 
Fluorescence microscopy-based assays revealed that the binding of HIV 
pseudoviruses induces phosphatidylserine flipping from the inner to the outer mono-
layer of the plasma membrane in a process driven by the scramblase TMEM16F. 
Interestingly, phosphatidylserine exposure and TMEM16F positively affect 
Env-mediated cell–cell and virion–cell membrane fusion, which indicates that the 
negative charge of serine might promote conformational changes of Env-promoting 
membrane fusion (Zaitseva et al. 2017). 

Based on the morphological appearance obtained from EM studies, late 
endosomes are often referred to as multivesicular bodies due to a high number of 
intraluminal vesicles. The formation of intraluminal vesicles is driven by the ESCRT 
machinery and depends on bis-monoacylglycerol phosphate (BMP, known also as 
lysobisphosphatidic acid (LBPA)) (Fig. 4.5b), which is enriched in late endosomes 
(Hullin-Matsuda et al. 2007; Rabia et al. 2020). BMP is a negatively charged lipid 
which facilitates membrane fusion and the formation of intraluminal vesicles 
(Matsuo et al. 2004). Similar to cholesterol, BMP enhances lipid mixing in influenza 
A virus–liposome mixture (Gui et al. 2016). In addition, BMP facilitates the fusion 
of the phlebovirus Uukuniemi virus (UUKV) with liposomes and promotes UUKV-
induced fusion with BHK-21 cells (Bitto et al. 2016). Bitto et al. investigated 
whether UUKV membrane fusion can be rescued by other negatively charged lipids 
in the absence of BMP, and fluorescence dequenching showed that only negatively 
charged lipids with negative intrinsic curvatures such as phosphatic acid and 
phosphatidylglycerol are able to support membrane fusion (Bitto et al. 2016). 
Another piece of evidence highlighting the role of BMP in the viral endosomal 
escape was recently reported for the Lassa virus and other related viruses from the 
family of Arenaviridae. Interestingly, the data of this study indicate that BMP does 
not influence the formation of the hemifusion intermediate but rather promotes the 
formation and enlargement of a fusion pore (Markosyan et al. 2021), which is 
unexpected considering the negative intrinsic curvature of BMP. Overall, recent



data highlight BMP as a facilitator of class II fusion protein-mediated membrane 
fusion. 
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Fig. 4.5 Chemical structures of lipids playing a role in viral membrane fusion. (a) 
Lysophospholipids such as lysophosphatidylcholine have positive spontaneous curvature due to 
the absence of one acyl chain. (b) Bismonoacylglycerolphosphate (BMP) is a lipid that regulates 
viral membrane fusion in endosomes. (c) An enzymatic reaction converting cholesterol to 
25-hydroxycholesterol catalyzed by cholesterol-25-hydroxylase, which is a host restriction factor 
present in the ER. The hydroxy group at cholesterol carbon position 25 is highlighted in orange. We 
thank Avanti Polar Lipids for allowing us to use the lipid chemical structures from their webpage 

Host Restriction Factors Controlling Viral Membrane Fusion 
and Penetration by Modulating the Endosomal Lipid 
Composition 

While in vitro studies have revealed invaluable insights into the structure and 
mechanism of membrane fusion proteins and penetration machinery, the scenario 
of cellular endocytic escape is far more complex. By utilizing host restriction factors 
as part of the innate immune response, cells have evolved several defense mecha-
nisms, which can delay the viral endocytic escape and thereby target incoming 
viruses for lysosomal degradation (Majdoul and Compton 2022). The expression 
of host restriction factors is stimulated by interferons, which are produced by cells 
sensing viral infection. Typically, this involves the recognition of viral material 
called pathogen-associated molecular patterns either by endosomal Toll-like recep-
tors or by cytosolic viral sensors. Among those patterns are viral nucleic acids such 
as double-stranded RNA by-products, CpG DNA, or uncapped single-stranded RNA 
(Rojas et al. 2021), which are typically not found in the cellular cytoplasm. Perhaps,



the most studied host restriction factors, which directly interfere with virus 
endosomal escape, are interferon-induced transmembrane proteins (IFITMs) (Brass 
et al. 2009). IFITM1, 2, and 3 have all been shown to block viral membrane fusion of 
several enveloped viruses (e.g., influenza A virus, Ebola virus, dengue virus, SARS 
coronaviruses, and HIV) but also some non-enveloped viruses such as reoviruses 
(Anafu et al. 2013; Perreira et al. 2013). IFITM3, the best-characterized IFITM 
ortholog with the highest antiviral potency of the three proteins, is a transmembrane 
protein with a single membrane-spanning α-helix and two amphipathic helices 
facing the cytosol. Post-translational modifications of IFITM3 such as phosphory-
lation, ubiquitination, and palmitoylation at Cys71, Cys72, and Cys105 are critical 
for IFITM3 endosomal targeting and its antiviral function in humans (Yount et al. 
2010) and bats (Benfield et al. 2020). Despite its essential role in antagonizing the 
entry of several important viruses, the molecular mechanism of IFITM3-mediated 
inhibition of viral entry is not well understood, and several models have been 
proposed. Fluorescence dequenching of lipidic dyes showed that IFITM3 does not 
impair lipid mixing between viral and endosomal membranes (consistent with 
hemifusion intermediate states) but blocks the formation of a fusion pore (Desai 
et al. 2014). We have recently shown by in situ cryo-ET that IFITM3 does not 
modulate the number of intraluminal vesicles inside late endosomes as previously 
suggested (Klein et al. 2023) but arrests the influenza A virus at the hemifusion state. 
In addition, subtomogram averaging revealed that IFITM3-arrested hemifusion sites 
contain HA in postfusion conformation, indicating that IFITM3 stabilizes 
hemifusion intermediates without affecting the conformational transition of hemag-
glutinin from prefusion to postfusion state (Klein et al. 2023). How does IFITM3 
then stabilize the hemifusion state? Although a recent study suggested that IFITM3 
induces negative spontaneous curvature and thereby increases the energy barrier for 
pore formation (Guo et al. 2021), a growing body of evidence indicates that IFITM3 
blocks viral membrane fusion by modulating the cholesterol concentration in late 
endosomes (Amini-Bavil-Olyaee et al. 2013; Das et al. 2021; Garst et al. 2021; Klein 
et al. 2023; Rahman et al. 2022). Recent data using photoactivable and clickable 
cholesterol and molecular dynamics simulations revealed that Cys72 
S-palmitoylation is critical for IFITM3 interactions with cholesterol (Das et al. 
2021; Klein et al. 2023). However, molecular dynamics simulations showed that 
despite the cholesterol interaction with palmitoyl, cholesterol is depleted from the 
immediate vicinity of IFITM3. This data led to a model supported by continuum 
membrane modeling, in which we proposed that IFITM3-induced lipid sorting leads 
to cholesterol accumulation in a hemifusion state and thereby stabilizing its lifetime 
(Klein et al. 2023). 
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Interestingly, IFITM3 seems to only block viruses which strongly depend on 
cholesterol during membrane fusion and enter via endosomes (influenza A virus, 
Ebola virus, SARS-CoV-2). Even though arenaviruses are also late-penetrating 
enveloped viruses, their membrane fusion is promoted by negatively charged lipids 
such as BMP (see above) and arenavirus entry is not restricted by IFITM3. This 
further highlights the important interplay between IFITM3 and cholesterol and



shows that IFITM3 is functional only when cholesterol is required in viral membrane 
fusion. 
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Another interferon-inducible host restriction factor with broad antiviral function 
which directly affects cholesterol homeostasis is the cholesterol 25-hydroxylase 
(CH25H). This ER-associated enzyme catalyzes hydroxylation at the hydrophobic 
cholesterol acyl chain (Lund et al. 1998). This seemingly small chemical modifica-
tion results in the formation of 25-hydroxycholesterol (25HC), a molecule whose 
physicochemical properties are diametrically distinct from those found for choles-
terol (Fig. 4.5c). More specifically, 25HC has increased solubility in aqueous 
solutions and alters the mechanical properties of membranes, and it is unlikely to 
assume parallel packing with phospholipids in a membrane bilayer (Domingues 
et al. 2021; Gomes et al. 2019). Interestingly, 25HC inhibits the entry of several 
enveloped viruses including influenza A virus, Ebola virus, Nipah virus, HIV, herpes 
viruses (Blanc et al. 2013; Liu et al. 2013), and porcine coronaviruses (Zhang et al. 
2019). Specifically, CH25H expression was shown to restrict the entry of 
pseudoviruses carrying SARS-CoV-2 S spikes to a similar extent as IFITM3, and 
25HC accumulates in late endosomes where it blocks S-mediated membrane fusion 
(Zang et al. 2020). Biophysical approaches revealed that the membrane fusion 
efficiency of the HIV fusion peptide is reduced by 50% when cholesterol is replaced 
by 25HC in liposomes (Gomes et al. 2018). It remains to be investigated at which 
stage 25HC blocks membrane fusion and liposome–virus fusion assays have not 
been performed so far to further assess the membrane fusion efficiency in the 
presence of 25HC. Apart from inhibiting membrane fusion, 25HC was also shown 
to restrict the entry of the non-enveloped human rotaviruses by sequestering viral 
particles into late endosomes, demonstrating its broad effect on membrane processes 
in general. Whether 25HC stalls the entry of other non-enveloped viruses that exit 
from late endosomes remains to be elucidated. 

Another well characterized viral restriction factor is serine incorporator 
5 (Serinc5), which is incorporated into HIV virions during budding in a process 
antagonized by the viral protein Nef (Rosa et al. 2015). Serinc5 inhibits HIV entry by 
a so far not completely understood mechanism. A study employing Cryo-ET and 
TIRF microscopy investigated HIV-mediated membrane fusion between cell bleb-
derived membranes, which harbor the HIV CD4 receptor and the CCR5 coreceptor 
in the absence or presence of Serinc isoforms 2, 3, and 5. While the presence of 
Serinc5 and Serinc3 delayed the membrane fusion and caused the accumulation of 
arrested membrane fusion intermediates including hemifusion, Serinc2 had no 
impact on Env-mediated membrane fusion. Fluorescence lifetime imaging micros-
copy using the fluorescent membrane dye FLIPPER-TR, which has been established 
as a reporter of membrane order (Colom et al. 2018), showed that Serinc5 but not 
Serinc2 directly modulates thickness and lipid order of lipid bilayers, which possibly 
leads to HIV membrane fusion inhibition (Ward et al. 2022). Interestingly, similar to 
IFITM3 restriction, Serinc5 membrane fusion inhibition can be reversed by the 
addition of the cholesterol-binding antimycotic amphotericin B. This suggests that 
the inhibitory effect of Serinc5 is cholesterol-dependent, a notion that is further 
promoted by the fact that HIV virions are enriched in cholesterol. Until recently, the



inhibitory effect of Serinc5 on membrane fusion has only been reported for retrovi-
ruses; however, an important study showed that Serinc5 is also incorporated into 
SARS-CoV-2 virions in a process that is counteracted by the SARS-CoV-2 protein 
ORF7a (Timilsina et al. 2022). As well as in HIV, Serinc5 is able to inhibit 
membrane fusion of SARS-CoV-2 pseudoviruses, which indicates that Serinc5 
may have a broader antiviral function than previously assumed. While envelope 
glycoproteins of vesicular stomatitis virus and Ebola virus are not susceptible to 
Serinc5 inhibition, Serinc5 is able to inhibit influenza A virus membrane fusion in a 
process dependent on HA glycosylation level (Zhao et al. 2022). 
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Role of Viral Uncoating in Membrane Fusion 

During virus entry, virions undergo structural changes to (at least partially) disinte-
grate and release the viral genome. These processes are referred to as virus 
uncoating, which typically begins prior to membrane fusion and finishes with the 
liberation of the viral genome into the cytosol. Different steps of virus uncoating and 
its spatiotemporal regulation depend highly on the viral architecture. Typically, viral 
genomes are protected by proteins in the form of nucleocapsids or viral ribonucleo-
protein complexes. During the formation of viral progeny, they are recruited to 
assembly sites by interaction with viral membrane bending proteins forming either 
scaffolds (glycoprotein coats) or matrices (formed by matrix proteins). The majority 
of class I and class III fusion proteins are not able to form scaffolds that would induce 
membrane curvature and provide force during virion assembly. Accordingly, viruses 
harboring class I and class III fusion proteins rely on matrix proteins as major 
assembly drivers and determinants of viral shape. Exceptions are the influenza C 
virus and measles viruses, which have ordered viral fusion proteins assuming lattice-
like arrangements but still rely on matrix proteins to drive virion assembly 
(Halldorsson et al. 2021). In contrast, class II fusion proteins are typically composed 
of two different proteins that interact and form a highly ordered coat on the virion 
envelope. For example, an icosahedral coat covers the envelope of flaviviruses and 
alphaviruses and highly ordered non-icosahedral coats are found on the surface of 
bunyaviruses. Class II proteins carry out two independent tasks: they drive viral 
assembly and membrane fusion during virus entry. In the context of membrane 
fusion, the transition of class II viral fusion machinery to postfusion conformation is 
responsible for virion softening and loss of integrity. In contrast, the transition of 
class I and class III viral proteins to postfusion conformation only has a minor 
influence on the overall integrity of viruses whose architecture is determined by 
matrix proteins. These viruses depend on the detachment of their matrix proteins 
from the viral envelope to allow fusion pore opening and genome release. A typical 
example of such a scenario is the influenza A virus, whose HA fusion protein 
depends on endosomal acidification to trigger its fusogenic activity. In addition, 
low pH is required to disassemble the viral matrix underneath the viral envelope and 
to detach the segmented genome from the viral particle. This is accompanied by



virion softening as determined by atomic force microscopy (Li et al. 2014). 
Recently, we showed that the influenza A virus might not be the only virus relying 
on low pH-mediated disassembly of matrix proteins. Similar to influenza A viruses, 
the Ebola virus shape is determined by a viral matrix protein, viral protein (VP)40, 
which detaches from the viral envelope upon acidification (Winter et al. 2023). In 
contrast to the influenza A virus, which relies on the activity of the viral ion channel 
M2 protein for luminal acidification, we show that Ebola virus protonation occurs by 
passive diffusion. In addition, the disassembly of the VP40 layer is critical for 
establishing a hemifusion stalk (Fig. 4.6). Due to the high functional similarity 
between matrix proteins of different enveloped viruses, it is plausible that 
pH-driven matrix disassembly in an ion channel-independent manner occurs in 
other late-penetrating enveloped viruses. We hypothesize that matrix proteins 
undergo disassembly during endosomal entry which facilitates subsequent mem-
brane fusion driven by class I or class III membrane fusion proteins. 
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Fig. 4.6 Regulation membrane fusion by matrix layer during virus uncoating. Membrane-
enveloped viruses utilizing class I fusion proteins form a matrix layer (yellow) underneath the 
virion envelope, which is critical for viral assembly. The viral matrix layer must disassemble in 
order to release the viral genome into the cytosol. The model proposed by Winter et al. (2023) 
predicts that viral matrix layer disassembly plays a role in modulating the energy landscape of viral 
membrane fusion. (a) Matrix protein adhesion forces to the viral envelope do not prevent 
hemifusion formation, but the formation of a fusion pore is inhibited. (b) Matrix protein disassem-
bly facilitates fusion pore formation 

Inhibitors of Viral Membrane Fusion 

Viral membrane fusion represents an excellent target for antiviral therapy interven-
ing early during viral infection. Numerous small molecules either blocking confor-
mational changes of the viral membrane fusion protein or changing the fluidity of the



membranes have been reported and some have been used therapeutically. Membrane 
fusion inhibitors can be used as direct-acting antivirals (DAA) or as host-targeting 
agents (HTA) (Ji and Li 2020). DAAs are used directly on the virus particles and 
thus can be employed as a means to inactivate viruses and produce virus-based 
inactivated vaccines. In contrast, HTA is used to target virus entry directly inside 
cells and thus is applied as a medication to minimize the disease outcome. Three 
types of inhibitors will be discussed in the following: fusion peptide inhibitors, 
glycoprotein stabilizing inhibitors, and recently developed membrane ordering 
inhibitors. 
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Among promising inhibitors targeting viral fusion proteins are fusion peptide 
inhibitors that prevent the formation of six-helix bundles in class I fusion proteins, 
thereby blocking conformational transitions to the postfusion conformation 
(reviewed in Behzadipour and Hemmati 2022). Fusion peptide inhibitors are ana-
logues to the HRD 1 and 2 domains present in the fusion protein. They are designed 
to bind to one of the HRDs with high affinity and thereby sterically prevent the 
folding of the fusion protein and membrane fusion. To increase their potency, fusion 
peptide inhibitors are often lipidated, which targets them to the plasma membrane or 
endosomal membrane where viral fusion occurs. Currently, the only licensed fusion 
peptide inhibitor is enfuvirtide, commercially known as Fuzeon, which is applied in 
combination with antiviral therapy against HIV. Enfuvirtide targets the formation of 
the six-helix bundle by gp41, which constitutes the fusogenic protein domain of HIV 
Env. Although HRDs are highly conserved, enfuvirtide is not effective against all 
HIV-1 subtypes, and it was reported that mutations conferring resistance emerge in 
the first heptad repeat of gp41 during the treatment (Lu et al. 2006). Recently, fusion 
peptide inhibitors against SARS-CoV-2 were designed and tested, showing promis-
ing results in vitro and in vivo. Intranasal administration of lipidated fusion peptide 
inhibitors prevented SARS-CoV-2 transmission in ferrets (de Vries et al. 2021). In 
addition, the same lipidated fusion peptide inhibitors were applied to visualize 
arrested membrane fusion between ACE2-containing vesicles produced from 293T 
cells and SARS-CoV-2 virus-like particles by cryo-ET (Marcink et al. 2022). The 
data revealed extended and partially folded intermediate states of S2, which is the 
fusogenic protein of the S glycoprotein. Importantly, recent studies showed that 
fusion peptide inhibitors designed to target six-helix bundle formation of SARS-
CoV-2 S confer broad-spectrum activity against divergent human coronaviruses 
(Zhu et al. 2021). 

Conformational changes of the influenza A virus HA leading to the release of the 
fusion peptide represent the rate-limiting step during HA-mediated membrane 
fusion. Recently, small molecules stabilizing the prefusion conformation of glyco-
proteins emerged as promising inhibitors of viral entry (reviewed in Chen et al. 
2021). Tertiary butylhydroquinone (TBHQ) and arbidol are small molecules that 
bind to the interface between central alpha helices on the trimeric interface of 
influenza A virus HA (Kadam and Wilson 2017; Russell et al. 2008). Interestingly, 
both molecules are more effective against HA phylogenetic group 2 and bind to a 
similar region and do not directly interact with the fusion peptide (Chen et al. 2021).



For example, arbidol binds with affinity KDs = 5.6–7.9 μM to group 2 HAs and with 
affinity KDs = 18.8–44.3 μM to group 1 HAs (Brancato et al. 2013). They stabilize 
the interaction between the alpha helices and serve as a molecular glue preventing 
conformational changes of HA and thereby contributing to its thermostability. A 
recent study showed that arbidol inhibits influenza A virus infectivity by 1000-fold 
at 19.5 μM concentration in vitro, and single virion membrane virus fusion assays 
using supported bilayers revealed that the hemifusion lag time is increased by a 
factor of 4 from 80 to around 320 s at a concentration of 40 μM and at pH 5.2 
(Li et al. 2022). Arbidol is licensed in Russia and China where it is available over the 
counter as a medication against influenza A virus infection under the tradename 
Umifenovir. However, the compound was not submitted for FDA approval and 
further clinical studies are required to evaluate the side effects and efficacy of the 
drug. With the emergence of the SARS-CoV-2 pandemic, arbidol was tested as a 
potential inhibitor of SARS-CoV-2 S glycoprotein-mediated membrane fusion. 
Similar to the inhibition of influenza A virus entry, arbidol was shown to block 
SARS-CoV-2 entry in vitro by physically binding to the S glycoprotein (Shuster 
et al. 2021). Experiments testing arbidol as an inhibitor against other class I fusion 
proteins indicate that arbidol acts in vitro as a broad-spectrum inhibitor and blocks 
membrane fusion of other enveloped viruses such as SARS-CoV and hepatitis B 
virus (HBV), hepatitis C virus (HCV), chikungunya virus (CHIKV), and Hantan 
virus but also non-enveloped viruses such as reovirus and coxsackie virus B5 
(Blaising et al. 2014). Since non-enveloped viruses do not rely on membrane fusion, 
arbidol may act by diverse synergistic mechanisms to increase the energy barrier of 
membrane fusion. To further shed light on the inhibitory effect of arbidol on virus 
entry, we performed cryo-ET of influenza A virus (A/WSN/33) with liposomes in 
the absence and presence of arbidol at concentration of 100 μM (Fig. 4.7). This 
unpublished data shows that HA is able to undergo conformational changes at low 
pH in the presence of arbidol and is able to execute membrane fusion with liposomes 
as indicated by the presence of postfusion events at pH5 plunge frozen after 
10 minutes post-acidification. Overall, these preliminary results indicate that arbidol 
is not able to completely stabilize HA prefusion conformation but likely reduces the 
fusion kinetics and decreases the pH optimal threshold for HA triggering. Impor-
tantly, HA stabilizing drugs have great potential not only as potential medication but 
also for vaccine production. Compounds based on arbidol structure have shown 
greater inhibitory potential then arbidol (Brancato et al. 2013) and thus further 
research and novel structures might lead to even more promising spike-stabilizing 
drugs. 
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In contrast to arbidol, another small organic molecule toremifene binds between 
the Ebola virus glycoprotein domain 1 (GP1) and the GP2 domain to destabilize the 
prefusion structure of the glycoprotein. Fusion assays using HIV-1-derived 
pseudoviruses carrying Ebola virus GP showed that GP-mediated membrane fusion 
is completely inhibited at toremifene concentrations of 15 μM. Interestingly, data 
obtained from thermal shift assays revealed that toremifene increases the GP melting 
temperature at pH 5.2 (Zhao et al. 2016), which indicates that toremifene destabilizes



the GP structure, potentially leading to premature conformational changes and 
release of the fusion peptide. However, it is well established that the fusogenic 
activity of GP is dependent on cathepsin-mediated proteolytical processing in late 
endosomes, yielding GP2 connected to a 19 kDa GP1 fragment with an exposed 
fusion peptide. Hence, thermal shift assays using GP after cathepsin processing 
would impart further information on the stability of GP2 in the presence and absence 
of toremifene. In addition, further structural data in the presence of the Niemann-
Pick C1 protein (NPC1), the endosomal Ebola virus receptor binding to GP1, are
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Fig. 4.7 Cryo-ET of influenza A virus fusion with liposomes in the presence and absence of 
arbidol. At slices of cryo-electron tomograms showing influenza A virus–liposome interactions in 
the presence and absence of arbidol at pH 7.4 or 5. At neutral pH, influenza A viruses show 
hemagglutinin glycoproteins in the prefusion conformation (left column). At low pH, prefusion 
(middle column) and postfusion events (right column) can be observed. Liposome fusion sites are 
marked by black arrows; disassembled matrix layer and viral ribonucleoproteins are marked by a 
white star; hemagglutinin glycoproteins in postfusion conformation distributed on the surface of the 
fusion product are indicated by black arrowheads. Liposomes with a molar ratio of 55 mol% POPC, 
40 mol% cholesterol, and 5 mol% total gangliosides were prepared by extrusion through a 200 nm 
filter. Sucrose-purified influenza A virus A/WSN/33 (1 × 106 PFU/ml) was incubated either with 
100 μM arbidol (Sigma Aldrich) or with DMSO (control) at room temperature for 4 h. Viruses were 
mixed with liposomes, and membrane fusion was triggered by the addition of citric acid to acidify 
the mixture to pH 5 and incubated for 10 min at 37 °C prior to addition plunge freezing and cryo-ET 
was performed using a Krios cryo-TEM (Thermo Fisher Scientific) equipped with K3 direct 
electron detector (Gatan). Tilt series were acquired using a dose-symmetric tilting scheme (Hagen 
et al. 2017) in SerialEM (Mastronarde 2005). Records were acquired with a target focus of -4 μm 
and 3 e– /Å2 electron dose at a magnification of 33,000× (pixel spacing of 2671 Å). Reconstruction 
was performed in the IMOD package (Kremer et al. 1996)



needed to obtain more information on the mode of action of toremifene. Toremifene 
interactions with GP2 may mimic the GP2 activation by NPC1 and could be used to 
structurally investigate the postfusion conformation of GP2, which remains to be 
determined.
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Since membrane fusion is sensitive to the lipid composition of both viral and 
target membranes, small molecules that insert into membranes and alter membrane 
fluidity or lead to local changes in lipid composition in the vicinity of fusion sites 
would allow for the inhibition of a broad spectrum of viral fusion proteins. A small 
molecule that increases lipid order called XM-01 has been shown to potently inhibit 
membrane fusion of influenza A viruses (Pacheco et al. 2022). Interestingly, the 
authors proposed to use the compound for viral inactivation instead of formaldehyde 
which is required for the production of effective whole-inactivated enveloped virus 
vaccines. Influenza A viruses inactivated by formaldehyde or β-propiolactone are 
used as annual vaccines against the flu. However, formaldehyde inactivation reduces 
the immunogenicity of surface glycoproteins. The study shows that XM-01-
inactivated influenza A viruses provide improved neutralizing antibody responses 
against both HA and neuraminidase. Therefore, inactivating viruses by altering viral 
envelope rigidity without compromising surface glycoprotein structure is a novel 
promising avenue in vaccine development. 

Conclusion 

Entry of enveloped and non-enveloped viruses requires the viral fusion with or 
penetration of host cell membranes to deliver the viral genomes to the cytosol. 
While the entry of enveloped viruses has been studied in great mechanistic detail, 
the entry of the seemingly mechanistically simpler membrane penetration of 
non-enveloped viruses remains largely enigmatic. Tremendous advancements in 
microscopy techniques both fluorescence-based and in cryo-electron microscopy 
(briefly discussed above) at the single virion level have revealed important insights 
into fusion and penetration machinery. Despite major differences in lipid interactions 
and mechanisms to cross membrane barriers, these studies have revealed strategies 
shared between enveloped and non-enveloped viruses, including common triggers 
(such as low pH) and structural rearrangements that allow their interaction with host 
cell lipids. Since both types of viruses heavily rely on the host cell machinery and 
membrane properties at the site of entry, inhibitors targeting membrane fusion of 
enveloped viruses may be potent against non-enveloped viruses as well, as demon-
strated for example by the inhibitory effect of 25-hydroxycholesterol. In perspective, 
integrative approaches along with more physiological models are needed to further 
understand viral membrane fusion and penetration. While supported bilayers and 
liposomes proved to be invaluable tools to study these processes, in situ imaging and 
assays capturing viral endosomal escape are needed to understand virus endosomal 
escape beyond the fusion and penetration machinery.
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Glossary 

Endocytic escape Exit of virions from endosomes by membrane fusion or pene-
tration after internalization via the endocytic route typically leads to nucleocapsid 
or viral genome release into the cytosol 

Extended intermediate Transient conformational state of fusion proteins with 
exposed fusion peptides 

Hemifusion diaphragm Expanded hemifusion stalk, the potential dead-end prod-
uct during the fusion of two outer membrane layers 

Hemifusion stalk Fusion intermediate of two membranes, whose outer layers have 
fused and undergo lipid demixing 

Lipid demixing Lipid exchange between two fusing membranes 
Membrane fusion protein Transmembrane protein that undergoes conformational 

changes to drive a non-leaky fusion of viral and host membrane 
Non-enveloped virus Virus lacking a membrane coat 
Penetration protein Capsid-associated protein of non-enveloped viruses that inter-

acts with lipids in the target membrane after activation by an external cue (such as 
low pH) and creates local ruptures or pores 

Postfusion conformation Fusion and penetration protein machinery in a 
low-energy conformation after performing membrane crossing 

Prefusion conformation Fusion and penetration protein machinery in metastable 
conformation able to facilitate membrane crossing 

Priming Proteolytic processing of membrane fusion or perforation proteins 
Virion Virus particle as a structural entity includes infectious and non-infectious 

particles 
Virus uncoating Processes leading to the destabilization of virion structures that 

enable genome release from the viral particle
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Chapter 5 
Single-Particle Tracking of Virus Entry 
in Live Cells 

Xiaowei Zhang, Wei Li, and Zongqiang Cui 

Abstract Novel imaging technologies such as single-particle tracking provide tools 
to study the intricate process of virus infection in host cells. In this chapter, we 
provide an overview of studies in which single-particle tracking technologies were 
applied for the analysis of the viral entry pathways in the context of the live host cell. 
Single-particle tracking techniques have been dependent on advances in the fluores-
cent labeling microscopy method and image analysis. The mechanistic and kinetic 
insights offered by this technique will provide a better understanding of virus entry 
and may lead to a rational design of antiviral interventions. 

Keywords Single-particle tracking · Virus dynamic entry · Fluorescent labeling · 
Microscopy configurations · Image processing 

Introduction 

Viruses are obligate intracellular parasites, which contain either an RNA or DNA 
genome surrounded by the protective virus-encoded protein coat or a membrane of 
cellular origin. Virus entry typically occurs in several tightly controlled, consecutive 
steps. These steps start with binding at the cell surface and end with the release of the 
genome at the site of replication. As the virus progresses in its entry program, it 
undergoes changes that result in events such as internalization, membrane fusion, 
and uncoating of the genome (Fig. 5.1). Viruses exploit cellular signals not only to 
induce changes in the particle but also to coordinate intracellular transport via virus– 
cell interactions, ensuring that each step in the entry program occurs at the right point 
in the sequence, at the right time, and in the right place (Marsh and Helenius 2006). 

X. Zhang · W. Li · Z. Cui (✉) 
State Key Laboratory of Virology, Wuhan Institute of Virology, Center for Biosafety Mega-
Science, Chinese Academy of Sciences, Wuhan, China 

University of Chinese Academy of Sciences, Beijing, China 
e-mail: zhangxw@wh.iov.cn; liwei@wh.iov.cn; czq@wh.iov.cn 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. Vijayakrishnan et al. (eds.), Virus Infected Cells, Subcellular Biochemistry 106, 
https://doi.org/10.1007/978-3-031-40086-5_5

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-40086-5_5&domain=pdf
mailto:zhangxw@wh.iov.cn
mailto:liwei@wh.iov.cn
mailto:czq@wh.iov.cn
https://doi.org/10.1007/978-3-031-40086-5_5#DOI


154 X. Zhang et al.

Fig. 5.1 Steps in the entry program of viruses. Whether enveloped or non-enveloped, many viruses 
depend on the host cell’s endocytic pathways for entry. They follow a multistep entry and uncoating 
program that allows them to move from the cell periphery to the perinuclear space. In this example, 
the virus proceeds to deliver its uncoated genome into the nucleoplasm. The interaction between the 
virus and the host cell starts with virus binding to receptors on the cell surface, followed by lateral 
movement of the virus–receptor complexes and the induction of signals that result in the endocytic 
internalization of the virus particle. After trafficking and delivery into the lumen of endosomes, 
caveosomes, or the ER, a change in the virus conformation is induced by cellular cues. This 
alteration results in the penetration of the virus or its capsids through the vacuole membrane into 
the cytosolic compartment. Enveloped viruses use membrane fusion for penetration, whereas 
non-enveloped viruses induce lysis or pore formation. After targeting and transport along micro-
tubules, the virus or the capsid binds, as in this example, to the nuclear pore complex, undergoes a 
final conversion, and releases the viral genome into the nucleus. The details in the entry program 
vary for different viruses and cell types, but many of the key steps shown here are general. Adapted 
with permission from reference Marsh and Helenius (2006). Copyright 2006 Elsevier (order 
number 5393950747869)
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Single-particle tracking of virus entry in live cells captures the dynamic, transient, 
and multistep processes unresolved through traditional ensemble and fixed cell 
assays. It allows researchers to follow the fate of individual virus particles, probe 
dynamic interactions between viruses and cellular components, and dissect the steps 
of the entry program (Brandenburg and Zhuang 2007). In this chapter, we will 
highlight the dynamic entry of viruses and describe how to use single-particle 
tracking methods for elucidating individual steps of entry programs. Furthermore, 
in the following section, we will give an insight on how to use fluorophores for virus 
labeling, imaging instruments, and data analysis methods. 

Dynamic Entry of Viruses into Host Cells 

Viruses are obligate intracellular parasites that must gain entry into the host cells and 
utilize cellular machinery to survive. Virus entry is a highly dynamic motion 
involving multiple transient steps including binding, plasma membrane surfing, 
internalization/endocytosis, intracellular trafficking, and uncoating/endosomal 
fusion. Viruses are relatively simple in composition and lack any locomotive 
capacity; thus viruses evolved to exploit host cell proteins during entry. The inter-
actions of the virus with different cellular structures during the various entry steps 
are dynamic, and so are the cellular structures themselves. 

Virus–Receptor Interactions 

Viruses first exploit cell surface receptors to initiate infection of target cells. Specific 
virus–receptor interactions will activate the downstream signaling cascades, and 
trigger the internalization of viruses or conformational alterations in viral structural 
proteins for genome release. The detailed processes of how viruses navigate along 
the cell surface to bind specific receptors are difficult to decipher in traditional 
ensemble measurements. Single-particle tracking provides intricate information on 
the transient interaction between the virus and receptor molecules, as exemplified by 
the different patterns of surface movement, spatio-temporal clustering of receptors, 
and sequential exploitation of multiple receptors. 

For example, different pathways are used by Avian sarcoma and leukosis virus 
(ASLV) depend upon usage of two natural isoforms of its receptor. The entry of 
labeled ASLV into cells has been imaged using fluorescence microscopy in live cells 
in real time. Important differences in ASLV entry have been found, in that virus was 
attached to a transmembrane receptor or a lipid-anchored receptor. It revealed 
functional implications of ASLV entry at different rates via alternative receptors 
(Jha et al. 2011).



156 X. Zhang et al.

Virus Internalization 

Virus binding to receptors and ensuing cellular signaling promote endocytosis or 
induce fusion at the plasma membrane. Most viruses hijack different cellular endo-
cytotic pathways to enter the host cells. Endocytosis is a sequential multistep process 
mainly involving activation, cargo capture and sorting, endosomal organelle 
targeting, and specific fusion of cargoes with a target membrane (Doherty and 
McMahon 2009). Clathrin-mediated endocytosis is the most commonly used path-
way for receptor-mediated endocytosis of viruses. In addition, the internalization of 
viruses may also occur via several other endocytotic pathways, such as caveolae-
dependent, clathrin- and caveolae-independent endocytosis, and macropinocytosis 
(Mercer et al. 2010; Schelhaas 2010). On the other hand, several enveloped viruses 
such as human immunodeficiency virus (HIV), herpes simplex virus, and Sendai 
virus and a number of non-enveloped viruses including picornaviruses and 
polyomaviruses have been reported to release the capsids or genome directly into 
the cytoplasm. However, many of these viruses are also capable of utilizing endo-
cytosis for penetration. 

Single-virus tracking offers an ideal approach to discriminate the internalization 
pathways and pinpoint the accurate release site of viral nucleocapsids or genome. 
Single-virus tracking can also be combined with the co-tracking of cellular compo-
nents. For example, the entry mechanism of the influenza virus has been revealed by 
tracking the interaction of single viruses with cellular endocytic components using 
fluorescence microscopy. Thus, it has been found that the influenza virus can 
simultaneously exploit clathrin-mediated and clathrin- and caveolin-independent 
endocytic pathways with similar efficiency (Rust et al. 2004). 

Virus Transport 

Once in the cytoplasm, viruses need to be transported to a particular subcellular 
location to release the genome and initiate replication. Due to the size of viruses 
ranging from about 20 to 400 nm and the high viscosity of the cytoplasm, polarized 
or directional movements of viruses toward concrete regions of cells by free diffu-
sion are difficult (Greber and Way 2006). Therefore, viruses have evolved efficient 
strategies to hijack the host intracellular trafficking machinery components such as 
cytoskeletal tracks to transport to sites of replication within the cytosol (most RNA 
viruses) or the nucleus (most DNA viruses) (Hernandez-Gonzalez et al. 2021). The 
dynamic and constantly changing cytoskeleton may provide the force necessary to 
move viruses within cells. On the other hand, cytoskeleton tracks exemplified by 
microtubules and microfilaments may serve as a “highway” along which viruses can 
efficiently traffic. Transport of viruses along the cytoskeleton is mediated by micro-
tubule motor proteins (dynein/dynactin and kinesin) or microfilament motor proteins 
(myosins) (Radtke et al. 2006). As a result, the transport of viral cargo molecules is a



complex and multistep process that requires the orchestration of multiple host and 
viral components. As shown by single-virus tracking and live cell imaging, HIV-1 
was endocytosed and transported to endosomes in a clathrin- and actin-dependent 
manner in primary macrophages. Furthermore, the authors showed that a dynamic 
actin cytoskeleton plays a pivotal role in HIV-1 entry and intracellular migration in 
macrophages (Li et al. 2017). By using single-particle tracking, trajectories of 
individual, fluorescence-labeled murine polyoma virus on the surface of tissue 
culture cells were recorded. It has been shown that virus particles underwent free, 
cholesterol-dependent, lateral diffusion, rapidly followed by a period of confinement 
through an actin cytoskeleton-dependent mechanism (Ewers et al. 2005). 
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Virus Uncoating 

Following internalization, viruses undergo an uncoating process to release the 
genome into a particular cellular compartment capable of supporting virus replica-
tion. For enveloped viruses, uncoating follows the fusion of their lipid membranes 
with a host membrane, in most cases of endosomal origin (Mercer et al. 2010). For 
non-enveloped viruses, it involves direct pore formation or disassembly to deliver 
the viral genome (Suomalainen and Greber 2013). Membrane fusion plays a pivotal 
role in the entry of enveloped viruses into cells. The merging of viral and cellular 
membranes is mediated by viral fusion proteins, which involves multiple sequential 
steps in the fusion process (Joo et al. 2010). Non-enveloped viruses undergo 
conformational changes upon entry into cells leading to the release of the genome, 
which is a stepwise process induced by cellular cues. The dynamics of these fusion 
and uncoating steps remain unresolved, and the trigger mechanism of some viruses 
is not fully understood. 

Measurement of fusion/uncoating by tracking single-virus particles will allow 
more accurate characterization of the pathways and mechanisms by which viral entry 
occurs (Haldar et al. 2020). For example, many non-enveloped viruses such as 
poliovirus (PV) have been reported to release their genome at the plasma membrane. 
However, endocytosis of these viruses has also been observed, making it difficult to 
identify the productive entry pathway. By using the approach of single-virus track-
ing, it was found that PV uncoating occurs only after the internalization of virus 
particles (Brandenburg et al. 2007). 

Fluorescent Labeling of Viruses and Cellular Components 

Virus entry encompasses the initial steps of infection, from virion attachment to 
genome release. Fluorescent labeling of viral and cellular components and imaging 
in live cells enable intricate studies on this process. To perform single-virus tracking, 
both virions and relevant cellular components need to be labeled to visualize them in



live cells. Virions are commonly labeled by fusing fluorescent proteins to viral 
proteins, by incorporating organic dyes, or by incorporating fluorescent 
nanoparticles into the virion. Meanwhile, relevant cellular components are also 
often labeled with fluorescent probes, without impairing their physiological locali-
zation and cellular functions. 
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Fluorescent Proteins 

Green fluorescent protein (GFP) from the jellyfish Aequorea victoria and its homo-
logs from diverse marine animals and its mutant variants are widely used as 
genetically encoded fluorescent probes (Chudakov et al. 2005). Identification and 
development of fluorescent proteins offer a powerful toolkit for the visualization of 
structural organization and dynamic processes in live cells. Up to now, fluorescent 
proteins of different colors and properties have been used in a variety of applications 
to visualize morphology, location, and movement of proteins of interest, and the 
emission wavelength of fluorescent proteins spans from blue to near-infrared spec-
trum (Chudakov et al. 2010). 

Fluorescent proteins can be used as a convenient fluorescent probe to label 
viruses and relevant cellular components for virus tracking. Recombinant viruses 
encoding fluorescent fusion proteins facilitate real-time analysis of the entry motility 
of viruses. For example, EGFP fusions to tegument proteins, which are located 
between the lipid envelope and the capsid shell, have been used to follow the 
complex anterograde and retrograde directional movements of herpesviruses in 
synaptically connected neurons (Greber 2005; Luxton et al. 2005). The pseudorabies 
virus (PRV) protein Us9 is a small membrane protein that is highly conserved among 
alpha herpesviruses and is essential for the anterograde axonal spread in neurons. 
PRV strain that expresses functional green fluorescent protein (GFP)-Us9 fusion 
proteins has been constructed to visualize its anterograde direction transportation in 
living neurons during infection (Taylor et al. 2012; Lyman et al. 2008). 

Some viruses can enter cells via the endocytosis pathway, along which the pH 
drops from moderately acidic early and recycling endosomes maturing into more 
acidic late endosomes to most acidic in the lysosomes (Sorkin and Von Zastrow 
2002). Viral structural proteins will pass through acidic compartments at some point 
in the virus entry phase. Therefore, when using fluorescent fusion proteins to 
monitor viral entry in live cells, it is important to consider how fluorescent proteins 
will behave in these acidic compartments. The current generations of blue, cyan, and 
red fluorescent proteins (e.g., ECFP and mKate2) are relatively pH insensitive and 
will maintain relatively high fluorescence in even the most acidic intracellular 
compartments, like lysosomes (pH 4.5–5.0). These kinds of fluorescent proteins 
are suitable for imaging viral particles in acidic organelles (Shaner et al. 2005). Other 
fluorescent proteins such as EYFP, pHluorin, and pHuji are highly pH sensitive. 
These proteins present high fluorescence under neutral pH conditions, while the 
fluorescence signal decreases markedly at acid pH. The pH sensitivity of such



fluorescent proteins can be exploited as a pH sensor to study virus fusion and entry 
(Melikyan et al. 2005; Miyauchi et al. 2011). By co-labeling an avian retrovirus with 
pH-sensitive pHluorin and pH-resistant mKate2 simultaneously, single-virus imag-
ing showed that the virus co-trafficked and fused with intracellular compartments 
tagged with fluorescent Rab5 and Rab7 proteins in live cells (Padilla-Parra et al. 
2014). 
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Organic Dyes 

Organic dyes are important fluorophores used in fluorescence imaging in live cells 
(Gonçalves 2009). Due to their relatively small size of 1–2 nm, organic dyes are 
suitable for fluorescence labeling of viruses, which have a size range of 20–400 nm 
in diameter. Besides, organic dyes have several outstanding advantages, such as 
excellent optical properties, good biocompatibility, commercial availability, and a 
wide range of color palettes, which confer their broad usage for single-virus tracking 
(Miyawaki et al. 2003; Resch-Genger et al. 2008). 

Viral glycoproteins (envelope proteins) or capsid proteins for non-enveloped 
viruses can be readily labeled with amine-reactive dyes, as exemplified by cyanine 
dyes and Alexa Fluor dyes. Cy3 and Cy5 are the most commonly used cyanine dyes 
for single virus tracking. Cy3 has been used to label the envelope protein of the 
influenza virus (Lakadamyali et al. 2003, 2006). As a long-wavelength fluorophore, 
Cy5 has the advantage of reduced interference from autofluorescence in live cells. 
Therefore, Cy5 has been much more popularly applied to label viruses, including the 
envelope protein of Semliki forest virus (SFV) (Vonderheit and Helenius 2005) and 
rabies virus (Xu et al. 2015), and the capsid protein of PV (Brandenburg et al. 2007) 
and adeno-associated virus (Seisenberger et al. 2001). It is worthy of note that 
researchers have viewed live scenes of viral infection by tagging individual viruses 
with one or two Cy5 molecules (Wang et al. 2014). Besides, virions and cellular 
components could be labeled by cyanine dyes or fluorescent proteins, respectively, 
for imaging in live cells. For instance, the intracellular pathway taken by individual 
Cy5-labeled SFV particles was followed using triple-color fluorescence microscopy 
in live cells transfected with GFP- and RFP-tagged Rab5, Rab7, Rab4, and Arf1, the 
cellular components that mediate cargo transfer (Vonderheit and Helenius 2005). 

Alexa Fluor dyes are another group of amine-reactive dyes that are frequently 
used for single-virus tracking alone or in combination with other fluorophores. Alexa 
Fluor dyes cover an extremely broad range of excitation/emission wavelengths 
spanning from ultraviolet (UV) to visible and near-infrared regions. They are 
derivatives of certain well-known organic dyes such as rhodamine, fluorescein, 
and cyanine dyes. Alexa Fluor dyes possess highly demanded photophysical prop-
erties including high quantum yields, large molar extinction coefficients, and high 
photostabilities. Moreover, Alexa Fluor dyes tend to be more resistant to fluores-
cence quenching and retain their intense fluorescence even at high degrees of 
labeling compared to the cyanine dyes (Berlier et al. 2003; Gebhardt et al. 2021).



Thus, Alexa Fluor dyes have been widely used for investigating the cellular uptake 
and trafficking of viruses. For example, tracking of Alexa Fluor 594-labeled simian 
virus 40 revealed that individual viruses moved laterally in a random fashion until 
trapped in stationary spots positive for caveolin-1 tagged with a green fluorescent 
protein (Pelkmans et al. 2002). Alexa Fluor derivatives have also been applied to 
label other non-enveloped viruses, including foot-and-mouth disease virus (Martín-
Acebes et al. 2011) and human papillomavirus (Schelhaas et al. 2008), or enveloped 
viruses such as vesicular stomatitis virus (VSV) (Cureton et al. 2010) and dengue 
virus (Dejarnac et al. 2018). 
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Enveloped viruses are surrounded by a continuous lipid bilayer derived from the 
host cell plasma membrane or intracellular membrane (Lenard 2008). Fluorescent 
lipophilic dyes are popular for membrane labeling and particle tracing applications 
and thus can be utilized to label viruses by targeting the lipid envelope. It has been 
known that hydrophobic–lipophilic interactions facilitate the incorporation of lipo-
philic dyes into the outer membrane of enveloped viruses (McClelland et al. 2021). 
Up to now, the most commonly used fluorescent lipophilic dyes are rhodamine 
derivatives and long-chain dialkylcarbocyanines such as DiO, DiI, and DiD. Lipo-
philic dyes at high concentrations tend to fluorescence self-quench due to close 
proximity constraints (Klymchenko et al. 2012). Upon fusion where viral mem-
branes merge with the membranes of host cells, the lipophilic dyes will diffuse 
resulting in dequenching and an increase in fluorescence indicating the occurrence of 
membrane fusion. For instance, the self-quenching rhodamine derivatives R18 and 
R110 have been applied to study influenza virus envelope fusion with cellular 
membranes (Lowy et al. 1990; Floyd et al. 2008). By labeling respiratory syncytial 
virus (RSV) particles with DiD, the fluorescent signal was used for real-time 
monitoring of the virus fusion and entry upon clustering with surface trafficked 
NCL, the coreceptor for RSV fusion (Griffiths et al. 2020). It is noteworthy that this 
approach using fluorescent lipophilic dyes detects fusion based on the lipid mixing 
activity, but not the actual release of the interior core/content of virus, which is a 
prerequisite for infection. More accurate approaches involve co-labeling the viral 
core and the viral membrane with different fluorescent probes are needed. 

Quantum Dots 

Quantum dots (QDs), a kind of semiconductor nanocrystals, are among the most 
investigated fluorescent nanoparticles in bioimaging applications (Michalet et al. 
2005; Wegner and Hildebrandt 2015). QDs offer a wide range of useful optical 
properties for bioimaging assays with single-molecule readouts, including high 
photostability, high quantum yield, large absorption coefficients, and narrow emis-
sion spectra (Zhou et al. 2015). The emission wavelengths of QDs range from UV to 
infrared and can be tuned by controlling their size and composition (Wegner and 
Hildebrandt 2015). Their excellent brightness (10-100 times higher than organic 
dyes or fluorescent proteins) and resistance to photobleaching (100-1000 times



higher than organic dyes or fluorescent proteins) make them especially useful for 
live-cell imaging and single-particle tracking (Alivisatos et al. 2005; Liu et al. 2020). 
The wide emission wavelength and distinct emission spectra of QDs also facilitate 
multicolor imaging where various components of a virion can be labeled and tracked 
simultaneously. 
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Fig. 5.2 Real-time imaging of the HIV-1-QD viral core release in primary macrophages. The 
cellular boundary of the macrophage is highlighted by a dashed line. (a) Dual-labeled HIV-1-QD-
DiO particle in a macrophage (shown in the rectangular region) was tracked. Scale bar: 10 μm. (b) 
Sequential snapshots are shown for the separation of QD-Vpr and the DiO-labeled membrane of the 
viral particle that is shown in (a) in the macrophage. Arrowhead indicates the separation of QD and 
DiO signals. (c) Trajectories of HIV-1-QD (red) and DiO-labeled membrane (green) for the viral 
particle that is shown in rectangular region of (a). Scale bar: 0.2 μm. Adapted with permission from 
reference Li et al. (2017). Copyright 2017 American Chemical Society 

In a noteworthy study, QDs were successfully exploited to site specifically label 
enveloped viruses, leading to the real-time monitoring of the intracellular movement 
of single viruses in live cells (Joo et al. 2008). Specific internal viral components can 
also be labeled with QDs during viral replication and prior to assembly. The use of 
this approach could obviate incorporation of QDs on the viral surface which may 
affect the virus–host interaction and thus the efficiency of viral entry. For example, 
QDs conjugated with modified genomic RNAs, which contain a packaging signal 
sequence, can be successfully incorporated into intact virions in live cells without 
modification of the viral surface. This QD-containing VSV-G pseudotyped lentivi-
rus demonstrated a Rab5+ endosome- and microtubule-dependent entry route 
(Zhang et al. 2013). In the context of QDs-based labeling of viral interior proteins, 
our group demonstrated that QDs could be encapsulated in HIV-1 virions by 
incorporating viral accessory protein Vpr-conjugated QDs during virus assembly. 
With the HIV-1 particles encapsulating QDs, we not only monitor the entry route of 
the virus at a single-particle level in live human primary macrophages (Li et al. 2017)



(Fig. 5.2), but also explored detailed scenarios of HIV dynamic entry and crossing 
the cortical actin barrier in resting CD4+ T lymphocytes (Yin et al. 2020). In 
addition, we have constructed a type of infectious HIV-1 virus encapsulating QDs 
through the site-specific decoration of the viral matrix protein and used it to visualize 
virus entry in human primary macrophages by single-particle imaging (Li et al. 
2018). 
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To track the intricate sequential entry process of a single-virus particle in live 
cells, labeling of both the interior and exterior components of viruses is needed 
without an impact on the infectivity of viruses. Our group constructed dual-color 
IAV particles by combining internal encapsulation and surface decoration using 
QDs with different colors or by incorporating differently colored QD-vRNP seg-
ments into single virions. By applying single-particle imaging, the virus entry 
process including internalization, transport, uncoating, and intranuclear vRNP traf-
ficking of individual IAV virions was visualized in real time in live cells (Qin et al. 
2019; Yamauchi 2019). 

Microscopy Methods and Image Processing 

Microscopy Configurations 

To visualize and track the dynamic entry processes of viruses, a number of different 
microscopy configurations need to be employed. 

Wide-field epifluorescence microscopy is the simplest optical implementation for 
single virus tracking experiments among the available microscopy configurations. 
The epifluorescence configuration illuminates a relatively large area (approximately 
100 μm × 100 μm) of the sample via the excitation light and the fluorescence signal 
can be captured quickly and easily by a highly sensitive camera (Rust et al. 2011). 
This method has large excitation depth and low signal loss, allowing the study of the 
long-range movement of individual viruses. However, owing to a large amount of 
background autofluorescence of cells, epifluorescence detection often shows weak 
signals originating from individual virions that contain only a few fluorescent 
molecules (Liu et al. 2020). This method needs to extract an in-focus signal from a 
high-noise background. 

The confocal microscopy modality has a thinner depth of field and higher 
resolution compared to wide-field epifluorescence microscopy. It uses point illumi-
nation and pinhole optics to eliminate the background noise but at the cost of signal 
reduction. In order to track the dynamic behavior of viruses in live cells, different 
sites of volume must be scanned simultaneously. The usage of spinning-disk con-
focal microscopy (SDCM) meets the demand. Cross sections of a sample with a fast 
piezo z-scan device can be combined with SDCM to reconstruct all three-
dimensional images (X, Y, and Z), which has been used for single-virus tracking 
in live cells (Han et al. 2012). Besides, SDCM can markedly improve imaging speed 
and allows the elucidation of dynamic events of viruses in live cells. The main



disadvantage of SDCM is the cross-talk between pinholes, which can be 
circumvented by increasing the inter-pinhole distance or by decreasing the out-of-
focus light. Besides, exposure to strong light can be damaging to live cells 
(Shimozawa et al. 2013). 
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Total internal reflection fluorescence microscopy (TIRFM) is useful to observe 
fluorescence signals occurring at interfaces. The TIRFM makes good use of total 
internal reflection to produce an evanescent field. Typically, the evanescent wave 
extends only a few hundred nanometers into the cell. Therefore, TIRFM facilitates 
the visualization of biological events occurring on the plasma membrane of live 
cells, such as clathrin-based entry kinetics of VSV (Johannsdottir et al. 2009). 

Image Processing 

After choosing and utilization of a virus labeling method and microscopy configu-
ration, the dynamic information of virus entry can be extracted from a time series of 
images. Several challenges have to be overcome with the analysis of viral entry in 
live cells. It is important to eliminate background noise and thereby enhance the 
signal-to-noise ratio. To combat the noise of concern, several particle detection and 
image restoration techniques have been developed specifically for single-virus 
tracking. For example, in each frame of images containing fluorescent particles, 
the location of the individual particle with high precision will be determined. To 
locate the center position, the point spread-function (PSF) is regarded as a suitable 
parameter to measure the shape of individual particles, as well as the 3D diffraction 
pattern (Liu et al. 2020). Then the isolated fluorescent peaks that correspond to virus 
particles will be automatically identified by PSF-fitting methods. The Gaussian 
nonlinear least-squares fitting method is the most common way for single-virus 
tracking. It possesses very high localization accuracy and is compatible with 
localization-based super-resolution techniques such as stochastical optical recon-
struction microscopy (STORM) and photoactivated-localization microscopy 
(PALM). The radial symmetry approach is another type of the geometric-based 
method which can be utilized for localizing particle centers. In terms of computation 
speed, it is significantly faster than that of the Gaussian fitting method (Liu et al. 
2013). 

Trajectories of virus particles can be reconstructed by connecting particles in each 
frame by using nearest-neighbor association and the motion history of individual 
virus particles (Brandenburg and Zhuang 2007; Shen et al. 2017; Sbalzarini and 
Koumoutsakos 2005). Then mean squared displacements are applied to determine 
whether the virus particles display different types of movement models, such as 
directed, normal, or anomalous diffusion. Viruses tend to change their motion 
behavior from 2D diffusion on the cell membrane to directed transport and then to 
3D anomalous diffusion within the cytosol (Brandenburg and Zhuang 2007). The 
diffusion type can reveal the type of interactions between different viral structures or 
the interactions between viral and cellular structures. By measuring the



instantaneous speed versus time, the different motions from a trajectory can be 
distinguished and analyzed separately. For instance, it has been shown that individ-
ual QD-labeled vRNPs of influenza viruses display a three-stage movement to the 
cell nucleus and show two diffusion patterns when inside the nucleus during the 
entry process (Qin et al. 2019) (Fig. 5.3). 
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Fig. 5.3 Characterization of vRNP nuclear import and intranuclear movement. (a) Trajectory of a 
representative QD625-vRNP transport. The colored arrows indicate stage 1 (pink), stage 2 (blue), 
and stage 3 (green) (scale bar: 5 μm). (b) Analysis of the mean velocities of QD625-labeled vRNPs 
shown in a. (c) Trajectories of the QD signals in untreated and importazole (IPZ)-treated cells. NM, 
nuclear membrane; AN, adjacent nuclear. (d) Statistical analysis of /IAV vRNP nuclear import with 
drug treatment. ns, no significant difference; n = 3; **P < 0.01. (e) Analysis of the MSD plots of 
two vRNP diffusive patterns in the nucleus. (f) Trajectories of two vRNP diffusive patterns. (g) 
Immunofluorescence assay of QD625-vRNPs in the nucleus at 2 hpi (scale bar: 5 μm). Adapted 
with permission from reference Qin et al. (2019). Copyright © 2019 the Author(s). Published by 
PNAS. This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND) 

Concluding Remarks 

Single-particle tracking techniques are powerful tools for investigating the dynamic 
entry processes of viruses into cells with high spatio-temporal resolution. They can 
help elucidate the distinct entry pathway of the same virus or similar entry routes of 
different viruses. With the development of new fluorescent probes, better labeling



strategies, and novel microscope configurations in the upcoming decade, we will 
witness an ongoing and broader application of single particle tracking in the field of 
virology. Particularly, over recent years, functional genetic screens have been carried 
out using genome-wide siRNA libraries, insertional mutagenesis of haploid cell 
lines, and CRISPR-Cas9 knockout screens. A subset of host factors required to 
support virus entry has been identified (Hirsch 2010; Puschnik et al. 2017; Carette 
et al. 2011). Given that viruses exploit a variety of cellular factors to get entry into 
host cells, single-particle tracking of viruses in live cells will undoubtedly provide an 
important tool for dissecting the dynamic roles of the identified host proteins in viral 
entry. To reduce the influence of fluorescent labeling on viral infectivity, only a few 
fluorescent molecules can be used to label viral structures. Fluorescent nanoparticles 
such as QDs are useful labeling schemes and have the potential to track the whole 
entry process of individual viruses in live cells. Lastly, most live cell imaging studies 
on virus entry are currently performed with 2D culture cells. Viral tracking in 
conditions that more accurately mimic in vivo circumstances such as 3D organoids 
or physiological barriers (Strange et al. 2019; Premeaux et al. 2021) is likely to give a 
better understanding of the virus entry process. 
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Chapter 6 
Correlative Cryo-imaging Using Soft X-Ray 
Tomography for the Study of Virus Biology 
in Cells and Tissues 

Archana C. Jadhav and Ilias Kounatidis 

Abstract Viruses are obligate intracellular pathogens that depend on their host cell 
machinery and metabolism for their replicative life cycle. Virus entry, replication, 
and assembly are dynamic processes that lead to the reorganisation of host cell 
components. Therefore, a complete understanding of the viral processes requires 
their study in the cellular context where advanced imaging has been proven valuable 
in providing the necessary information. Among the available imaging techniques, 
soft X-ray tomography (SXT) at cryogenic temperatures can provide three-
dimensional mapping to 25 nm resolution and is ideally suited to visualise the 
internal organisation of virus-infected cells. In this chapter, the principles and 
practices of synchrotron-based cryo-soft X-ray tomography (cryo-SXT) in virus 
research are presented. The potential of the cryo-SXT in correlative microscopy 
platforms is also demonstrated through working examples of reovirus and hepatitis 
research at Beamline B24 (Diamond Light Source Synchrotron, UK) and BL09-
Mistral beamline (ALBA Synchrotron, Spain), respectively. 

Keywords Soft X-ray tomography · Super-resolution microscopy · Structured 
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CLXT Correlative light X-ray tomography 
Cryo-ET Cryo-electron tomography 
CryoFIB-SEM Cryo-focused ion beam milling scanning electron microscopy 
CryoSIM Cryo-structured illumination microscope 
Cryo-SIM Cryo-structured illumination microscopy 
Cryo-SXT Cryo-soft X-ray tomography 
DMV Double-membrane vesicle 
eBIC Electron Bio-Imaging Centre 
EM Electron microscopy 
ER Endoplasmic reticulum 
EV Enveloped virus 
FZP Fresnel zone plate 
HCV Hepatitis C virus 
HFF Human foreskin fibroblasts 
HFF-hTERT cells Human foreskin fibroblast cells immortalised with human 

telomerase reverse transcriptase 
HSV-1 Herpes simplex virus-1 (HSV-1) 
LAC Linear absorption coefficient 
LD Lipid droplet 
MRV Mammalian reovirus 
MV Mature virus 
ROI Regions of interest 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2 
SIM Structured illumination microscopy 
SMV Single membrane vesicle 
SNR Signal-to-noise ratio 
SRM Super-resolution microscopy 
SR-μFTIR Fourier transform infrared microspectroscopy 
ssRNAs Single-stranded RNAs 
SXT Soft X-ray tomography 
TEM Transmission electron microscopy 
TXRM Transmission X-ray microscope 
U2OS cells Human bone osteosarcoma epithelial cells 
VACV Vaccinia virus 
VF Viral factories 
XANES X-ray absorption near edge spectroscopy 
XRF X-ray fluorescence 
ZIKV Zika virus
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Soft X-Ray Technique 

X-rays were first discovered by Wilhelm Konrad Röntgen in November 1895, and 
they had immediate applications in medicine with many hospitals using them for 
assessing fractures (Cheng and Jan 1987; Jacobsen 2020). However, the lack of 
X-ray sources in combination with the need for suitable optics was an obstacle to the 
early development of X-ray microscopy for cellular imaging. 

During the 1970s, Fresnel zone plates became available and along with advanced 
condenser objectives allowed improved image resolution, improved contrast, and 
precise handling of photon density and radiation dose. These technical advances in 
combination with the introduction of cryopreservation as a sample preparation 
method (previously validated in the field of cryo-electron microscopy: Cryo-EM) 
paved the way for the optimisation of soft X-ray microscopy for imaging biological 
samples (Young 1972; Brüggeller and Mayer 1980; Dubochet and McDowall 1981). 

The first demonstration of the use of X-ray microscopy on cryogenically pre-
served samples (Ptk2 cells—kidney cancer cells derived from a rat kangaroo and 
Chlamydomonas reinhardtii algae) took place in 1998 by the Göttingen beamline 
team at the BESSY storage ring in Berlin (Germany) (Schneider 1998). Until that 
moment the radiation damage due to the exposure of the samples to X-rays was the 
main limitation in imaging biological samples. The cryo-preparation method, which 
was originally introduced by the same group in 1994, significantly increased the 
levels of the radiation that a biological sample could withstand, allowing thus longer 
exposure and serial imaging, leading to the current configurations of cryo-SXT 
(Schneider et al. 1995). 

SXT Principles and Advantages 

Cryo-SXT delivers images by absorption contrast at defined spectral areas 
(Harkiolaki et al. 2018; Okolo 2022), taking advantage of the absorption character-
istics of biological matter at the “water window” spectral area, as defined by the 
X-ray absorption edges of carbon and oxygen (284 and 583 eV photon energy, 
respectively), and it is the current standard. Soft X-rays in this region are attenuated 
by bioorganic structures as they are preferentially absorbed by carbon- and nitrogen-
rich biological structures in comparison to the surrounding oxygen-rich medium. 
The above relative difference regarding the attenuation of X-rays generates the 
absorption contrast across each projection (Spiller et al. 1976; Beese et al. 1986). 
Across a sample each biochemical component shows a specific X-ray linear absorp-
tion coefficient (LAC) that can be determined from the reconstructed slices. Differ-
ent LAC values allow the discrimination of different organelles, such as lipid bodies, 
mitochondria, nuclei, or nucleoli (Uchida et al. 2011). 

Cryo-SXT cannot compete in resolution with EM techniques (tens of nanometres 
compared to a few nanometres); however, it offers access to much larger imaging



volumes, facilitating observational studies within the context of whole cells. This is 
especially important for viral infection studies at the cellular level where the host 
cellular organisation and the ultrastructural changes brought about by infection are 
both primary areas of focus (Mazzon and Mercer 2014; de Armas-Rillo et al. 2016; 
Hernandez-Gonzalez et al. 2021; Garriga et al. 2021). 

172 A. C. Jadhav and I. Kounatidis

Fig. 6.1 TXRM end station at Beamline B24 in Diamond Light Source (a). Side and top view of 
the sample environment inside the TXRM chamber (b, c) 

Advantages of cryo-SXT compared to other high-resolution imaging techniques 
include the imaging of relatively thick samples (up to 10 μm) with a lateral resolution 
of up to 25 nm (depending on the objective set-up used) without the need for cell 
sectioning or milling. Samples are cryopreserved without the need for chemical 
fixative agents; therefore, they retain their native distribution and architecture 
through faithful preservation of all cellular ultrastructural features (Kirz et al. 
1995; Harkiolaki et al. 2018; Okolo 2022). 

Presently, cryo-SXT is available at six international facilities across the world 
including Beamline B24 at Diamond Light Source (Didcot, UK) (Harkiolaki et al. 
2018), HZB X-Ray microscopy beamline U41-PGM1-XM at BESSY II (Berlin, 
Germany) (Weiss et al. 2000), BE2.1 beamline (XM-2) at the Advanced Light 
Source (Berkeley, CA, USA) (Le Gros et al. 2014), BL09-MISTRAL beamline at 
ALBA (Barcelona, Spain) (Pereiro et al. 2009), the soft X-ray microscopy beamline 
at the National Synchrotron Radiation Laboratory (Hefei, China) (Bai et al. 2020), 
and the 24A soft X-ray tomography beamline at the National Synchrotron Radiation 
Research Center (Hsinchu, Taiwan) (Lee et al. 2016). 

At Beamline B24 at the Diamond Light Source (the UK’s national synchrotron), 
the source of the X-rays is a bending magnet in the synchrotron ring. X-rays pass 
through a series of focusing and dispersive optics, and they reach the vessel of the 
transmission X-ray microscope (TXRM) (UltraXRM-S220c Zeiss) (Fig. 6.1). X-rays 
are focused and delivered to the sample plane through a capillary condenser. The



Experiment design

resulting projections are directed to a charge-coupled device (CCD) detector through 
a Fresnel zone plate (FZP) (Fig. 6.2) (Harkiolaki et al. 2018). 
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Fig. 6.2 A schematic of Beamline B24 from source to detector in the synchrotron (reprinted from 
Harkiolaki et al. 2008) 

Table 6.1 Time required for SXT data acquisition and processing 

Time required on the user-specific 
projects 

Sample preparation

• Cell culture/maintenance 0–6 days

• Cell seeding on TEM grids (when needed) 6–24 h

• Cell treatment (dependent on user requirements) and 
labelling 

0.5–1 h

• Cryopreservation (plunge freezing) 0.5–1 h  

Data collection

• Samples loaded to TXM (air to vacuum; sample remains 
vitrified) 

1–2 h

• Sample (TEM grid with multiple imaging areas) loaded 
and mapped 

15–30 min

• Single tilt series acquisition 5–25 min

• Complete grid data collection (several tilt series; 20–50 
Gigabytes) 

3–6 h

• Data processing and reconstruction (concurrent to data 
acquisition) 

3–6 h  

Post processing/analyses

• Data mining Dependent on user needs 

SXT Data Collection 

Prior to cryopreservation and data acquisition, cells are directly loaded from their 
growth media either on holey carbon TEM grids or into full-rotational thin-walled 
capillaries tubes (this is the case for the Advanced Light Source, CA, USA). As soon 
as a sample is loaded, a full tomographic image series can be acquired within a few 
minutes (for a description of the duration of each step of the cell preparation and data 
collection processes, see Table 6.1). In the case of the glass capillary, a full-rotation



series can be collected, while for the TEM grids the maximum rotation is limited by 
the beam attenuation at high tilts due to the sample thickness which results from 
missing wedge artefacts. TEM grids, however, have the advantage of accommodat-
ing both cell suspensions and adherent cells, while capillary tubes are more suited to 
imaging cell suspensions (Harkiolaki et al. 2018; Larabell and Nugent 2010). 
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Fig. 6.3 Projection through a human bone osteosarcoma epithelial (U2OS) cell; field of view 
(10 × 10 μm) captures a cytoplasmic perinuclear area full of organelles and a fraction of the nucleus 
(top right). Projection collected on B24 at 500 eV using a 25 nm zone plate objective. Scale bars 
represent 1 μm. Arrows point to selected organelles; blue—mitochondria; green—lipid droplets 
(LDs); orange—endoplasmic reticulum; yellow—multivesicular bodies; red—nuclear membrane 

In limited angle SXT (which is the case for Beamline B24, Diamond Light 
Source, UK) SXT data are collected in the form of tilt series. Each consists of 
a 2D X-ray projection of the sample at a different rotation around the central Y axis. 
Tilt series are then reconstructed to a 3D image volume (tomogram) after alignment 
correction. The field of view of each captured image can extend to 20 × 20 μm2 and 
cumulative volumes typically have heights up to 10 μm with a maximum resolution 
depth of focus of 1–3 μm or more, depending on the optical performance. A typical 
acquisition of a tomogram lasts between 5 and 25 min depending on the exposure 
time for each projection (Table 6.1) and the tilt angle value (Harkiolaki et al. 2018; 
Okolo 2022). Raw SXT data are subsequently reconstructed into 3D tomograms 
with the use of dedicated open-source algorithms such as IMOD (Kremer et al. 
1996). The tomograms are fundamentally Z-stacks of images that capture the cellular 
ultrastructure at near-physiological conditions under high-resolution examination 
(Fig. 6.3).
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Use of SXT in Viral Studies 

Viruses are omnipresent in nature and are obligatory intracellular parasites, where 
they infect living cells of all kinds for their survival within both the prokaryotic and 
eukaryotic domains of life (Taylor 2014; Harris and Hill 2021). As pathogens, 
viruses are responsible for mild to severe diseases in almost all living forms 
including humans (Harris and Hill 2021), but can also develop beneficial relation-
ships with their hosts through symbiosis (Roossinck 2011). The steps involved in the 
virus life cycle are virus entry, translation, replication, assembly, and egress of viral 
offspring from the infected host cells (Mercer et al. 2010). The process of virus 
infection in the eukaryotic cell is complex and dynamic, and it begins with the initial 
virus–host cell interaction followed by hijacking of the host cell machinery to 
produce progeny virions which brings about the spatiotemporal reprogramming 
and/or reorganisation of the cellular genome, biochemistry, and structures 
(Glingston et al. 2019). The life cycle of viruses in infected host cells requires the 
recruitment of numerous cellular pathways and brings the offender in direct contact 
with different cellular structures (Sanchez and Lagunoff 2015). To develop effective 
antiviral therapies, it is vital to understand virus structure and its interactions within 
host cells during viral pathogenesis; thus far, different conventional and advanced 
light and electron microscopic techniques have been successfully utilised to date 
(Risco 2021). 

Here we focus on how the state-of-the-art imaging technique of cryo-SXT has 
been successfully applied globally at different SXT facilities to obtain detailed three-
dimensional ultrastructural information at the cellular level, at the multiple steps 
involved in virus-infected host cells in their near-native physiological state, at a few 
tens of nanometres spatial resolution. The potential of the cryo-SXT platform for 
virological research was first demonstrated in the study of vitrified, unstained, 
purified particles of vaccinia virus (VACV) from monkey kidney BSC40 cell 
cultures at the HZB X-ray microscopy beamline at BESSY II (Berlin, Germany) 
(Carrascosa et al. 2009). VACV is a member of enveloped, large DNA poxviruses 
and exists in two infectious forms called mature virus (MV) and enveloped virus 
(EV). The two forms differ in the number of the membranes and exert a different role 
during the VACV life cycle with MV being the most abundant (Roberts and Smith 
2008). X-ray data analysis reconfirmed the complexity regarding the structure of the 
MV form as previously shown by the use of cryo-electron tomography, including a 
well-defined external envelope surrounding the inner core. The inner region com-
prises a lighter core surrounded by a denser envelope (Fig. 6.4A). The same group in 
2012 conducted an in-depth comparative study in VACV-infected PtK2 cells com-
bining cryo-SXT and transmission electron microscopy (TEM) (Chichón et al. 
2012). For this study, PtK2 cells were grown on the flat surfaces of TEM Au grids 
and infected with a vaccinia virus strain expressing a green fluorescent protein 
(GFP). Infected cells on sample holders were cryopreserved without any staining 
or sectioning of the sample using a rapid plunge freezing method. The infection 
status of the host cells was confirmed by the expression of GFP using a light



fluorescence microscope prior to X-ray data collection. The cell thickness for X-ray 
imaging was in the range of 3–10 μm. For TEM data collection, plunge frozen virus-
infected cells were processed using a freeze-substitution method, stained with uranyl 
acetate and lead citrate followed by epoxy resin embedding prior to the ultrathin 
sectioning to create 70 nm thick slices. The cartographic analysis of unstained and
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Fig. 6.4 Collation of SXT applications to investigate virus biology at different SXT facilities. (A) 
Structural analysis of vaccinia virus particles using 25 nm zone plate at HZB X-ray microscopy 
beamline at BESSY II (Berlin, Germany). X-ray analysis confirms the brick shape form of mature 
virus. Scale bar represents 1 μm  (a) and subtomographic analysis shows different types of virions 
with the structural details of the virus. Scale bar represents 300 nm (b) (reprinted from Carrascosa 
et al. 2009). (B) Investigation of SARS-CoV-2 infection at Beamline B24 at Diamond Light Source 
(Didcot, UK) using 40 nm zone plate. Tomographic slice representative of SARS-CoV-2-infected 
Vero cell indicating the exocytosis of virions (black arrows) at cell surface and infected cell 
cytoplasm is filled with DMVs. Scale bar represents 1 μm (reprinted from Mendonça et al. 2021). 
(C) Study conducted on HEK cells stably expressing ACE2 receptors to investigate the mechanism 
of SARS-CoV-2 infection at BE2.1 beamline (XM-2) at the Advanced Light Source (Berkeley, CA, 
USA) using a 50 nm zone plate. The X-ray orthoslice indicates the virion entry (black arrows) and 
the aggregates of virions (orange arrows) identified in 3D volume rendering at the cell surface. Scale 
bar represents 2 μm (reprinted from Loconte et al. 2021). (D) Investigation of HSV-1 infection in 
human B cells using 50 nm zone plate at BE2.1 beamline (XM-2). HSV-1 infection after 20 h 
indicating the membrane alteration to form DMV structure with the concave invagination in B-cells 
(rectangle). Scale bar represents 2 μm (reprinted from Chen et al. 2022a). Nu, nucleus; Mit, 
mitochondria; Cyto, cytoplasm



non-sectioned tomograms obtained by limited angle tomography from VACV-
infected PtK2 cells revealed structures resembling vaccinia virus factories related 
to different maturation steps of VACV (immature and mature particles) in the cell 
cytoplasm, which was confirmed in the heavily processed ultrathin TEM images at 
higher resolution. The analysis also revealed the reorganisation of various host cell 
organelles (nucleus, mitochondria, ER) due to the presence of the virus albeit at 
slightly lower resolution compared to the TEM data.
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At the BL09-MISTRAL beamline at ALBA (Barcelona, Spain) the host cellular 
modifications of Zika virus (ZIKV)-infected human glioblastoma U251 cells pre-
pared on TEM grids were recently studied (Garriga et al. 2021). ZIKV belongs to the 
Flaviviridae family and has an enveloped icosahedral capsid harbouring a linear 
positive ssRNA genome. Previous studies using electron tomography in hepatoma 
and neuronal progenitor ZIKV-infected cells showed extensive host structural mod-
ifications (Cortese et al. 2017). X-ray data analysis of the ZIKV-infected glioblas-
toma cells elucidated the ZIKV-mediated cytopathic effects including cell rounding, 
deformation of the nucleus into a kidney-shaped structure, fragmentation of ER 
resulting in the formation of Zika virus replication vesicles, and the formation of 
convolution membranes with rare membrane tubules in the cytosol of infected cells. 

Mendonça and her colleagues described the use of a multi-scale cryo-imaging 
platform for the investigation of the replication cycle of the severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2) in Vero cells at the Beamline B24 and the 
Electron Bio-Imaging Centre (eBIC) at the Diamond Light Source (Didcot, UK) 
(Mendonça et al. 2021). SARS-CoV-2 is a member of the coronavirus RNA family 
and induces the development of a range of membrane compartments during its life 
cycle that contribute to viral replication efficiency and host recognition escape via 
potection of viral components (Ertel et al. 2017; Klein et al. 2020). The focus of the 
study was the investigation of the SARS-CoV-2 replication cycle aiming to under-
stand the viral assembly and egress processes, combining cryo serial focused ion 
beam scanning electron microscopy (cryoFIB-SEM), cryo-SXT, and high-resolution 
cryo-electron tomography (cryo-ET). Serial cryoFIB/SEM image analysis of SARS-
CoV-2-infected Vero cells revealed cytopathological alterations on a large scale 
showing a large number of vesicles in the perinuclear space and membrane tunnel-
like structures coated with the electron-dense particles consistent with the size of 
SARS-CoV-2. SXT data analyses of infected Vero cells further elucidated cytolog-
ical alterations at the whole cell level showing substantial changes in the mitochon-
drial network (a reduced number and altered shape of mitochondria in infected cells 
was recorded) accompanied by the formation of extensive cytoplasmic invaginations 
and nuclear blebbing. The final step of the virus life cycle including the viral release 
via an exocytosis-like mechanism was also recorded (Fig. 6.4B). 

The mechanism of SARS-CoV-2 infection and pathogenesis was studied at the 
same period at the BE2.1 beamline (XM-2), the Advanced Light Source (Berkeley, 
CA, USA) using full-itation cryo-SXT (Loconte et al. 2021). For this study, 
angiotensin-converting enzyme 2 (ACE2) receptor stably expressing HEK293-
ACE2 cells were infected with SARS-CoV-2 at 0.5 MOI for 6 and 24 h and fixed 
cells were added to thin-walled glass capillaries and rapidly plunge frozen to achieve



a full-rotation tomography. The tomographic analysis of SARS-CoV-2-infected 
HEK293-ACE2 cells captured virion entry and aggregation (Fig. 6.4C) and con-
firmed the presence of characteristic structures associated with SARS-CoV-2 repli-
cation, such as the formation of double-membrane vesicles (DMVs) and convoluted 
membranes in the infected cell cytoplasm. The DMV structures were found to be in 
physical contact with mitochondria in the infected cell cytoplasm suggesting the 
facilitation of a crosstalk between mitochondria and ER. Ptogression through infec-
tion from 6 to 24 h in HEK293-ACE2 cells revealed prominent cellular remodelling 
where a significant increase in the volume of lipid droplets and, an increase in the 
number and volume of cytoplasmic vesicles were observed (Loconte et al. 2021). 
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The host cell remodelling in the case of the herpes simplex virus-1 (HSV-1) 
infection was the focus of a series of studies conducted at the BE2.1 beamline 
(XM-2) at the Advanced Light Source (Berkeley, CA, USA). HSV-1 is a large, 
enveloped DNA virus and a member of the Herpesviridae family capable of 
establishing a persistent long-lasting infection in sensory and sympathetic neurons 
(Nicoll et al. 2012). The production of viral particles during the lytic replication is a 
complex process and involves multiple cellular compartments (Johnson and Baines 
2011; Arii 2021 and Brown & Newcomb (2011)). Cryo-SXT analysis of HSV-1-
infected human B-cells revealed changes in cellular structures including the presence 
of cytoplasmic stress granules and multivesicular structures, the formation of nuclear 
dense bodies, aggregation of capsids, elongation of mitochondria, and increased 
abundance endosomal and lysosomal vesicles (Fig. 6.4D) (Chen et al. 2022a). 
Previous studies at the same beamline have focused on the molecular organisation 
of chromatin in HSV-1 infection and for that reason a combinatorial approach of 
cryo-SXT, cryo-fluorescence, confocal, and TEM imaging was then followed 
(Myllys et al. 2016; Aho et al. 2017, 2019). SXT data analyses showed that during 
the late stages of the infection the formation of the viral replication compartment 
results in the enrichment of heterochromatin in the nuclear periphery accompanied 
by the compaction of chromatin. While this peripheral compacted chromatin restricts 
the viral capsid diffusion, capsids are eventually able to reach the nuclear envelope 
moving into the site of their nuclear egress through interchromatin channels. 

The cryo-SXT technique aiming to elucidate the complexity of the HSV-1 life 
cycle has also been applied at Beamline B24 at Diamond Light Source. Nahas and 
colleagues used a consolidated multimodal imaging platform, combining cryo-
widefield fluorescence microscopy to identify stages of infection and cryo-SXT 
technique to investigate morphological changes induced by HSV-1 infection at the 
subcellular level (Nahas et al. 2022a). Various stages of HSV-1 infections were 
identified in fully-hydrated human foreskin fibroblast cells immortalised with human 
telomerase reverse transcriptase (HFF-hTERT) using cryo-SXT (Fig. 6.5A). Spatio-
temporal changes were traced in U2OS cells when infected with a recombinant 
“timestamp” strain that expressed fluorescent chimaeras of the early protein ICP0 
and the late protein gC to distinguish early and late stages of the infection cycle 
(Scherer et al. 2021). Discriminating between early and late stages of HSV-1 
infection made it possible to investigate temporal changes to organelles during 
HSV-1 infection. This investigation confirmed substantial remodelling of the
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Fig. 6.5 (A) Soft X-ray imaging of HSV-1-infected HFF-hTERT cells exhibiting virus particles at 
different stages of HSV-1 life cycle: HFF-hTERT cells were infected with HSV-1 at MOI of 2 for



mitochondria, the cytoplasmic vesicles, and the lipid droplets. At early stages of 
infection, mitochondria were heterogenous in morphology. They became elongated 
at late stages of infection, often forming branched networks. Similarly, a significant 
change in the number and spread of the cytoplasmic vesicles was observed with 
progression through HSV-1 infection (Nahas et al. 2022a) (Fig. 6.5B, C).
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Fig. 6.5 (continued) 16 h before cryofixation. All tomograms were reconstructed from X-ray 
projections acquired using a 40 nm zone plate objective; scale bars represent 1 μm. HSV-1-infected 
cells show multiple dark puncta in the nucleus (arrows) indicating newly assembled naked HSV-1 
capsids (a). Trapped HSV-1 capsids were observed inside the inner and outer nuclear envelope, 
suggesting the transport of naked capsids from nucleus to the cytoplasm by nuclear membrane 
modifications (b). HSV-1 capsids (arrows) were found in the infected cell cytoplasm surrounded by 
cytoplasmic vesicles (arrowheads) (c, d). Transmission of HSV-1 virions (arrows) is observed at the 
intersection of two neighbouring cells (e). Exocytosis of mature HSV-1 virions was observed at the 
infected cell surface. Gold nanoparticles used for image registration are indicated with stars (f). (B) 
Remodelling of mitochondria in HSV-1-infected U2OS cells: Changes in mitochondrial morphol-
ogy were assessed from cryo-SXT tomograms collected using a 25 nm zone plate objective from 
non-infected cells and cells infected at early or late stages of infection with recombinant timestamp 
strains of HSV-1. Data are representative of three independent experiments. Scale bars represent 
1 μm. Non-infected U2OS cells had mitochondria with different morphologies indicating spherical, 
short, and long structures in tomograms (a) and segmented 3D volumes of tomograms (d). The 
alteration in mitochondrial structures was observed in early stages of infection represented as 
elongated bodies (b, e) and branched networks in the late stages of infection (c, f). Mitochondrial 
structures were segmented and differentiated using Contour (Nahas et al. 2022b). (C) Remodelling 
of cytoplasmic vesicles in HSV-1-infected U2OS cells: Changes in the number and spread of 
cytoplasmic vesicles were documented in cryo-SXT tomograms and widefield fluorescence cryo-
microscopy images acquired from uninfected cells, or cells at an early or late stage of infection with 
the recombinant timestamp HSV-1 strains. Data are representative of three independent experi-
ments. Scale bars represent 1 μm. A significant increase in the accumulation of vesicles was 
observed at perinuclear spaces of infected cells from early stages of infection (b, e) to the late 
stages of infection (c, f) in comparison with the uninfected U2OS cells (a, d). Vesicles representing 
spherical, ellipsoidal, or dumbbell shapes were considered in the Contour analysis, but vesicles 
different to these shapes were omitted. All images were kindly provided by Dr Kamal Nahas, 
Diamond Light Source, UK 

Extending the Information Content of SXT Data 
in the Context of Correlative Microscopy Schemes 

Cryo-SXT data provide valuable structural information of intact, fully hydrated cells 
without the need for sectioning techniques or contrast-enhancing methods. The 
utility of SXT techniques has been further enhanced by the development of correl-
ative imaging schemes where SXT is combined with other microscopy techniques 
for the localisation of events at the subcellular level. Such a correlative scheme is 
exemplified by combining synchrotron-based techniques (cryo-SXT, XRF, and 
XANES) to investigate the mechanism of photoactivated anticancer agents in 
human cancer cells in their near-native state (Bolitho et al. 2021). Through cryo-



SXT, morphological changes to organelles within cancer cells were analysed in 3D 
after exposure to photoactivable Pt anticancer complexes with or without activating 
irradiation. 2D cellular distribution and quantification of Pt and endogenous ele-
ments were investigated using nano focused X-ray fluorescence (XRF). 
Co-localisation of Pt and endogenous Zn was detected in the nucleus of all treated 
cells, which confirmed the formation of DNA-Pt lesions in the nucleus. Subse-
quently, the changes were correlated to the cellular distribution of Pt identified 
using XRF, with an established anticancer drug cisplatin, using XRF technique. 
The intracellular photoreduction of the Pt anticancer agents was detected using 
X-ray absorption near edge structure (XANES) spectroscopy. Therefore, the com-
plementary approach of cryo-SXT, XRF, and XANES techniques provided detailed 
information on biological responses and oxidation state of the photoactive com-
plexes and their photoproducts in treated cancer cells when subjected to the 
photoactivated chemotherapy (Bolitho et al. 2021). 
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SXT has benefitted from the development of cryogenic light microscopes for 
correlative imaging. This combination of light and X-ray imaging techniques 
(CLXT) allows tracing of tagged molecules—localisation in the context of a high-
resolution three-dimensional structural information obtained from the X-ray image 
of a cell. This corresponds to a long-standing need for chemical localisation in cell 
research and as such has enormous potential in both clinical and industrial research. 
The first approaches for establishing SXT-based correlative microscopy schemes 
were employed using either cryogenically adapted fluorescence microscopes prior to 
cryo-SXT imaging (McDermott et al. 2009; Chichón et al. 2012; Le Gros et al. 2009; 
McDermott et al. 2012; Duke et al. 2014; Smith et al. 2014; Elgass et al. 2015; 
Myllys et al. 2016; Bai et al. 2020) or  fluorescence optics located inside the X-ray 
microscope (Schneider et al. 2012; Hagen et al. 2012). 

The above-mentioned instances were based on the use of conventional optical 
fluorescence light microscopy, which has been widely used in the field of modern 
biological research for the tracking of fluorescently tagged biomolecules in the 
specimen which deliver insights on cellular physiology at both functional and spatial 
levels. With the new advances in the development of optics and the availability of 
various fluorescent markers for biological research, several fluorescence microscopy 
variants have been developed ranging from traditional epifluorescence microscopy 
to confocal and multi-photon microscopy (Combs and Shroff 2017). Under optimal 
conditions, such as homogeneous refractive index of diffraction barrier, high signal 
intensity, and minimal noise from the background, the optical resolution of light 
microscopic techniques can be achieved to the theoretical limit as defined by the 
Rayleigh criterion (Rayleigh 1879). 

As an alternative to conventional microscopy, research over the past few decades 
has been developing optical imaging techniques aiming to provide resolution 
beyond the diffraction limit; these techniques are collectively known as super-
resolution microscopy (SRM) techniques, inclusive of both near-field and far-field 
methods (Schermelleh et al. 2019). There are currently numerous outstanding 
custom-built instruments or commercially available microscopes being developed 
for super-resolution imaging of biological samples (Schermelleh et al. 2010). To



achieve CLXT at cryogenic temperature taking advantage of the resolution levels of 
the SRM technique, a bespoke custom-built SRM platform that offers three-
dimensional cryo-structured illumination microscopy (cryo-SIM) has been devel-
oped at Beamline B24 in collaboration with the Micron imaging facility at the 
University of Oxford (Fig. 6.6) (Phillips et al. 2020). The platform is called cryo-
structured illumination microscope (cryoSIM) and can serve as a complementary 
tool to cryo-SXT techniques for imaging whole cells under cryogenic conditions. 
The fundamental principle of SIM involves the use of a patterned light interaction 
with the fluorescently tagged biomolecules in the specimen, resulting in a 
low-frequency moire interference fringes corresponding to fine structural details in 
the sample (which would not be detected normally) to be shifted into lower frequen-
cies which are acquired in the image. The patterned light is created using a nematic

182 A. C. Jadhav and I. Kounatidis

Fig. 6.6 Diffraction limited (panel a, bottom half) and reconstructed SIM (panel a, top half) image 
of human foreskin fibroblast cells (HFF) expressing vimentin-mIFP, a marker of intermediate 
filaments, which shows the improvement in resolution and background light suppression in cryo-
SIM imaging. Scale bar is 10 μm (image courtesy by Dr Kamal Nahas, Diamond Light Source, 
UK). The cryo-SIM set-up at the Beamline B24 (b) with a closeup of the Linkam cryo-stage (c) that 
holds the samples on a motorised z-stage. Top view of the four excitation wavelengths travelling 
paths through cryoSIM optics (d)



liquid-crystal-on-silicon spatial light modulator and multiple images are acquired for 
sample thickness over 10 μm at  five phases and three different angles. All the 
information acquired contains a set of equations of separate high-frequency and 
low-frequency contributions, which can then be computationally extracted and 
shifted back to its originating place in frequency space (Phillips et al. 2020). The 
information is then mapped during a reconstruction procedure to create a super-
resolution image which can lead to an eightfold increment in volumetric resolution. 
Raw SIM data can be assessed for reconstruction artefacts through the SIM Check 
plugin in Fiji (Phillips et al. 2020; Vyas et al. 2021).
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The cryo-SIM technique offers distinctive advantages for cryo-imaging including 
the following aspects: (1) easy application to multi-channel image registration by 
using a range of common fluorophores or fluorescently tagged biomolecules achiev-
ing a resolution up to 200 nm (depending on the selected fluorescence wavelength), 
(2) effective thermal sample insulation as the air objective used has a long working 
distance (2 mm), so that the gap between the objective and frozen sample prevents 
the objective from heating the specimen, (3) reduced heat damage and lowered ice 
crystal formation as cryo-SIM uses relatively lower illumination intensities 
(10–100 W/cm2 laser power) and shorter image acquisition times (20–100 ms per 
single exposure), and (4) acquisition of high-contrast images in samples of over 
10 μm in thickness without the need of sectioning as the techniques show effective 
out of focus light suppression (Demmerle et al. 2017). The use of SIM has been 
previously documented in the same cell correlative scheme along with single 
molecule localisation microscopy to visualise cryopreserved cells and then imaged 
using scanning EM via FIB milling, after they are processed with freeze-substitution 
staining (Hoffman et al. 2020). 

Sample Preparation and B24 Experimental Workflow 

Beamline B24 has established a correlative imaging scheme (CLXT) for biological 
samples at cryogenic temperatures that uses the purpose-built cryoSIM and the 
synchrotron-based X-ray microscope that is located in the B24 cabin. Among the 
available cryo-SXT beamlines worldwide, Beamline B24 at Diamond Light Source 
is unique in offering X-ray imaging data correlated with super-resolution data at 
cryogenic conditions. The B24 correlative scheme is based on an experimental 
workflow that includes the sample preparation, the sample imaging, and the data 
analysis (Fig. 6.7). 

The first step is the sample preparation for limited angle tomography in which 
cells grow onto flat surfaces of Quantifoil TEM grids (3 mm in diameter) coated with 
holey carbon support film where positions are marked with numbered letters. Due to 
the hydrophobic chemical nature of the grids, they need pre-treatment to submerge 
and make them cell attachment friendly. There are three ways to pre-treat TEM grids 
(Okolo et al. 2021): (1) hydrophilisation of grids by coating them with filter-sterile 
foetal bovine serum (FBS) for 6–24 h before the addition of biological samples,



(2) glow/plasma discharging of grids using an easiGlow unit, and (3) pre-coating 
grids with cell attachment facilitating polymers such as poly-L-lysine, vitronectin, 
and laminin. The choice of pre-treatment method is dependent on the type of cells 
being used in the experiment. After pre-treatment of TEM grids, cells are seeded 
onto the grids at optimum cell density in order to achieve up to 70% confluence 
followed by a 37 °C/5% CO2/24 h incubation. Next day, cell health and confluence 
are assessed under a conventional bright-field microscope before proceeding with 
the virus infection. Cells could endogenously express fluorescently tagged protein/s 
of interest or alternatively cells are labelled with fluorescent markers upon infection. 
Fluorescence labelling of cell organelles such as mitochondria, lipid droplets, and 
lysosomes not only provides information of chemical localisation but also facilitates 
data registration with labelled organelles considered as correlation markers (Okolo 
et al. 2021). Plunge freezing (Dobro et al. 2010) is the method of choice for sample 
preservation in Beamline B24, while for thicker samples (>10 μm) high-pressure 
freezing (HPF) (Moor 1987) is the recommended fixation method. In plunge freez-
ing, vitrification is achieved via rapid cooling to temperatures below –170 °C by  
plunging the sample grid into liquid nitrogen-cooled liquid ethane or propane. Prior
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Fig. 6.7 A schematic of Beamline B24 step-by-step CLXT workflow explaining the sample 
preparation, imaging with different microscopes, and data analyses stages



to plunge freezing, gold nanoparticles of 100–250 nm in diameter are added for later 
uses as image registration markers for accurate alignment of X-ray projections to 
process images into reconstructed 3D volumes.
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The next step involves the mapping of samples using conventional widefield 
fluorescence microscopy to assess the vitrification quality and identify regions of 
interest (ROI) before collecting the super-resolution 3D cryo-SIM data followed by 
cryo-SXT data acquisition. The last step refers to the necessary raw SXT data 
reconstruction into 3D tomograms (Kremer et al. 1996) and the following image 
registration with the use of the appropriate software (eC-CLEM) (Paul-Gilloteaux 
et al. 2017). The CLXT experimental workflow is adaptable for a wide range of 
biological samples such as multi-species adherent or suspension cell cultures (pri-
mary cells and immortalised cell lines), bacteria, parasites, algae, fungi, and viruses 
(Harkiolaki et al. 2018). 

SXT Correlative Schemes in the Service of Virus Research 

Reovirus 

Reoviruses are non-enveloped double-stranded RNA viruses that result in either an 
asymptomatic, non-pathogenic infection or mild gastroenteritis in humans (Coombs 
2006). The reovirus replication cycle is entirely cytoplasmic with the virus entering 
the cell through clathrin-mediated endocytosis and subsequently trafficked through 
the endosomal pathway from the early to the late endosomes. Transcriptionally 
active particles are released into the cytoplasm and synthesise positive-sense, sin-
gle-stranded RNAs (ssRNAs). Reoviral ssRNA copies are translated to new viral 
proteins and work as templates for negative-sense ssRNAs in order to produce 
genomic dsRNA. Genome replication and assembly takes place in specialised 
compartments known as viral factories (VFs) or inclusions. In the final stages, 
outer-capsid proteins are added onto the newly formed viral cores and egress occurs 
either through nonlytic egress, common with polarised cell types, or though lytic 
egress mediated by an NF-κB-dependent apoptotic pathway (Miller and Krijnse-
Locker 2008; Tenorio et al. 2019; Roth et al. 2021). 

Kounatidis and his colleagues demonstrated for the first time the use of the CLXT 
workflow developed at Beamline B24 and applied the method for the case study of 
reovirus infection in human cancer cells for the first time (Kounatidis et al. 2020). 
The applied correlation protocol is based on the use of open-source software 
(eC-CLEM plugin in Icy) (Paul-Gilloteaux et al. 2017) and involves the 2D posi-
tioning of bright-field, fluorescence, X-ray mosaic, and X-ray tomogram data 
followed by 3D image registration to position the cryo-SIM data on the X-ray 
tomogram. Features such as gold nanoparticles or labelled cell organelles like lipid 
droplets, mitochondria, and lysosomes are used as registration markers for alignment 
of the datasets. The successful application of this protocol in endogenously



mCherry-labelled Galectin-3 protein expressing U2OS cells infected with fluores-
cently Alexa488-labelled reovirus 4 h post-infection is shown in Fig. 6.8. 
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Fig. 6.8 A stepwise correlation protocol illustrating the image registration workflow using 
eC-CLEM plugin in the open-source ICY application (a–e), and visualisation of correlated 3D 
rendering of fluorescence data in Z-slice using Chimera application (f) for fluorescently Alexa488-
labelled (green fluorescence) reovirus 4 h post-infected U2OS cells endogenously expressing 
mCherry (red fluorescence)-labelled Galectin-3 protein using cryoSIM and TXRM imaging plat-
forms (reprinted from Kounatidis et al. 2020) 

For the purposes of the experimental workflow, human U2OS cells expressing 
mCherry-Gal3 (serves as an indicator of endosomal membrane disruption) were 
seeded onto pre-treated TEM gold grids and infected with mammalian reovirus 
(MRV) for 16 h. MRV particles were labelled with Alexa488 NHS ester antibody 
and used at MOI of 100. The infection status of cells was monitored via confocal 
microscopy confirming the presence of green fluorescence of labelled virus compo-
nents intracellularly. Infected cells were vitrified after applying 250 nm gold fidu-
cials in cooled liquid ethane using a Leica EM GP2 plunge freezer at 1 h intervals. 
Vitrified samples on grids were transferred to the cryoSIM and imaged in green and 
red fluorescence to identify cells infected with MRV and expressing Gal3. 3D-SIM 
data were collected on representative cells at 1, 2, 3, and 5 h after infection. X-ray 
data were collected with an UltraXRM-S/L220x X-ray microscope (Carl Zeiss) at



Beamline B24 with a 40 nm zone plate objective set-up. Tilt series were collected 
from –65° to +65° at increments of 0.5°. Data were aligned and reconstructed 
automatically using the in-house pipeline which employs Batchruntomo as part of 
the IMOD package (Kremer et al. 1996, Mastronarde 2005). Same cell cryo-SIM and 
cryo-SXT datasets were overlaid with the registration software eC-CLEM (Paul-
Gilloteaux et al. 2017) (Fig. 6.9). 
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Fig. 6.9 Endosomal trafficking and escape of reoviruses in U2OS cells. (a) Single Z-slice from a 
reconstructed tomogram with Gal3 (red) and MRV (green) localisation from 2 h post-infected cell 
(b). ROI was identified with either X-ray grayscale imaging alone or superimposed with fluores-
cence signal. Multivesicular bodies (MVBs) are easily distinguishable with the recognisable 
sub-compartments where Gal3 is accumulated (suggesting the fusion of virus-loaded vesicles 
with virus free late endosomes) (reprinted from Kounatidis et al. 2020) 

The CLXT data analyses elucidated the early stages of the reovirus infection 
revealing a series of events: (1) by 1 h post-infection (PI) the virus is contained 
within a distinct endosomal population, (2) from 1 h PI localised Gal3 within virus-
bearing vesicles is detected suggesting the permissibility of cytoplasmic proteins or 
other small cellular constituents inside vesicles (the fact that the integrity of the 
virus-loaded endosomes is not compromised suggests a mechanism of selective 
shuttling of core particles with pores closing or reducing to size when not in use), 
and (3) by 2 h PI endosomes were loaded with virus and endosome structures 
changed to larger, more complex, and multivesicular bodies, and were observed in 
close proximity to the nucleus, indicating that they are trafficked for either recycling 
within or evicted from the host cell (Fig. 6.9). 

With the above study, a detailed and clear timeline for the transport of viral 
material through the conventional endosomal pathway and the viral escape is now 
available. The study was the first validation of the cryo-SXT platform developed at



Beamline B24, which is now fully commissioned and freely accessible to the global 
scientific community. 
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Beyond CLXT, cryo-SXT can be used in other imaging correlative schemes 
bringing together the power of different microscopy techniques for the study of 
viral infections. During recent years, cryo-SXT has been combined with comple-
mentary imaging methods such as electron microscopy, electron tomography, and 
infrared spectroscopy for the purposes of scouting virus-induced changes in infected 
cells and understanding the orchestration of virus–host remodelling quantitatively. 

Hepatitis C Virus 

Hepatitis C virus (HCV) is an enveloped, positive-sense single-stranded RNA virus 
member of the Flaviviridae family. The HCV polyprotein is processed by viral and 
cellular proteases to produce ten major viral proteins both structural and 
non-structural with the latter ones sufficient to support HCV RNA replication. 
HCV infection cycle begins with the host cell receptor-mediated endocytosis of 
HCV, where the viral genome is released and processed in the host cell cytoplasm to 
produce progeny virions through a complex and dynamic replication and assembly 
process. During HCV life cycle, a host cell membrane rearrangement is well 
documented and known to form a membranous web to harbour HCV replication 
complexes and viral proteins. This rearrangement includes the formation of double-
membrane vesicles where the virus replication likely takes place (Dubuisson and 
Cosset 2014). Based on EM studies, membranous web derives primarily from the 
ER and contains markers of rough ER, early and late endosomes, mitochondria, and 
LDs (Romero-Brey et al. 2012). 

Perez-Berna et al. (2021) have employed a consolidated approach involving two 
microscopy methods based on the different beamlines in the ALBA Synchrotron 
facility. Cryo-SXT has been used to study the structure of the membranous web 
structure under cryogenic conditions at the whole cell level. Subsequently, 
synchrotron-based Fourier transform infrared microspectroscopy (SR-μFTIR) was 
used for the spatial correlation between the membranous web in the cells and the 
specific chemical footprint of lipids and proteins. 

For the needs of the experimental workflow, a surrogate model of infection was 
used (in accordance with the biosafety protocols of ALBA Synchrotron facility) that 
did not involve the handling of infectious material. Therefore, the adherent human 
hepatoma cell line (HuH-7) was electroporated with subgenomic bicistronic HCV 
RNA. Effective replication of the RNA genome was confirmed by the resistance to 
certain antibiotic treatment (G418). The viral load was quantified with the applica-
tion of RT-qPCR. Hepatoma cells were seeded onto gold TEM grids and 24 h later 
were cryopreserved by plunge freezing. Prior to cryopreservation 100 nm gold 
nanoparticles were added for tomographic alignment purposes. Soft X-ray data 
were acquired with the use of a 40 nm Fresnel zone plate objective. IMOD (Kremer 
et al. 1996) was used for the alignment of the projections and SIRT reconstruction



option in TOMO3D (Agulleiro and Fernandez 2011) for the final reconstructions. 
Visualisation and segmentation of reconstructed data were carried out with the 
Amira-Avizo Software and UCSF Chimera (Pettersen et al. 2004). 
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After cryo-SXT data collection, the TEM grids were dipped from liquid nitrogen 
to 3.7% paraformaldehyde (PFA) at room temperature. The cells were dried in a 
desiccator and then were used for SR-μFTIR spectroscopic analysis at the MIRAS 
beamline at the ALBA Synchrotron (Yousef et al. 2017) using a Hyperion 3000 
Microscope equipped with a 36-magnification objective coupled to a Vertex 70 spec-
trometer (Bruker). Spectroscopic data were acquired in two different ways: (1) min-
imum 50 spectra from single cells for each sample in each region and (2) maps with 
minimum dimensions of 50 × 50 μm and a step size of 6 × 6 μm. SR-μFTIR spectra 
of single independent cells and various cell maps were analysed using Opus 7.5 
(Bruker). 

By correlating 2D SR-μFTIR data, they have demonstrated a link of the overall 
increase in the oxidation of the cytoplasm of the HCV-replicating cell with its 
structural alteration. Cryo-SXT data analysis allowed the 3D characterisation of 
the membranous web. Interestingly, the recorded HCV-induced alterations were 
reversed using different antiviral drugs, thus providing a mechanism of action of 
the used drugs. This reversing of virus-induced cytological alterations came at a cost 
for the host cell as it was accompanied by certain side effects including the formation 
of large self-treated aggresome organelles due to the cellular stress induced by the 
drugs provided. Data correlation for the case of infected cells revealed (1) a lipid 
peak in the perinuclear region, (2) a maximum protein distribution across the region 
where abnormal mitochondria were present, and (3) high oxidation levels in areas 
with enhanced membrane alterations. Therefore, for the first time the chemical 
nature of the virus-induced ultrastructural change in the case of HCV was under-
stood (Fig. 6.10) (Perez-Berna et al. 2021). 

Challenges and Prospects 

Cryo-SXT has been proven to be a powerful approach for the study of the host–virus 
interactions as it facilitates capturing of dynamic processes throughout the virus life 
cycle at different time points and in different intracellular locations. Several studies 
related to viral infections have been performed in soft X-ray microscopes worldwide 
demonstrating the potential of the technique in the field of virological research 
(Hagen et al. 2012; Myllys et al. 2016; Aho et al. 2017; Aho et al. 2019; Kounatidis 
et al. 2020; Loconte et al. 2021; Mendonça et al. 2021; Chen et al. 2022a; Nahas 
et al. 2022a). Cryo-SXT allows a spatiotemporal analysis of the host cellular 
remodelling during the infection cycle at the ultrastructural level by elucidating the 
role of specific cellular compartments in a near-native state, as the samples are 
cryopreserved. Therefore, all the ultrastructural alterations recorded are not an 
artefact introduced by disruptive alternative techniques such as chemical fixation,



dehydration, resin embedding, or sectioning used in routine EM-based techniques 
(Harkiolaki et al. 2018; Okolo 2022). 
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Fig. 6.10 Correlative SXT and infrared and visible maps of control and HCV-replicating cells. 
(a, e) Three-dimensional reconstruction of whole-cell volumes of control and HCV replicon-
bearing cell lines by cryo-SXT. Tile-scanned projections showing the area selected for SXT as 
well as volume tomograms are shown. A colour-coded manual segmentation of the surface 
boundaries identifying different organelles is presented, with normal mitochondria in green, 
abnormal mitochondria type I in red, abnormal mitochondria type II in purple, ER in yellow, 
modified ER in brown, and nuclear envelope in pink. (b, f) Lipid area distribution, (c. g) Amide I 
area distribution. (d, h) Absorbance ratios corresponding to oxidation (A1740/A2960+2925). Blue for 
low intensity, red for high intensity. 1 μm scale bar (reprinted from Perez-Berna et al. 2021) 

The main drawback of the cryo-SXT technique is the limited resolution especially 
when compared to other available techniques such as TEM, cryo-EM, or cryo-ET. 
The maximum effective resolution by using the 25 nm zone plate is approximately 
30 nm, and while cellular compartments and virus particles could be imaged at these 
levels, structures such as cytoskeleton components and macromolecular machines 
such as ribosomes require higher resolution levels. The limitations in the production 
of more advanced X-ray diffractive lenses impair further progress in the spatial 
resolution provided by the X-ray microscopes. Research teams have demonstrated 
that by the use of higher-order imaging (Rehbein et al. 2009) or by applying new 
alternative technologies into the construction of new zone plates (combining 
electron-beam lithography with atomic layer deposition and focused ion beam 
induced deposition (Vila-Comamala et al. 2009), or by introducing new zone plate 
designs with reduced zone widths (Chao et al. 2012), a 10 nm spatial resolution is 
achievable. However, a 25 nm resolution is currently the ideal applied image 
resolution as the smaller the width of the ZP’s outermost zone the higher the 
achieved resolution but also the smaller the associated field of view and depth of 
view (Okolo 2022).
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The other main limitation of the cryo-SXT technique is the difficulty to distin-
guish between different intracellular compartments resembling similar shapes and 
X-ray attenuation levels (resulting in similar density projections). However, when 
cryo-SXT is coupled with a SRM technique such as the cryo-SIM, the above 
obstacles can be overcome with either the application of external dyes for the 
unambiguous recognition of specific cellular organelles or with the endogenous 
overexpression of fluorescently tagged biomolecules (Kounatidis et al. 2020; 
Nahas et al. 2022a). 

In the future, further development of the CLXT technique (higher imaging 
resolution levels, broader fluorophore repertoire) coupled with advanced quantita-
tive analysis software tools will allow an in-depth analysis of statistically significant 
numbers of virus-infected cells. The development of this kind of high statistical 
power imaging platforms will be beneficial for the evaluation of potential antiviral 
agents at the preclinical stage, through the evaluation of their structural conse-
quences at the subcellular level. 
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Chapter 7 
The Virus-Induced Cytopathic Effect 

Daniel Céspedes-Tenorio and Jorge L. Arias-Arias 

Abstract The cytopathic effect comprises the set of cellular alterations produced by 
a viral infection. It is of great relevance since it constitutes a direct marker of 
infection. Likewise, these alterations are often virus-specific which makes them a 
phenotypic marker for many viral species. All these characteristics have been used to 
complement the study of the dynamics of virus-cell interactions through the kinetic 
study of the progression of damage produced by the infection. Various approaches 
have been used to monitor the cytopathic effect, ranging from light microscopy, 
immunofluorescence assays, and direct labeling with fluorescent dyes, to plaque 
assay for the characterization of the infection over time. Here we address the 
relevance of the study of cytopathic effect and describe different experimental 
alternatives for its application. 

Keywords Viruses · Cytopathic Effect (CPE) · Immunofluorescence Assay (IFA) · 
Plaque assay · Live-cell imaging · Fluorescence microscopy 

Introduction 

Viruses are considered cell parasites. When infecting a cell, they hijack the cellular 
machinery to ensure the production of viral progeny. That is, they need the cell to 
replicate and perpetuate (Mandell et al. 2010). This concept is closely linked to the 
interactions that are generated when the cell comes into direct contact with the virus. 
Different viral species rely on multiple signals and receptors that determine whether
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they can infect a particular cell type. In most species, there are well-characterized 
receptors and co-receptors required for viral entry into the host cell. Likewise, the 
production of viral progeny depends on the cell in question, allowing virus replica-
tion (Flint et al. 2009).
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In consequence, different concepts are derived to describe whether a cell can be 
infected and whether it allows viral replication. Susceptibility is linked to the 
presence of specific receptors and co-receptors in the cell that allow viral recogni-
tion, adsorption, and entry. On the other hand, permissiveness refers to the possi-
bility that viral replication can occur in the cell. Finally, these two concepts are 
linked to tropism, which determines the cell lineages in which the virus finds the best 
conditions to establish the infection and replicate (Mandell et al. 2010; Flint et al. 
2009). 

Once the infection has occurred, the hijacking of the cellular machinery and the 
structural alteration of the cell results in important changes. The set of cellular 
alterations produced by a viral infection is known as the cytopathic effect (CPE). 
This can include changes in metabolic pathways, alteration of the cell morphology, 
perturbations in growth kinetics and even cell death. Over time, these effects result in 
ultrastructural manifestations of the infection that can be monitored with standard 
light and fluorescence microscopes. Since the direct observation of viral particles 
requires the use of electron microscopy techniques, detection of the CPE is consid-
ered an alternative way to recognize a viral infection with conventional equipment. 
In addition, it can serve as a phenotypic recognition marker of the viral species that is 
causing the infection (Doms 2016; Mandell et al. 2010; Flint et al. 2009). 

The effects exerted by a virus on the cell can be direct or indirect. In the former 
case, the virus directly causes damage to the cell. Many viruses, such as Ebola, are 
lytic viruses able to activate the apoptosis cascade and produce specific cellular 
changes that characterize this type of cell death (Baseler et al. 2017; Doms 2016). 
Cytopathic changes related to cell morphology include fragmentation, cell rounding, 
and loss of cell–cell adhesion, among others. In the latter case, cells remain meta-
bolically active, but their cytoskeleton is compromised. 

On the other hand, indirect changes are those in which the virus does not cause 
damage to the cell, but the pathology is secondary to some products generated during 
the infection. For example, enveloped viruses produce glycoproteins that are 
released from the cell and can bind to membrane receptors of adjacent cells. This 
stimulates the fusion of cell membranes causing the formation of syncytia (Doms 
2016). Likewise, some viruses trigger the pathology from an exacerbated immune 
response generated by the expression of the different viral proteins in the infected 
cells. Particularly, in the case of hepatitis B virus (HBV), the integration of the viral 
DNA into the host genome generates the expression of the surface antigen (HBsAg) 
that, when recognized by CD8+ T cells (TCD8+), causes most of the death observed 
in infected cells (Iannacone and Guidotti 2021). 

However, not all viruses cause cell death. Cytopathic changes may comprise 
alterations in different metabolic and molecular pathways involved in cell replication 
and survival. This could be translated as decreased cell death and cell transformation 
involving changes both in morphology and in the expression of different cellular



markers that can lead to the development of cancer. Oncogenic viruses such as the 
human papilloma virus (HPV) are examples of this type of infection (Mandell et al. 
2010; Mighty and Laimins 2014). 
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Cytopathic Effects across Viral Species 

The observation of cytopathic effects in cell culture is of great diagnostic utility since 
it has been implemented as a confirmation of infection and as a hallmark of many 
viral species with very distinctive effects that allow them to be identified and 
distinguished directly from others (Doms 2016; Flint and American Society for 
Microbiology 2009). 

Lysis and cell death are the most evident cellular effects observed in the context 
of a viral infection. These mechanisms can be direct, when the virus activates death 
signals in the cell, or as is the case of most viruses like the human immunodeficiency 
virus (HIV), death is secondary to disturbances that generate significant damage. In 
vitro, HIV triggers two cytopathic effects: syncytia formation and direct cell lysis. 
Each of these two alterations depends on the type of co-receptor employed by the 
virus. Viruses using CXCR4 induce syncytia formation and the appearance of 
multinucleated giant cells, while viruses using CCR5 do not cause this alteration. 
This virus also induces in the cells it directly infects, mainly TCD4+ cells, a 
phenomenon known as cell engulfment degeneration, where the infected cells 
enlarge until they lose their membrane integrity and are consequently lysed (Costin 
2007; Lang et al. 2011). 

On the other hand, viruses of the genus Flavivirus cause gradual cell death in 
different cell types. In general, the alteration of cell death pathways induced by these 
viruses primarily causes apoptosis, necrosis, and autophagy in the infected cells. 
Dengue virus (DENV) induces apoptosis in different cell lineages including cells of 
the immune system, nervous system, and liver. Apoptosis is triggered by both the 
virion and specific viral proteins, activating both the extrinsic and the intrinsic 
pathways. This phenomenon is also typical of the West Nile virus (WNV) infection. 
Likewise, DENV can also induce autophagy, which results in a lower immune 
response and the enhancement of viral replication (John et al. 2015; Roy et al. 
2014). These phenomena can be monitored in cell culture by an increase in cell death 
or in the expression of specific markers using fluorescence microscopy. 

The formation of syncytia is a characteristic present in infections by paramyxo-
viruses and coronaviruses, as a viral strategy for dissemination that allows minimal 
exposure to the extracellular medium and its components, including the immune 
system. Although this effect is not exclusive of one viral species, the formation of 
syncytia in lung cells is pathognomonic of the respiratory syncytial virus (RSV) 
(Fig. 7.1). Among the different proteins involved, the F protein of RSV plays the 
most important role in breaking the hydrophobic bonds of the membrane in infected 
cells and inducing fusion of membranes with neighbor cells (Gower et al. 2005). 
Following membrane fusion and viral replication, cell death is triggered by necrosis,



leading to further tissue destruction and viral spread (Gagliardi et al. 2017; 
Valdovinos and Gómez 2003). 
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Fig. 7.1 Immunofluorescence analysis of virus-induced CPE. (a) Syncytia formation (arrow) in 
HEp-2 cells infected with RSV (strain A2) and immunostained with an anti-RSV F protein 
monoclonal antibody (green) at 72 hours postinfection. (b) Clustering CPE in Vero cells infected 
with HSV-1 (strain F) and immunolabeled with an anti-HSV-1 D glycoprotein monoclonal anti-
body (green) at 48 hours postinfection. Total magnifications of 400 X and 200 X, respectively. In 
both cases cell cytoplasms and nuclei were counterstained with Evans blue (red) and Hoechst 33342 
(blue), respectively. Images by Jorge L. Arias-Arias, Universidad de Costa Rica 

More severe systemic infections such as those produced by the Ebola virus 
(EBOV) are more difficult to fit into a classification due to the differential affecta-
tions in several tissues. The cell lineages disturbed are many; however, hepatocytes, 
lymphocytes, and epithelial cells of the vessels are the most affected. In the hepatic



tissue, intracytoplasmic lipid vacuoles engulfed by the cells and inclusion bodies in 
which the virus replicates and assembles can be observed until hepatocytes rupture 
and die by necrosis. Likewise, lymphocytes and cells of the vascular epithelium 
activate death pathways of both necrosis and apoptosis. The vascular epithelial cells 
suffer alterations such as cell rounding, loss of adhesion, and destruction of the 
intercellular junctions, resulting in loss of integrity of the vascular membrane, which 
leads to the severe hemorrhages observed in the Ebola Virus Disease (EVD) 
(Barrientos and Rollin 2007; Baseler et al. 2017; Francica et al. 2009). 
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However, EBOV is not the only virus with multiple and complex cellular 
disturbances. For example, the cytopathic effect caused by Zika virus (ZIKV) 
infection is not fully defined. Nevertheless, important findings have been 
documented that characterize the damage to the infected cells. One of the most 
predominant is rapid and widespread vacuolization, particularly in astrocytes and 
skin fibroblasts. This vacuolization starts from the outer zone of the cell and 
culminates in a process that resembles paraptosis, a caspase-independent cell death 
mechanism that results in the formation of large cytoplasmic vacuoles (Monel et al. 
2017). It has also been observed that these vesicles are not only intracellular, but they 
can behave as exosomes that are released into the extracellular space and promote 
the dissemination and immune evasion of the viral infection (Huang et al. 2018). 
Moreover, as a part of the induction of cell death by apoptotic and necrotic 
mechanisms and the reduction in cell proliferation, ZIKV infection causes various 
mitotic abnormalities easily observed over time by methods such as fluorescence 
microscopy. These include chromosomal aberrations, formation of micronuclei, 
multipolarity, and multiplication of the number of centrosomes. This results in 
chromosomal instability that promotes death in these abnormal cells or, when they 
survive, aneuploidy in the different tissues (Souza et al. 2016). 

Approaches to Studying the Cytopathic Effect 

Bright-Field Microscopy 

The analysis of virus-infected cell cultures using a light microscope permits the 
direct observation of cytopathic changes produced by viral infections over time and 
constitutes the more economical approach for this purpose (Fig. 7.2). However, it 
requires expertise and well-trained analysts as these alterations could be virus-
specific, allowing a preliminary diagnosis (Chong et al. 2014; Doms 2016). This is 
characteristic of pathological studies to observe the dysplastic changes produced by 
the Human Papillomavirus (HPV) in genital tissue. In this case, cervical cytology 
samples are stained with hematoxylin/eosin to detect the alterations produced by this 
virus, which could be associated with cancer (Mighty and Laimins 2014; Schiffman 
and Wentzensen 2013).
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Fig. 7.2 Bright-field microscopy analysis of virus-induced CPE in Vero cells. (a) Noninfected 
control cells at 48 hours postseeding. (b) Syncytia formation (arrow) at 48 hours postinfection with 
measles virus (MV, strain Moraten). (c) Ballooning and clustering CPE at 48 hours postinfection 
with HSV-1 (strain F). Total magnification of 200 X. Images by Francisco Vega-Aguilar, 
Universidad de Costa Rica 

Fluorescence Microscopy 

Fluorescence microscopy enables the specific identification in a single experiment of 
several viral and cellular markers of damage in the infected cells using molecular 
sensors, such as labeled antibodies or chemical dyes, in a variety of colors. It also 
allows the analysis over time of the dynamics and kinetics of viral infection (Parveen 
et al. 2018). Among the experimental approaches assisted by fluorescence micros-
copy for the study of virus-induced cytopathic effect, immunofluorescence assay 
(IFA) and direct labeling with fluorescent dyes are described herein. 

Immunofluorescence Assay (IFA) 

Immunofluorescence assays allow the detection of viral particles as well as their 
components inside cells by means of labeled antibodies directed against one or more 
of the viral structural or nonstructural proteins (Fig. 7.1). This is important for the 
understanding of the pathological process behind the cytopathic effect, as 
co-localization of specific viral proteins with counterstained cellular structures 
allows the elucidation of the viral components involved in the development of the 
cell damage observed in particular organelles (Arias-Arias and Mora-Rodríguez 
2021). This method also allows easy identification of cells that are more susceptible 
to infection and supports viral replication and dissemination, even before the 
appearance of clear cell damage, which permits the corroboration of the preliminary 
bright-field diagnosis. 

Labeling with Fluorescent Dyes 

Based on the principle that the cytopathic effect relies on the interaction between the 
virus and cellular components, we envisaged that the use of fluorescent dyes directed 
against such cellular elements could be applied to obtain information about the



damage produced to the infected cell. Taking this into consideration, we developed a 
method to monitor the kinetics of CPE formation by the use of chemical probes 
commonly used in cell biology and cancer research to label DNA (Arias-Arias et al. 
2020). 
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Fig. 7.3 Labeling with fluorescent dyes of CPE in flavivirus-infected cell cultures. (a) CPE 
induction kinetics in YFV-infected BHK-21 cells with the nucleic acid dyes Hoechst 33342 (cells 
with condensed chromatin, saturated blue) and TO-PRO-3 iodide (dead cells, red) at a total 
magnification of 200 X (scale bar = 100 μm). (b) Plaque assay on live BHK-21 cells by CPE 
labeling with the DNA stainings Hoechst 33342 (chromatin condensation, blue) and SYTOX green 
(cell death, green) at 120 hours postinfection with ZIKV (total magnification of 40 X; scale 
bar = 1000 μm). Images by Jorge L. Arias-Arias, Universidad de Costa Rica 

In this respect, nuclear probes such as Hoechst 33342 or cell death markers such 
as propidium iodide (PI), SYTOX green, or TO-PRO-3 iodide allow the monitoring 
of damage at different stages of the infectious process in terms of chromatin 
condensation and plasma membrane permeabilization, respectively (Fig. 7.3a). 
This permits the real-time monitoring of viral infection with single-cell resolution 
and the observation by live-cell imaging of events corresponding to early (chromatin 
condensation) and late (membrane permeabilization) stages of virus-induced CPE 
(Arias-Arias et al. 2020). For further details about this method, please refer to the 
cited reference.
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Plaque Assay 

The plaque assay was adapted by Dulbecco more than 70 years ago for applications 
with animal viruses (Dulbecco 1952) and remains the method of choice for the 
quantification of lytic viruses. This method is based on the infection of a cell 
monolayer embedded in a semi-solid matrix, such as agarose, to restrain viral 
dissemination. Viral infection and multiplication generate foci of lysis which, after 
staining with dyes such as crystal violet, can be observed as plaques that can be 
counted by the analyst. The number of plaques correlates with the viral titers present 
in the original viral seed (Ryu 2017). 

Despite the advantages of this method for viral quantification, it is an endpoint 
approach that does not collect data about the kinetics of infection and requires a 
laborious process before achieving results. In addition, it is also subjective since it 
relies on the interpretation by the analyst who counts the plaques. The bias increases 
when there are very small plaques that make it difficult to discern the exact number 
of foci of infection (Wen et al. 2019). Due to these limitations, we decided to apply 
our above-mentioned technique of labeling with fluorescent dyes for the improve-
ment of the conventional plaque assay, since virus-induced CPE is essential for the 
formation of viral plaques and our technique is suitable for live imaging (Arias-Arias 
et al. 2021). 

The infection kinetics and CPE development involve many events prior to cell 
death that cannot be monitored by other approaches but live-cell imaging. Our 
method with fluorescent DNA dyes allowed the real-time monitoring of the plaque 
formation process and the characterization of early (chromatin condensation) and 
late (cell death) cytopathic effects with single-plaque resolution. In addition, we 
developed an image analysis pipeline for the characterization of the plaques at a 
single-cell level (Arias-Arias et al. 2021). 

After validation in Vero cells of this fluorescent plaque assay, we concluded that 
our method was not only an improvement over the conventional plaque assay for 
viral quantification but also a tool for the study and characterization of the CPE 
generated by both RNA and DNA viruses, since in the same experimental condition 
there are viral plaques surrounded by a monolayer of uninfected cells. This consti-
tutes the perfect internal control for the comparison of the structural differences 
between infected cells that form the plaques and their noninfected counterparts on 
the periphery. 

In our real-time fluorescent plaque assay, a first labeling is performed with 
Hoechst 33342 as a marker of chromatin condensation (blue fluorescence) and a 
second staining with SYTOX green as a marker of cell death upon membrane 
permeabilization (green fluorescence). The results showed a green fluorescence 
focus of dead cells in the inner zone of the plaques and a concentration of blue 
fluorescence in the outer region corresponding to cells with condensed chromatin 
(Fig. 7.3b). This indicated that chromatin condensation processes occur prior to cell 
death, a conclusion that cannot be obtained from a conventional plaque assay (Arias-
Arias et al. 2021).
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Finally, a deeper single-cell analysis by the quantification of the percentage of 
cells showing chromatin condensation and cell death within individual viral plaques 
allowed us to identify interesting variations in the CPE generated by three different 
viral species (VSV, YFV, and HSV-1). The results for each case suggested differ-
ential rates of infection and virus interaction with the cell death programs. This also 
supported the utility of our approach for the identification of mixed infections based 
on viral-specific CPE fingerprints at the level of the plaques generated (Arias-Arias 
et al. 2021). 

Monitoring of the Cytopathic Effect and Its Relevance 

The importance of in vitro measurement of viral-induced cytopathic effect is not 
only related to its application in clinical virology for the diagnosis of a particular 
infection, but also it is extensively used for research in this field. This has been 
widely applied in three aspects: characterization of the cellular tropism to different 
viral species, evaluation of antiviral drugs in the pharmaceutical industry, and the 
study of neutralizing antibodies for the development of vaccines. These three 
applications are discussed below using the recently discovered SARS-CoV-2 virus 
as an example. 

Cellular Tropism Evaluation 

By monitoring the cytopathic effect in various cell lines, it is possible to characterize 
the permissiveness of these cells to infection by a given viral species and thus 
elucidate the cell tropism of the virus of interest (Arias-Arias and Mora-Rodríguez 
2021). In the case of SARS-CoV-2, as the number of studies on this virus increases 
due to the rise in the number of cases worldwide and the need to understand the 
physiopathology of this infection, one of the first issues to be considered is the 
cellular tropism of the virus and the extent of the infection in the body. Manuscripts 
such as those published by Zhu et al. (2020) and Hao et al. (2020) focused on 
describing the viral replication profile and cellular damage in airway epithelial cells. 
The former describes distinctive cytopathic effects such as cell fusion, apoptosis, and 
destruction of intercellular junctions in in vitro cultures of human ciliated and 
secretory airway epithelial cells (Zhu et al. 2020). This is a feature that differentiates 
the tropism of this virus from other coronaviruses. Likewise, the latter study 
broadens these findings by evaluating long-term cytopathic changes to describe 
the kinetics and dynamics of this viral infection (Hao et al. 2020). 

As with this virus, the study of the cytopathic effect of different viral species has 
been helpful in correlating the pathology of infection with the cell tropism of the 
virus. This is the case with ZIKV. Infections in children are associated with cases of 
microcephaly, and this can be explained because the virus has tropism for neural cell



progenitors and astrocytes. In the latter, especially, persistent infection produces 
significant chromosomal abnormalities that contribute to cell death and neurological 
damage (Souza et al. 2016). 
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The above-mentioned examples highlight tropism for single-cell lineages. How-
ever, for most viruses, this is not the case. Viruses possess the ability to infect diverse 
cell lineages and thus favor the spread of infection to different tissues. As an 
example, we demonstrated by plaque assay and IFA the permissiveness of primary 
human umbilical artery smooth muscle cells (HUASMC) to the four DENV sero-
types in comparison with the infection produced in both primary human umbilical 
vein endothelial cells (HUVEC) and rhesus macaque kidney cells (LLC-MK2). Our 
results showed that HUASMC is susceptible and productive to infection with all 
DENV serotypes, although to a lesser degree when compared with the other two cell 
lines evaluated (Arias-Arias et al. 2018). 

Antiviral Drug Screening 

The development of antiviral drugs to treat SARS-CoV-2 infections has been a 
major focus of the biomedical industry since the virus began its global spread. Such 
studies mainly focus on assays measuring cytopathic/cytotoxic effects or variations 
of the well-known plaque assay. Many different chemical compounds, ranging from 
already approved drugs to compounds under evaluation, have been tested by cyto-
toxicity assays. These involve culturing virus-infected cells and then adding the 
chemical compound in evaluation to assess whether it decreases the percentage of 
cytotoxicity resulting from the viral infection (Arias-Arias et al. 2018). 

Chen and collaborators evaluated the cytopathic effect inhibition for the antiviral 
screening of 8810 compounds against SARS-CoV-2, comprising FDA-approved 
and experimental drugs. Of these, 319 were found to have antiviral activity against 
the virus. Among the approved drugs, three compounds (chlorprothixene, 
methotrimeprazine, and piperacetazine) showed a prominent antiviral effect that 
was previously unknown (Chen et al. 2021). Similarly, Taylor and collaborators 
applied a plaque reduction assay to demonstrate the antiviral activity of the approved 
drug galidesivir against SARS-CoV-2 (Taylor et al. 2021). 

Other studies focused more on experimental compounds that have not been 
previously studied, such as plant extracts. That is the case for the research by Ogbole 
and collaborators, in which the antiviral effect of 27 crude plant extracts was tested 
against three echovirus serotypes (E7, E13, and E19) using a neutralization assay to 
measure the inhibition of cytopathic effect in cell culture. The results showed that ten 
out of all compounds tested presented a significant therapeutic effect against these 
serotypes, opening the possibility of its use as an alternative treatment for these 
infections (Ogbole et al. 2018). 

The above-discussed experimental approach developed by our research group 
combining a fluorescence-assisted real-time plaque assay with automated image 
analysis allowed the application of a plaque reduction assay for the simultaneous



screening of cytotoxic and antiviral effects of drugs in cell culture. For this, HSV-1 
virus-infected Vero cells were stained with Hoechst 33342 and incubated with a 
medium containing PI and increasing concentrations of acyclovir (0–3000 ng/ml). 
Image analysis of live-cell photomicrographs taken over 96 hours allowed us to 
demonstrate the well-known antiviral activity of acyclovir in inhibiting the cyto-
pathic effect and reducing the titers of HSV-1 by several logarithms. In addition, it 
was evidenced that concentrations equal to or greater than 3000 ng/ml of acyclovir 
were highly cytotoxic. The latter was determined by analyzing the uninfected cells at 
the periphery of viral plaques. With these data, it was possible to determine in a 
single experiment the 50% inhibitory concentration (IC50), 50% cytotoxic concen-
tration (CC50), and selectivity index (SI: CC50/IC50) for in vitro acyclovir treat-
ment of HSV-1 infection in Vero cells (Arias-Arias et al. 2021). 
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Neutralizing Antibodies Assessment 

One of the most significant applications of the virus-induced cytopathic effect 
measurement is the evaluation of the efficacy of neutralizing antibodies. This is of 
relevance in the development of vaccines, humoral immunotherapy, and serological 
assays for viral diagnosis. The principle of these assays is mainly focused on the 
evaluation of the inhibition of the cytopathic effect upon exposure to antibodies. A 
mixture of the virus with the serum containing the antibodies is inoculated into cell 
cultures and the cytotoxicity is measured after incubation to evaluate the neutralizing 
effect of the antibodies (Fenwick et al. 2021). 

A current example of the neutralizing capacity of an antibody against SARS-
CoV-2 is described by Fenwick and collaborators. This research team isolated the 
fragment antigen-binding region (Fab) of a monoclonal antibody (P5C3 Fab) that 
presents picomolar neutralizing capacity upon infection with any of the SARS-CoV-
2 variants described to date. The neutralizing ability of the antibody was validated by 
experiments based on the in vitro inhibition of the cytopathic effect and the in vivo 
measurement of viral loads produced in animal models. Spike protein variants 
corresponding to each of the viral strains included were generated by recombinant 
expression technology and the neutralization potential of the antibodies was evalu-
ated for each strain, demonstrating their effectiveness in all cases (Fenwick et al. 
2021). 

Other authors, such as Manenti and collaborators, used these experimental 
approaches to develop immunological techniques for rapid and accurate diagnosis 
of infection. The authors developed a colorimetric microneutralization assay that can 
be used in clinical practice and allows the quantification of the concentration of 
neutralizing antibodies in serum in a more specific way. The results obtained by the 
neutralization assay with measurement of the cytopathic effect were compared with 
those obtained by ELISA and a correlation of more than 50% was determined 
between both methods (Manenti et al. 2020).
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Conclusions 

Advances in microscopy technologies as well as the development of computer 
platforms for image analysis, have enabled the enhancement of methods for the 
study of viral infections at the cellular level. Nevertheless, the determination of the 
virus-induced cytopathic effect in cell culture has still been one of the preferred 
strategies for the study of virus-cell interactions and the screening of antivirals and 
vaccines. The emergence of new viruses, such as SARS-CoV-2, increasingly merits 
the need to fully decipher those interactions and the importance of the herein-
discussed approaches. 

Acknowledgments We want to thank Facultad de Microbiología and Centro de Investigación en 
Enfermedades Tropicales, Universidad de Costa Rica, for supporting our research. This work is 
dedicated to our students. 

References 

Arias-Arias, J. L., and Mora-Rodríguez, R. (2021). Fluorescence imaging approaches in Flavivirus 
research. En S. I. Ahmad (Ed.), Human viruses: diseases, treatments and vaccines 
(pp. 713–729). Springer International Publishing, Cham. https://doi.org/10.1007/978-3-030-
71165-8_34 

Arias-Arias JL, Vega-Aguilar F, Corrales-Aguilar E, Hun L, Loría GD, Mora-Rodríguez R (2018) 
Dengue virus infection of primary human smooth muscle cells. Am J Trop Med Hygiene 99(6): 
1451–1457. https://doi.org/10.4269/ajtmh.18-0175 

Arias-Arias JL, MacPherson DJ, Hill ME, Hardy JA, Mora-Rodríguez R (2020) A fluorescence-
activatable reporter of flavivirus NS2B–NS3 protease activity enables live imaging of infection 
in single cells and viral plaques. J Biol Chem 295(8):2212–2226. https://doi.org/10.1074/jbc. 
RA119.011319 

Arias-Arias JL, Corrales-Aguilar E, Mora-Rodríguez RA (2021) A fluorescent real-time plaque 
assay enables single-cell analysis of virus-induced cytopathic effect by live-cell imaging. 
Viruses 13(7):1193. https://doi.org/10.3390/v13071193 

Barrientos LG, Rollin PE (2007) Release of cellular proteases into the acidic extracellular milieu 
exacerbates Ebola virus-induced cell damage. Virology 358(1):1–9. https://doi.org/10.1016/j. 
virol.2006.08.018 

Baseler L, Chertow DS, Johnson KM, Feldmann H, Morens DM (2017) The pathogenesis of Ebola 
virus disease. Annu Rev Pathol: Mechanisms of Disease 12(1):387–418. https://doi.org/10. 
1146/annurev-pathol-052016-100506 

Chen CZ, Shinn P, Itkin Z, Eastman RT, Bostwick R, Rasmussen L, Huang R, Shen M, Hu X, 
Wilson KM, Brooks BM, Guo H, Zhao T, Klump-Thomas C, Simeonov A, Michael SG, Lo DC, 
Hall MD, Zheng W (2021) Drug repurposing screen for compounds inhibiting the cytopathic 
effect of SARS-CoV-2. Front Pharmacol 11:592737. https://doi.org/10.3389/fphar.2020. 
592737 

Chong MK, Chua AJS, Tan TTT, Tan SH, Ng ML (2014) Microscopy techniques in flavivirus 
research. Micron 59:33–43. https://doi.org/10.1016/j.micron.2013.12.006 

Costin JM (2007) Cytopathic mechanisms of HIV-1. Virol J 4(1):100. https://doi.org/10.1186/ 
1743-422X-4-100 

Doms RW (2016) Basic concepts. In: Viral pathogenesis. Elsevier, pp 29–40. https://doi.org/10. 
1016/B978-0-12-800964-2.00003-3

https://doi.org/10.1007/978-3-030-71165-8_34
https://doi.org/10.1007/978-3-030-71165-8_34
https://doi.org/10.4269/ajtmh.18-0175
https://doi.org/10.1074/jbc.RA119.011319
https://doi.org/10.1074/jbc.RA119.011319
https://doi.org/10.3390/v13071193
https://doi.org/10.1016/j.virol.2006.08.018
https://doi.org/10.1016/j.virol.2006.08.018
https://doi.org/10.1146/annurev-pathol-052016-100506
https://doi.org/10.1146/annurev-pathol-052016-100506
https://doi.org/10.3389/fphar.2020.592737
https://doi.org/10.3389/fphar.2020.592737
https://doi.org/10.1016/j.micron.2013.12.006
https://doi.org/10.1186/1743-422X-4-100
https://doi.org/10.1186/1743-422X-4-100
https://doi.org/10.1016/B978-0-12-800964-2.00003-3
https://doi.org/10.1016/B978-0-12-800964-2.00003-3


7 The Virus-Induced Cytopathic Effect 209

Dulbecco R (1952) Production of plaques in monolayer tissue cultures by single particles of an 
animal virus. PNAS 38:747–752 

Fenwick C, Turelli P, Perez L, Pellaton C, Esteves-Leuenberger L, Farina A, Campos J, Lana E, 
Fiscalini F, Raclot C, Pojer F, Lau K, Demurtas D, Descatoire M, Joo VS, Foglierini M, Noto A, 
Abdelnabi R, Foo CS et al (2021) A highly potent antibody effective against SARS-CoV-2 
variants of concern. Cell Rep 37(2):109814. https://doi.org/10.1016/j.celrep.2021.109814 

Flint SJ, American Society for Microbiology (eds) (2009) Principles of virology, 3rd edn. ASM 
Press 

Flint SJ, Enquist LW, Racaniello VR, Shaika AM (2009) Principles of virology, 3rd edn. ASM 
Press 

Francica JR, Matukonis MK, Bates P (2009) Requirements for cell rounding and surface protein 
down-regulation by Ebola virus glycoprotein. Virology 383(2):237–247. https://doi.org/10. 
1016/j.virol.2008.10.029 

Gagliardi TB, Criado MF, Proença-Módena JL, Saranzo AM, Iwamoto MA, de Paula FE, Cardoso 
RS, Delcaro LS, Silva ML, Câmara AA, Arruda E (2017) Syncytia induction by clinical isolates 
of human respiratory syncytial virus a. Intervirology 60(1–2):56–60. https://doi.org/10.1159/ 
000480014 

Gower TL, Pastey MK, Peeples ME, Collins PL, McCurdy LH, Hart TK, Guth A, Johnson TR, 
Graham BS (2005) RhoA signaling is required for respiratory syncytial virus-induced syncy-
tium formation and filamentous Virion morphology. J Virol 79(9):5326–5336. https://doi.org/ 
10.1128/JVI.79.9.5326-5336.2005 

Hao S, Ning K, Kuz CA, Vorhies K, Yan Z, Qiu J (2020) Long-term modeling of SARS-CoV-2 
infection of in vitro cultured polarized human airway epithelium. MBio 11(6):e02852-20. 
https://doi.org/10.1128/mBio.02852-20 

Huang Y, Li Y, Zhang H, Zhao R, Jing R, Xu Y, He M, Peer J, Kim YC, Luo J, Tong Z, Zheng J 
(2018) Zika virus propagation and release in human fetal astrocytes can be suppressed by neutral 
sphingomyelinase-2 inhibitor GW4869. Cell Discovery 4(1):19. https://doi.org/10.1038/ 
s41421-018-0017-2 

Iannacone M, Guidotti LG (2021) Immunobiology and pathogenesis of hepatitis B virus infection. 
Nat Rev Immunol 22:19. https://doi.org/10.1038/s41577-021-00549-4 

John DV, Lin Y-S, Perng GC (2015) Biomarkers of severe dengue disease – a review. J Biomed Sci 
22(1):83. https://doi.org/10.1186/s12929-015-0191-6 

Lang TU, Khalbuss WE, Monaco SE, Michelow P, Pantanowitz L (2011) Review of HIV-related 
cytopathology. Pathol Res Int 2011:1–12. https://doi.org/10.4061/2011/256083 

Mandell GL, Bennett JE, Dolin R (eds) (2010) Mandell, Douglas, and Bennett’s principles and 
practice of infectious diseases, 7th edn. Churchill Livingstone/Elsevier 

Manenti A, Maggetti M, Casa E, Martinuzzi D, Torelli A, Trombetta CM, Marchi S, Montomoli E 
(2020) Evaluation of SARS-CoV-2 neutralizing antibodies using a CPE-based colorimetric live 
virus micro-neutralization assay in human serum samples. J Med Virol 92(10):2096–2104. 
https://doi.org/10.1002/jmv.25986 

Mighty KK, Laimins LA (2014) The role of human papillomaviruses in oncogenesis. In: Chang 
MH, Jeang K-T (eds) Viruses and human cancer, vol 193. Springer, Berlin, Heidelberg, pp 
135–148. https://doi.org/10.1007/978-3-642-38965-8_8 

Monel B, Compton AA, Bruel T, Amraoui S, Burlaud-Gaillard J, Roy N, Guivel-Benhassine F, 
Porrot F, Génin P, Meertens L, Sinigaglia L, Jouvenet N, Weil R, Casartelli N, Demangel C, 
Simon-Lorière E, Moris A, Roingeard P, Amara A, Schwartz O (2017) Zika virus induces 
massive cytoplasmic vacuolization and paraptosis-like death in infected cells. EMBO J 36(12): 
1653–1668. https://doi.org/10.15252/embj.201695597 

Ogbole OO, Akinleye TE, Segun PA, Faleye TC, Adeniji AJ (2018) In vitro antiviral activity of 
twenty-seven medicinal plant extracts from Southwest Nigeria against three serotypes of 
echoviruses. Virol J 15(1):110. https://doi.org/10.1186/s12985-018-1022-7

https://doi.org/10.1016/j.celrep.2021.109814
https://doi.org/10.1016/j.virol.2008.10.029
https://doi.org/10.1016/j.virol.2008.10.029
https://doi.org/10.1159/000480014
https://doi.org/10.1159/000480014
https://doi.org/10.1128/JVI.79.9.5326-5336.2005
https://doi.org/10.1128/JVI.79.9.5326-5336.2005
https://doi.org/10.1128/mBio.02852-20
https://doi.org/10.1038/s41421-018-0017-2
https://doi.org/10.1038/s41421-018-0017-2
https://doi.org/10.1038/s41577-021-00549-4
https://doi.org/10.1186/s12929-015-0191-6
https://doi.org/10.4061/2011/256083
https://doi.org/10.1002/jmv.25986
https://doi.org/10.1007/978-3-642-38965-8_8
https://doi.org/10.15252/embj.201695597
https://doi.org/10.1186/s12985-018-1022-7


210 D. Céspedes-Tenorio and J. L. Arias-Arias

Parveen N, Borrenberghs D, Rocha S, Hendrix J (2018) Single viruses on the fluorescence 
microscope: imaging molecular mobility, interactions and structure sheds new light on viral 
replication. Viruses 10(5):250. https://doi.org/10.3390/v10050250 

Roy SG, Sadigh B, Datan E, Lockshin RA, Zakeri Z (2014) Regulation of cell survival and death 
during Flavivirus infections. World J Biol Chem 5(2):14 

Ryu W-S (2017) Diagnosis and methods. In: Molecular virology of human pathogenic viruses. 
Elsevier, pp 47–62. https://doi.org/10.1016/B978-0-12-800838-6.00004-7 

Schiffman M, Wentzensen N (2013) Human papillomavirus infection and the multistage carcino-
genesis of cervical cancer. Cancer Epidemiol Biomark Prev 22(4):553–560. https://doi.org/10. 
1158/1055-9965.EPI-12-1406 

Souza BSF, Sampaio GLA, Pereira CS, Campos GS, Sardi SI, Freitas LAR, Figueira CP, Paredes 
BD, Nonaka CKV, Azevedo CM, Rocha VPC, Bandeira AC, Mendez-Otero R, dos Santos RR, 
Soares MBP (2016) Zika virus infection induces mitosis abnormalities and apoptotic cell death 
of human neural progenitor cells. Sci Rep 6(1):39775. https://doi.org/10.1038/srep39775 

Taylor R, Bowen R, Demarest JF, DeSpirito M, Hartwig A, Bielefeldt-Ohmann H, Walling DM, 
Mathis A, Babu YS (2021) Activity of Galidesivir in a hamster model of SARS-CoV-2. Viruses 
14(1):8. https://doi.org/10.3390/v14010008 

Valdovinos MR, Gómez B (2003) Establishment of respiratory syncytial virus persistence in cell 
lines: association with defective interfering particles. Intervirology 46(3):190–198. https://doi. 
org/10.1159/000071461 

Wen Z, Citron M, Bett AJ, Espeseth AS, Vora KA, Zhang L, DiStefano DJ (2019) Development 
and application of a higher throughput RSV plaque assay by immunofluorescent imaging. J 
Virol Methods 263:88–95. https://doi.org/10.1016/j.jviromet.2018.10.022 

Zhu N, Wang W, Liu Z, Liang C, Wang W, Ye F, Huang B, Zhao L, Wang H, Zhou W, Deng Y, 
Mao L, Su C, Qiang G, Jiang T, Zhao J, Wu G, Song J, Tan W (2020) Morphogenesis and 
cytopathic effect of SARS-CoV-2 infection in human airway epithelial cells. Nat Commun 
11(1):3910. https://doi.org/10.1038/s41467-020-17796-z

https://doi.org/10.3390/v10050250
https://doi.org/10.1016/B978-0-12-800838-6.00004-7
https://doi.org/10.1158/1055-9965.EPI-12-1406
https://doi.org/10.1158/1055-9965.EPI-12-1406
https://doi.org/10.1038/srep39775
https://doi.org/10.3390/v14010008
https://doi.org/10.1159/000071461
https://doi.org/10.1159/000071461
https://doi.org/10.1016/j.jviromet.2018.10.022
https://doi.org/10.1038/s41467-020-17796-z


Part II 
Specific Viruses



Chapter 8 
Human Papilloma Virus-Infected Cells 

Alfredo Cruz-Gregorio and Ana Karina Aranda-Rivera 

Abstract Human papillomavirus (HPV) is associated with infection of different 
tissues, such as the cervix, anus, vagina, penis, vulva, oropharynx, throat, tonsils, 
back of the tongue, skin, the lungs, among other tissues. HPV infection may or may 
not be associated with the development of cancer, where HPVs not related to cancer 
are defined as low-risk HPVs and are associated with papillomatosis disease. In 
contrast, high-risk HPVs (HR-HPVs) are associated with developing cancers in 
areas that HR-HPV infects, such as the cervix. In general, infection of HPV target 
cells is regulated by specific molecules and receptors that induce various conforma-
tional changes of HPV capsid proteins, allowing activation of HPV endocytosis 
mechanisms and the arrival of the HPV genome to the human cell nucleus. After the 
transcription of the HPV genome, the HPV genome duplicates exponentially to 
lodge in a new HPV capsid, inducing the process of exocytosis of HPV virions 
and thus releasing a new HPV viral particle with a high potential of infection. This 
infection process allows the HPV viral life cycle to conclude and enables the growth 
of HPV virions. Understanding the entire infection process has been a topic that 
researchers have studied and developed for decades; however, there are many things 
to still understand about HPV infection. A thorough understanding of these HPV 
infection processes will allow new potential treatments for HPV-associated cancer 
and papillomatosis. This chapter focuses on HPV infection, the process that will 
enable HPV to complete its HPV life cycle, emphasizing the critical role of different 
molecules in allowing this infection and its completion during the HPV viral life 
cycle. 
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Introduction 

Human papillomaviruses (HPV) infections can be transmitted by skin-to-skin con-
tact or by sexual intercourse through vaginal, anal, and oral contact. This virus 
infects different tissues, such as the cervix, anus, vagina, penis, vulva, oropharynx, 
throat, tonsils, back of the tongue, skin, and lungs, among other tissues (Rubin et al. 
2001; Daling et al. 2002; Clark et al. 2004; D’Souza and Dempsey 2011). HPV 
infection may or may not be associated with the development of cancer. HPVs that 
are not associated with cancer are defined as low-risk HPVs (LR-HPV) and are 
associated with papillomatosis disease. In contrast, high-risk HPVs (HR-HPVs) are 
associated with the development of cancers in areas that HR-HPV infects, such as 
the cervix. The latter was proved by molecular, clinical, virological, and epidemio-
logical evidence, showing that HPV is the etiological agent that develops cancer (zur 
Hausen 2002; zur Hausen 2009). 

HPV is a nonenveloped virus with a double-stranded DNA genome belonging to 
the papillomaviridae family. For its study, the HPV genome is divided into three 
regions: the region that corresponds to the early (E) proteins (E1, E2, E4, E5, E6, and 
E7), necessary for viral replication, regulation of transcription and immortalization, 
and cell transformation; the region that encodes the late (L) proteins (L1 and L2) that 
build the structure of the capsid inducing the release of the virion and the long region 
(LCR), which contains the origin of replication and the early promoter that allow 
replication and expression of the viral genome (McMurray et al. 2001). The HPV 
genome is surrounded by a 55 nm icosahedral capsid composed of two proteins, L1 
and L2. The L1 and L2 proteins form 72 capsomeres that build the capsid structure, 
where L2 is located internally surrounded by the L1 proteins in the capsomeres. L1 is 
involved in capsid stabilization, endosomal escape of HPV virions, and nuclear 
transport of the HPV genome (Doorbar et al. 2012). Meanwhile, L2 is associated 
with the interaction with different substrates to allow HPV to enter the cell and is 
also necessary for the encapsidation of the viral DNA, in addition to facilitating the 
endosomal escape of the viral genome after infection, possibly due to the interaction 
with sorting nexin 17 (Bergant Marušič et al. 2012). The infection of HPV target 
cells is regulated by L1 and L2 associated with different molecules and receptors that 
induce conformational changes of the HPV capsid proteins, allowing the activation 
of HPV endocytosis mechanisms and the arrival of the HPV genome to the cell 
nucleus. In the nucleus, the replication and transcription of the HPV genome are 
carried out, increasing its genetic material exponentially. Then the genome is housed 
in a new HPV capsid, inducing the process of exocytosis of the HPV virions, 
releasing new HPV viral particles with the potential for a new infection (Doorbar 
et al. 2012) (Fig. 8.1). Although the HPV infection process has been a topic that 
researchers have studied and developed, there are many issues to understand about 
HPV infection. The entire understanding of these HPV infection processes will 
allow to development of new potential treatments for HPV-associated cancer and 
papillomatosis. This chapter focuses on HPV infection, the process that allows HPV



to complete its HPV life cycle. It emphasizes the important role of different mole-
cules in allowing this infection and its completion during the HPV viral life cycle. 
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Fig. 8.1 Human Papillomavirus (HPV) life cycle. HPV infects basal cells to induce the transcrip-
tion of E1 and E2, which trigger the HPV genome replication. Likewise, the E5, E6, and E7 
oncoproteins are transcribed, preventing cell death and entry into the cell cycle. In the intermediate 
layers of the epithelium, the HPV genome is transcribed exponentially, and in the upper layers of 
the epithelium, E4 is transcribed for keratin breakdown, allowing the virion formed by the 
encapsidation of the HPV genome by L1 and L2 to exit the cell, and start a new infection 

HPV Entry into Its Target Cells 

Replication and transcription of HPV require basal epithelial cell differentiation 
since undifferentiated basal epithelial cells do not express key cellular transcription 
factors (TFs) like transcription factor IID (TFIID), which induce the expression of 
the early protein of HPV (Moody 2017; Ribeiro et al. 2018). Thus, the viral 
transcription of E1, E2, E5, E6, and E7 and genome amplification are maintained 
at low levels in the basal layer of the squamous epithelium. As the epithelium 
differentiates, the genes such as E1 and E2 are expressed, inducing amplification 
of the viral genome and increasing the replication of the HPV genome in high 
quantities. Because of this dependence, the generation of papillomavirus in vitro 
has been difficult, so the production of infectious viral particles or virions for its



study in vitro was only possible following the development of keratinocyte-based 
organotypic cultures and mice xerographs (Dollard et al. 1992; Bonnez et al. 1998). 
These limitations were partially overcome using free virus particles (noninfectious 
virus-like particles or VLPs) with reporter plasmids (Meyers et al. 1992) for the 
development of packaging cell lines and codon optimization. Therefore, these 
technologies permitted the high expression of capsid proteins that occurred in 
conjunction with the large-scale production of VLPs, leading to a better study of 
interactions between infected cells and HPV. Since VLPs do not have an HPV 
genome and are noninfectious, they are used in binding studies. On the other hand, 
VLPs that harbor reporter plasmids function like HPV viral “genomes” are used to 
quantify infection levels. Interestingly, VLPs self-assemble into L1-VLPs when L1 
is expressed alone or in conjunction with L2, forming the basis of current prophy-
lactic vaccines since VLPs mimic the structure of native HPV virions, and therefore 
share similar immunological functions to native HPV virions (Wang and Roden 
2013). Thus, the development of these HPV virion production systems has helped 
the understanding of the initial steps of HPV infection and HPV vaccine 
development. 
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Although most of the knowledge about HPV infection has been discovered from 
in vitro models, the major information can be extrapolated to the in vivo infection 
process. For instance, it has been suggested that before HPV reaches basal epithelial 
cells, mainly through microlesions, HPV binds to the heparan sulfate (HS) and 
laminin 332 of the extracellular matrix (ECM). This suggestion was made after 
researchers reported that in vitro essays, VLPs bind to HS and laminin 332 (Shafti-
Keramat et al. 2003; Culp et al. 2006a, b). Therefore, it has been suggested that 
in vivo, the virus first uses these molecules to bind to the basement membrane 
(BM) (which plays the same role as the ECM in vitro models), and then, during 
wound healing, the HPV is transferred to basal keratinocytes as they migrate to the 
wounded area (Roberts et al. 2007). Different groups of researchers have discovered 
that HS modifications, such as O-linked sulfation and N-linked sulfation, induce 
better binding between viral particles with their target cell and that even the level of 
HSPG on the cell surface correlates with the number of bound HPVs (Selinka et al. 
2003). However, whether these interactions occur in vivo remains to be investigated. 
Knowing if these molecules are key to HPV infection in vivo could be key to 
considering these biomolecules as possible targets to reduce HPV infection. Next, 
in basal keratinocytes virus binds to the heparan sulfate proteoglycans (HSPG) (Sapp 
and Day 2009). HSPGs are founded on the membrane surface of the basal cells of the 
epithelium and in the extracellular matrix. If HSPGs are attached to cell membranes 
they are called syndecans or if they are attached to the extracellular matrix they are 
called perlecans. HPGS-syndecans 1 and 4, which are overexpressed during wound 
healing, serve as the first anchorage receptors on basal cells (Sapp and Day 2009). 
After that virus is anchored to the cells other bindings are needed, such as α6β4 
integrins plus the tetraspanin CD151 (Abban and Meneses 2010; Scheffer et al. 
2014). Moreover, this complex can bind and activate epidermal growth factor 
receptor (EGFR) signaling, leading to Src kinase phosphorylation of annexin A2, 
which induces the extracellular translocation of the annexin A2/S100A10



heterotetramer (A2t) (Woodham et al. 2012; Dziduszko and Ozbun 2013; Scheffer 
et al. 2014). Interestingly, EGFR signaling activation deactivates autophagy through 
the activation of PI3K signaling. Autophagy is an intrinsic cellular sensor that 
inhibits HPV infection, permitting an efficient HPV infection process (Surviladze 
et al. 2013; Griffin et al. 2013). These interactions and activating different molecules 
allow HPV uptake and successful HPV infection. 
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The HPV binding with HS also induces a conformational change in the HPV 
capsid. This conformational change of the capsid weakens the link of the virus with 
the HPGS, leading to the exposure of the N-terminus of L2. Thus, this conforma-
tional change induces L2 to unmask since most of L2 is hidden on the surface of the 
capsid. When L2 is exposed, it is cleaved by furin (Richards et al. 2006). Cleavage of 
the N-terminus of L2 by furin exposes the binding site for cell membrane receptors 
involved in infectious internalization, allowing HPV to enter by endocytosis. Nota-
bly, L2 cleavage is essential for the insertion and protrusion of L2 across the 
vesicular membrane. However, other proteins are needed during L2 insertion; for 
instance, it is known that the multisubunit intramembrane protease γ-secretase acts 
as a chaperone that inserts L2 into the cell membrane (Harwood et al. 2020). Only 
when L2 inserts into the cell membrane is proper downward trafficking of L2/vDNA 
allowed, as L2 in the cytosol allows for the recruitment of sorting nexins and the 
retromeric complex. Furthermore, L2 is critical for the retrograde trafficking of 
L2/vDNA complexes from endosomes to the trans-Golgi network (TGN), which is 
a required step of the initial infection (Fig. 8.2). Thus, L2 acts as a transmembrane 
protein that directs HPV DNA trafficking into the TGN and into the cell nucleus for 
productive infection away from lysosomal compartments that might degrade it. 

HPV Endocytosis as a Journey to the Nucleus 

HPV in the cytosol recruits sorting nexin 17 (SNX17), which prevents HPV follow-
ing a rapid lysosomal sorting and its degradation. This late endosome escape of the 
viral genome is mediated by L2 (Bergant Marušič et al. 2012). L2 also interacts with 
the complexes Vps26, Vps29, and Vps35, a trimeric retromer that fulfills endosome 
tubulation and vesicle formation that induces the retrograde transport of HPV from 
the endosome to TGN. This showed that different molecules such as Rab-GTPases 
SNX proteins, TBC1 domain family member 5 (TBC1D5), and the endoplasmic 
reticulum (ER)-anchored protein vesicle-associated membrane protein (VAMP)-
associated protein (VAP) assist this process (Day et al. 2013; Siddiqa et al. 2018; 
Pim et al. 2021). Where TBC1D5 is recruited to the L2/retromer at the endosomal 
membrane for stimulating hydrolysis of Rab7-GTP, it induces the disassembly of the 
retromer from the HPV (Xie et al. 2020). After the retromer is dissociated, vesicles 
that contain the virus traffic to the TGN, where the cargo is delivered by membrane 
fusion. This cytoplasmic traffic uses the cellular microtubules as highways mediated 
by L2 through its binding to the dynein light chain. Dynein is a kinesin and the most 
crucial motor protein associated with microtubules. Its function is critical in the



retrograde transport of substances within the cell and in inducing chromosome 
movement during cell mitosis. Thus, this interaction drives the transportation of 
HPV to the nucleus. 
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Fig. 8.2 Entry and endocytosis of Human Papilloma Virus. HPV viral particles binds to different 
receptor and molecules such as heparan sulfate, which induce capsid conformational changes, 
inducing that furin cleavages L2, this cut is essential for the insertion and protrusion of L2 across 
the vesicular membrane. However, other proteins are needed during L2 insertion such as 
γ-secretase, which acts as a chaperone that inserts L2 into the cell membrane. Only when L2 inserts 
into the cell membrane is proper downward trafficking of L2/vDNA complex from endosomes to 
the trans-Golgi network (TGN) 

It is important to mention that the study of VLP-associated endocytosis has 
yielded different endocytosis pathways such as clathrin, caveolin, lipid vesicles, 
clathrin-independent, and cholesterol-mediated endocytosis mechanisms and, there-
fore, it is still a matter of scientific debate. This could be because there are different 
“maturity” states of VLPs. That is when HPV capsids are extracted from replicating 
cultured cells, capsids can be larger, less regular, and less protease resistant or 
“immature” in comparison with “mature” capsids; this indicates that immature 
capsids must suffer a substantial change in conformation during the maturation 
process (Buck et al. 2005). Thus, this high variability between “immature” and 
“mature” capsids could direct one process of endocytosis or another. The latter is 
supported by the fact that HPV that are phylogenetically closely related, such as 
HPV-16 and -31, follow different endocytosis routes, where HPV-16 activates 
clathrin-mediated endocytosis while HPV31 activates caveolin-mediated endocyto-
sis (Bousarghin et al. 2003). Furthermore, HPV16 PsV uptake has been reported to



be clathrin-independent, and HPV16 endocytosis occurs via tetraspanin-rich 
microdomains (Spoden et al. 2008). Thus, it seems that there is not only one 
endocytosis pathway used by HPV; it will depend both on the microenvironment 
and the receptors associated with the viral particle. The latter is because the virus 
enters the cells asynchronously. This means that while some virions enter in minutes, 
others take hours. It has been proposed that HSPG-binding virions have a slower 
entry rate than receptor-binding virions, which mediate a high entry rate (Williams 
and Fuki 1997). We should not forget to mention that these interactions could also be 
associated with the endocytosis pathway that is activated. Therefore, the entry of the 
virus will be faster or slower. 
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Replication and Transcription of the HPV Genome 

The entry of the HPV genome into the cell nucleus is more associated with the 
nuclear membrane breakdown during mitosis than with the transporters via 
karyopherin (Pyeon et al. 2009). In this process, L2 remains in a membrane-
spanning conformation, interacting with the proteins of the mitotic spindle motor 
to transport the vesicular HPV DNA genome from the remnants of the TGN to the 
pericentriolar space in prometaphase, waiting for the chromosomes breakdown in 
the metaphase (DiGiuseppe et al. 2016). L2 also binds to chromosomes in the 
delivery of vesicle-bound episomal HPV DNA into the nuclei of daughter cells 
(Aydin et al. 2017). This vesicle that surrounds L2/vDNA is maintained through 
mitosis and into the next G1 in the cell cycle (DiGiuseppe et al. 2016). Then, it has 
been observed that upon G1 re-entry into HPV-infected cells, nuclear entry and 
nuclear domain 10 (ND10)/promyelocytic leukemia (PML) components bind around 
L2/vesicular vDNA within nuclei (Guion et al. 2019). Thus, the HPV genome can 
arrive at the cell nucleus to start replication and transcription of the virus genome. 
Once the HPV genome is transported to the nucleus, the transcription and replication 
of the virus begin. The LCR contains several regulatory sites for both viral replica-
tion and transcription (Bernard 2013). These cellular processes are induced by the 
direct interaction between different cellular and viral components with the LCR. For 
example, the LCR has specific sequences for the association of E1 and E2 that 
promote virus replication, as well as its transcription. In addition, it contains binding 
sequences to components of the transcription machinery such as specificity protein 
1 (SP1) and TATA-binding protein (TBP), as well as glucocorticoid receptors that 
induce transcription of the viral genome (Bernard 2013). When these transcription 
factors associated with HPV genome induce the transcription of its different proteins 
with the different functions that permit the HPV life cycle to be concluded. For 
instance, the HPV E1 protein is a helicase that participates in viral DNA replication, 
it is composed of around 681 amino acids (aa) and is divided into three regions: the 
carboxyl-terminal region related to helicase activity, the region where the domain is 
located. Binding to DNA or the DNA Binding Domain (DBD) and an amino-
terminal region that is the target of phosphorylation, sumoylation or acetylation



that influence E1 activity and therefore transcription and viral replication. In addition 
to containing signals that allow the entry and exit from the cell nucleus (Bergvall 
et al. 2013), E1 associates with the origin of replication on the LCR, inducing the 
formation of the initiation complex and the unwinding of the DNA to promote 
replication of the viral genome. It is also known that E1 directly interacts with 
DNA polymerase, which in turn associates with the replication complex and thus 
initiates the replication process (Bergvall et al. 2013). Also, E2 is a regulatory 
protein of viral replication and transcription. This 300–500 amino acid protein 
consists of two conserved domains: the amino-terminal region where the 
transactivation domain (TAD) is responsible for transcriptional regulation and 
viral replication, interacting with different cellular proteins. The other E2 domain 
is known as DBD. This domain recognizes and binds to specific sequences of 
ACCGN4CGGT found in the viral genome (Gillitzer et al. 2000). Between the 
TAD and DBD domains is a hinge region. This region does not participate in the 
basic functions of virus replication and transcription; however, it provides stability to 
E2, participates in cytoplasm-nucleus localization, and functions as a spacer between 
the two domains, avoiding steric hindrance (McBride 2013). When E2 associates 
with viral DNA, it recruits different cellular proteins involved in viral transcription 
and replication. E2 participates both in the segregation of the viral genome, anchor-
ing it to the cell chromosomes during cell mitosis, and in the packaging for the 
formation of virions (McBride 2013). Among other cellular targets of E2 is p53, this 
interaction induces cell arrest and apoptosis (Desaintes et al. 1999). An important 
factor in cancer development lies in the antiproliferative role exerted by E2, since it 
can repress cell growth and induce apoptosis in HPV-positive cells. Partly to the 
repression of the transcription of E6 and E7, with the consequent increase of p53 and 
pRb (Demeret et al. 1997). The HPV oncoproteins, E5, E6 and E7, are transcribed to 
avoid to cell differentiation, cell senescence or cell death, even avoid immune 
recognition. That is, although E5 is the smallest protein encoded by HPV, with 
only 83 amino acids and a molecular weight of 9 kDa, it can induce cell proliferation 
associated with overexposure of the epidermal growth factor receptor (EGFR) 
receptor (Crusius et al. 1998). It is located mainly in the endoplasmic reticulum 
(ER) and the Golgi apparatus (GA), inducing stress of these organelles that help viral 
replication and persistence (Venuti et al. 2011). Likewise, it has been shown that E5 
binds to the 16 K subunit of the vacuolar V-ATPase of the endosomes, decreasing its 
activity and inhibiting its acidification, intervening in vesicular traffic (Di Domenico 
et al. 2009). Regarding E6 and E7, the most oncoproteins studied so far, they have 
the ability to induce immortalization, inhibit cell apoptosis, or prevent cell-cell 
interactions (Mantovani and Banks 2001). For example, it has been found that E6 
can associate with human telomerase reverse transcriptase (hTERT), a polymerase 
that lengthens the telomeric ends of cell chromosomes, inducing their activation and 
allowing cell immortalization (Oh et al. 2001). Another important characteristic of 
the E6 proteins of high-risk HPVs is their association with the E6 associated protein 
(E6AP) ubiquitin ligase, through which it can associate with p53, promoting its 
degradation via the proteasome and thus blocking cell apoptosis (Thomas et al. 
1999). HR-HPV E6 can also bind to proteins with PDZ domains such as human disc
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large (hDLG), multi-PDZ domain protein 1 (MUPP) and hSCRIBb for their degra-
dation using the same mechanism as with p53. These proteins are related to cell 
transformation due to the ability to regulate cell-cell interactions and cell polarity 
(Mantovani and Banks 2001). 
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The E7 oncoprotein is a protein with an enormous capacity for transformation due 
to its ability to induce the degradation of the tumor suppressor protein pRb, via the 
proteasome (Münger et al. 2001). The degradation of pRb induces the release of 
E2F, inducing the cells to enter the synthesis phase (S phase) of the cell cycle (Boyer 
et al. 1996). Thus, these oncoproteins permits that HPV genome is synthetized in 
huge quantities, thereby avoiding cell death, activation of cell cycle and 
proliferation. 

Exocytosis and Exit toward a New Infection 

After a large amount of the HPV genome has accumulated, it is time to package it; 
however, HPV virions need make their way back through the intracellular network 
of cytoskeletal proteins. This process is induced by HPV E4 protein, a protein of 
approximately 17 kDa. Interestingly, although the E4 open reading frame (ORF) is 
contained within the E2 ORF, it is expressed late, just before L1 and L2. The late 
expression of E4 is due to the fact that it is regulated by a specific differentiation 
promoter (p670 for HR-HPV16), and therefore it only accumulates in differentiated 
cells of the superficial layers of the epithelium (Doorbar 2013). Thus, the main 
function of E4 has been associated with the collapse of keratin filaments located in 
the cell cytoplasm, a collapse necessary for the release of virions. However, E4 has 
also been associated with the inhibition of Cdk1 activity, inducing cell cycle arrest in 
the G2 phase (Davy et al. 2002). The L1 and L2 proteins are proteins expressed in 
the late phase of the viral life cycle. These proteins assemble to build the HPV 
capsid, a process that requires oxidative stress to produce disulfide bonds between 
the L1 proteins, permitting the maturation of the capsid (Buck et al. 2005). It is 
important to mention that HPV proteins differentially regulate the redox state (Cruz-
Gregorio et al. 2018a, b), regulating both organelles that produce reactive oxygen 
species and antioxidants (Cruz-Gregorio et al. 2019, 2020, 2023) of cells and that 
this provides the appropriate conditions for the virus to infect and conclude its viral 
life cycle. Thus, five L1 units are associated with each other forming an L1 pentamer. 
In the gap of each L1 pentamer, an L2 protein associates, this complex is called a 
capsomer, so the HPV capsid is made up of 72 capsomeres in an icosahedral 
network. Once the virions are assembled, they are released by shedding, and the 
viral cycle can be started again through L1, which binds to the heparan sulfate 
(HS) receptor contained in the extracellular matrix and the HPV target cells 
(Fig. 8.3). 

There remain many questions to be answered to fully resolve HPV infection, and 
the investigation of the process is likely to provide information to avoid infection 
that is associated with papillomatosis and cancer development. Moreover, the



majority of the knowledge of papillomavirus infection has developed in HR-HPV, 
which can be extrapolated to LR-HPV or other papillomaviruses such as canine or 
feline, as papillomaviruses share characteristics (Cruz-Gregorio et al. 2022); 
however, it is necessary to study infection in these types of virus and different 
species. 
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Fig. 8.3 Replication, transcription, and exocytosis of the HPV. As soon as the HPV genome is 
carried from the TGN to the nucleus, it is transcribed and replicated by the cellular transcription and 
replication machinery aided by the E1 and E2 proteins. The E5, E6, and E7 proteins are also 
expressed, which prevent the cells from dying by apoptosis and activate the cell cycle, allowing an 
exponential increase of the viral genome. With high amounts of the viral genome, it is time to 
package it in the capsid formed by L1 and L2, which will make their way through the cytoskeleton 
thanks to the keratin degradation induced by E4 so that the virions can leave the infected cell and 
start another cycle of infection 

Conclusions 

Understanding the entire HPV infection process has been a topic that researchers 
have studied and developed for decades; however, there is still much to understand 
about papillomavirus infection. A deep understanding of these infection processes 
by these viruses will allow potential new treatments for papillomavirus-associated 
cancer and papillomatosis in humans and other species.
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Chapter 9 
Defining the Assembleome 
of the Respiratory Syncytial Virus 

Richard J. Sugrue and Boon Huan Tan 

Abstract During respiratory syncytial virus (RSV) particle assembly, the mature 
RSV particles form as filamentous projections on the surface of RSV-infected cells. 
The RSV assembly process occurs at the / on the cell surface that is modified by a 
virus infection, involving a combination of several different host cell factors and 
cellular processes. This induces changes in the lipid composition and properties of 
these lipid microdomains, and the virus-induced activation of associated Rho 
GTPase signaling networks drives the remodeling of the underlying filamentous 
actin (F-actin) cytoskeleton network. The modified sites that form on the surface of 
the infected cells form the nexus point for RSV assembly, and in this review chapter, 
they are referred to as the RSV assembleome. This is to distinguish these unique 
membrane microdomains that are formed during virus infection from the 
corresponding membrane microdomains that are present at the cell surface prior to 
infection. In this article, an overview of the current understanding of the processes 
that drive the formation of the assembleome during RSV particle assembly is given. 
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R. J. Sugrue (✉) 
School of Biological Sciences, Nanyang Technological University, Singapore, Republic of 
Singapore 
e-mail: rjsugrue@ntu.edu.sg 

B. H. Tan 
LKC School of Medicine, Nanyang Technological University, Singapore, Republic of 
Singapore 
e-mail: tboonhuan@ntu.edu.sg 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. Vijayakrishnan et al. (eds.), Virus Infected Cells, Subcellular Biochemistry 106, 
https://doi.org/10.1007/978-3-031-40086-5_9

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-40086-5_9&domain=pdf
mailto:rjsugrue@ntu.edu.sg
mailto:tboonhuan@ntu.edu.sg
https://doi.org/10.1007/978-3-031-40086-5_9#DOI


228 R. J. Sugrue and B. H. Tan

Respiratory Syncytial Virus Infection Is a Global Health 
Problem 

Respiratory syncytial virus (RSV) infections produce a range of clinical manifesta-
tions in humans, from relatively mild disease in the upper airway, to more severe 
infections that are associated with lower airway infection that can lead to viral 
pneumonia. RSV is a leading cause of viral pneumonia in young children world-
wide, and lower respiratory tract infections in neonates and young children less than 
5 years of age can be fatal. The virus is responsible for high levels of global infant 
morbidity and mortality, with many infant deaths occurring in mid and low-income 
counties (Nair et al. 2010; Li et al. 2022; Shi et al. 2017). Although young children 
are the traditional high-risk group for severe RSV infection, the elderly are also 
increasingly being recognized as an additional high-risk group that is prone to severe 
RSV infection (Bosco et al. 2021; Thompson et al. 2003). Reinfections with RSV 
continue throughout life, and the general clinical scenario has been worsened by the 
lack of a licensed vaccine to immunize young children, and other high-risk groups 
and the limited availability of cost-effective antiviral drugs. An improved under-
standing of both the human immunology associated with RSV infection and the 
biology of the RSV will aid in the development of new antiviral strategies to prevent 
and treat RSV infection. In this context, understanding the molecular events that lead 
to RSV particle assembly will aid in vaccine development and facilitate the devel-
opment of new drugs that prevent RSV infection by, for example, blocking virus 
transmission. In this article, we review the current understanding of the RSV 
assembly process and the role that host cell factors play in this process. 

The Genetic Structure of RSV 

The RSV is grouped with the Pneumoviridae family of viruses, and this family is 
divided into two subgenera, the Orthopneumovirus (e.g., human RSV) and the 
Metapneomovirus (e.g., human metapneumovirus). The RSV genome (vRNA) 
consists of a single-stranded RNA molecule of negative sense that is approximately 
15 kDa in size. The RSV vRNA contains 10 virus genes that are arranged contig-
uously along the length of the vRNA, with the gene order from the 3′ start being 
3′-NS1-NS2-N-P-M-SH-F-G-M2-L-5′ (Fig. 9.1a). Each gene in the vRNA is sepa-
rated from the adjacent genes by genetic regulatory elements referred to as intergenic 
regions. The individual virus proteins that are known to be expressed from these 
genes can be grouped based on their location within mature virus particles and the 
role that they play during virus replication. 

The SH, F, and G genes encode for the three virus integral membrane proteins, the 
small hydrophobic (SH) protein, the fusion (F) protein, and the attachment 
(G) protein, respectively. The G protein mediates cell attachment, while the F protein 
mediates membrane fusion during cell entry. The SH protein is not essential for virus



infection, and it is believed to play a role in immune evasion during the early stages 
of infection. Examination of cell-free RSV particles using electron microscopy to 
image negative-stained virus particles shows them to have a typical pleomorphic 
morphology, with a diameter ranging from 150 nm to upwards of 300 nm (Fig. 9.1b). 
The RSV particles are surrounded by a lipid envelope that is derived from the host 
cell in which the virus integral membrane proteins are inserted. Closer inspection of 
these particles by electron microscopy reveals that the G and F glycoproteins 
protrude from the virus envelope, and collectively they are referred to as the virus
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Fig. 9.1 Organization of the respiratory syncytial virus (RSV) genome. (a) The virus genome 
(vRNA) from the beginning at the 3′ leader region to the 5′ trailer region is shown. The location of 
the genes that express the nonstructural proteins (brown), the proteins that form the ribonucleopro-
tein (RNP) complex (light blue), the membrane-associated protein (green), and the virus integral 
membrane proteins (red) are highlighted in the vRNA. The overlap between the M2 and L genes is 
also highlighted (*). The individual genes are drawn approximately to scale. Examination of 
purified RSV particles by transmission electron microscopy (b) reveals the appearance of 
pleomorphic-shaped RSV particles. The round (black arrows) and the more filamentous shaped 
(white arrows) virus particles are highlighted. (c)  (i) At higher magnification, the location of the 
virus spike proteins (highlighted by black arrows) that protrude from the virus envelope. Inset is an 
enlarged image showing these structures. (ii) after immunostaining with anti-G. The black spots are 
the presence of 10 nm colloidal gold which indicates the location of the bound anti-G on the virus 
particles. (d) The appearance of the RNP (highlighted by white arrows) that are released from 
disrupted RSV particles that are present in a virus preparation



spike proteins (Fig. 9.1c). The M gene encodes the matrix (M) protein, and although 
itis not an integral virus membrane protein, it associates with the inner surface of the 
virus envelope (Money et al. 2009). It is therefore not detected when electron 
microscopy is used to image negative-stained intact virus particles.
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The N, L, P, and M2 genes encode the nuclear (N) protein, the large (L) protein, 
the phospho (P) protein, and the M2-1 protein, respectively. The M2 gene contains 
two open reading frames (ORF), one ORF that encodes the M2-1 protein, and 
another ORF called M2-2 is predicted to encode for the M2-2 protein. The N, 
L, P, and M2-1 proteins and the vRNA form into a larger distinct helical structure 
called the virus nucleocapsid (NC) (Cao et al. 2020; Gilman et al. 2019; Decool et al. 
2021). The N protein is the RNA binding protein that coats the vRNA, and the 
polymerase activity resides in the L protein. The P protein interacts directly with the 
L protein and functions as a co-factor to facilitate polymerase activity, and the 
precise binding sites have been identified using structural analysis of the L protein 
(Gilman et al. 2019). The M2-1 protein also functions as part of the polymerase 
complex, and its role in facilitating virus gene transcription is established (Fearns 
and Collins 1999). The fully functional RSV NC requires the presence of all these 
different factors to achieve a full activity in virus-infected cells. The virus NC can 
also be detected in virus preparations using electron microscopy once the virus 
particles have been disrupted to reveal the internal structures, and under these 
conditions, the NC appear as smaller but distinct helical arrays (Fig. 9.1d). 

The RSV vRNA also contains the NS1 and NS2 genes that encode two 
nonstructural proteins called the NS1 and NS2 proteins, respectively, and these 
proteins are thought to play a role in immune evasion (Sedeyn et al. 2019). While 
there is some similarity in the gene order and encoded virus proteins in the RSV and 
human metapneumovirus (HMPV) genomes, there are also some distinct differences 
in the genome structure between the two viruses. In the HMPV genome the NS1 and 
NS2 genes are absent, and there is a genetic rearrangement in the position of the M2 
gene to give 3′-N-P-M-F-M2-SH-G-L-5′(van den Hoogen et al. 2002). However, 
the HMPV expresses a set of structural proteins with similar properties to those 
displayed by the RSV structural proteins, and these HMPV proteins play analogous 
roles in the HMPV replication cycle. 

RSV Particle Morphogenesis at the Assembleome 

The virus membrane-associated proteins are trafficked to the sites of RSV particle 
assembly at the plasma membrane, and their presence is an important determinant of 
the architecture of the mature RSV particles. In addition, these sites consist of an 
array of specific cellular factors that are required for RSV assembly and they 
also contribute to the formation of the virus envelope. The available evidence 
(discussed in this review) suggests that virus infection modifies the preexisting cell 
membrane microdomains that are ultimately used during RSV assembly, and it is 
proposed that these changes create unique membrane domains that are used for virus



assembly. In order to distinguish these modified cell surface membrane sites in virus-
infected cells from the corresponding sites in non-infected cells, in this review, the 
sites of RSV assembly that form during RSV infection are referred to as the RSV 
assembleome. The RSV assembleome can be considered to be analogous to the 
budozone that has been described in influenza virus-infected cells during influenza 
virus assembly (Schmitt and Lamb 2005). 
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Interactions between the Virus Membrane Structural Proteins 
at the Assembleome 

The G protein is a type II integral membrane protein, and its primary role is 
mediating the attachment of the virus to the host cell. The G protein is initially 
expressed as a polypeptide chain that is subsequently extensively modified by 
N-linked and O-linked glycosylation in the C-terminus ectodomain (Collins 1990; 
Collins and Mottet 1992). While the cytoplasmic N-terminus and the transmembrane 
domain are highly conserved between circulating viruses, the C-terminal ectodomain 
contains a region of greater sequence variability. The ectodomain contains two 
mucin-like domains that are separated by a substructure called the cysteine noose, 
which is a short sequence stabilized by two intra-chain disulfide bonds (Langedijk 
et al. 1996; 1998). The cell receptor binding sites for heparin sulfate (HS) (Feldman 
et al. 1999; Hallak et al. 2000a, b) and the CX3CR1 chemokine fractalkine receptor 
(Jeong et al. 2015; Johnson et al. 2015; Tripp et al. 2001) are located in the 
ectodomain, and these binding sites are conserved in non-tissue culture adapted 
circulating RSV stains (Kumaria et al. 2011). 

The F protein is a type III integral membrane fusion protein that mediates the 
fusion of the virus envelope and cell membrane during virus entry into the host cell. 
The mature F protein exists as a homotrimer, and every single chain within the trimer 
is initially expressed as an inactive precursor (F0). The F0 is subsequently cleaved 
by furin into the F1 and F2 subunits (Anderson et al. 1992b) as it transits through the 
Golgi complex, and the available evidence suggests that the F0 protein is cleaved at 
two furin cleavage sites (Sugrue et al. 2001; Zimmer et al. 2001; González-Reyes 
et al. 2001). The F1 subunit contains the fusion peptide and heptad repeat 
(HR) regions, which play pivotal roles in mediating the membrane fusion process 
during cell entry of the virus (McLellan et al. 2013). The F1 and F2 subunits are 
covalently attached by inter-chain disulfide bridges (Scheid and Choppin 1977), and 
both subunits undergo N-linked glycosylation (Leemans et al. 2019; Rixon et al. 
2002; McDonald and Sugrue 2007; Olmsted et al. 1986). 

In RSV-infected cells, the SH protein is expressed as a small pentameric trans-
membrane protein (Collins and Mottet 1993; Rixon et al. 2005), and the presence of 
nonglycosylated, N-linked glycosylated and polylactosaminoglycan-modified SH 
protein species can be detected (Anderson et al. 1992a; Olmsted and Collins 
1989). Although the functional significance of the different SH protein species is



still currently unclear, the SH protein does not appear to be required for establishing 
a virus infection in permissive cell lines (Bukreyev et al. 1997). A role for the SH 
protein viroporin activity in mediating immune evasion during the early stages of 
infection has been proposed (Triantafilou et al. 2013; Russell et al. 2015; Gan et al. 
2008; Bukreyev et al. 1997). 
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The virus membrane-associated proteins can be trafficked to the plasma mem-
brane independently of each other, but the existence of larger protein complexes 
involving these proteins within the virus envelope is now becoming established. 
Evidence suggests that the F protein interacts with the G protein to form a larger 
protein complex on the surface of infected cells (Low et al. 2008). This protein 
complex is also detected on purified virus particles (Ravi, Iyer, and Sugrue, 
unpublished observations) and in VLPs that are formed by recombinant expression 
of the F and G proteins (Ravi et al. 2021). It has recently been suggested that the 
interaction between the F and G proteins may stabilize the F protein in its prefusion 
form, which may have implications for RSV vaccine design (Cullen et al. 2022). The 
molecular cues that lead to the conversion of the RSV F protein from its prefusion 
conformation into the fusogenic conformation during cell entry are currently unclear. 
In several other paramyxoviruses, the conversion of the corresponding fusion protein 
into its fusogenic form is initiated by the engagement of the attachment protein with 
its cell receptor (reviewed in (Azarm and Lee 2020; Navaratnarajah et al. 2020)). The 
identification of a larger protein complex involving the RSV F and G proteins on 
infectious virus particles suggests that a similar mechanism may also be employed 
during RSV cell entry, although this possibility will require further investigation. 

An early study provided evidence for a functional association between F, G, and 
SH proteins, suggesting the existence of a single protein complex involving all three 
virus proteins that were relevant to membrane fusion (Heminway et al. 1994). There 
have been no subsequent studies describing this protein complex, suggesting that if 
such a protein complex exists in RSV-infected cells, it may only exist transiently. 
Although the SH protein localizes at lipid raft microdomains in the Golgi complex 
(Olmsted and Collins 1989; Rixon et al. 2004), a stable protein complex involving 
the SH and G proteins on the surface of RSV-infected cells has been described 
(Rixon et al. 2005; Low et al. 2008). The functional significance of this interaction is 
currently unclear, but the presence of this stable complex on the surface of infected 
cells and the presence of low levels of the SH protein in the tissue culture supernatant 
of RSV-infected cells (Olmsted and Collins 1989; Low et al. 2008) had suggested 
that the SH protein may be incorporated into the virus envelope. Recent direct evi-
dence has demonstrated that the SH protein is transported into the lipid envelope of 
mature virus particles that form on virus-infected cells (Huong et al. 2023). 

The M protein undergoes dimerization during RSV infection (Bajorek et al. 2014; 
Förster et al. 2015), and although it is not an integral membrane protein, this 
peripheral membrane protein interacts with the inner surface of the virus envelope 
(Money et al. 2009). The M protein is thought to play an important role in virus 
particle assembly, but during the early stages of the virus replication cycle, the M 
protein is also transported to the nucleus of infected cells. The functional signifi-
cance of the nuclear localization of the M protein is less well defined, but it has been



postulated to play an additional role in controlling host gene expression (Li et al. 
2021). The M protein interacts with the virus envelope at its inner surface (Money 
et al. 2009), and an interaction between the M protein and the N-terminal cytoplas-
mic of the G protein domain has also been described (Ghildyal et al. 2005). The M 
protein also interacts with the NC via the M2-1 protein, suggesting that the M protein 
may inhibit the activities associated with the virus polymerase complex (Ghildyal 
et al. 2002; Li et al. 2008). In the context of RSV particle assembly, since the NC is 
located beneath the virus envelope in virus particles, in the mature virus particle the 
M protein may act as a stable link between the virus envelope (via the G protein) and 
the underlying virus NC (via the M2-1 protein). 
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RSV Particles Form as Filamentous Structures 
at the Assembleome on Infected Cells 

The infectious RSV particles form as distinct filamentous projections on the surface 
of RSV-infected cells (Roberts et al. 1995; Jeffree et al. 2003), and these filamentous 
projections are referred to as virus filaments (Fig. 9.2a). In RSV-infected cells, the 
nucleocapsids accumulate in the cytoplasm, and they form part of a second distinct 
structure called the cytoplasmic inclusion body (Fig. 9.2a). Although several virus 
proteins are located in these structures, the co-expression of the N and P proteins 
appears to be the minimum requirement for inclusion body formation (García et al. 
1993). The inclusion bodies can be detected in close proximity to the location where 
the virus filaments form (Fig. 9.2b and c), and current evidence suggests that 
nucleocapsids are trafficked from the inclusion bodies to the site of RSV assembly 
(Santangelo et al. 2006; Santangelo and Bao 2007). This paradigm in nucleocapsid 
packaging is supported by the spatial proximity of the virus filaments and cytoplas-
mic inclusion bodies in virus-infected cells (Radhakrishnan et al. 2010). It has been 
proposed that the virus utilizes molecular motors to achieve the short-range cellular 
movement from the inclusion bodies to the site of virus assembly, where the virus 
filaments form (Santangelo and Bao 2007). 

The larger virus filaments that form on the surface of infected cells can be clearly 
distinguished from the shorter microvilli that are present on the surface of 
non-infected cells. This can be seen by using high-resolution immuno-scanning 
electron microscopy (I-SEM) to examine the surface topology of non-infected and 
RSV-infected cells that allow detection of the immunolabelled virus filaments 
(Fig. 9.3a). Although these virus filaments do not conform to the pleomorphic 
morphology exhibited by cell-free RSV particles, there is now a general acceptance 
that these filamentous structures are mature infectious virus particles. The virus 
filaments are observed on almost all cell types that are permissive to RSV infection, 
including primary cell types and tissues that are representative of the upper airway 
(Jumat et al. 2015). Analysis of virus-infected cells using I-SEM has revealed a high 
density of G protein incorporation into the virus filament, and the distribution of the



G protein staining has suggested that the G protein is closely packed along the length 
of the virus filament (Fig. 9.3b). This is supported by more recent evidence 
employing high-resolution imaging to examine the spatial distribution of the virus 
glycoproteins in the envelope of the virus filaments (Conley et al. 2022). In cells 
infected with the closely related HMPV, the infectious virus particles also form on 
the surface of infected cells with a similar filamentous morphology (Jumat et al. 
2014). This suggests a similar mechanism of virus particle assembly for both RSV 
and HMPV, and further suggests that virus filament formation may be a common 
feature of the virus assembly process in the Pneumoviridae family of viruses. 
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Fig. 9.2 The presence of inclusion bodies and virus filaments in respiratory syncytial virus (RSV)-
infected cells. (a) At 20 hrs post-infection RSV-infected cells were labeled using an anti-N 
antibody. These cells were examined in a Zeiss LSM 510 scanning confocal microscope to visualize 
the virus filament (VF) and cytoplasmic inclusion body (IB). Inset is an enlarged segment of the 
image showing the presence of the virus filaments. (b and c) RSV-infected cells were labeled using 
antibodies to the P protein (green) and F protein (red) and an image series was obtained from the 
same cell at different focal planes in the Z-axis using confocal microscopy, and the data were 
processed into three-dimensional representations. (b) It is a low-magnification image showing a 
region near the surface of the cell viewed from above the cell. The IB highlighted by the open white 
box is viewed at higher magnification from (c (i)) above and (c (ii)) in cross-section. While only the 
IB is stained with anti-P, the VF is labeled by both anti-P and anti-F, and co-staining is shown by the 
yellow staining
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Fig. 9.3 The Surface topology of respiratory syncytial virus (RSV)-infected cells revealed by 
immune-scanning electron microscopy. (a) (i) Mock-infected cells (non-infected cells) and (ii) 
RSV-infected cells were labeled with an antibody against the G protein and a second antibody 
conjugated to 10 nm colloidal gold. The cells were then examined using a Hitachi F4700 scanning 
electron microscope. The surface topology of the cell surface was imaged using a secondary emitter 
(SE) detector, and the presence of the bound antibody (and gold particles) using the YAG back 
scatter (YBSE) detector. The colloidal gold is visualized as small white spots in the images 
(highlighted by short white arrows) obtained using the YBSE detector. Inset in (a) (ii) image is 
an enlarged segment of the image taken obtained from the region indicated by *. (b) (i) Image was 
taken from RSV-infected cells where the images using the SE and YBSE detectors in the same field 
of view are superimposed. (ii) is a higher magnification image taken from the area (*) highlighted in 
(i). The microvilli (mv) and virus filaments (VF) are indicated 

A low multiplicity of infection model was previously used to examine RSV 
multiple cycle infection in several permissive cell lines, and using this infection 
model, two distinct phases during multiple cycle RSV infection were identified 
(Huong et al. 2016). An earlier phase involved direct and localized cell-to-cell 
virus transmission in the cell monolayer, during which the virus infectivity remained



exclusively cell-associated. A second phase was identified at the later stages of 
infection, during which the localized transmission continued, but it was character-
ized by virus-induced changes in cell physiology that correlated with the appearance 
of low levels of cell-free virus infectivity. Experimental conditions that inhibited 
virus filament formation led to an inhibition of both this localized virus transmission 
and the levels of recoverable virus infectivity, providing evidence that the virus 
filaments played a direct role in mediating this localized cell-to-cell transmission. 
This phenomenon was also observed when using the human nasal epithelial cell 
(hNEC) model to examine RSV transmission, where the virus infectivity was largely 
cell-associated. Low levels of cell-free infectivity that were shed into the overlying 
mucus in the hNEC model were associated with changes in the physiology of the 
infected ciliated cells at the later stages of infection (Huong et al. 2018). 
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Warning: Processing‐instruction not allowed here!!!The 
Assembleome Forms at Lipid Raft Microdomains 
on the Surface of Infected Cells 

Specialized lipid domains that are referred to as lipid raft microdomains are present 
in the plasma membrane of many different cell types. Lipid raft microdomains are 
characterized by the increased concentration of specific lipid classes, which include 
cholesterol, sphingolipids such as sphingomyelin, and glycosphingolipid GM1. 
These lipid classes concentrate in the plasma membrane, and they provide localized 
stabilized membrane microdomains within the more mobile and fluid bulk lipid 
membrane (Sezgin et al. 2017). Specific proteins are also known to be trafficked into 
the lipid raft domains, and several of these raft-associated proteins play a role in 
mediating cell signaling events in the cell, for example, Rho GTPases. Since viruses 
are large multicomponent biological structures, these lipid raft microdomains are 
ideal platforms where the different cellular activities that are associated with the 
formation of viruses can be orchestrated. They thus provide ideal cellular platforms 
to drive the process of virus particle assembly for an array of different viruses, 
including RSV. 

Several early studies employing high-resolution I-SEM revealed that the virus 
glycoproteins were trafficked into the virus filaments as they form at the cell surface 
(e.g., Jeffree et al. 2003). These data provided direct evidence that the virus structural 
proteins that ultimately were associated with the virus envelope were trafficked to 
specific microdomains on the plasma membrane. Early studies using imaging 
demonstrated that RSV particle assembly occurred at sites on the cell that were 
enriched in the established lipid raft marker protein caveolin-1 (cav-1), and that the 
cav-1 protein was incorporated into the virus filaments on the surface of virus-
infected cells (Brown et al. 2002a). This was followed by the demonstration that 
the sites of RSV particle assembly could be identified using fluorescence probes that 
allow the detection of raft-associated lipid classes (Brown et al. 2002b; McCurdy



and Graham 2003; Jeffree et al. 2003). Lipid raft microdomains can be experientially 
distinguished from the bulk lipid membrane based on their insolubility in nonionic 
detergents such as Triton X100 at 4 °C, giving rise to an operational definition of 
lipid rafts as detergent-resistant membranes (DRM). The imaging analayses were 
further supported by using this biochemical approach that demonstrated that in 
RSV-infected cells the virus structural proteins were found to partition into the 
DRM fraction (Brown et al. 2004; McCurdy and Graham 2003; McDonald et al. 
2004; Marty et al. 2004). RSV particle assembly is now established to occur at lipid 
raft microdomains on the surface of virus-infected cells. In this context, drugs that 
solubilize membrane-associated cholesterol and destabilize lipid raft microdomains 
also lead to the inhibition of RSV particle assembly (Yeo et al. 2009). However, a 
detailed comparison of the lipid composition of lipid rafts isolated from non-infected 
and RSV-infected cells indicated that virus infection-induced changes in their lipid 
composition (Yeo et al. 2009). These changes in the lipid composition would be 
expected to alter the biological properties of these lipid raft microdomains in virus-
infected cells. 
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The presence of raft-associated cellular proteins such as the cav-1 protein in the 
envelope of RSV particles suggested that the lipid envelope of RSV can be consid-
ered to have raft-like properties. This suggestion was supported by the detailed 
analysis of the lipid profile of isolated purified RSV particles which has revealed a 
high level of lipid classes that are associated with the formation of lipid raft 
membrane domains were also present in the virus envelope (Chan, Wenk and 
Sugrue, unpublished observations). An additional consequence of the use of lipid 
raft microdomains during RSV assembly is that specific raft-associated cell factors 
that have biological activities of clinical relevance may also be incorporated into the 
virus envelope, and which may potentially impart important functional properties to 
the virus envelope. In this context, the raft-associated CD55 and CD59 complement 
regulatory proteins were both detected in the envelope of mature virus particles 
(Brown et al. 2004). It was originally proposed that their presence may have a 
clinical context, since the presence of these complement regulatory proteins in the 
virus envelope could potentially impact on how the viruses interact with the com-
plement system. This suggestion is supported by more recent research that has 
confirmed the association of CD55 protein with mature RSV particles, and that 
has assessed the consequence of virus-associated CD55 protein in relation to 
opsonization by the complement system (Kuppan et al. 2021). 

Although differential detergent solubility at 4 °C is a robust operational definition 
to identify proteins that are associated with lipid raft microdomains, this can refer to 
a broad range of different types of lipid raft microdomain that are only defined by 
their detergent solubility properties. Consequently, in many cases the specific type of 
lipid raft microdomain under investigation that is isolated using detergent treatment 
remains uncharacterized. Caveolae are established as a specific class of lipid raft 
microdomain that plays a variety of different roles in cell homeostasis. Although 
several cellular proteins are involved in the formation of the caveolae coat complex 
(Ludwig et al. 2013), the cav-1 protein is a major structural determinant of caveolae. 
Therefore, in the earlier observations that described the presence of the cav-1 protein



in the envelope of virus filaments it was unclear if the cav-1 protein was specifically 
recruited to the site of RSV assembly, or if the presence of cav-1 protein at these sites 
indicated the involvement of caveolae in the virus assembly process. More recent 
work has identified other caveolae-associated proteins (e.g., the cavins) at the site of 
RSV assembly, which confirmed the involvement of caveolae in the RSV assembly 
process (Ludwig et al. 2017). The distribution of the cav-1 protein in the virus 
particle was determined using advanced imaging techniques, and its presence in the 
virus envelope involved an interaction with the RSV G protein. At present the effect 
of cav-1 protein and the various cavin proteins in the virus envelope is unclear, but 
since these proteins are major structural determinants of the caveolae, it would be 
expected that their presence could impart specific biological properties to the RSV 
envelope (e.g., an increase in membrane rigidity). Although evidence for the 
involvement of lipid raft microdomains in the assembly of infectious HMPV parti-
cles has been presented (Jumat et al. 2014), it is currently unclear if caveolae are also 
involved in the HMPV assembly process. 
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Recombinant expression of combinations of the virus membrane-associated pro-
teins is sufficient to lead to the formation of virus-like particles (VLPs) that display 
similar morphological features to the virus particles that form on RSV-infected cells. 
VLPs that resemble virus filaments can be detected on cells expressing only the 
recombinant G protein (Ravi et al. 2021), suggesting that the G protein may play an 
important role in virus particle assembly. The recombinant G protein is trafficked to 
lipid raft membrane domains that contain both the actin and filamin-1 proteins, host 
cell factors that are shown to be present in virus filaments isolated from infected cells 
(Radhakrishnan et al. 2010). This provides evidence that the virus glycoproteins 
contain inherent trafficking signals that allow their transport to the site of virus 
assembly. Although these trafficking signals have not been clearly defined, the F and 
G proteins are both modified by palmitoylation (Arumugham et al. 1989; Collins and 
Mottet 1992), and the addition of palmitoyl moieties to these proteins may facilitate 
their interaction with lipid raft microdomains. Evidence also suggests that an 
interaction between the M protein and the RSV glycoproteins may traffic the M 
protein into the DRM fraction (Henderson et al. 2002). This further suggests that 
during virus infection, the trafficking of the M protein to the assembleome may 
involve an interaction between the M protein and the virus glycoproteins (e.g. the G 
protein). In this context, stable interactions between the G protein and the other virus 
membrane-associated proteins and cell proteins at the assembleome may stabilize 
their interaction within the lipid envelope of the virus filaments.
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Filamentous Actin (F-Actin) Remodeling at Lipid Raft 
Microdomains at the Assembleome Drives Virus Filament 
Formation 

Microvilli and similar cell surface projections are stabilized by the filamentous form 
of actin (F-actin) that forms into F-actin bundles, and on the surface of non-infected 
cells, the microvilli are the dominant topographical feature. However, on the surface 
of RSV-infected cells, there is a reduction in the levels of the microvilli, and the virus 
filaments become the dominant surface feature detected (Jeffree et al. 2003). Indeed, 
on RSV-infected cells the microvilli appear to be largely replaced by the virus 
filaments, and since the microvilli are stabilized by F-actin bundles, this change in 
surface topology is consistent with virus infection leading to remodeling of the cell 
surface of infected cells. It is currently unclear what effect the trafficking of the virus 
membrane proteins to the sites of virus assembly has on the biological properties of 
the microvilli and other surface projections that are initially present on the cell 
surface. However, virus-induced changes in cell surface topology suggest that the 
biological properties of the sites on the cell membrane that are used for virus particle 
assembly are modified via structural changes to the underlying the F-actin network. 
Early studies on RSV-infected cells have implicated the cortical cytoskeleton as 
playing a role in the morphogenesis of the mature RSV particles (Ulloa et al. 1998; 
Burke et al. 1998). The role of F-actin in RSV morphogenesis was supported by 
high-resolution imaging that has demonstrated a role for the F-actin network in the 
process of virus assembly (Jeffree et al. 2007), and in this context, the M protein has 
also been shown to directly interact with actin in RSV-infected cells (Shahriari et al. 
2018). In addition, actin and several actin-binding proteins have been detected in 
purified virus preparations and virus filaments, and among these was the actin-
binding protein filamin-1(Radhakrishnan et al. 2010; Ravi et al. 2021). The 
filamin-1 protein is an established actin-binding protein that interacts with the 
F-actin, and the filamin-1 protein is also able to cross-link F-actin bundles and 
facilitate F-actin remodeling (Popowicz et al. 2006). Collectively these observations 
by several groups have provided robust evidence for the role of the F-actin network 
in the morphogenesis of RSV particles. 

The role of the F-actin network in regulating and orchestrating the clustering of 
lipid raft microdomains has been established (Chichili and Rodgers 2007). In the 
context of RSV particle assembly, the analysis of the lipid composition of lipid raft 
preparations isolated from RSV-infected cells has demonstrated that RSV infection 
led to the presence of increased levels of the signaling lipid phosphatidylinositol 
4, 5-bisphosphate (PIP2) in the lipid raft membranes (Yeo et al. 2009). This event 
was consistent with earlier observations that RSV infection was associated with 
increased levels of phosphatidylinositol 3 kinase (PI3K) expression and PI3K 
activation during RSV infection (Thomas et al. 2002; Jeffree et al. 2007). The 
enzyme PI3K phosphorylates the substrate PIP2 to generate the product 
phosphatidylinositol-3, 4, 5-triphosphate (PIP3), and the presence of both PIP2 
and PIP3 in inclusion bodies in RSV-infected cells suggests that these signalling



lipids may have a role RSV particle assembly (Yeo et al. 2009). The cortical F-actin 
network can be remodeled by Rho GTPases, and the first evidence for the involve-
ment of an activated rho GTPase in RSV particle assembly was the activation of the 
rhoA protein during RSV infection (Gower et al. 2005; Gower et al. 2001; McCurdy 
and Graham 2003). More recently, the rac1 protein has been shown to also play a 
major role in RSV particle assembly in virus-infected cells (Ravi et al. 2021; Malhi 
et al. 2021). Since the PI3K protein signaling pathway activates cellular proteins that 
in turn regulate the activity of the rac1 protein (Campa et al. 2015), this has 
suggested the contribution of a signaling pathway during RSV particle assembly 
that involves the PI3K and rac1 proteins. While the interaction between the F protein 
and the rhoA protein has been described (Gower et al. 2001), it is currently unclear if 
the rac1 protein similarly interacts with one or more virus proteins at the 
assembleome, and this will require further investigation. 
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Although the rac1 and rhoA proteins are distinct proteins, there is likely to be a 
degree of crosstalk between their respective signaling networks in the cell. Since 
inhibiting the activation of either protein leads to impaired RSV particle assembly 
(Gower et al. 2005; Jeffree et al. 2007), it is possible that the rhoA and rac1 proteins 
may be part of a larger signaling network that ultimately leads to RSV particle 
assembly, via the activation of common or related downstream effectors. Currently, 
the downstream effectors of these signaling networks that are activated during RSV 
assembly are still uncertain. Changes in F-actin staining and the altered membrane 
distribution of the filamin-1 protein during RSV infection support the role of F-actin 
remodeling in virus particle assembly (Ludwig et al. 2017; Ravi et al. 2021). The 
filamin-1 protein plays a role in the formation of the RSV particle architecture 
(Radhakrishnan et al. 2010), and a role for rac-1 protein in inducing F-actin 
remodeling by the filamin-1 protein has been described using other experimental 
systems (Bellanger et al. 2000; Ramírez-Ramírez et al. 2020). It is, therefore, 
possible that the rac-1 protein signaling pathway may also play a similar role by 
inducing structural changes in the F-actin network via filamin-1 protein. The actin-
related protein 2/3 (Arp2/3) complex also plays an important role in mediating actin 
polymerization (Papalazarou and Machesky 2021), and the Arp2/3 complex facili-
tates RSV spread during the localized cell-to-cell transmission (Mehedi et al. 2016). 
The Arp2/3 complex is activated by upstream effectors such as the WAVE Regula-
tory Complex (WRC) (Papalazarou and Machesky 2021), and the WRC is in turn 
activated by the rac1 protein (Chen et al. 2017). This is consistent with the obser-
vations that inhibition of rac1 protein activation also inhibits localized RSV trans-
mission in virus-infected cell monolayers (Huong et al. 2016). However, it remains 
to be ascertained by experimentation if during RSV infection the filamin-1 protein 
and the Arp2/3 complex function as downstream effectors of the activated rac1 
protein during virus filament formation and virus transmission.
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Trafficking of the rac1 and rhoA Proteins to the Assembleome 
Is Required for Virus Filament Formation 

Although the mevalonate pathway is established as a key metabolic pathway in the 
regulation of cholesterol biosynthesis, this metabolic pathway is also involved in the 
cellular process that provides the building blocks to make the isoprenoids that are 
used in protein prenylation. During protein prenylation, specific cytosolic proteins 
undergo a post-translation modification, whereby a small lipid molecule (e.g., 
geranylgeranyl isoprenoid) is attached to a c-terminal cysteine of the target protein 
via established consensus sequence motifs (reviewed in (Wang and Casey 2016)). 
The attachment of the lipid molecule to these normally cytosolic proteins provides a 
lipid anchor that allows their interaction with cellular membranes. The enzyme 
3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) plays a role in regulating 
the activity of the mevalonate pathway, and the HMGCR protein can be inhibited 
using statin-based drugs such as lovastatin. As a consequence, these statin-based 
drugs inhibit both cholesterol biosynthesis and the formation of the lipid precursors 
that are involved in protein prenylation. Analysis of the changes in the host cell 
transcriptome that occur during the early stage of RSV infection indicated that prior 
to virus filament formation, there was an increased expression of several enzymes in 
the mevalonate pathway, including the HMGCR (Yeo et al. 2009). This indicated 
that prior to virus particle formation, virus infection induced the early increased 
expression of the mevalonate pathway, and since the HMGCR activity is transcrip-
tionally regulated, this also suggested increases in the HMCGR activity. In this 
context, RSV filament formation is inhibited by lovastatin in a cholesterol-
independent manner, suggesting that the involvement of the HMGCR in particle 
assembly was not related to cholesterol biosynthesis (Ravi et al. 2013; Gower and 
Graham 2001). Since lipid raft microdomains are composed of cholesterol, this also 
suggested that the inhibitory effect of lovastatin was not related to the destabilization 
of these membrane microdomains. This inhibition, however, could be reversed by 
providing exogenously added geranylgeranyl pyrophosphate (GGPP) to the cells, 
which is one of the isoprenoids that is generated via the mevalonate pathway (Malhi 
et al. 2021). This suggested that the antiviral effects of statins were related to the 
inhibition of the isoprenoid formation, and in this context, the membrane association 
of activated rhoA and rac1 proteins is mediated by protein prenylation (Wang and 
Casey 2016). Recent evidence has demonstrated that statins inhibit rac1 protein 
prenylation in RSV-infected cells (Malhi et al. 2021), suggesting that lovastatin, and 
other similar statin drugs, may inhibit virus filament formation by blocking the 
trafficking of the activated Rho GTPases to the cell membranes at the site of RSV 
particle assembly. Furthermore, lovastatin treatment inhibited localized RSV trans-
mission (Gower and Graham 2001; Ravi et al. 2013), suggesting that F-actin 
remodeling via the membrane trafficking of Rho GTPases also plays a role in 
facilitating localized RSV transmission. Collectively, these data provide a functional 
link between RSV-induced changes in the expression of at least one cellular



metabolic pathway and the trafficking of Rho GTPases to the site of RSV particle 
assembly during RSV infection. 
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In cells that produce RSV VLPs, the rac1 protein was also been shown to be 
present at the lipid raft microdomains where the VLPs formed (Ravi et al. 2021). It is 
suggested that the presence of the rac1 protein at the lipid raft microdomains that are 
used during virus particle assembly may be required to modulate F-actin remodeling 
at these sites during the process of virus filament formation. Although the RSV VLPs 
resemble virus filaments, these VLPs are not the same as the virus filaments that 
form on infected cells. It is proposed that other aspects of RSV infection would be 
required to initiate cell signaling events that lead to the activation of the Rho 
GTPases at these sites. These signaling events would ultimately lead to the modifi-
cation of these cellular locations on the plasma membrane and lead to the formation 
of the RSV assembleome prior to virus filament formation. 

Future Perspectives 

The virus filaments are a robust feature of RSV infection in permissive cells, and 
their presence in primary airway cells (e.g. hNEC) has reinforced their clinical 
relevance. Research efforts are being undertaken to understand both the structure 
of the virus filaments and the cellular processes that lead to their formation in 
RSV-infected cells. This information should facilitate the development of novel 
antivirus drugs that can block RSV particle assembly and prevent infection, and this 
information should also aid in the development of new RSV vaccine candidates, for 
example, VLPs. The work of several laboratories described in this review has 
highlighted the important role that the host cell factors play during RSV particle 
assembly. Several host cell factors identified at the assembleome also contribute to 
the formation of infectious and mature RSV particles. There have been several high-
resolution structural analyses performed on cell-free RSV particles using cryo-
electron microscopy (e.g., Liljeroos et al. 2013). However, in these analyses, it has 
been assumed that all the data that is revealed in these images of the purified virus 
particles is of virus origin. The research undertaken by several groups clearly 
indicates that host cell factors are also incorporated into the virus particles, but 
these non-virus factors are not featured in these high-resolution structures. It would 
be expected that these host cell factors will have an influence on the spatial 
organization of the virus proteins in the virus envelope, and consequently, may 
influence the architecture of the infectious mature virus particle. The challenge to 
understanding the complete architecture of RSV particles will be to identify and 
locate these host cell factors in the virus particles. This could be achieved, for 
example, by using a combination of high-resolution imaging and specialized label-
ing procedures, similar to the procedures that have been described for locating the 
presence of the cav-1 protein in the RSV filaments (Ludwig et al. 2017). 

The collective body of evidence has established that virus filament formation 
involves the activation of cell signaling networks that are regulated by the rac1 and



rhoA proteins. However, these proteins are upstream members of a larger signaling 
network, and future work will need to focus on identifying the important down-
stream proteins that are acted on by these signaling pathways during RSV infection. 
It is possible that during virus particle morphogenesis, these downstream effectors 
may act on one or more virus or host cell factors, and as a consequence, the 
biological properties of these factors may be modified. The identification of down-
stream effectors that are activated by the rac1 and rhoA proteins during RSV 
infection will be required to obtain a complete understanding of the molecular events 
that lead to RSV particle assembly. It may also be possible that the identification of 
these down steam effectors could also be used to better understand the process of 
virus particle assembly in other related paramyxoviruses. 
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Lastly, the body of work on RSV assembly has utilized cell systems that are 
permissive to RSV infection. This work has provided a proof-of-concept that cell 
factors play important roles in the RSV assembly process, and that several of the host 
cell factors identified are potentially druggable. This opens the possibility of using 
drug repurposing to target these cell factors using established drugs with existing 
safety profiles. This could shorten the time to administer effective and cost-effective 
treatments for RSV infection, particularly in low-income counties where many 
RSV-related childhood deaths occur (Nair et al. 2010). The future challenges will 
be to determine if these host cell factors that have been identified using permissive 
cells can form the basis for cost-effective antivirus strategies for use in patients. For 
example, statin-based drugs have known safety profiles and are used by many people 
to regulate blood cholesterol levels, such as for example, lovastatin (Mevacor®). 
These drugs are also effective at inhibiting RSV infection in both permissive cells 
and in animal models of infection, and the mechanism of its antiviral action is now 
being elucidated. Such drugs could be used to treat RSV infection, and it is presumed 
that some of the adverse side effects associated with the long-term use of statins will 
not be encountered during their short time use to treat RSV infection. It will therefore 
be interesting to determine if these and other cost-effective drugs that block RSV 
assembly can be translated from the bench to the bedside to control RSV infection in 
human patients. 
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Chapter 10 
Japanese Encephalitis Virus-Infected Cells 

Kiran Bala Sharma, Simran Chhabra, and Manjula Kalia 

Abstract RNA virus infections have been a leading cause of pandemics. Aided by 
global warming and increased connectivity, their threat is likely to increase over 
time. The flaviviruses are one such RNA virus family, and its prototypes such as the 
Japanese encephalitis virus (JEV), Dengue virus, Zika virus, West Nile virus, etc., 
pose a significant health burden on several endemic countries. All viruses start off 
their life cycle with an infected cell, wherein a series of events are set in motion as 
the virus and host battle for autonomy. With their remarkable capacity to hijack 
cellular systems and, subvert/escape defence pathways, viruses are able to establish 
infection and disseminate in the body, causing disease. Using this strategy, JEV 
replicates and spreads through several cell types such as epithelial cells, fibroblasts, 
monocytes and macrophages, and ultimately breaches the blood-brain barrier to 
infect neurons and microglia. The neurotropic nature of JEV, its high burden on 
the paediatric population, and its lack of any specific antivirals/treatment strategies 
emphasise the need for biomedical research-driven solutions. Here, we highlight the 
latest research developments on Japanese encephalitis virus-infected cells and dis-
cuss how these can aid in the development of future therapies. 

Keywords Autophagy · Blood-brain barrier · Cell death · ER stress · Flavivirus · 
Innate immunity · Japanese encephalitis virus · Neuroinflammation · Neurotropic · 
Unfolded protein response 

Introduction 

Japanese encephalitis virus (JEV) remains one of the leading global causes of viral 
encephalitis. It poses a major threat to more than 2 billion people living in endemic 
regions like southeast Asian countries (van den Hurk et al. 2009; Pan et al. 2011) and 
is still evolving to new ecological niches of Europe, northern Australia and Africa
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(Simon-Loriere et al. 2017; Gao et al. 2019). According to a 2019 WHO report, JEV 
causes almost 68,000 cases with 13,600–20,400 deaths annually. The virus is 
neurotropic, and its clinical manifestations range from febrile illness to central 
nervous system (CNS) disorders and death (Sips et al. 2012). A majority of JEV 
infections remain asymptomatic, and less than 1% of infections develop into the 
disease, which is either mild or neuroinvasive. Of the diseased cases, one-third 
recover completely, one-third develop severe lifelong neurological complications, 
and one-third ultimately succumb to the disease (Solomon 2004). Children aged 
0–15 years are the most affected group and are likely to have more neurological 
complications than adults (Campbell et al. 2011). Currently, there is no antiviral 
therapy available and existing vaccines are struggling to control the JEV burden due 
to lack of long-term protection and cross-protection against newly emerging geno-
types. Treatment is only supportive and limited clinical trials have been conducted 
for testing antiviral and drug therapies (Turtle and Solomon 2018).
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JEV is an arthropod-borne flavivirus, which is transmitted in an enzootic life 
cycle between birds, pigs and other vertebrates by Culex mosquitoes. Humans are 
dead-end hosts due to low viremia. Following inoculation upon a blood-feeding 
mosquito bite, the virus first replicates in skin keratinocytes and then propagates to 
nearby lymph nodes and other tissues or organs like the liver and kidney, causing 
transient low viremia. If the virus is not restricted to the periphery, it can cross the 
blood-brain barrier (BBB) to gain entry into the CNS, which results in the neuro-
logical manifestations of the disease. The viral tropism and subsequent host 
responses govern disease pathogenesis and severity. JEV is known to infect diverse 
cell types such as epithelial cells, fibroblasts, monocytes, macrophages, dendritic 
cells (DCs), endothelial cells, brain resident microglial and neuronal cells, and 
activates an array of cellular responses. A detailed understanding of virus-host 
crosstalk is important for delineating crucial host responses and identifying cellular 
factors involved in disease pathogenesis and antiviral development. Herein we 
review the interactions of JEV with the mammalian host at the cellular and system 
level, and their role in disease biology. 

Epidemiology 

JE was first reported in Japan, with more than 6000 cases during the 1924 epidemic. 
The prototype Nakayama strain was isolated from the brain of a fatal case in 1935, 
and since then, the disease has been recognised across Asia (Miyake 1964; Solomon 
2003). Genetic studies have proposed that JEV evolved from an African ancestral 
virus that spread to the Indonesia-Malaysia region many centuries ago, from where it 
further spread throughout Asia (Solomon et al. 2003). In the first half of the twentieth 
century, JEV was recognised in the temperate regions of Asia such as Japan, Korea, 
Taiwan and mainland China; and continued to spread to southeast Asia, India, 
Bangladesh, Sri Lanka and Nepal over the next decades. By the 1990s, JEV showed



its presence even in the non-Asian regions, Saipan and Australia (Filgueira and 
Lannes 2019; Mulvey et al. 2021). 
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JEV has a total of five genotypes (I–V), arising from the ancestor virus of the 
Indonesia-Malaysia region. Genotype III was reported to be responsible for most 
human cases in Asia up to the 1990s, whereas genotype I is now likely to become the 
dominant strain and the major cause of JE disease in the region (Pan et al. 2011). In a 
2022 outbreak in Australia, a JEV genotype IV was identified (Sikazwe et al. 2022). 
Epidemiological and genetic studies have reported geographical expansion of dif-
ferent genotypes and JEV emergence in non-epidemic regions (van den Hurk et al. 
2009; Gao et al. 2019; Mulvey et al. 2021). The wide distribution of the virus over 
the years has been due to changes in climate, ecology, agricultural and animal 
practices. Migratory bird patterns and population shifts can potentially further 
contribute to virus expansion to non-endemic regions. Increased surveillance and 
reporting of JEV infections need to be undertaken to assess the true burden of JE. 

Transmission Cycle 

The Culex tritaeniorrhynchus mosquito which breeds in stagnant water (such as rice 
paddy fields), is the most important vector for human infections (Solomon et al. 
2003). Other domestic (cows, dogs, chickens, goats and horses) and wild animals 
(flying foxes, frogs, snakes and ducks) can also be infected with the virus, but ones 
with high viral loads (birds and pigs) maintain the virus (Mansfield et al. 2017). Due 
to brief and low viremia, humans do not transmit the disease further (Turtle and 
Solomon 2018). However, a recent report suggested possible JEV transmission via 
blood transfusion in humans (Cheng et al. 2018). Birds maintain and amplify the 
virus in the environment, and migratory/seasonal birds are responsible for JEV 
spread/expansion to new geographical areas (Johnsen et al. 1974; Rodrigues et al. 
1981; Yoshikawa et al. 2016; Bae et al. 2018; Preziuso et al. 2018; Turtle and 
Solomon 2018; Mulvey et al. 2021). Pigs are the natural hosts with prolonged and 
high viremia, and the virus can also transmit directly via the intra-nasal route in pigs 
(Ricklin et al. 2016; Garcia-Nicolas et al. 2018). The virus replicates and remains in 
the porcine tonsils for up to 25 days enabling its persistence in seasons when 
mosquitoes are inactive (Garcia-Nicolas et al. 2018). JEV can also persist in vaginal 
mucosa for several days and is shed in vaginal secretions in pigs, suggesting a 
potential for sexual transmission (Chapagain et al. 2022). 

Clinical Features 

The majority of the JEV infections in humans are either asymptomatic or cause 
febrile illness with mild flu-like symptoms such as fever, sore throat, headache, 
muscle pain, diarrhoea and vomiting, that lasts for 5–15 days. Neurologic



manifestations depend upon the site of infection in the CNS. Patients who develop 
symptoms of encephalitis suffer significant morbidity and mortality. Encephalitis is 
characterised by neck stiffness, disorientation, seizures, paralysis, coma and in 
severe cases, leads to death (Misra and Kalita 2010; Salimi et al. 2016). 
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JEV Molecular Biology 

JEV belongs to the Flaviviridae family that also contains several other pathogenic 
arboviruses such as West Nile virus (WNV), Zika virus (ZIKV), Dengue virus 
(DENV), Yellow fever virus (YFV), Murray valley Encephalitis (MVE), St. Louis 
encephalitis virus (SLEV) and Tick-borne encephalitis virus (TBEV). The 
enveloped virus contains a single-stranded positive-sense RNA genome of  11 kb 
(Vashist et al. 2011), which is a single open reading frame (ORF), flanked by 5′ and 
3′ non-coding regions (NCR). The viral polyprotein (  3400 aa) is cleaved into three 
structural proteins – Nucleocapsid (C), Membrane (M) and Envelope protein (E), 
and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and 
NS5), by the action of viral and host proteases (Chambers et al. 1990). The viral 
nucleocapsid is enclosed in a membrane containing the envelope (E) glycoprotein. A 
near-atomic structure of JEV has revealed various structural determinants associated 
with virus stability and neurovirulence (Wang et al. 2017b, c). The non-structural 
viral proteins are an integral part of the replication complex and also interact with 
diverse host factors involved in multiple cellular pathways to create an infection-
supportive environment. 

Infection Route: A Cellular Overview 

The JEV virus life cycle is an orchestration of six major steps: receptor binding, 
entry, polyprotein translation, genome replication, assembly and egress. Infection 
begins with the non-specific binding of the viral glycoprotein E to one or more 
cellular attachment factors, that enhance the avidity and facilitates specific interac-
tion with the receptor. Studies in different cell types have identified attachment 
factors (Heparan sulphate proteoglycans, glycosaminoglycans) and several potential 
receptors: Heat shock protein 70, vimentin, laminin receptor, CD4, α5β3 integrin, 
Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin 
(DC-SIGN), Glucose-regulated protein 78 (GRP78), T cell immunoglobulin and 
mucin domain 1 (TIM-1), C type lectin member 5A (CLEC5A), plasmalemma 
vesicle-associated protein and gastrokine 3 (Chiou et al. 2005; Chien et al. 2008; 
Chen et al. 2012b; Nain et al. 2016; Nain et al. 2017; Mukherjee et al. 2018; Niu 
et al. 2018). 

Virus-receptor interaction results in receptor-mediated endocytosis. JEV is seen 
to exploit different endocytic routes in a cell-type-dependent manner. Studies have



now established that the virus utilises clathrin-mediated endocytosis (CME) to infect 
fibroblasts and epithelial cells, and under conditions of CME inhibition, it can 
employ clathrin-independent endocytosis (CIE) to infect neuronal cells (Zhu et al. 
2012; Kalia et al. 2013; Yang et al. 2013; Xu et al. 2016; Liu et al. 2017; Khasa et al. 
2019; Khasa et al. 2020). RNA interference-based screens have identified several 
membrane trafficking proteins such as the ARP2/3 complex, RhoA, Cdc42, Pak1, 
Rab5, Rab11, ezrin and valosin-containing protein (VCP) to be involved in JEV 
entry (Xu et al. 2016; Khasa et al. 2019; Khasa et al. 2020; Liu et al. 2020; Sehrawat 
et al. 2021; Zhou et al. 2021). Characterisation of JEV entry in neuronal cells, and its 
interaction with host factors, is an important research domain and can generate 
potential therapeutic targets to combat the virus at an early time of infection. 
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A low pH achieved in the endosome induces conformational changes in the viral 
E glycoprotein, which triggers the fusion of viral and host endosomal membranes 
and releases the viral RNA genome into the cytoplasm. The positive sense RNA is 
directly translated via the host translational machinery into two precursor 
polyproteins (with or without a ribosomal frameshifting at the beginning of NS2A-
coding region), that are cleaved into three structural (C, prM and E) and seven 
non-structural (NS1 to NS5) proteins, along with NS1’. 

The virus non-structural proteins: NS4A, NS4B, NS1, NS2A, NS2B, NS3 and 
NS5 are known to interact/associate with several host factors, majorly ER-associated 
proteins and lipids to form the ER-derived replication complexes (Arakawa and 
Morita 2019). Distinct structures referred to as convoluted membranes (CMs) and 
vesicle packets (VPs) can be seen in flavivirus-infected cells and are the sites for 
polyprotein translation/processing and viral RNA replication, which proceeds 
through the formation of the viral dsRNA intermediate. The signal peptidase com-
plex subunit 1 (SPCS1) is a crucial host factor that interacts with NS2B and impacts 
the post-translational processing of JEV proteins and virus assembly (Ma et al. 
2018). The ER-associated degradation pathway (ERAD) proteins such as 
microtubule-associated protein 1 light chain 3-I (MAP1LC3-I, hereafter LC3-I), 
EDEM1 and Sel1L are also found enriched in the JEV VPs and CMs (Sharma, 
Bhattacharyya et al. 2014; Sarkar et al. 2020). The replication complex has a pore 
opening into the cytosol for entry of nucleotides and exit of the positive-strand RNA 
for packaging. Interestingly, the production of the plus strands is  10–100 fold higher 
than minus strand RNA, showing an asymmetric and semi-conservative process of 
replication (Uchil and Satchidanandam 2003). The viral capsid protein, along with 
LC3-I (autophagy-independent form), is observed to be concentrated on lipid drop-
lets (LDs), and this is likely to be the site of RNA packaging (Sarkar et al. 2020). 
Interestingly, the number of LDs decreases in JEV-infected cells suggesting a 
negative regulation of lipid metabolism, an observation which is also supported by 
proteome studies describing the down-modulation of lipid metabolic proteins in 
JEV-infected cells (Sarkar et al. 2020; Sharma et al. 2021a). 

Virion assembly in the ER lumen follows as the viral genome and proteins 
assemble abundantly. The nucleocapsid is further enclosed by E and prM proteins 
decorated on ER membranes to form immature virus particles. These undergo 
maturation before budding out of the cell membrane, via furin protease activity



that cleaves prM to M during exocytosis via the trans-golgi network (Stadler et al. 
1997; Li et al. 2008; Yu et al. 2008). Mapping the virus-host interactome and 
developing inhibitors to block the virus-receptor/host dependency factor interaction 
are attractive targets for antiviral drug development. 
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Cellular Response to Infection 

Viruses have evolved strategies to interfere with cellular signalling pathways and 
exploit organellar compartments, which perturbs cellular homeostasis and triggers 
the activation of stress responses in infected cells. Flaviviruses are shown to induce 
stress responses such as the formation of stress granules, oxidative stress, and ER 
stress leading to the activation of the unfolded protein response (UPR), autophagy 
and activation of innate immunity. Cross-communication between these pathways 
regulates the antiviral and cell survival response, in addition to other cellular 
functions such as translation, metabolism, cytoskeletal organisation and inflamma-
tion, and therefore influences the viral pathogenesis and disease outcome. 

Alteration of Signalling Pathways 

Activation of PI3-kinase/Akt signalling has been observed early during JEV infec-
tion and is thus likely to be a result of virus-receptor interaction (Das et al. 2010). 
JEV attachment can also specifically activate EGFR-PI3K signalling (Xu et al. 
2016), resulting in phosphorylation of EGFR, and infection can be blocked by 
using EGFR inhibitors (Zhang et al. 2022). MAPK signalling including ERK, p38, 
MAPK and JNK plays an important role in JEV-induced caspase activation (Gupta 
et al. 2011) and neuroinflammation (Ye et al. 2016; He et al. 2017). JEV has also 
been shown to modulate several tyrosine phosphorylation-mediated signalling 
events in infected cells (Raung et al. 2005, 2007; Yang et al. 2012). 

PKR Activation and Formation of Stress Granules 

Recognition of viral dsRNA activates the interferon (IFN)-induced protein kinase R 
(PKR), which phosphorylates the eukaryotic translation initiation factor 2α subunit 
(eIF2α), and results in a block of protein translation. PKR activation also results in 
the sequestration of actively transcribing mRNA into cytoplasmic foci called stress 
granules (SG), and this process is circumvented by nearly all viruses to enable their 
propagation. The JEV NS2A protein can counteract PKR activation and eIF2-
α-phosphorylation (Tu et al. 2012). JEV capsid protein has been shown to inhibit 
the SG formation by binding to the RNA-binding protein, Caprin-1 which is an



essential component of the stress granules (Katoh et al. 2013). JEV NS4B can also 
recruit the VCP-NPL4 complex and block stress granule formation (Arakawa et al. 
2022). 

10 Japanese Encephalitis Virus-Infected Cells 257

Induction of Oxidative Stress 

Oxidative stress is generated when there is an imbalance between the production and 
neutralisation of reactive oxygen species (ROS). In general, ROS is produced as a 
by-product of normal aerobic metabolism, by a variety of enzymes present in 
mitochondria, ER, and peroxisomes, which are simultaneously taken care of by 
the antioxidant system (Go and Jones 2008; Roy et al. 2017; Zhang et al. 2019). ROS 
acts as a double-edged sword in cell health, as its maintenance to a certain level is 
necessary for signalling activation and survival. However, stress conditions such as 
pathogen infection, accumulate intracellular ROS, resulting in cell injury or death. 

JEV has been demonstrated to trigger oxidative stress in infected cells together 
with the production of toxic oxygen species in neutrophils (Srivastava et al. 1999), 
human astrocytoma and astroglioma cell lines (Mishra et al. 2008), the superoxide 
anion and nitric oxide species in rat cortical glial cells (Liao et al. 2002), and ROS 
intermediates in murine neuroblastoma cells (Raung et al. 2001). The elevated ROS 
level during JEV infection is implicated in virus-induced cell death (Ghoshal et al. 
2007; Ghosh and Basu 2009; Kumar et al. 2009b; Yang et al. 2010). Alterations in 
mitochondrial health (Lin et al. 2004), and high levels of proinflammatory mediators 
secreted by activated microglia (Ghoshal et al. 2007), are major drivers of 
JEV-induced oxidative stress. Even UV-inactivated JEV (replication incompetent) 
damages actively growing neuronal cells through a ROS-mediated pathway (Lin 
et al. 2004). ROS is thus a major contributor of JEV pathogenesis and therapeutic 
modulation of JEV-induced oxidative stress could be beneficial for the host (Zhang 
et al. 2014). Oxidative stress has also been linked to UPR activation, autophagy, 
immunity, inflammation and cell death pathways (Olagnier et al. 2014; Chen et al. 
2018a; Sharma et al. 2018; de Almeida et al. 2020). 

Activation of the Unfolded Protein Response 

The ER is a ubiquitous and versatile organelle involved in multiple cellular functions 
including protein production, folding, trafficking and turnover; lipid synthesis and 
distribution, calcium homeostasis, cell signalling and innate immunity. The ER is 
central to the JEV life cycle as it provides both a scaffold for viral protein translation 
and ER resident proteins and lipids for virus replication complex biogenesis and 
virion assembly. This poses a significant burden on the organelle, resulting in the 
induction of ER stress and activation of UPR (Yu et al. 2006; Blazquez et al. 2014). 
The three main pathways that modulate UPR are protein kinase-like ER resident



kinase (PERK), the activating transcription factor 6 (ATF6), and the inositol-
requiring enzyme 1 (IRE-1) (Liu and Kaufman 2003). The activation of the PERK 
pathway follows eIF2α-phosphorylation and causes global translational arrest. The 
insufficiency of translational arrest in reducing ER stress, leads to the activation of 
the IRE1 and ATF6 pathways, which upregulate the expression of ER chaperons and 
ERAD machinery components, to boost protein folding capacity and degrade ter-
minally misfolded proteins. The UPR signalling attempts to restore ER homeostasis, 
however, prolonged ER stress and high-level signalling through PERK and eIF2α, 
results in ATF4 activation and expression of transcription factor GADD153 
(CHOP), which altogether arrests the cell-cycle and induces apoptosis (Rozpedek 
et al. 2016). Activation of ER stress has also been linked to other crucial cellular 
processes such as lipid metabolism, autophagy, innate immunity and differentiation 
(McLean et al. 2011; Blazquez et al. 2014; Datan et al. 2016; Chan and Ou 2017; 
Sharma et al. 2017; Carletti et al. 2019), expanding its role in generating the 
integrative stress response against viral infections. 
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Studies have demonstrated that JEV infection generates ER stress and triggers the 
activation of all three sensors (PERK, ATF6 and IRE-1) of the UPR. PERK 
activation and CHOP expression have been linked to virus-induced apoptosis and 
disease pathogenesis (Su et al. 2002; Wang et al. 2019). The regulated IRE1-
dependent decay (RIDD) pathway has been shown to benefit viral replication and 
enhance cell death (Bhattacharyya et al. 2014). In contrast, the XBP1 and ATF6-
mediated UPR pathways exert a protective role against JEV-induced cell death via 
upregulating autophagy in neuronal cells (Yu et al. 2006; Sharma et al. 2017). The 
cellular ERAD pathway degrades the extra membrane-anchored JEV NS proteins in 
convoluted membranes and this process is essential for optimal virus replication 
(Tabata et al. 2021). 

Upregulation of Autophagy 

Autophagy is a highly conserved, multi-step degradative process which is greatly 
involved in maintaining cellular homeostasis by degrading misfolded/faulty proteins 
and damaged organelles through lysosomal compartments. Autophagy has basal 
housekeeping functions and is induced by stress conditions such as hypoxia, path-
ogen infection, ER stress, oxidative stress and accumulation of aggregated proteins 
and damaged organelles. In the context of viruses, autophagy can either restrict or 
enhance infection, depending on the virus and cell type (Ahmad et al. 2018). To 
restrict virus proliferation, autophagy either directly targets the viral components for 
degradation or indirectly modulates other host antiviral and survival pathways 
(Lennemann and Coyne 2015; Abdoli et al. 2018; Choi et al. 2018; Sharma et al. 
2019). 

During JEV infection, autophagy has been shown to be induced in both in vitro 
and in vivo model systems. JEV-induced autophagy has been shown to support virus 
replication by suppressing the cellular immune environment (Li et al. 2012a; Jin



et al. 2013), however, some studies have suggested otherwise (Sharma et al. 2014; 
Xu et al. 2017). Significant enhancement of JEV replication and titres has been 
observed in autophagy-deficient (ATG5/ATG7 depleted) mouse fibroblasts and 
neuronal cells (Sharma et al. 2014). The E3 ubiquitin ligase Nedd4 protein also 
restricts JEV-induced autophagy and facilitates JEV replication in human neuro-
blastoma cells (Xu et al. 2017). Autophagy thus appears to play an antiviral role for 
JEV by restricting virus replication and virus-induced cell death (Sharma et al. 
2014). JEV-infected cells also show enhanced mitophagy flux and a decrease in 
mitochondria number through the interaction of the viral NS4A protein with PTEN-
induced kinase 1 (Agarwal et al. 2022). Interestingly, based on the anti-inflammatory 
and neuroprotective properties, autophagy activators have the potential to be 
repurposed as antivirals against JEV infection. 
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Innate Immune Activation 

The cell recognises a virus infection through its pathogen recognition receptors 
(PRRs) that bind specific pathogen-associated molecular patterns (PAMPs). The 
PRR-PAMP association triggers downstream effectors and the production of type-I 
interferons (IFN-α and IFN-β) and inflammatory cyto/chemokines, which further 
initiates the JAK-STAT signalling in an autocrine and paracrine fashion. The 
IFN-driven JAK-STAT pathway ultimately induces the expression of a wide array 
of genes collectively referred to as interferon-stimulated genes (ISGs) that function 
to inhibit virus infection by directly acting on the virus itself or by enhancing the 
cellular antiviral state. 

Various cell line and animal model studies have established the crucial role of 
numerous PRRs such as RIG-I, MDA-5, MyD88 (Kato et al. 2006), TLR3 (Han 
et al. 2014) and TLR7 (Nazmi et al. 2014; Awais et al. 2017), in sensing JEV 
components for innate immune activation. The quality and magnitude of the antiviral 
response of brain resident cells govern JE pathogenesis. Activation of RIG-I, 
MDA-5 and TLR-3 in JEV-infected neuronal and microglial cells is critical for 
virus inhibition, as their deletion compromised antiviral immunity and increased 
viral load (Nazmi et al. 2011; Jiang et al. 2014). Various reports have demonstrated 
the activation of a wide variety of ISGs including PKR, OAS, TRIM21, ISG15, 
IFITs, IFITMs, GBPs, MX1, etc., upon JEV infection (Clarke et al. 2014; Sharma 
et al. 2021a, b) (Fig. 10.1). Some of these such as IFNα, ISG15, MX2 and OAS-L 
have been shown to have an antiviral role against JEV (Hsiao et al. 2010; Liu et al. 
2013; Zheng et al. 2016). Type-I IFN production by astrocytes restricts viral spread 
in the CNS and virus-induced cytopathic effects (Lindqvist et al. 2016). 

The virus also engages to counteract the IFN response and establish a replication 
niche. JEV NS5 is a potent antagonist of IFN-induced Jak-STAT signalling through 
abrogation of nuclear translocation and tyrosine phosphorylation of Tyk2 and 
STAT1 (Lin et al. 2006). JEV NS4A also functions as an IFN-antagonist through 
inhibition of STAT phosphorylation (Lin et al. 2008). JEV NS1’ has been shown to
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inhibit mitochondrial antiviral signalling protein (MAVS) mediated IFNβ induction 
by blocking dephosphorylation of CDK1 (Li et al. 2021b).
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The transcription factor IRF8 modulates microglial activation during infection 
and enhances IFN-γ production resulting in reduced viral loads in the brain (Tripathi 
et al. 2021). Activated microglial cells and astrocytes also produce a strong wave of 
pro/anti-inflammatory cytokines including RANTES, TNF-α, IL1-α, IL-6, IL-12, 
IL-18, IL1-β, CCL2, CXCL9, CXCL10, CXCL11 and pro-inflammatory enzymes 
like cyclooxygenase-2 and iNOS during JEV infection (Chen et al. 2004; Bhowmick 
et al. 2007; Ghoshal et al. 2007; Das et al. 2008; Gupta et al. 2010a, b; Chen et al. 
2011a, b; Kaushik et al. 2011; Fadnis et al. 2013; Lannes et al. 2017a; Yu et al. 
2019), which is thought to be the major driver of JEV-induced neuroinflammation 
and bystander neuronal cell death (Ye et al. 2016; He et al. 2017; Singh et al. 2020; 
Ashraf et al. 2021). The suppression of anti-inflammatory cytokine IL-10 has also 
been observed during JEV infection (Swarup et al. 2007). A quantitative 
phosphoproteomic analysis identified JNK1 cascade activation upon JEV infection 
as a major contributor to virus-induced encephalitis and lethality (Ye et al. 2016). 

Viral infections including JEV, also activate an epithelial-mesenchymal transition 
(EMT)-like process as an antiviral strategy through activation of the Snail transcrip-
tion factor, via coregulation with type-I IFN (Vedagiri et al. 2021). 

All flaviviruses, including JEV, produce a unique subgenomic flavivirus RNA 
(sfRNA) as a result of incomplete degradation of genomic RNA by the cellular 
exoribonuclease XRN1. This consists of the highly structured 3′UTR and plays an 
important role in viral pathogenesis through the regulation of cellular mRNA decay 
and IFN responses (Clarke et al. 2015). Activation of the RNA decay pathways are 
an important aspect of the innate immune response to virus infection. The monocyte 
chemoattractant protein 1-induced protein 1 (MCPIP1) ribonuclease binds JEV 
RNA and targets it for degradation (Lin et al. 2013). The zinc finger protein 
ZFP36L1 recognises the AUUUA motif in the 3′-UTR of the JEV genome and 
destabilises it by degrading the viral RNA through the 5′-3′ XRN1 and 3′-5′RNA-
exosome RNA decay pathways (Chiu et al. 2022). 

These studies highlight the importance of active innate immunity hubs in virus 
restriction and necessitate their detailed exploration for understanding disease sever-
ity. An optimal innate immune response is also crucial for limiting JEV at the 
periphery and blocking viral entry to CNS, a decisive checkpoint in JE pathogenesis. 

Cell Death Pathways 

An infected cell exposed to unrecoverable intracellular perturbations activates cell 
death pathways. Depending on the cell type and host response, viruses lead to three 
major regulated cell death modalities: apoptosis and inflammation programmed – 
necroptosis and pyroptosis (Dhuriya and Sharma 2018; Imre 2020). Cell death may 
repress virus replication and alter the local and systemic immune responses by 
releasing a variety of death-associated molecular patterns (DAMPS). Viruses have



evolved strategies to inhibit or activate cell death pathways to escape the defence 
mechanism or to kill certain cell populations to dysregulate host immune responses. 
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Direct neuronal infection and prolonged microglial activation (gliosis) driven 
inflammatory environment trigger diverse markers of cell death pathways in 
JEV-infected neuronal cells (Chen et al. 2012a, b; Mukherjee et al. 2019). Several 
studies have supported the role of prolonged ER stress and virus-induced UPR 
pathways in neuronal cell death (Su et al. 2002; Mukherjee et al. 2017; Wang 
et al. 2019). JEV also activates mitochondrial stress leading to ROS production 
and cytochrome-c release in the cytoplasm and activation of Caspase-8, -9 and -3 
(Tsao et al. 2008; Yang et al. 2009, 2010; Wongchitrat et al. 2019). Recent evidence 
points to the role of inflammation-driven necroptosis and pyroptosis in the patho-
genesis of JEV infection. The levels of the MLKL protein, a marker of necroptosis, 
increase in neuronal cells upon JEV infection, and its deletion reduces JE progres-
sion and inflammatory cytokines in the mouse model (Bian et al. 2017). 
JEV-infected fibroblasts and mouse brain showed upregulated levels of Gasdermin 
D and MLKL, along with increased transcript levels of genes of the necroptosis 
pathways (Sharma et al. 2021a). JEV-infected-pyroptotic macrophages release 
IL1-α, which is shown to be responsible for viral neuroinvasion (Wang et al. 
2020a, b). Transcriptomic analysis of macrophages has also shown the launch of 
diverse programmed cell death pathways upon JEV infection (Wang et al. 2020a, b). 
A crucial role of necroptosis has been shown in neuroinflammation and cell death in 
other neurological disorders, signifying that targeting these cell death pathways can 
potentially reduce disease severity. 

Downregulation of Cell Adhesion Molecules 

JEV infection downregulates several collagens, laminin and other cell adhesion 
proteins involved in proteoglycan binding and ECM organisation (Sharma et al. 
2021a). This could be a host-driven immune activation strategy for the generation of 
potential ligands for T and NK cell activation (Fig. 10.1). 

Metabolic Reprogramming 

All virus infections reprogramme the cellular metabolome to meet the high energy 
and resource demands of virus replication. In parallel, the cell also regulates its 
metabolism as an innate immune defence programme. A proteome wide-study has 
shown that JEV infection of fibroblasts down-modulates several metabolic enzymes 
of sterol and lipid biosynthetic pathways and transporters (solute carrier and 
ATP-binding cassette transporter) involved in shuttling metabolites and ions across 
membranes (Sharma et al. 2021a). Downmodulation of cholesterol/lipid biosynthetic 
activities is likely to be intimately linked with the IFN and inflammatory response.



Increased glycolysis and pentose phosphate pathway flux, impaired oxidative phos-
phorylation and catabolic patterns of lipid metabolism are hallmarks of JEV repli-
cation in neurons (Li et al. 2021a). The unique metabolic signature of JEV infection 
is still an underexplored area, but we are likely to see this field expanding rapidly in 
the coming years with antiviral treatment strategies based on targeted metabolic 
modulation. 
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Infection Route: A Host Overview 

Infection Route in the Periphery 

JEV enters through an infected-mosquito bite, where the dermis layer acts as a 
primary site of infection. The local dermal cells (fibroblasts, endothelial, tissue-
resident dendritic cells and pericytes) surrounding the mosquito bite area become 
infected and spread the virus to local lymph nodes, resulting in primary asymptom-
atic viremia (Filgueira and Lannes 2019; Ashraf et al. 2021). The virus escapes 
through either a hematogenous route or efferent lymphatic system and might infect 
multiple organs (liver, spleen, heart, muscle, kidney), generating secondary symp-
tomatic viremia. Very little is known about how JEV affects the cardiovascular, 
respiratory, digestive, reproductive and urinary systems in humans (Qi et al. 2020; 
Chapagain et al. 2022); however, mouse model studies have clearly indicated that 
JEV infects several visceral organs in addition to the brain (Li et al. 2017). In the 
periphery, JEV mainly replicates in the monocytes/macrophages and DCs (Aleyas 
et al. 2009; Terry et al. 2012; Wang et al. 2016; Garcia-Nicolas et al. 2019). The 
virus migrates through the body either as free virions or via migratory infected DCs. 
In most cases, virus infection is cleared by an effective peripheral immune response. 
However, the virus can utilise various immune evasion strategies to escape periph-
eral immune surveillance to cross the BBB (Aleyas et al. 2010; Aleyas et al. 2012; 
Adhya et al. 2013; Manocha et al. 2014; Sood et al. 2017; Wang et al. 2017a; 
Banerjee and Tripathi 2019). 

Peripheral Immune Response to Infection 

Antigen-presenting cells (APCs) such as DCs and macrophages are the first cells to 
generate a robust immune response with the production of various anti-/pro-inflam-
matory cytokines and lowering of blood viremia (Solomon 2004). The IFN-β
response in macrophages and their migration to the CNS is regulated by the 
RNA-binding protein quaking (QKI), which functions as an immune suppressor 
(Liao et al. 2021; Deng et al. 2022). DCs initiate the adaptive immune response by 
stimulating T-cell activation (Aleyas et al. 2009; Li et al. 2011; Sooryanarain et al.



2012; Sharma et al. 2021b). The virus infection can also result in inflammatory 
demyelination in the peripheral nervous system (Wang et al. 2022). 
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JEV also replicates in monocytes and upregulates various antiviral and immune 
factors, resulting in their activation and differentiation into monocyte-derived den-
dritic cells (MoDCs) and monocyte-derived macrophages (MoDMs) (Cao et al. 
2011; Sooryanarain et al. 2012; Gupta et al. 2014; Garcia-Nicolas et al. 2019). 
JEV induces functional impairment of DCs through MyD88-dependent and -inde-
pendent pathways, which leads to poor CD4(+) and CD8(+) T cell responses, and 
boosts viral survival and dissemination in the body (Aleyas et al. 2009). The virus 
also reduces the expression of co-stimulatory cytokines in human and mouse DCs, 
leading to suppressed T cell activation and enhanced Treg (T regulatory cell) 
differentiation (Cao et al. 2011; Gupta et al. 2014) (Fig. 10.2). Transcriptional 
profiling of JEV-infected human MoDCs has demonstrated the activation of antiviral 
and inflammatory pathways, and expansion of Tregs in an allogenic response 
(Chauhan et al. 2021). Overall, the enhanced Tregs response can exert a 
neuroprotective effect by reducing excessive inflammatory response as seen in 
another virus-induced encephalitis (Lund et al. 2008; Anghelina et al. 2009; Lanteri 
et al. 2009; James et al. 2016). Numerous mouse studies have exhibited the contri-
bution of DCs in protection against JE via T cell-dependent and -independent 
mechanisms. CD11chi DCs regulate the innate CD11b+ Ly-6Chi monocyte differen-
tiation to protect immune-privileged CNS during JEV infection (Kim et al. 2015). 
The ablation of CD11chi DC is seen to lead to a higher ratio of CD4+ Th17/Treg cells 
and CD11b+ Ly-6Chi /Ly-6Clo monocytes in the lymphoid tissue and CNS leading to 
enhanced permeability of the BBB (Choi et al. 2017). 

The exact function of T cells in JEV pathogenesis is still unclear as diverse mouse 
studies suggested different outcomes with partial or complete protection against 
JE. T cell activation leads to the production of various antiviral cytokines like IFN-γ, 
generation of T cell memory response, and humoral response (Sharma et al. 2021b) 
(Fig. 10.2). The involvement of human memory T cells in protection against human 
JE has been reported (Turtle et al. 2016). Interestingly, the responses of T cell 
subsets including CD4 (+) and CD8 (+) T cells are found to be associated with 
different clinical outcomes of JEV infection (Aleyas et al. 2009, 2010, 2012; Adhya 
et al. 2013; Turtle et al. 2016). The JEV-mediated cytolytic CD8 + T cell activation 
and associated IFN-γ response provide complete protection against JEV-induced 
morbidity (Larena et al. 2013; Jain et al. 2017). The CD4 (+) effector T cells are 
essential for B cell activation and in generating humoral response (Li et al. 2012b; 
Tarlinton 2019). In patients, IgM antibody response specific to JEV infection reaches 
a maximum within 7 days of infection and can be detected both in the serum and 
cerebrospinal fluid (Burke et al. 1985). JEV is also seen to modulate humoral 
response in mice by increasing myeloid-derived suppressor cell (MDSC) 
populations, which suppresses CD4+ T cell function and thus diminishes the splenic 
B cells (CD19+) and blood plasma cells (CD19 + CD138+) (Wang et al. 2017b, c). 
The generation of neutralising antibody response specific to JEV infection is shown 
to provide long-term immunity and protection (Lee et al. 1995; Lin et al. 1998; 
Konishi et al. 1999; Gupta et al. 2003; Plotkin 2010; Lee et al. 2016; Qiu et al. 2018).



Animal studies have demonstrated that passive transfer of JEV-specific monoclonal 
antibodies could provide protection against JE (Kimura-Kuroda and Yasui 1988; 
Zhang et al. 1989; Beasley et al. 2004; Goncalvez et al. 2008; Van Gessel et al. 2011; 
Fernandez et al. 2018), and this has potential as an early treatment strategy. 
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Fig. 10.2 Peripheral immune response to JEV infection. JEV enters the human body through the 
bite of an infected Culex mosquito. The virus first replicates in the skin and local lymph nodes and 
then infects the peripheral immune cells, primarily monocytes resulting in the production of TNF-α, 
which causes activation and differentiation of monocytes into dendritic cells and macrophages. 
These cells then result in T cell activation, secretion of inflammatory cytokines (IL-6 and TNF-α) 
and upregulation of co-stimulatory molecules. JEV also directly impairs DCs function leading to 
suppressed T cell activation and enhanced Tregs. After systemic infection, the virus crosses the 
blood-brain barrier and enters the brain either directly or through trans-endothelial migration of 
virus-infected monocytes
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Virus Entry into the CNS 

The CNS is protected from peripheral contaminants by the BBB, which tightly 
regulates the selective transport of soluble factors and immune cells from blood to 
the brain. The BBB is comprised of tightly packed brain microvascular endothelial 
cells (BMECs) supported through interactions with microglial cells, astrocytes, 
pericytes and mast cells in the neurovascular unit that maintain the CNS microen-
vironment and neuronal function (Keaney and Campbell 2015; Villabona-Rueda 
et al. 2019). 

In individuals who develop disease the virus crosses the BBB and replicates 
efficiently in the CNS. Mouse model studies suggest four possible mechanisms; 
(1) transcellular transport: virus infection in endothelial cells followed by passive 
transport of viral particles without affecting the cell viability; (2) diapedesis of virus-
infected peripheral immune cells through endothelial cell junctions (“Trojan Horse” 
mechanism) or entry of infected immune cells through known physiological ways 
such as via the choroid plexus into the ventricular space; (3) virus transport via the 
peripheral nervous system (retrograde neuronal transport); and (4) virus entry upon 
BBB disruption due to virus-induced inflammatory mediators produced from cells 
present in both apical (blood) and basolateral (brain) sides of the BBB (Hsieh and St 
John 2020; Patabendige et al. 2018; Filgueira and Lannes 2019; Sharma et al. 
2021b). A recent study using a BBB model of human brain endothelial cells and 
astrocytes suggested that JEV infection triggers the production of diverse host 
mediators, which regulate JEV production but disrupt BBB integrity, thus allowing 
virus to breach into the brain (Patabendige et al. 2018) (Fig. 10.3). Several inflam-
matory cytokines and metalloproteases produced from JEV-infected astrocytes and 
microglial cells trigger the proteasomal degradation of tight junction proteins 
(claudin-5 and ZO-1), leading to subsequent dysfunction of the endothelial barrier 
which promotes BBB leakage (Chen et al. 2014; Chang et al. 2015; Lannes et al. 
2017b). Several studies also show that the virus gains CNS entry before BBB 
disruption (Li et al. 2015; Wang et al. 2018), and the breach is a fallout of a massive 
neuroinflammatory response in the brain. 

In the JEV-infected brain, the basal ganglia, thalamus and nuclei of the brainstem 
are the most affected regions (Kumar et al. 2009a). Virus-induced damage to the 
midbrain, brain stem, motor neurons in the spinal cord, periventricular tissue dam-
age, etc., may result in different clinical pathologies (Misra and Kalita 2010; Suman 
et al. 2016). 

CNS Response to Infection 

Encephalitis is the hallmark of JEV pathogenesis. JEV infection of microglia 
(Thongtan et al. 2012; Gupta et al. 2017), astrocytes (Chen et al. 2011a, b) and 
neurons (Chen et al. 2018b; Yu et al. 2019), and subsequent upregulation of cell



death and inflammatory responses contributes to virus-induced neuroinflammation. 
Genes associated with glutamate signalling are downregulated in JEV-infected 
mouse brains suggesting a potential negative impact on neurotransmission as well 
(Clarke et al. 2014). The virus can also modulate dopamine levels and can use 
dopamine-mediated neuronal communication to enhance infection of D2R neurons 
(Simanjuntak et al. 2017). Microglial activation in response to JEV PAMPS or 
DAMPs triggers various inflammatory factors and cytokines such as TNF-α, 
IL-1β, IL6, RANTES, MCP-1, etc., which upon overproduction leads to neuronal 
damage (Ghoshal et al. 2007; Chen et al. 2011a, b; Yang et al. 2012; Lannes et al. 
2017a; Chen et al. 2018b) (Fig. 10.3). During infection, the initial microglial 
activation and subsequent production of cyto-/chemokines is necessary to eliminate 
the pathogen which can be executed either by directly targeting the virus or by 
recruiting immune cells (Chen et al. 2011a, b). In response to cytokines, the immune 
cells including inflammatory monocytes (Terry et al. 2012) and JEV-specific T cells, 
may also be recruited to the infected brain. However, prolonged microglial
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Fig. 10.3 CNS response to JEV infection. After systemic infection, JEV crosses the BBB and 
enters into CNS either directly or by Trojan horse mechanism (transmigration of monocytes 
containing virus). Virus infection then leads to the activation of pericytes, astrocytes and microglial 
cells (acting as virus reservoir), subsequently leading to the release of certain inflammatory 
cytokines and new virion particles. Virus infection of neurons causes neuronal cell death either 
directly or by causing excessive neuroinflammation resulting in neuronal damage. The increased 
levels of cytokines result in enhanced level of metalloproteases (MMP2/9) causing degradation of 
tight junction proteins including ZO-1 and Claudin-5 and disruption of BBB. This increases the 
permeability of BBB facilitating enhanced migration of JEV-infected leukocytes and JEV particles 
into the CNS, thereby increasing the neuroinflammation and causing excessive neuronal tissue 
damage



activation is detrimental as it leads to a magnified proinflammatory response and 
enhanced immune cell infiltration which causes bystander neuronal cell death 
(Ghoshal et al. 2007; Wang et al. 2019; Singh et al. 2020). In several cases, the 
virus is cleared from the brain with minimal collateral damage, but in rare cases, 
heightened inflammation and direct infection to neurons may lead to neuronal cell 
death and damage to key centres in the brain with long-term deficiencies or a fatal 
outcome (Sarkari et al. 2012; Shirai et al. 2015). Chronic JEV infection of microglial 
cells (Thongtan et al. 2010; Lannes et al. 2017a) and lymphocytes (Sharma et al. 
1991) has been reported, which increases the possibility of virus reactivation.
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Perspectives 

Significant progress has been made in understanding the complex interplay of the 
JEV-host interaction at the cellular level. This has been augmented by high through-
put omics studies that enable a holistic view of virus-driven changes in diverse 
cellular systems. The identification of crucial host dependency factors and pathways 
has also fuelled antiviral drug discovery. In addition, the cellular and animal model 
studies have given significant insights into the host immune response and disease 
pathogenesis. More epidemiological and molecular studies are required in the 
amplifying animal reservoirs (pigs and birds) and the transmitting insect vectors to 
better understand the virus propagation and spread. In the near future, we can expect 
to see advances driven by lipidomic, metabolomics, genomic and epigenomic 
studies that should enable biomarker development and enhance our understanding 
of their association with disease severity. These research-driven efforts will supple-
ment disease management strategies and foster therapeutic development. 
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Chapter 11 
African Swine Fever Virus Host–Pathogen 
Interactions 

Christopher L. Netherton, Gareth L. Shimmon, Joshua Y. K. Hui, 
Samuel Connell, and Ana Luisa Reis 

Abstract African swine fever virus is a complex double-stranded DNA virus that 
exhibits tropism for cells of the mononuclear phagocytic system. Virus replication is 
a multi-step process that involves the nucleus of the host cell as well the formation of 
large perinuclear sites where progeny virions are assembled prior to transport to, and 
budding through, the plasma membrane. Like many viruses, African swine fever 
virus reorganises the cellular architecture to facilitate its replication and has evolved 
multiple mechanisms to avoid the potential deleterious effects of host cell stress 
response pathways. However, how viral proteins and virus-induced structures trigger 
cellular stress pathways and manipulate the subsequent responses is still relatively 
poorly understood. African swine fever virus alters nuclear substructures, modulates 
autophagy, apoptosis and the endoplasmic reticulum stress response pathways. The 
viral genome encodes for at least 150 genes, of which approximately 70 are incor-
porated into the virion. Many of the non-structural genes have not been fully 
characterised and likely play a role in host range and modifying immune responses. 
As the field moves towards approaches that take a broader view of the effect of 
expression of individual African swine fever genes, we summarise how the different 
steps in virus replication interact with the host cell and the current state of knowledge 
on how it modulates the resulting stress responses. 

Keywords Virus entry · Virus replication · Apoptosis · Autophagy · Cellular stress · 
Mitochondria · Endoplasmic reticulum · Interferon 

Introduction 

African swine fever virus (ASFV) is a large double-stranded DNA virus that encodes 
for at least 150 open reading frames depending on the virus isolate. The virus is a 
monophyletic member of the nucleocytoplasmic large DNA viruses that includes the
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poxviruses, iridoviruses and the giant mimiviruses. Its closest relative is the 
uncategorised abalone African swine fever like virus with which it shares approx-
imately 40% identity at the amino acid level for some orthologous genes. Most field 
isolates cause a lethal haemorrhagic fever in domestic pigs and wild boar (Sus 
scrofa), called African swine fever (ASF). The disease was first identified in 
Kenya and Zambia at the beginning of the twentieth century and was since discov-
ered to be endemic in sub-Saharan Africa, although the greatest genetic diversity 
appears to be in Southern and Eastern Africa. ASFV is established in a sylvatic cycle 
between warthogs (Phacochoerus africanus) and different soft tick species of the 
Ornithodoros genus that infest warthog burrows. Ornithodoros porcinus and Carios 
erraticus (formerly Ornithodoros erraticus) are biological vectors for ASFV and as 
such the virus is currently the only known DNA arbovirus. ASFV is also able to 
infect bushpigs (Potamochoerus larvatus), and virus has also been isolated from red 
river hogs (Potamochoerus porcus) and a single giant forest hog (Hylochoerus 
meinertzhageni). Warthogs and bushpigs do not exhibit clinical signs after experi-
mental infection with virus isolates that would be fatal in the domestic pig. Given the 
range of different hosts that ASFV can replicate in, the virus has likely evolved 
multiple mechanisms to antagonise host responses and exploit the cell to benefit 
replication. Prediction of gene function has been problematic due to the dissimilarity 
of ASFV and its genes to those of other viruses; however, since the reappearance and 
spread of the disease since 2007 a wealth of functional studies have gleaned more 
insights into the way this unusual virus interacts with its hosts. Here we summarise 
ASFV-host interactions with a particular focus on viral manipulation of intracellular 
response pathways.
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Virus Replication 

Virion Structure 

Intracellular virions are icosahedral structures approximately 200 nm in diameter 
formed from a series of distinct layers (Wang et al. 2019; Liu et al. 2019; Andres 
et al. 2020). Starting at the centre of the particle, these are the nucleoid that contains 
the genomic DNA, surrounded by a matrix or core which are comprised of the 
mature products of two polypeptides, pp220 (CP2475L gene1 ) and pp62 (CP530R

1 ASFV gene nomenclature. Current ASFV gene nomenclature has evolved from three separate 
naming systems. The majority of the genes are named following the system that was developed for 
the Ba71v strain, the first virus for which a full genome was sequenced (Yáñez et al. 1995). These 
are in the form, for example, B646L,  or  EP402R, with the first letters indicating the EcoRI 
restriction fragment the ATG is located in (with a P indicating ‘), followed by the number of 
codons in the gene and finally, L or R indicating the direction of the gene on the genome. As more 
genomes became available, the five multigene families were renamed according so that orthologous 
copies of each gene family member were named consistently (Chapman et al. 2008; Imbery and



gene). The core/matrix is in turn surrounded by an internal envelope upon which the 
protein capsid is built (Hawes et al. 2008). Proteomic analysis identified 68 viral and 
21 cellular proteins in purified virions (Alejo et al. 2018). Cryo-EM reconstructions 
have revealed that the capsid is built from pseudo-hexameric capsomers comprised 
of the major capsid protein p72 (B646L gene) and pentameric capsomers comprised 
of the penton protein (H240R gene). These capsomers form 20 trisymmetrons and 
12 pentasymmetrons which together constitute the capsid, and interactions within 
symmetrons are thought to be secured through the p17 protein (D117L gene), 
whereas tri- and pentasymmetrons are connected in zipper regions by interactions 
with the product of the M1249L gene (Liu et al. 2019; Wang et al. 2019) and either 
p17 (Wang et al. 2019) or another unidentified minor capsid protein (Liu et al. 2019). 
P17 is a transmembrane protein located in the inner envelope and plays a role in 
linking the capsid to the internal viral membrane (Suárez et al. 2010a). Extracellular 
virions gain an additional external envelope when virions bud through the plasma 
membrane, at present the CD2v protein (EP402R gene) is the only viral protein to be 
confirmed to localise to the external envelope, although cellular proteins such as 
tetraspannin CD9 and integrin beta are also present (Alejo et al. 2018). Both 
intracellular virions and extracellular virions are infectious (Andrés et al. 2001).
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Virus Entry 

Extracellular virions can enter porcine macrophages via macropinocytosis or 
clathrin-mediated endocytosis (Hernáez et al. 2016). Virions haemadsorbed to red 
blood cells can also be detected in phagosomes of tick midgut digestive cells 
(Kleiboeker et al. 1998) and it is possible that virus may enter splenic macrophages 
in a similar manner (Fig. 11.1). Vaccinia virus can enter cells by fusing directly with 
the plasma membrane (Quemin et al. 2018) and ASFV can also be driven to enter 
cells in this manner at low pH (Valdeira and Geraldes 1985). Intracellular virions 
that lack the external envelope are also infectious; however, their mechanism of 
entry is unclear. The route of entry into cultured cells is dependent on the virus 
preparation. Highly purified extracellular virus enters through receptor-mediated 
endocytosis alone, but cruder preparations that contain cell debris can also enter 
via macropinocytosis (Sánchez et al. 2012; Hernáez et al. 2016; Hernaez and Alonso 
2010). Therefore, it seems likely that the intracellular virus is taken up by

Upton 2017). Finally, a small number of genes that were not present in Ba71v and were not assigned 
to multigene families retained nomenclature based on the SalI restriction map of the Malawi Lil 
20/1 isolate (Vydelingum et al. 1993). These were all from the SalIl fragment of the Malawi 
genome, and unfortunately, some of these have been mistranscribed into I, complicating the 
nomenclature. For example, l8L is also referred to as I8L or sometimes L8L. Proteins are 
distinguished from genes by the prefix p, except for some structural proteins, which are named 
after their apparent molecular mass on reducing SDS-PAGE gels or the product of the EP402R 
gene, which is named after its cellular homolog followed by the suffix v, that is CD2v.
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Fig. 11.1 African swine fever virus replication cycle: Extracellular virions enter cells through 
macropinocytosis (a), receptor-mediated endocytosis (b) or by phagocytosis of haemadsorped red 
blood cells (c and g). Entry pathway(s) of infectious intracellular virus are unknown, but are likely 
through macropinocyotsis or endocytosis (d). Intact extracellular viruses can be seen in early 
endosomes (e); however, the extracellular envelope is lost as the virions transition through to late 
endosomes and lysosomes (f). The internal envelope fuses with the membranes of multivesicular 
endosomes releasing the viral core into the cytoplasm (h). Genome replication appears to require a 
poorly understood nuclear step (i) before virus factories are formed in perinuclear regions of the 
cytoplasm. Precursor viral membranes, viral proteins and assembling virions are concentrated in 
virus factories (j) and cellular components such as mitochondria are recruited to the periphery. 
Assembled intracellular viruses are trafficked to the plasma membrane by microtubules and gain the 
external envelope as they bud into the extracellular space (k) or onto the surface of haemadsorbed 
red blood cells (l)



macropinocytosis, a constitutive function of macrophages (Doodnauth et al. 2019), 
but it remains to be determined whether other mechanisms can also mediate entry of 
intracellular virus.
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A number of ASFV genes have been shown to be important for virus entry either 
directly through biochemical means or indirectly via their gene products being 
targets of neutralising antibodies. Antibodies against p72 (B646L gene), p30 
(CP204L gene) and p54 (E183L gene) can neutralise virus (Borca et al. 1994; 
Gomez-Puertas et al. 1998; Gómez-Puertas et al. 1996). Sera from pigs immunised 
with p72 and p54 is capable of inhibiting virus attachment, while sera from pigs 
immunised with p30 are capable of inhibiting internalisation. Interestingly anti-
bodies against the p12 (O61R gene) do not affect virus entry despite strong bio-
chemical evidence in support of this protein mediating virus attachment (Angulo 
et al. 1993). Recombinant p12 can saturate binding of purified virus to Vero cells at 
4°C and vice versa. The situation is further complicated by the observation that none 
of these proteins would be predicted to be exposed on the surface of external virions. 
P72 is the major capsid protein and so should be hidden by the external envelope of 
the virus, and p54 and p12 are internal envelope proteins, therefore, would be 
predicted to reside under the capsid. It is plausible that the unidentified minor capsid 
protein suggested by cryo-EM reconstructions (Liu et al. 2019) may represent either 
p12 or p54. Alternatively, virion interactions with the surface of target cells induce 
confirmational changes in the surface of the virion that expose p72, p54, p30 and/or 
p12, which can account for the biochemical data described above. Lastly, experi-
ments with p12 were performed using the highly purified virus in Vero cells, 
whereas those with p72, p30 and p54 were demonstrated using standard preparations 
in macrophages, and so the differences in results may reflect the different models 
employed. 

Cellular receptors for the different infectious forms of ASFV have not been 
identified. Expression of CD163 correlated with the susceptibility of monocyte-
derived cell populations and monoclonal antibodies against CD163 reduced infec-
tion of alveolar macrophages (Sánchez-Torres et al. 2003). However, infectivity did 
not correlate with CD163 expression in other model macrophage systems (Lithgow 
et al. 2014), and crucially genetically modified pigs that do not express CD163 are 
fully susceptible to ASF (Popescu et al. 2017). Intriguingly CD163 was detected by 
proteomic analysis in virions purified from porcine macrophages (Wang et al. 2019), 
which may explain the ability of CD163 monoclonals to restrict ASF replication. 

After internalisation, virions transit through the endosomal-lysosomal complex 
before viral cores exit into the cytoplasm. Elevating lysosomal pH blocks virus core 
exit, and infectivity can be maintained for 3 days using reversible inhibitors such as 
chloroquine (Geraldes and Valdeira 1985). Virions arrested in early endosomes by 
drug treatments are essentially indistinguishable from extracellular particles and can 
be disassembled in vitro by progressive acidification (Hernáez et al. 2016). After 
entry, ASFV virions can be detected within early endosomes 10 minutes after 
infection. After 30 minutes, they can be observed within late endosomes and 
lysosomes, and from 45 minutes post-infection viral cores can be detected in the 
cytoplasm. Intact ASFV particles including the external envelope were observed in



early endosomes; however, in late endosomes, the external envelope and capsid 
became disrupted (Hernáez et al. 2016). Viral cores are delivered to the cytoplasm 
after fusion between the internal envelope and the membrane of multivesicular late 
endosomes. The E248R and E199L genes encode for transmembrane proteins that 
are distant homologues of the vaccina virus proteins that form part of the entry fusion 
complex. pE199L and pE284R both localise to the internal envelope, and experi-
ments with inducible mutants show that both pE199L and pE248R deficient particles 
are unable to exit the lysosomal endosomal pathway, strongly suggesting a role in 
fusion (Rodríguez et al. 2009; Hernáez et al. 2016; Matamoros et al. 2020). Correct 
function of both pE199L and pE248R is likely dependent on the formation of 
intramolecular disulphide bonds that are mediated by an ASFV redox pathway 
consisting of the A151R gene and the Erv1p/Alrp-like B119L gene (Rodríguez 
et al. 2006; Matamoros et al. 2020). 
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Although the ASFV receptor(s) have so far proven elusive, recent data has 
identified cellular components required for endosomal exit. Fusion is sensitive to 
both cholesterol depletion (Bernardes et al. 1998) and inhibition of cholesterol 
transport from endosomes (Cuesta-Geijo et al. 2016; Cuesta-Geijo et al. 2022). 
GFP-tagged pE248R and pE199L interact with the endosomal membrane proteins 
Niemann Pick C1 (NPC1) and lysosome-associated membrane protein-2 (Lamp2/ 
CD107b) when overexpressed in HEK cells and pE199L also interacts with 
lysosome-associated membrane protein-1 (Lamp1/CD107a). Unlike Ebola or 
Lassa virus, ASFV growth is reduced, rather than being completely abolished in 
NPC1 Vero KO cells, and, therefore, it is likely that the ASFV fusion is not 
dependent on the interaction with a single cellular protein (Cuesta-Geijo et al. 
2022). Entry/fusion is also a target for the anti-viral effect of interferon. 
Overexpression of human interferon-induced transmembrane protein 2 (IFITM2) 
in Vero cells inhibits virus replication and reduces the number of visible 
decapsidated virions in confocal assays (Munoz-Moreno et al. 2016). Removal of 
endogenous IFITMs from Veros enhances virus replication tenfold and 
overexpression of swine IFITMs in these cells inhibited ASFV replication, with 
IFITM3 overexpression having the greatest effect (Cai et al. 2022). Interestingly, 
IFITM3 is a cholesterol-binding protein and antiviral activity of this protein is 
mediated by interactions with sterols (Das et al. 2022). 

Early Steps in Replication 

The events in the ASFV replication cycle after the deposition of the viral core into 
the cytoplasm until the appearance of perinuclear viral factories are poorly under-
stood. Inner envelope protein p54 interacts with the light chain of cytoplasmic 
dynein (LC8), and this has been suggested to play a role in delivering virions to 
initial sites of replication consistent with the treatment of cells with microtubule 
depolymerising agents blocking early replication (Heath et al. 2001; Alonso et al. 
2001; Hernaez et al. 2006; Hernáez et al. 2010; Netherton and Wileman 2013;



Quetglas et al. 2012). As the inner envelope is lost after exit from endosomes 
(Hernáez et al. 2016), this suggests that p54 remains associated with viral cores 
after fusion or that the observations relate to the dependence of endosomal matura-
tion on microtubules (Driskell et al. 2007; Granger et al. 2014) and the interaction 
between p54 and LC8 relates to a hitherto unidentified step in replication. 
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Unlike poxviruses which replicate entirely in the cytoplasm, there is considerable 
evidence for a nuclear step in the ASFV replication cycle. Viral DNA has been 
consistently localised to the cell nucleus by in situ hybridisation (García-Beato et al. 
1992; Rojo et al. 1999; Eulálio et al. 2007; Ballester et al. 2010). In macrophages 
where all cellular DNA synthesis was abrogated chemically, DNA can be detected in 
the nucleus of infected cells early in during replication and can be followed bio-
chemically into the cytoplasm (García-Beato et al. 1992), furthermore viral DNA 
isolated from the nucleus is smaller than that seen in the cytoplasm (García-Beato 
et al. 1992). Experiments with the thymidine analogue 5′-bromo-2′-deoxyuridine 
show DNA synthesis in the nucleus of swine macrophages, as well as G2/M arrested 
Vero cells early during the replication cycle before appearing exclusively cytoplas-
mic from 8 hours onwards (Simões et al. 2015a). Taken together, this supports the 
current model that viral DNA synthesis is primed in the nucleus in the early stages of 
the replicative cycle and full-length genomic DNA is then synthesised in viral 
factories. ASFV infection induces profound changes in nuclear substructure. Within 
the first four hours of infection, the lamin network is broken down, and proteins 
normally localised to the nuclear envelope can be detected in the cytoplasm 
(Ballester et al. 2011). Markers for the nucleolus are dispersed, those of nuclear 
speckles, promyelocytic leukaemia protein nuclear bodies (PML-NBs) and Cajal 
bodies are enlarged, and RNA polymerase II is rapidly recruited to defined areas 
within the nucleus (Ballester et al. 2011; Simões et al. 2015a). Disruption of nuclear 
substructures is concomitant with the activation of the host DNA damage response 
probably by signalling through the Ataxia telangiectasia mutated (ATM) Rad 
3-related (ATR) pathway (Simões et al. 2015a), but not the ATM pathway itself, 
nor the DNA protein kinase catalytic subunit (DNA-PKcs) pathway. Antibodies 
specific to different methylated forms of histone H3 and different heterochromatin 
protein 1 (HP1) isoforms suggest that ASFV infection may also affect chromatin 
remodelling (Simões et al. 2015b). Proteins related to the ATR pathway become 
juxtaposed with PML-NBs in ASFV-infected cells (Simões et al. 2015b), and ASFV 
replication is repressed in cells were PML is knocked down and increased in cells 
where the ATR pathway is activated. The mechanisms by which ASFV manipulates 
the nucleus appear different to other DNA viruses as polyomaviruses activate both 
ATM and ATR pathways, whereas adenoviruses and herpesviruses suppress the 
ATR pathway (Blackford et al. 2008; Verhalen et al. 2015; Wilkinson and Weller 
2006). Contrary to what is observed with ASFV, herpesviruses replication is signif-
icantly enhanced in the absence of proteins associated with PML-NBs (Ma et al. 
2022; Everett et al. 2006; Everett et al. 2008) and the interaction between PML-NBs 
and adenoviruses are more nuanced (Rosa-Calatrava et al. 2003; Hofmann et al. 
2021; Müller and Dejean 1999). ASFV deregulates more than 1000 host genes in 
infected macrophages, with more than 8000 not affected (Cackett et al. 2022), and so



the significant rearrangements observed in the architecture of nucleus do not lead to 
drastic changes in host transcription. It will be interesting to see how ASFV 
manipulates the host nucleus to support early stages of the replication cycle while 
maintaining some form of integrity to host transcription. There is limited information 
on the role of individual viral genes in the manipulation of the host genome. Both 
A104R and K78R encode for proteins that localise to both the nucleus and viral 
factories (Nunes-Correia et al. 2008; Netherton et al. 2009); however, these are late 
genes and are therefore expressed after the changes in the nucleus occur. Both are 
present in purified virions and, therefore, could play a role after entry, but immuno-
fluorescence experiments do not detect pK78R (p10) early during the replication 
cycle (Nunes-Correia et al. 2008), and A104R is not an essential gene (Ramirez-
Medina et al. 2022). In contrast, the viral core protein p37 that is derived from pp220 
can be detected within the nucleus from 2 hours post-infection. This localisation was 
not dependent on viral gene expression and therefore is most likely related to a post-
fusion event after delivery of the viral cores to the cytoplasm (Eulálio et al. 2007). 
P37 has multiple nuclear export signals, and a p37-GFP fusion is not imported into 
the nucleus, suggesting the p37 does not contain nuclear import signals (Eulálio et al. 
2006) and consistent with this, there is no p37 nuclear signal during late stages of 
replication (Eulálio et al. 2007). This suggests that p37 is maintained within the 
nucleus during early stages by extrinsic factors rather than sequences present in the 
protein itself; however, as yet, there is no evidence that viral cores or other viral 
substructures locate to or are formed within the nucleus. 
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Virus Factories 

Viral DNA, proteins and membranes accumulate at perinuclear sites where nascent 
intracellular virions are assembled prior to transit to the plasma membrane and occur 
at a single structure in the cytoplasm termed viral replication sites, or virus factories 
(Aicher et al. 2021; Brookes et al. 1996; Moura Nunes et al. 1975; Rouiller et al. 
1998). Virus factories are found close to the nucleus and appear to align with the 
microtubule organising centre (Heath et al. 2001). The early stages of factory 
formation are poorly understood but may involve the recruitment of the intermediate 
filament vimentin (Stefanovic et al. 2005). Immunofluorescence staining for cyto-
plasmic proteins such as p30 (CP204L gene) tends to show diminished signal in 
perinuclear areas before DNA replication begins (Stefanovic et al. 2005; Netherton 
et al. 2009) consistent with the electronlucent appearance of early virus factories 
(Aicher et al. 2021). Small, almost circular factories can be observed close to the 
nucleus (Aicher et al. 2021), but at later times viral proteins, viral membrane 
fragments, assembly intermediates as well as immature and mature intracellular 
virions can be seen in large irregularly shaped factories in the electron microscope, 
concurrent with the appearance of intense staining for individual viral proteins and 
viral DNA in the confocal microscope (Suarez et al. 2015; Aicher et al. 2021). 
Bioorthogonal labelling with a methionine analogue revealed that virus factories



accumulate newly synthesised proteins coincident with pleomorphic ribbons that 
labelled with anti-p54 (E183L gene) and anti-p34 (CP2475L gene) upon which 
newly assembled virions were observed (Aicher et al. 2021). Immunogold labelling 
suggested these structures are consistent with viral membranes seen in the electron 
microscope. Proteins associated with the translation machinery, such as ribosomal 
and eukaryotic initiation factors, are recruited to replication sites and viral RNAs are 
recruited to the periphery of ASFV factories (Castelló et al. 2009). STED imaging of 
factories showed that topoisomerase encoded by P1192R (Coelho et al. 2015) has 
two distinct localisations, one coincident with the signal for cytoplasmic viral DNA 
and another that co-localised with assembling virions. It is tempting to speculate that 
the different localisations of pP1192R might correspond to separate functions in 
DNA replication and packaging. P1192R interacts with pA104R to effect DNA 
supercoiling (Frouco et al. 2017), and pA104R is a virion component, although 
pP1192R itself is not (Alejo et al. 2018). Taken together, these results demonstrate 
that specialised domains form within the ASFV replication sites, as seen in vaccinia 
virus replication sites (Katsafanas and Moss 2007). How the subdivision of the 
factory is maintained is, for the most part, unknown, but the overall location of the 
viral replication site is dependent on the cytoskeleton, as microtubule 
depolymerisation causes the formation of fragmented factories (Carvalho et al. 
1988; Alves de Matos and Carvalho 1993; Alonso et al. 2001; Heath et al. 2001). 
Cells infected with a lethal conditional mutant of p54 form factories that are devoid 
of viral membranes, and the polyproteins derived from the CP2475L and CP530R 
genes fail to correctly localise to the factory, forming zipper-like structures that 
associate with the endoplasmic reticulum (Rodríguez et al. 2004). By analogy with 
the prototype poxvirus vaccinia virus, is it likely that multiple ASFV genes are 
involved in the correct localisation of viral membranes to replication sites, as 
conditional lethal mutants of the A6, A11, F10, H7 and L2 genes all lead to virus 
factories that lack viral membranes (Traktman et al. 1995; Resch et al. 2005; 
Satheshkumar et al. 2009; Maruri-Avidal et al. 2011; Meng et al. 2012) and A14 
and A17 lead to accumulation of viral membranes at the periphery (Rodríguez et al. 
1997, 1998). Repression of ASFV p17 (D117L gene) leads to a dislocation between 
viral membranes and the polyproteins, but viral membrane precursors are recruited 
to the factory (Suárez et al. 2010a) although not as consistently as observed in the 
absence of p54. As p54 interacts with dynein (Alonso et al. 2001; Hernáez et al. 
2010) and microtubule depolymerisation disrupts factory formation it is conceivable 
that recruitment of membranes to virus factories is dependent on microtubule 
motors. 
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Virus factories morphologically resemble cellular structures called aggresomes 
which are an intracellular response to an accumulation of misfolded proteins. Pro-
teins that exceed the cell’s capacity for degradation are directed to the microtubule 
organising centre and chaperones, proteasomes and mitochondria are recruited to aid 
in refolding and degradation (Johnston et al. 1998). In addition, intermediate fila-
ments such as vimentin are recruited to aggresomes, where they form a cage-like 
structure that sequesters the misfolded proteins away from the rest of the cytoplasm. 
With the exception of proteasomes, all of these are associated with ASFV viral



factories (Castelló et al. 2009; Heath et al. 2001; Rojo et al. 1998), and redistribution 
of cytoskeletal elements occurs early in the ASFV replication cycle (Stefanovic et al. 
2005). However, transport of ubiquitinated and non-ubiquitinated proteins to cellular 
aggresomes are dependent on BAG3 and HDAC6, respectively, and these proteins 
are not recruited to replication sites in the same way as they are in aggresomes, 
suggesting functional differences between the two structures (Muñoz-Moreno et al. 
2015). 
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Membranes 

The origin of the viral membranes that go on to form the inner envelope of the virion 
has been an intriguing question ever since ASFV viral factories were first imaged in 
the electron microscope. As membranes in replication sites did not have obvious 
continuity with cellular structures, it was initially thought they were generated de 
novo. However, immunogold labelling showed that viral membranes were positive 
for both endoplasmic reticulum and viral proteins (Alejo et al. 1997; Rouiller et al. 
1998; Andrés et al. 1998). Structural proteins co-sedimented with luminal endoplas-
mic reticulum on sucrose gradients (Cobbold et al. 1996) leading to a model of 
heavily modified ER cisternae upon which capsid and matrix proteins were recruited 
which drove the formation of the characteristic hexagonal-shaped virions (Rouiller 
et al. 1998; Andrés et al. 1998). Detailed electron microscopy work showed that the 
internal envelope consisted of a single lipid bilayer (Hawes et al. 2008) which was 
confirmed by the cryo-EM reconstructions of purified virions (Andres et al. 2020; 
Liu et al. 2019; Wang et al. 2019). Experiments with vaccinia suggest the internal 
envelope was derived from existing cellular membranes that are stabilised by viral 
proteins (Chlanda et al. 2009, 2011), and it appears that a similar mechanism occurs 
in ASFV-infected cells (Suarez et al. 2015). Viral membrane precursors can be seen 
as small discrete fragments or curls of membrane and can be detected in early 
factories that lack significant numbers of assembling virions (Suarez et al. 2015; 
Aicher et al. 2021). Later in infection, viral membranes form more complex inter-
woven structures that resemble skeleton viruses and may represent pre-virions. 
These more complex membrane structures are also connected to assembling virions. 
Although ER proteins were located in viral membranes (Rouiller et al. 1998; Andrés 
et al. 2001), interconnections between viral membranes and ER cisternae were not 
found, and intriguingly the ER appears to be leaky in ASFV-infected cells, with 
luminal proteins detected in the cytosol (Suarez et al. 2015). Taken together, this 
suggests that precursor membranes are generated from disrupted ER membranes 
(Suarez et al. 2015). The mechanism of ER disruption/collapse is unclear, but 
overexpression of p54 causes the collapse of ER cisterna, most likely through an 
intermolecular disulphide bond formed across the lumen of the ER by pairs of p54 
(Windsor et al. 2012). Overexpression of p54 does cause the proliferation of smooth 
ER, possibly due to the induction of ER stress responses, which does not occur to a 
noticeable degree in ASFV-infected cells. Therefore, it is likely that other viral



proteins, probably including p17 are responsible for the generation of viral pre-
cursors, and it is likely that their formation and localisation to viral factories are 
linked. 
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Zipper structures that appear as a proteinaceous layer that resembles the viral core 
sandwiched between two ER cisternae can also be detected in virus factories (Andrés 
et al. 1998). Visually similar structures can be seen at the plasma membrane in cells 
co-expressing pp220 and pp62, suggesting they are linked to the formation of viral 
membranes; however, zippers form in the absence of both p54 and p17 (Rodríguez 
et al. 2004; Suárez et al. 2010a) and viruses lacking either pp220 or pp62 (Andrés 
et al. 2002; Suárez et al. 2010b) form empty virions that contain the capsid and an 
internal envelope. Therefore, it seems unlikely that the zippers are direct descendants 
of the internal envelope and may represent another undetermined part of ASFV 
biology. Nonetheless, they demonstrate the myriad effects that ASFV has on the host 
cell during its replication and morphogenesis. 

Cytoskeleton 

As well as a role in entry and formation/maintenance of virus factories, ASFV 
utilises the cytoskeleton to transport nascent viruses from the virus factory to the 
plasma membrane and then to project from the infected cells. ASFV particles bind to 
microtubules in vitro (Alves de Matos and Carvalho 1993), and microtubule 
depolymerisation causes the accumulation of virions within virus factories (Carvalho 
et al. 1988; Jouvenet et al. 2004). A similar phenotype is observed in cells infected 
with an ASFV mutant, where the expression of the E120R gene is repressed (Andrés 
et al. 2001). Interestingly, immunogold labelling localised pE120R to the outer 
capsid, consistent with the role of transporting intracellular virus to the plasma 
membrane; however, the structural solutions of the virus do not appear to show 
pE120R as part of the capsid (Wang et al. 2019; Liu et al. 2019; Andres et al. 2020). 
As viruses lacking pE120R are fully infectious (Andrés et al. 2001), it may suggest 
that the association between pE120R and the capsid is transitory and perhaps is lost 
as the virus buds. Anterograde transport along microtubules is driven by the kinesin 
family of motor proteins, and tetratricopeptide repeats in kinesin mediate interac-
tions between the motor and cargo. Virion egress is inhibited by overexpression of 
the tetratricopeptide repeat domain of kinesin (Jouvenet et al. 2004; Jouvenet et al. 
2006), demonstrating a link between anterograde transport and movement of nascent 
virions to the plasma membrane, as yet however there is no evidence of direct 
interaction between pE120R and kinesin. 

Once at the plasma membrane, ASFV induces filopodia-like structures at the 
surface of both cultured cells and macrophages (Jouvenet et al. 2006), which are 
clearly visible as actin projections that also contain fascin. The projections associ-
ated with virions are dependent on the transport of virions to the plasma membrane 
as well as an unknown host or viral factor that is delivered by the secretory pathway. 
This likely provides a mechanism by which virions can infect neighbouring cells,



although it may also be linked to the transfer of virions to the surface of 
haemabsorbed erythrocytes. Interestingly CD2v (EP402R) binds the actin adaptor 
protein SH3P7 (Kay-Jackson et al. 2004); however, a deletion mutant that lacks this 
gene was also shown to induce filopodia, and therefore other viral genes are likely 
involved in the generation of these structures (Jouvenet et al. 2006). 
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Programmed Cell Death 

ASFV replication subverts a number of host pathways including apoptosis, 
pyroptosis and necrosis which are programmed pathways that lead to rapid cell 
death. Succesful replication of progeny virus likely requires maintaining cell viabil-
ity through the amelioration of these pathways. Conversely, once the virus has 
generated a sufficient number of progeny, activation of cell death and lysis may be 
beneficial as phagocytic cells, the principal targets of ASFV replication in vivo, are 
recruited to degrade apoptotic cell bodies. 

ASFV induces apoptosis in cultured cells (Carrascosa et al. 2002; Hernáez et al. 
2004) as well as in vivo (Ramiro-Ibáñez et al. 1996; Carrasco et al. 1996) and also 
appears to induce extensive apoptosis in non-target lymphocytes, particularly B-cells 
(Oura et al. 1998). In the absence of viral gene expression or replication, ASFV 
induces apoptosis after infection (Carrascosa et al. 2002), and therefore it is unsur-
prising that the virus encodes for a number of genes that modulate this including the 
A179L, A224L and EP153R. Overexpression of a number of ASFV structural pro-
teins also appears to induce apoptosis (Hernáez et al. 2004; Li et al. 2021d), although 
as these proteins are normally compartmentalised within the virus factory, it is 
unclear if this occurs in infected cells. 

The gene product of A179L (also 5-HL) is a bcl-2 homologue with a highly 
conserved BH1 domain as well as BH2, BH3 and BH4 domains and can inhibit the 
induction of apoptosis by a range of stimuli in both mammalian and insect cells 
(Afonso et al. 1996; Revilla et al. 1997; Brun et al. 1998; Galindo et al. 2008; Shi 
et al. 2021). A179L shares a conserved glycine residue in the BH1 domain crucial for 
the anti-apoptotic activity of cellular bcl-2 proteins, and mutation of pA179L at this 
site also inhibits the activity of the ASFV homologue (Revilla et al. 1997; Hernaez 
et al. 2013; Banjara et al. 2019). pA179L is able to interact with a number of different 
cellular Bcl-2 homologues, with the highest affinity for a peptide derived from 
porcine Bim, followed by Bax, Bak, Puma and Bid (Banjara et al. 2017). The bax 
expression appears to be upregulated in ASFV-infected Vero cells, and Bim redis-
tributes from the cytoplasm to the mitochondria suggesting activation of the mito-
chondrial pathway of apoptosis induction (Hernáez et al. 2004; Granja et al. 2004). 
Peptide interaction data broadly agreed with in vitro pull-down experiments 
(Galindo et al. 2008), as a peptide derived from Noxa showed tenfold lower affinity 
than other Bcl2 proteins, and no interaction was demonstrated in vitro. Nonetheless, 
the wide variety of binding partners is unusual (Rautureau et al. 2012; Banjara et al. 
2017), which could be indicative of a requirement to affect a broad range of host



responses or a need to be able to bind targets in both mammalian and arthropod 
hosts. Attempts to delete A179L from virulent viruses have so far been unsuccessful 
(Afonso et al. 1996); however, it is possible to disrupt the expression of A179L in a 
tissue culture-adapted virus (Barber 2015), suggesting it has a critical function in 
host range. Although A179L has a well-defined role in inhibiting apoptosis, 
overexpression enhances necroptosis, another major programmed cell death path-
way, in a number of different model systems (Shi et al. 2021). Whether necroptosis is 
induced in cells infected with ASFV is still an open question. 
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The A224L gene (also 4CL gene) encodes for a homologue of the cellular 
inhibitor of the apoptosis protein (IAP) family of genes that can bind and inhibit 
the action of caspases, one of the major classes of apoptosis effector proteins. 
Overexpression of A224L can inhibit the induction of apoptosis in Vero cells after 
co-treatment with tumour necrosis alpha and cycloheximide or treatment with 
staurosporine, and an A224L deletion mutant induces a higher level of caspase-3 
activity in Vero cells leading to lower cell viability after infection. Like other IAP 
family members, pA224L can bind caspases as it co-precipitates with the active form 
of caspase-3. Deletion of A224L does not affect replication in Vero cells (Nogal 
et al. 2001) or macrophages (Neilan et al. 1997). In contrast to the work in Vero cells, 
macrophages infected with an A224L deletion mutant did not exhibit higher levels of 
apoptosis than those infected with wild-type virus 24 or 48 hours post-infection, 
suggesting redundancy in the ability of the virus to block apoptosis (Neilan et al. 
1997). A224L is incorporated into virions (Chacón et al. 1995), suggesting a 
potential role immediately after infection, however as A224L is not essential for 
virulence in the pig (Neilan et al. 1997), it may be that the gene plays a more 
important role in modulating the host immune response in soft ticks or warthogs. 

The EP153R gene (also referred to as 8CR) encodes for a highly glycosylated 
protein with homology to C-type lectins that are non-essential for virus replication or 
virulence (Neilan et al. 1999; Galindo et al. 2000; Hurtado et al. 2004; Petrovan et al. 
2021). EP153R may play a role in haemadsorption of red blood cells to the surface of 
infected cells (Galindo et al. 2000) but also appears to have a role in modulating 
apoptosis. An ASFV EP153R deletion mutant induces higher cell death and caspase-
3 activity in both Vero cells and swine macrophages compared to wild-type virus, 
and similar results were obtained in cultured cells transiently expressing EP153R 
(Hurtado et al. 2004). The mechanism by which pEP153R modulates apoptosis is 
unknown, but the protein can also restrict the surface expression of MHC-I (Hurtado 
et al. 2011). 

Activation of cellular inflammatory responses is in part controlled by 
inflammasomes, macromolecular complexes formed from different NOD-like 
receptor (NLR) proteins that interact with procaspase-1 via N-terminal caspase 
recruitment (CARD) domains, either directly or through the adaptor protein 
apoptosis-associated speck-like protein containing a CARD (ASC). Caspase-1 has 
a number of downstream effects including the processing of pro-IL-1β and pro-IL-18 
into their pro-inflammatory active forms (Guo et al. 2015). Although it is unclear if 
ASFV induces inflammasomes in infected cells, several ASFV genes have been 
shown to modulate an inflammasome-dependent reporter system in vitro (Song et al.



2020), and both pMGF505-7R and pH240R interact with NLRP3 (Li et al. 2021c; 
Zhou et al. 2022; Huang et al. 2023) the scaffold for the NLRP3 inflammasome. 
Viral protease pS273R, which cleaves the polyproteins pp220 and pp62 during viral 
assembly (Alejo et al. 2003), also targets gasdermin D, a pyroptosis effector (Zhao 
et al. 2022). Pyroptosis is an alternative pathway of programmed cell death that is 
controlled by caspase-1 via inflammasomes. Caspase activity releases the n-terminal 
section of gasdermin D leading to its oligomerisation and insertion into the plasma 
membrane, where it forms a pore, ultimately leading to cell death via loss of osmotic 
pressure. The ASFV protease cleaves gasdermin D at different sites to cellular 
caspases rendering it inactive and unable to induce cytotoxicity. PS273R is a 
component of the viral particle and, therefore, may be able to act on gasdermin D, 
and potentially other targets, immediately after uncoating. Inflammasomes are in 
part regulated by autophagy, which is impaired during ASFV infection (see below); 
therefore, pS273R inhibition of pyroptosis may ameliorate any failure to degrade 
inflammasomes. 
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Autophagy 

Autophagy can be broadly described as three distinct but related processes. The 
incorporation of cytoplasmic contents directly into the lumen of lysosomes is termed 
microautophagy (Li et al. 2012). The delivery of proteins through the membrane of 
the lysosome by chaperones is called chaperone-mediated (Cuervo 2011). 
Macroautophagy refers to the bulk segregation of cytoplasm as originally described 
by Christian de Duve (De Duve 1963; Mortimore et al. 1983). Macroautophagy, 
more commonly referred to as simply autophagy, involves the direction of cytoplas-
mic cargo into specialised organelles autophagosomes, which ultimately fuse with 
lysosomes. In all cases, the cytoplasmic content, which can consist of proteins, parts 
of organelles and pathogens, is eventually degraded by the specialised acid hydro-
lases that lysosomes possess. Microautophagy and chaperone-mediated autophagy 
tends to degrade smaller objects or molecules compared to macroautophagy. 

Macroautophagy (from here on referred to as autophagy) pathway is presented in 
Fig. 11.2 and comprises three main stages—initiation, vesicle elongation (formation 
of the complete autophagosome) and maturation (fusion with the lysosome). 
Autophagy can be induced by stress including amino acid starvation, ER stress, 
infection by pathogens and oxidative stress. Autophagy induction is highly regu-
lated, and the mammalian target of rapamycin (mTOR) protein plays an important 
role (Sengupta et al. 2010). Under nutrient-rich conditions, mTOR forms an active 
complex that blocks autophagy; however, stimulation with rapamycin or amino acid 
starvation inhibits mTOR leading to an increase in autophagic flux (Noda and 
Ohsumi 1998). Uncoordinated 51-like kinases 1 and 2 (ULK1 and ULK2) mediate 
this function, and suppression of ULK1 expression inhibits autophagy below TOR in 
the pathway (Chan et al. 1999). FIP200, Atg13 and Atg101 are in complex with 
ULK1 and TOR controls Atg13 phosphorylation (Kamada et al. 2000). After TOR
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Fig. 11.2 African swine fever virus and autophagy: Akt is activated on the cell surface by growth 
factors, hormones, or cytokines via the generation of PIP3 (a) that recruits PDK1 to phosphorylate 
Akt residue T308 (b). mTORC2 phosphorylates Akt at residue S473 (c). mTORC1 is negatively 
regulated by TSC2, which in turn is inactivated by active Akt (c). mTORC1 negatively regulates the 
ULK complex, and therefore active Akt leads to active mTORC1 and autophagy suppression (d)  as  
well as upregulation of translation by activating p70-S6K (e) and suppressing 4E-BP1 (f). 
Autophagy itself is initiated by the ULK1 complex action on the Vps34 complex, which includes 
the Bcl-2-like protein beclin-1 (g). Akt can act directly on the Vps34 complex by phosphorylating 
beclin-1. PtdIns3P generation by the Vps34 complex induces membrane nucleation, and the



inactivation, dephosphorylation of Atg13 increases the affinity for Atg17 and ULK1. 
Interactions between ULK1 and Atg13 and Atg17 induce the kinase activity of 
ULK1 kinase. In mammalian cells, mTOR exists as two complexes, mTORC1 and 
mTORC2, that are functionally distinct (Sengupta et al. 2010). In addition, 
mTORC1 is thought to be phosphorylated in direct response to nutrient signals 
(Long et al. 2005). mTORC1 is also activated by phosphatidylinositol 3 kinase 
(PI3K)/Akt signalling cascade after extracellular stimulation by growth factors, 
cytokines and hormones (Chan et al. 1999). The binding of receptor tyrosine kinases 
(RTKs) to these molecules at the cell surface leads to the recruitment of class I PI3K 
and the production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) from 
phosphatidylinositol (4,5)-bisphosphate (PIP2). Recruitment of protein kinase B 
(PKB)/Akt along with its activator phosphoinositide-dependent protein kinase 
1 (PDK1) by the accumulation of PIP3 leads to the subsequent activation of Akt 
by phosphorylation at residue T308. However, complete activation of Akt requires 
phosphorylation at residue S473 by mTORC2 (Sarbassov et al. 2005). Once acti-
vated, Akt promotes inactivation of the tuberous sclerosis complex 2 (TSC2) protein 
via phosphorylation which is itself a negative regulator of mTORC1. Hence acti-
vated Akt leads to suppression of autophagy by mTORC1 activation through TSC2. 
Additionally, PTEN, a the 3′-phosphoinositide phosphatase, converts PIP3 back to 
PIP2 and so reduces the signalling from Akt and so upregulates autophagy (Arico 
et al. 2001). PI3K/Akt pathway also contributes to the regulation of protein transla-
tion as mTORC1 mediates the translation activator and repressors p70-S6K and 
4E-BP1, respectively (Ma and Blenis 2009).
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Fig. 11.2 (continued) recruitment of autophagy precursor proteins such as WIPI (h) and two 
ubiquitin-like conjugation processes are involved in the formation of autophagosomes. ATG5 
and ATG12 are conjugated with each other and, once in complex with ATG16, specify the site 
of LC3 lipidation (i). LC3 is cleaved by ATG4 to form LC3-I, and ATG3 and ATG7 transfer PE to 
the c-terminus of LC3-I to form LC3-II (j). Completed autophagosomes fuse with lysosomes (k), 
where the contents are degraded (l). Steps within the autophagy pathway in which ASFV proteins 
interact are indicated and described in the text 

Translation is clearly crucial to the viral life cycle and like many viruses ASFV 
targets the Akt/mTORC pathway in order to ensure successful production of prog-
eny viruses. ASFV leads to the rapid phosphorylation of both p70 and 4E-BP1 
(Castelló et al. 2009; Shimmon et al. 2021), suggesting the activation of mTORC as 
early as 2 hours post-infection (Shimmon et al. 2021), concomitant with the exit of 
the viral core from the endosome. This occurs even after starvation, suggesting that 
ASFV infection is able to prevent the cell supressing mTORC1 activity in response 
to amino acid deprivation. ASFV infection also leads to an increase in the phos-
phorylation of Akt, particularly on S473 and is also able to inhibit drug-induced 
dephosphorylation of Akt (Shimmon et al. 2021). Overexpression of both K205R 
and E199L leads to the activation of autophagy. PK205R leads to dephosphorylation 
of AKT (S473) and mTOR and hence phosphorylation of ULK1 (Wang et al. 2022). 
E199L downregulates pyrroline-5-carboxylate reductase 2 (PYRC2) in Vero cells



(Chen et al. 2021) which may promote autophagy by a currently unknown 
mechanism. 
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Downstream of the ULK complex sits a class III phosphatidylinositol 3 kinase 
complex (PIK3C3, referred to as vps34 complex in yeast) which is also essential in 
the autophagy pathway (Funderburk et al. 2010). PIK3C3 is complexed with beclin-
1 (vps30/Atg6 in yeast); PIK3R4 (Vps15), NRBF2 and Atg14. Beclin 1 function is 
regulated by Bcl-2 (B-cell lymphoma/leukaemia-2), which is an anti-apoptotic 
protein that prevents Beclin 1 from activating autophagy by binding to it under 
nutrient-replete conditions. Separation of Beclin 1 from Bcl-2 is necessary for the 
induction of autophagy (He and Klionsky 2009). Generation of phosphatidylinositol 
3-phosphate (PtdIns3P) by the Vps34 complex is crucial for the biogenesis of the 
autophagosome (Petiot et al. 2000). The ASFV bcl-2 homologue has been shown to 
interact with beclin-1 in vitro (Banjara et al. 2017, 2019; Hernaez et al. 2013) and 
overexpression of A179L can inhibit stress-induced autophagy. 

Ultimately the phagophore closes to form autophagosomes that fuse with lyso-
somes, where the cargo is degraded and recycled. Autophagy adaptor proteins can be 
used to target specific proteins or classes of proteins to the forming autophagosome 
in order to facilitate their degradation. For example, sequestosome 1 (SQSTM1/p62) 
binds both ubiquitin and LC3 (Atg8) a major structural protein of the 
autophagosome, thereby directing ubiquitinated proteins for degradation. Several 
ASFV proteins have either been shown to interact with components of the autophagy 
pathway or to direct other proteins for degradation by autophagy. pA137R and 
pMGF360-11L target TANK-binding kinase 1 (TBK1) for degradation through 
autophagy and pMGF360-11L and pMGF505-7R can also target interferon regula-
tory factor 7 (IRF7) (Yang et al. 2022a, b; Sun et al. 2022). 

Stimulator of interferon genes (STING) and cyclic guanosine monophosphate/ 
adenosine monophosphate synthase (cGAS) are important sensors of cytoplasmic 
DNA that lead to the induction of type I interferon production and other inflamma-
tory cytokines (Zhang et al. 2021). After activation STING acts on TBK1 and IκKε 
to signal interferon induction (Sharma et al. 2003); however, activated STING also 
induces the formation of autophagosomes that appears to be a highly conserved 
function of the protein (Gui et al. 2019). ASFV pMGF505-11L2 co-precipitates with 
STING and inhibits phosphorylation of TBK1 and interferon regulatory factor 
3 (IRF3). Degradation of STING is blocked by both 3-methyladenine and NH4Cl, 
suggesting a role for autophagy; however, the proteasome also plays a role as 
treatment with MG132 also blocks STING degradation in MGF505-11L expressing 
cells (Yang et al. 2021b). The N-terminal domain of pMGF505-7R also interacts 
with STING, and STING is degraded in MGF505-7R expressing cells (Li et al. 
2021a). Conservation between the N-terminus of pMGF505-7R and pMGF505-11L 
is relatively low compared to other MGF505 members; therefore, it is likely that

2 The authors report a study on MGF505-11R; however, there is no such annotated gene in the 
genomes of Georgia 2007/1 or SY18 isolates, and therefore we refer to this gene as MGF505-11L, 
which is present.



different regions of the protein interact with STING. Interestingly pMGF505-7R 
also interacts with ULK1, which may also play a role in STING degradation, and 
levels of STING were elevated in macrophages infected with an MGF505-7R 
deletion mutant (Li et al. 2021a). Degradation of STING by MGF505-7R and 
TBK1 by MGF360-11L was sensitive to treatment with 3-methyladenine, a drug 
that blocks both class I and class III phosphatidylinositol 3 kinases and can inhibit 
autophagy but not treatment with NH4Cl which elevates lysosomal pH and blocks 
degradation in lysosomes. As ASFV inhibits the formation of autophagosomes 
(Shimmon et al. 2021), it is likely that autophagy per se is not responsible for the 
degradation of STING or TBK1 but rather that components of the pathway are 
involved. For example, translocation of STING from the ER to cytoplasmic punctate 
where it assembles with TBK1 is dependent on Atg9a, but not Atg7 (Saitoh et al. 
2009).

300 C. L. Netherton et al.

Interferon Response 

The innate response is found across all cellular life and is responsible for mounting 
the first response to infection. By deploying sentinels that recognise highly specific 
pathogen determinants, cells are able to initiate rapid changes within the cellular 
environment to combat the infection. These determinants are known as pathogen-
associated molecular patterns (PAMP)s, and in the context of viral infection, they 
can be various forms of nucleic acids including single-stranded RNA (ssRNA), 
double-stranded RNA (dsRNA), viral DNA or viral proteins. The cellular machinery 
which recognises these PAMPs include several classes of germline-encoded recep-
tors, known as pathogen recognition receptors (PRRs) (Akira et al. 2006; Goubau 
et al. 2013; Hertzog and Rehwinkel 2020). PRRs can be broadly divided into those 
that are transmembrane or cytosolic. The recognition of PAMPs by PRRs stimulates 
the innate immune system by activating a series of downstream pathways that 
ultimately culminate in the activation of transcription factors and induce the expres-
sion of type I interferon (IFN) and other inflammatory cytokines (Akira et al. 2006; 
Honda and Taniguchi 2006). This activation can be further divided into two primary 
pathways, the interferon regulator factor (IRF) and Nuclear Factor κB (NFκB) 
pathways. IFN acts as a signalling protein that functions in both an autocrine and 
paracrine manner. Its production leads to altered expression of over 300 different 
genes, known as IFN-stimulated genes (ISG)s, creating an antiviral environment in 
order to limit the replication of the invading viral pathogen (Schoggins et al. 2011). 
There is a strong selection of viruses to impede the innate immune response. The 
evolutionary arms race between virus and host has resulted in the vast majority of, if 
not all, viruses that infect metazoans deploying tactics to overcome and subvert these 
pathways.
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Type I Interferons 

Response to viral infection by the innate immune system ultimately leads to the 
production of type I interferons. This is a class of cytokines that include 13 variants 
of IFNα in humans, a single IFNβ, and a number of poorly defined but related 
cytokines such as IFNκ and IFNδ (McNab et al. 2015). Interestingly swine, how-
ever, have 39 functional type I interferons, including 17 variants of IFNα (Sang et al. 
2010; Zanotti et al. 2015). 

Induction of Type I Interferon Expression 

Almost all cells are capable of inducing type I IFNβ following viral infection, 
whereas IFNα is primarily produced by dendritic cells. Induction of IFNβ expression 
occurs in a highly ordered process at the transcriptional level by activation of the 
IFNβ promoter. This promoter can be divided into at least 4 cis-regulatory element 
regions known as positive regulatory domains (PRD) I, II, III and IV (Kim and 
Maniatis 1997). When activated by upstream signalling pathways, transcription 
factors of the IRF family bind to PRDI/III (Fig. 11.3), whereas NFκB and AP1 
(cJUN, ATF2 heterodimer) bind to regions PRDII or PRDIV respectively 
(Fig. 11.4). The binding of the transcription factors results in the formation of a 
higher order nucleoprotein complex termed the enhanceosome. Further recruitment 
of histone acetyl transferase cofactor proteins including cAMP-response element 
binding protein (CREB) binding protein (CBP), or paralog p300 is required (Merika 
et al. 1998). These cofactors aggregate at the promoter to target H3 and H4 histones 
of the nucleosome for acetylation. This relaxes the chromatin structure at the 
promoter, providing a platform for the cellular machinery to facilitate transcription 
(Gerritsen et al. 1997; Merika et al. 1998; Yoneyama et al. 1998). 

Interferon Regulatory Factors 

The interferon regulatory factor (IRF) class of transcription factors contains up to 
9 conserved members, IRF1-9. It appears that a robust IFN response to viral 
infection is conditional on the activation of the IRFs, specifically the constitutively 
expressed IRF3 (Honda et al. 2006). Inactive IRF3 remains dormant in the cytosol, 
until stimulation of signalling pathways following the detection of viral PAMPs 
leads to its activation. Phosphorylation of C-terminal regions of IRF3 by directly 
upstream kinases is key in the activation of the transcription factor. The closely 
related IκB kinase (IKK) homologs IκKε and TBK1 induce the phosphorylation of 
IRF3; however, TBK1 has been shown to act as the primary actor in the phosphor-
ylation of serine residues 386 and 396 (Chen et al. 2008; Fitzgerald et al. 2003; Lin
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Fig. 11.3 Interferon regulatory factor 3 activation. Virus infection leads to the presence of nucleic 
acids in endosomal compartments or the cytoplasm. Nucleic acids in the endosomal compartments 
are detected by toll-like receptors (TLR), leading to the recruitment of TRIF and TRAF3. This, in 
turn, recruits TBK1 leading to the phosphorylation of TRIF, allowing the binding of IRF3 to TRIF 
and phosphorylation of the transcription factor by TBK1. Viral RNA in the cytoplasm is recognised 
by RLR such as RIG-I or MDA-5 which leads to aggregation of MAVS at the mitochondria, which 
recruits TRAF3 followed by TBK1. TBK1 then phosphorylates MAVS allowing the recruitment of 
IRF3 for phosphorylation by TBK1. Recognition of cytoplasmic DNA by cGAS induces the 
production of cGAMP. cGAMP binds to STING at the ER inducing a conformational change 
which allows binding of TBK1. TBK1 phosphorylates STING enabling the recruitment and binding 
of IRF3 for phosphorylation by TBK1. Alternatively, RNApol III transcribes viral DNA into RNA 
for recognition by RLRs and signalling via the MAVS pathway. All three pathways ultimately lead 
to dimerisation of IRF3, nuclear translocation and binding to the PRDI/III domains in the interferon 
β promoter



et al. 1998; Mori et al. 2004; Panne et al. 2007; Takahasi et al. 2003). The 
phosphorylation of the S386 residue leads to the formation of the IRF3 homodimer, 
a critical step in activation (Mori et al. 2004; Panne et al. 2007; Takahasi et al. 2003). 
This dimeric form of IRF3 subsequently translocates to the nucleus forming com-
plexes with CBP/p300 cofactors and binds to the PRDI/III sites of the IFN promoter 
(Lin et al. 1998, 2000; Panne et al. 2007).
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Nuclear Factor κB 

Although not the primary inducer of IFNβ expression, NFκB retains a crucial 
function in the development of an inflammatory and antiviral response. NFκB 
transcription factors are a family of proteins that bind to cis-acting κB DNA elements 
to regulate inflammatory gene transcription. NFκB is formed of either a homodimer 
or heterodimer consisting of proteins which share the presence of a Rel domain. 
These include p50, p52, p65 (RelA), RelB and cRel. In the canonical pathway, the 
NFκB p50-p65 heterodimer can be activated by Tumour necrosis factor-α (TNFα) or  
interleukin 1β (IL-1β) stimulation of their respective receptors TNFR and IL-1β 
receptor (IL1R), or PRR activation by relevant PAMPs. Inactive NFκB is seques-
tered in the cytosol by the negative regulator IκBα protein which binds to NFκB to  
induce a 180° conformational change, essentially locking it in a “closed” structure 
(Huxford et al. 1998). Stimulation of upstream signalling pathways results in the 
activation of the IKK kinase complex, which is formed of two catalytic subunits 
IKKα, IKKβ and the regulatory subunit IKKγ (also known as NEMO). The method 
of activation is not clear but may occur by either autophosphorylation, or by 
transforming growth factor β (TGFβ) activated kinase 1 (TAK1)-mediated phos-
phorylation of the catalytic subunits (Wang et al. 2001; Xu et al. 2011). The IKK 
complex then phosphorylates the negative regulator IκBα bound to NFκB, subse-
quently “unlocking” the confirmation and releasing the transcription factor, reveal-
ing a ubiquitination site on the negative regulator leading to its proteasomal 
destruction (Huxford et al. 1998; Karin and Ben-Neriah 2000; Traenckner et al. 
1995). Despite the similarities between constituent catalytic proteins of the IKK 
complex, it has been revealed that IKKβ is the principal actor in NFκB signal 
transduction. Activation of NFκB eventually leads to the nuclear translocation of 
the transcription factor and binding to κB elements in promoters to induce gene 
expression. 

Transmembrane Pathogen Recognition Receptors 

Transmembrane PRRs include Toll-like receptors (TLR)s. These are a class of 
13 described PRRs (TLR1-13) with a broad range of specificity (Kawasaki and 
Kawai 2014). TLR3/7/9, for example, are located in endosomal membranes and 
recognise dsRNA, ssRNA and viral DNA, respectively, generated by the uncoating 
of viral particles. Activation of TLRs leads to the stimulation of downstream 
signalling pathways (Figs. 11.3 and 11.4), with the initial mediator being the 
intracellular Toll IL1R (TIR) domain that facilitates further signal transduction by 
binding adaptor proteins TIR domain-containing adapter-inducing interferon-β 
(TRIF) (in the case of TLR3) or MyD88 (TLR7 and TLR9). TLR3-associated 
TRIF interacts with the RING-domain E3 ubiquitin (Ub) ligase TNFα receptor-
associated factor 6 (TRAF6) but also TRAF3 (Häcker et al. 2011). TRAF6-mediated



signalling leads to IKK complex activation and, therefore, phosphoactivation of 
NFκB (Cusson-Hermance et al. 2005; Meylan et al. 2004; Wang et al. 2001). TRIF 
association with TRAF3 stimulates the IRF3 response (Yamamoto et al. 2003). 
Furthermore, there is a degree of TRAF-mediated crosstalk between IRF3 and 
NFκB pathways, with TRAF3 and TRAF6 being able to stimulate both (Fang 
et al. 2017). 
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TLR7 and TLR9 are expressed in plasmacytoid dendritic cells and are the primary 
sensors for viral ssRNA and unmethylated CpG-DNA, respectively. In contrast to 
TLR3, which mediates downstream signalling via TRIF, TLR7 and TLR9 facilitate 
signal transduction by interacting with the MyD88 adaptor protein at the TIR 
domain. Activation of these TLRs induces MyD88 interaction with a complex of 
IL1R-associated kinase 4 (IRAK)4, IRAK1 and TRAF6 that ultimately leads to the 
phosphoactivation of IKKβ and then NFκB (Kawasaki and Kawai 2014; Lin et al. 
2010). Interestingly, although it is not thought to induce IRF3 activation, TLR7/9 
MyD88 piloted signalling transduction also leads to TRAF6-mediated IRF7 activa-
tion via IRAK1 phosphorylation (Randall and Goodbourn 2008). 

Cytosolic Pathogen Recognition Receptors 

Cytosolic PRRs include the RNA helicases retinoic acid-inducible gene-I (RIG-I)-
like receptor (RLR) family including RIG-I, Melanoma differentiation-associated 
protein 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). These detect 
intracellular ssRNA and dsRNA and activate both IRF3 (Fig. 11.3) and NFκB 
(Fig. 11.4) pathways, thus inducing expression of type I IFN and inflammatory 
cytokines (Kato et al. 2006; Rehwinkel et al. 2010; Yoneyama et al. 2004). Both 
RIG-I and MDA5 share a high level of structural homology, containing two CARD 
domains and an RNA-binding DEAD-box helicase domain. Although both induce 
IFN response to viral dsRNA, it has been proposed that they are functionally distinct 
as there appears to be specificity in recognition of RNA dependant on the virus (Kato 
et al. 2006). RIG-I is stimulated by 5′ triphosphorylated RNA (Hornung et al. 2006); 
in contrast, MDA5 stimulation depends on the length of the RNA strands, with high 
molecular weight RNA inducing a response (Pichlmair et al. 2009). When activated, 
the CARD domains of RIG-I and MDA5 undergo K63 polyubiquitin modification 
forming oligomers (Jiang et al. 2012). RIG-I and MDA5 then associate with 
mitochondrial antiviral-signalling protein (MAVS), another CARD domain-
containing protein, at the mitochondrial membrane resulting in the formation of 
MAVS oligomers, a crucial step in IRF3 activation (Hou et al. 2011; Zamorano 
Cuervo et al. 2018). These oligomers act as a platform for the recruitment of IRF3, 
and TRAF3, which in turn acts to recruit TBK1. This brings IRF3 into close 
proximity to TBK1, thus facilitating phosphoactivation of the transcription factor 
(Fang et al. 2017). Furthermore, stimulation of the RLRs induces cross-pathway 
activation. RIG-I was reported to induce NFκB via MAVS interaction with TRAF6



that subsequently leads to the activation of the IKK complex (Kawai et al. 2005; Seth 
et al. 2005; Xu et al. 2011; Yoneyama et al. 2004; Yoshida et al. 2008). 
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The discovery of the cGAS-STING-TBK1 pathway has revealed a new sentinel 
in the host cell repertoire, capable of stimulating IFN in response to viral DNA 
(Hertzog and Rehwinkel 2020; Sun et al. 2013; Zhang et al. 2014). cGAS binding of 
cytosolic DNA is independent of sequence. Binding to DNA forms a 2:2 complex 
and induces a conformational change in the PRR, enabling the catalysis of cyclic 
GMP-AMP (2′3′cGAMP) from ATP and GTP (Sun et al. 2013; Zhang et al. 2014). 
2′3′cGAMP functions as a secondary messenger, binding to the ligand binding 
domain of downstream transmembrane protein STING, localised at the endoplasmic 
reticulum membrane (Ishikawa and Barber 2008; Shang et al. 2019). This interaction 
induces a conformational change in STING leading to oligomerisation, and recruit-
ment of TBK1 (Shang et al. 2019; Zhang et al. 2019; Zhao et al. 2019). The exact 
mechanism of TBK1 activation by STING remains poorly defined. However, in a 
similar manner to MAVS-mediated signalling, phosphorylation of STING enables 
the recruitment of IRF3 to the adaptor protein. Like other cytosolic PRRs, cGAS-
STING has also been implicated in the activation of NFκB mediated by TRAF6 
(Abe and Barber 2014). 

Notably, there is evidence that in certain cells induction of IFNβ by dsDNA is 
dependent on RIG-I and MAVS. This led to the identification of RNA polymerase III 
(Pol III) as an important sensor of cytosolic DNA. This enzyme acts by transcribing 
the DNA template into 5′-triphosphate dsRNA, which is then recognised by RIG-I, 
resulting in the activation of the RLR signalling cascade. Inhibition of Pol III activity 
was shown to markedly reduce IFNβ in cells infected with both herpes simplex virus 
type 1 (HSV-1) and adenovirus (Chiu et al. 2009). 

IFN-Mediated Signalling 

Type I IFN expression activates further signalling cascades and the expression of 
over 300 genes, known as ISGs (Schoggins et al. 2011). The binding of secreted IFN 
to the IFNAR1/2 receptor heterodimer facilitates this action. Each subunit of the 
receptor dimer is associated with different intracellular proteins, IFNAR1 with 
tyrosine kinase 2 (Tyk2), and IFNAR2 with Janus kinase 1 (JAK1) but also signal 
transducers and activators of transcription STAT1 and STAT2. Ligand-induced 
activation of the receptor leads to its dimerisation and Tyk2-mediated phosphoryla-
tion of IFNAR1. This brings STAT2 into proximity to the receptor for its phosphor-
ylation at the tyrosine 690 (Y690) residue. JAK1 then phosphorylates the tyrosine 
701 (Y701) residue of STAT1. The phosphorylated STAT1 and 2 can form a 
heterodimer via SH domain interaction with phosphorylated tyrosine residues, in 
the process revealing a novel nuclear localisation signal that allows its nuclear 
translocation. The STAT1/2 heterodimer binds to IRF9 and forms a heterotrimer 
known as ISG factor 3 (ISGF3) that binds to the IFN-stimulated response element 
(ISRE) of ISG promoters to enhance transcription (Randall and Goodbourn 2008).



Interestingly cells produce a low basal level of ISGs. A recent model has been 
proposed indicating that a STAT2-IRF9 heterodimer formed independently of IFN 
stimulation is retained in the nucleus inducing homeostasis of this low level of basal 
ISG expression, until IFN stimulation-driven formation of ISGF3 acts as a molecular 
switch to enhance ISG expression (Platanitis et al. 2019). 
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ASFV Modulation of the IFN Response 

The ability of ASFV to modulate the IFN response was firstly demonstrated using a 
deletion mutant virus, PR4Δ35, lacking six MGF360 (9L, 10L, 11L, 12L, 13L and 
14L) and two MGF505 (1R and 2R) genes. The comparison of host gene transcrip-
tion between wild-type and mutant viruses by microarray analysis, revealed an 
upregulation of several ISG mRNAs when the cells were infected with the latter. 
These results suggested that MGF360 and/or MGF505 genes are involved in the 
inhibition of IFN response, and this hypothesis was confirmed by the observation 
that in contrast with the wild-type virus infection, the deletion mutant virus-infected 
culture supernatant contained significant amounts of IFN-α (Afonso et al. 2004). 
These genes were also implicated in the sensitivity of ASFV to type I IFN, indicating 
that ASFV is able to overcome activation of the JAK/STAT signalling and/or the 
antiviral state (Golding et al. 2016). In recent years, the molecular mechanisms 
underlying the ability of these and other ASFV-encoded genes to modify the IFN 
responses are finally being described. Interestingly, the identity of the host PRR 
(s) responsible for the recognition of ASFV infection remains controversial, and 
most likely, different receptors are involved. Phosphorylation of STING has been 
shown to occur following infection of porcine alveolar macrophages with both 
attenuated NH/P68 and highly virulent Arm/07 ASFV isolates although at different 
levels. Furthermore, a specific cGAS inhibitor, Ru521, was shown to decrease levels 
of STING phosphorylation in infected cells, arguing for an important role of the 
cGAS/STING pathway in the induction of IFN in response to ASFV (García-
Belmonte et al. 2019). However, levels of IFN expression in infected cells treated 
with Ru521 were not measured, so other sensors of ASFV infection could not be 
ruled out. Another study provided evidence that ASFV is sensed by both cGAS and 
RNA Pol III-RIG-I pathways. Knockdown of either cGAS or RIG-I by siRNA 
resulted in reduced IFNβ transcription in infected alveolar macrophages, and a 
cumulative effect was observed in cells where both receptors were targeted. Impor-
tantly, treatment of cells with ML-60218, a specific inhibitor of RNA Pol III, 
decreased transcription of IFNβ, ISG15, ISG54 and MX1 following ASFV infection. 
Further experiments in transfected cells indicated that AT-rich islands in the ASFV 
genome are the main PAMP recognised by RNA Pol III, leading to the activation of 
the RLR pathway as described above (Ran et al. 2022). In addition to these 
pathways, the TLR/Myd88 axis was also involved in the recognition of ASFV 
infection. Knockdown of TLR1, TLR2, TLR3, TLR4, TLR9 (but not TLRs 5-8) 
and MyD88 significantly decreased pro-IL-1β transcription in cells infected with an



ASFV deletion mutant lacking the MGF505-7R gene. Since pro-IL-1β transcription 
is mainly controlled by NFκB-mediated signalling, it is reasonable to infer that TLRs 
play a role in ASFV sensing, at least in the induction of an inflammatory response 
(Li et al. 2021c). 
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Inhibition of IFN Induction at the Level of Transcription 
Factors or Their Activation 

A common theme has emerged regarding the inhibition of IFN induction by ASFV-
encoded genes: most of them impact the level of shared components of the IRF and 
NFκB-mediated pathways. Although most of the recent publications have been 
focussing on inhibition of cGAS/STING-induced signalling, it is becoming apparent 
that ASFV evolved to manipulate key regulators of IFN induction, therefore having 
a broad impact including on those cascades initiated by RLR and TLR engagement. 

ASFV pA137R directly interacts with TBK1, the central kinase involved in IRF3 
phosphorylation, and leads to its degradation. As mentioned above, further evidence 
from experiments done in ATG5-KO cells suggests that this is mediated through an 
autophagy-dependent mechanism. As expected from a viral protein acting at this 
level, IRF3 translocation into the nucleus is inhibited following stimulation with 
both Sendai virus infection and poly dA:dT treatment (Sun et al. 2022). pDP96R, on 
the other hand, does not seem to interact with TBK1 but, through a yet unknown 
mechanism, inhibits induction of an IFNβ promoter in cells overexpressing TBK1. 
This was associated with a modest decrease in both TBK1 and IRF3 phosphorylation 
following cGAS/STING activation (Wang et al. 2018). pI215L, an ASFV encoded 
E2 ubiquitin conjugating enzyme, inhibits TBK1 activity by recruiting the E3 
ubiquitin ligase RNF138 to degrade RNF128. This results in decreased 
K63-linked ubiquitination of the kinase, a crucial step for its full activation (Song 
et al. 2016). Importantly, pI215L is no longer able to impact on IFN induction in 
Rfn138-/- cells. In contrast, the cysteine 85 catalytic site, essential for pI215L E2 
ubiquitin-conjugating activity, is not necessary for the described TBK1 inhibition 
(Huang et al. 2021). pM1249L, a structural protein, inhibits TBK1 phosphorylation 
in cells overexpressing cGAS/STING and impacts on IFNβ expression following 
induction with 2′3′cGAMP, poly I:C and Sendai virus infection (Cui et al. 2022). 
Both pMGF360-11L and pMGF505-7R interact with TBK1 and decrease its phos-
phorylation in cells overexpressing cGAS/STING. Transfection of cells with 
MGF360-11L or MGF505-7R also causes a marked decline in exogenously 
expressed TBK1. However, a decrease in expression of other transfected inducers 
such as cGAS, STING, IκKε, IRF3 and IRF7 is also observed, indicating that TBK1 
might not be a specific target for degradation by these ASFV encoded proteins (Yang 
et al. 2022a, b). 

The other main kinase of the IRF pathway, IκKε, is also a target for ASFV. 
Specifically, pS273R, a protein belonging to the SUMO-1-specific protease family,



interacts with IκKε and inhibits its interaction with STING. Whether the interaction 
impacts on other IκKε dependent pathways remains to be tested. Remarkably, the 
pS273R protease activity seems to be required for IFN induction inhibition, although 
no changes in IκKε expression were observed in cells expressing the viral protein. 
An interesting possibility is that pS273R reduces IκKε sumoylation, by cleaving 
small ubiquitin-like modifier (SUMO) peptides from the kinase (Luo et al. 2022). 
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ASFV-encoded proteins can also directly impact on IRF3, the principal transcrip-
tion factor involved in the “first wave” of type I IFN expression. pE120R interacts 
with IRF3, decreasing its interaction with TBK1 and subsequent phosphorylation. 
Notably, amino acids at positions 72 and 73 were shown to be essential for IFN 
inhibition. A mutant ASFV where these two residues were deleted induces higher 
levels of IFNβ than the wild type (Liu et al. 2021a). pE301R, on the other hand, 
inhibits IRF3 downstream of its phosphorylation, impeding the translocation into the 
nucleus (Liu et al. 2022). pM1249L, in addition to its effect on TBK1 described 
above, interacts with IRF3 targeting it for degradation (Cui et al. 2022). pMGF360-
14L also causes IRF3 degradation by recruiting the tripartite motif protein 
21 (TRIM21) to increase its K63-linked polyubiquitination (Wang et al. 2021). 
Interestingly, TRIM 21 has been shown to act as both a positive and negative 
regulator of IFNβ induction (Rajsbaum et al. 2014). In addition, IRF3 K63-linked 
polyubiquitination has been linked to its full activation rather than its degradation 
(Zeng et al. 2009). These findings highlight the complexity of IFN expression 
regulation and indicate that pMGF360-14L may use other mechanism(s) to inhibit 
IRF3 function. 

Both pMGF360-11L and pMGF505-7R interact with IRF7 in transfected (Yang 
et al. 2022a, b), suggesting that this transcription factor is also targeted by ASFV-
encoded proteins. IRF7 is itself an ISG with an important role in the positive 
feedback regulation of type I IFN expression (Sato et al. 1998), so it is not surprising 
that numerous viruses have evolved to modify its function. 

The NFκB arm of the IFN induction pathway is frequently controlled by virus-
encoded proteins, and ASFV is no exception. pI215L inhibits NFκB activation 
downstream of TRAF6 and TRAF2 but upstream of the IKK complex (Barrado-
Gil et al. 2021). pH240R interacts with NEMO, the regulatory subunit of the IKK 
complex (Zhou et al. 2022; Huang et al. 2023) and disrupts its interaction with IKKβ 
(Huang et al. 2023). Furthermore, cells infected with ASFVΔH240R show signifi-
cantly higher levels of NEMO when compared to cells infected with the wild-type 
virus (Zhou et al. 2022). pI226R, although not directly interacting with NEMO, 
increases its ubiquitination in transfected cells and leads to its degradation by the 
proteasome (Hong et al. 2022). 

pD345L can interact with both catalytic subunits of the IKK complex, IKKα and 
IKKβ. This leads to the inhibition of IκBα phosphorylation and p65 translocation 
into the nucleus (Chen et al. 2022). pMGF505-7R interacts with IKKα in both 
transfected and infected cells. Accordingly, cells infected with ASFVΔMGF505-
7R show higher levels of IκBα phosphorylation and degradation then cells infected 
with wild-type virus at 12 and 24 hours post-infection, respectively (Li et al. 2021c). 
pF317L co-precipitates with IKKβ in transfected cells and inhibits its



phosphorylation. This in turn results in decreased levels of IκBα K48-linked 
ubiquitination following stimulation of cells with TNFα (Yang et al. 2021a). 
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One of the most studied ASFV-encoded proteins, pA238L, was first identified as 
an NFκB signalling inhibitor due to the presence of ankyrin motifs, a characteristic it 
shares with IκBα. pA238L binds to p65 (Revilla et al. 1998) and inhibits its binding 
to κB elements present in host promoters, including many regulating 
pro-inflammatory cytokines (Powell et al. 1996; Revilla et al. 1998). In addition, 
pA238L impairs p65-p300 interaction, preventing p65 acetylation and inhibiting its 
transactivation activity at the inducible nitric oxide synthase promoter (Granja et al. 
2006b). Similarly, pA238L inhibits induction of TNFα by impacting on the recruit-
ment of p300/CBP co-activators (Granja et al. 2006a). pMGF360-12L inhibits 
p50/p65 translocation into the nucleus in a process independent of IκBα phosphor-
ylation and degradation. Instead, pMGF360-12L interacts with members of the 
importin-α family of nuclear transport proteins (karyopherin-α2, -α3 and -α4), 
competing with p65 for transport into the nucleus (Zhuo et al. 2021). pMGF505-
7R binds to the p65 Rel homology domain and impairs the induction of an NFκB 
reporter in cells overexpressing p65. Interestingly, pMGF505-7R inhibits both the 
antiviral and the antibacterial effects induced by activation of the TLR8-NFκB axis  
(Liu et al. 2021b). 

Inhibition of Specific PRRs Pathways 

As described above, the cGAS/STING pathway has been the subject of extensive 
research in the ASFV field. pE346R and pC129R both bind to and degrade the cell 
second messenger 2′3′cGAMP. Interestingly, this is mediated by their phosphodi-
esterase activity since the universal phosphodiesterase inhibitor IBMX reverts the 
degradation. Furthermore, pE346R also contains a sequence that resembles STING’s 
2′3′cGAMP-interacting motif. Mutations in two key residues of this sequence 
(tyrosine-76 and asparagine-78) abolish IFN inhibition. Additional evidence also 
suggests that pEP364R competes with STING for 2′3′cGAMP binding (Dodantenna 
et al. 2022). pL83L interacts with and degrades both cGAS and STING. Degradation 
of STING seems to be mediated by recruitment of Toll-interacting protein (Tollip). 
Tollip is an LC3-interacting protein with ubiquitin-binding domains that play an 
important role in selective autophagy (Cheng et al. 2023). The ASFV structural 
protein p17, encoded by the D117L gene, also interacts with STING precluding its 
association with the TBK1 and IκKε kinases. The p17 transmembrane domain 
(aa 39-59) is essential for co-localisation with STING and IFN inhibition (Zheng 
et al. 2022). pE184L also interacts with STING and inhibits its dimerisation, 
reducing both binding to TBK1 and IRF3. Cells infected with ASFVΔE184L 
show increased levels of STING dimers and IFNβ expression (Zhu et al. 2023). 
Finally, pMGF505-7R, another STING interactor, leads to its degradation via 
autophagy. This may be related to the ability of pMGF505-7R to bind to ULK1 
and increase its expression (Li et al. 2021a).
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pI329L inhibits IFNβ expression stimulated by TLR3, TLR4, TLR5, TLR8 and 
TLR9 (Correia et al. 2023). This ASFV protein was first described as a putative TLR 
homologue, containing the characteristic extracellular leucine-rich repeats and an 
intracellular region with weak similarity to TIR domains (de Oliveira et al. 2011). It 
was later proposed that pI329L prevents TLR dimerisation through a potential 
dimerisation domain present in the extracellular domain. The intracellular domain 
interacts with TRIF and impairs signalling mediated by this TLR3 and TLR4 adaptor 
(Correia et al. 2023). 

pI267L is the only ASFV protein known to specifically inhibit RLR signalling. It 
interacts with Riplet, an E3 ubiquitin ligase that catalyses RIG-I K63-linked 
polyubiquitination. This in turn reduces interaction between RIG-I and MAVS, 
inhibiting cellular responses to both poly dA:dT, and poly I:C (Ran et al. 2022). 

Inhibition of IFN-Mediated Signalling 

Despite its extensive arsenal of proteins able to inhibit IFN induction, ASFV has also 
evolved to modify the JAK/STAT signalling pathway following IFN stimulation. 
pMGF505-7R can inhibit cellular responses to both type I and type II IFNs (Correia 
et al. 2013). This suggests that the protein may target a host protein common to both 
signalling cascades (Fig. 11.5). Indeed, pMGF505-7R interacts with JAK1 but also 
with JAK2 resulting in their degradation. Interestingly, pMGF505-7R binds to the 
E3 ubiquitin ligase RNF125 and this increases its expression in transfected cells, an 
event that seems to be associated with JAK1 degradation. In contrast, JAK2 degra-
dation is mediated by pMGF505-7R interaction with Hes5 and its downregulation 
(Li et al. 2021b). pMGF360-9L interacts with both STAT1 and STAT2 leading to 
their degradation via apoptosis and the ubiquitin-proteasome pathway respectively. 
ASFV infection causes a decrease in both STAT1 and STAT2 at late times post-
infection, and this is less evident in cells infected with a virus lacking MGF360-9L 
(Zhang et al. 2022). Similarly, pI215L interacts with STAT2 and leads to its 
ubiquitination and subsequent degradation. pI215L ubiquitin-conjugating activity 
is not necessary for the interaction but is required for the degradation (Riera et al. 
2022). pI215L also interacts and targets IRF9 for degradation following stimulation 
of cells with IFNα. In this case, the degradation is independent of its ubiquitin-
conjugating activity, relying instead on the autophagy-lysosome pathway since the 
effect is abolished in ATG5 KO cells (Li et al. 2022).
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Fig. 11.5 Interferon-stimulated genes. Type I interferons (interferon α/β) bind to the interferon 
alpha receptor subunits, which dimerise and lead to the activation and phosphorylation of the Janus 
kinases (JAK), JAK1 and Tyk2. JAK1 and Tyk 2, in turn, phosphorylate STAT1/STAT2 
heterodimers which bind to IRF9 to form the ISGF3 complex, which translocates to the nucleus 
and binds to IFN-stimulated response elements (ISRE) in the promoters of interferon-stimulated 
genes and activate gene expression. Type III interferons (interferon λ) bind to the IL28 receptor 
alpha and IL10 receptor beta subunits and then induce the formation of the ISGF3 complex through 
the same JAK and STATs as interferon α/β. Type II interferon (interferon γ) binds to the high-
affinity interferon-gamma receptor subunit 1, which dimerises and recruits the interferon-gamma 
receptor subunit 2. This leads to the phosphorylation and activation of JAK1 and JAK2, which in 
turn phosphorylate STAT1 homodimers to form the GAF complex. GAF translocates to the 
nucleus, where it activates the expression of genes containing a GAS sequence in their promoters. 
Both type I and type III interferon signalling can also lead to the formation of the GAF complex, as 
activated JAK1 and Tyk2 can also phosphorylate STAT1 homodimers



11 African Swine Fever Virus Host–Pathogen Interactions 313

Cellular Stress 

Secretory Pathway 

ASFVs profound reorganisation of the cell to facilitate its replication would be 
predicted to induce various stress response pathways. The endoplasmic reticulum 
stress responses can detect overexpression of membrane proteins (so-called 
ER-overload responses), protein misfolding within the lumen of the ER (unfolded 
protein response) as well as changes in calcium levels within the ER. This can lead to 
an increase in the capacity of the ER to respond to stress via the generation of new 
membranes, upregulation of chaperones, as well reducing demand by restricting 
translation. ER stress can lead to the degradation of ER lumen through autophagy 
(termed reticulophagy) and, ultimately, the induction of apoptosis and cell death. 

ASFV infection induces reorganisation of the later stages of the secretory path-
way, particularly the trans-Golgi network (Andrés et al. 1998; McCrossan et al. 
2001; Netherton et al. 2006) and the recruitment of endosomes to the periphery of 
virus factories (Netherton et al. 2006; Cuesta-Geijo et al. 2017). This reorganisation 
is concomitant with retardation in membrane trafficking of two model proteins in 
cultured cells (McCrossan et al. 2001; Netherton et al. 2006) and the down regula-
tion of surface expression of both SLA-I (porcine equivalent of MHC class I) and 
CD16 on the surface of infected macrophages (Gonzalez Juarrero et al. 1992; 
Netherton et al. 2006; Lithgow et al. 2014; Franzoni et al. 2017; Franzoni et al. 
2018). The effect of ASFV infection may be strain-specific as a virulent genotype I 
isolate did not downregulate the surface expression of SLA-I in two model systems 
(Franzoni et al. 2017; Franzoni et al. 2018); however, two studies reported a decrease 
in surface expression of SLA-I without a decrease in total protein levels suggesting a 
restriction within the secretory pathway (Gonzalez Juarrero et al. 1992; Netherton 
et al. 2006). The integrity of the Golgi and endosomal pathway are highly dependent 
on the cytoskeletal network (Allan et al. 2002; Brown et al. 2005; She et al. 2017; 
Soppina et al. 2009; Weller et al. 2010) and redistribution of endosomes to virus 
factories is blocked by microtubule depolymerising agents (Netherton et al. 2006). 
Disruption of the centrosomes, hyperacetylation of microtubules and the recruitment 
of kinesin motors to factories may therefore contribute to the redirection of the 
secretory pathway within ASFV-infected cells (Jouvenet et al. 2004; Jouvenet and 
Wileman 2005). 

The cell responds to ER stress by upregulating the expression of chaperones 
which is controlled by the inositol response element 1 (IRE1) and activating 
transcription factor 6 (ATF6) pathways. In order to reduce the demand on the folding 
apparatus of the ER, the cell also restricts translation by phosphorylation of the 
eukaryotic initiation factor 2 alpha (eIF2α) by protein kinase RNA-activated (PKR) 
like ER kinase (PERK). Phosphorylation of eIF2α is a central control point in 
regulating translation and cellular stress as PKR and general control 
non-derepressible 2 (GCN2) restrict translation in response to sensing viral RNA 
and amino acid deprivation, respectively. Under conditions of translation repression,



expression of activating transcription factor 4 (ATF4) is promoted, which can lead to 
the expression of a number of different proteins, including the pro-apoptotic tran-
scription factor C/EBP homologous protein (CHOP/GADD153). IRE1 signalling is 
also linked to the activation of caspase-12 through the adaptor protein TRAF2 and 
c-Jun N-terminal inhibitory kinase (JIK) (Yoneda et al. 2001), as well as binding to 
the proapoptotic bcl-2 proteins Bax and Bak (Hetz et al. 2006) which interact with 
pA179L (see above). 
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Overexpression of the K205R and D117L genes (p17 protein) induces ER stress 
(Xia et al. 2020; Wang et al. 2022), and as mentioned above, overexpression of 
E183L (p54 protein) induces proliferation of ER membranes. Therefore, it is unsur-
prising that ASFV infection ultimately induces ER stress within cells by signalling 
through the ATF6 pathway (Galindo et al. 2012). ASFV does not induce processing 
of X-box binding protein 1 (XBP1), suggesting that infection does not induce 
phosphorylation and activation of IRE1, however conversely, at late times, 
caspase-12 activity can be detected in the absence of caspase-3 and caspase 8 activity 
suggesting signalling through IRE1(Galindo et al. 2012). Co-expression of A224L, 
the ASFV IAP homologue, and TRAF2 potentiates NFκB activity, and therefore, it 
is possible that the ER stress may be modulated by ASFV from the cytosol, it would 
be interesting to determine if IRE1 is hyperphosphorylated in infected cells. ASFV 
does not appear to induce phosphorylation of PERK (Netherton et al. 2006), and 
although ATF4 is translated at very late times (Galindo et al. 2012). CHOP does not 
appear to be expressed. ASFV is capable of inhibiting CHOP expression in cultured 
cells and primary macrophages in response to a number of different cellular insults 
(Netherton et al. 2006; Zhang et al. 2010). The DP71L gene (also 23-NL and NL-S) is  
similar to the herpes simplex virus ICP34.5 gene and cellular GADD34 gene. 
GADD34 is part of the PP1 complex that dephosphorylates eIF2α and derepresses 
translation. pDP71L can interact with all three isoforms of PP1, and overexpression 
of the gene blocks induction of CHOP (Zhang et al. 2010). Mutations in the 
predicted PP1 and eIF2α binding domains blocked the ability of pDP71L to dephos-
phorylate eIF2α and inhibit CHOP induction (Barber et al. 2017). Two amino acids 
are crucial for interactions with PP1 isoforms, and wild-type pDP71L is capable of 
enhancing translation in vitro. There are likely other ASFV genes involved in the 
modulation of ER stress and translation as DP71L is a late gene, and CHOP 
signalling can be blocked in the presence of drugs that block late gene expression 
(Netherton et al. 2006), and ASFV deletion mutants lacking DP71L are still able to 
block CHOP induction (Zhang et al. 2010). 

ASFV factories also recruit mitochondria to their periphery and appear to be 
actively respiring (Rojo et al. 1998), which may indicate they are generating ATP 
that the virus needs for replication (Cobbold et al. 2000). Expression of cpn60, 
mortalin (also known as mthsp70 or p74) and hsp70 are upregulated during ASFV 
infection which may indicate induction of the mitochondrial stress response (Rojo 
et al. 1998). CHOP was originally thought as a major regulator of the mitochondrial 
unfolded protein response (mtUPR); however, more recent data suggests that the 
mtUPR is controlled by the complex interplay between CHOP, C/EBPβ, ATF4 and 
ATF3 (Kaspar et al. 2021). Therefore, it would be of interest to see the effect of



ASFV on ATF3 and C/EBPβ as both CHOP and ATF4 expression are actively 
repressed in ASFV-infected cells. 
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Concluding Remarks 

African swine fever virus is a complex pathogen that encodes for numerous proteins 
that manipulate host responses, and the recent identification of multiple novel open 
reading frames further complicates the system (Cackett et al. 2020, 2022). The 
application of more modern techniques such as affinity-purification mass spectrom-
etry are just beginning to describe the wealth of potential interactions that play a role 
in the virus life cycle. Combining interaction networks for individual viral proteins 
may identify novel pathways or proteins important for immune evasion and virus 
replication. Care will need to be taken with some proteins as expression outside the 
context of viral infection may result in interactions that are not relevant to infected 
cells. This is particularly relevant for proteins that are normally localised to the virus 
factory, but a number of ASFV proteins appear to be only weakly expressed in virus 
infected cells (Keßler et al. 2018; Wöhnke et al. 2021). The use of recombinant 
viruses expressing proteins fused to highly specific tags may solve these complica-
tions and will likely reveal additional detail, particularly interactions that depend on 
multiple viral proteins. This knowledge will build a much stronger and more 
sophisticated understanding of the host–virus interactions in ASFV-infected cells 
and may ultimately lead to novel targets for generating gene-deleted vaccine candi-
dates. ASFV is highly divergent from other viruses, and therefore detailed under-
standing of the interactions between viral proteins and between viral and host 
proteins is likely to lead to the development of highly specific antivirals that can 
mimic and block interactions that are essential for virus propagation. Comparative 
analysis of the interactions between ASFV proteins and its different suid and 
arthropod hosts is likely to shed more light on how viruses have evolved to replicate 
and persist. 
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Chapter 12 
Coronavirus and the Cytoskeleton 
of Virus-Infected Cells 

Yifan Xing, Qian Zhang, and Yaming Jiu 

Abstract The cytoskeleton, which includes actin filaments, microtubules, and 
intermediate filaments, is one of the most important networks in the cell and 
undertakes many fundamental life activities. Among them, actin filaments are 
mainly responsible for maintaining cell shape and mediating cell movement, micro-
tubules are in charge of coordinating all cargo transport within the cell, and inter-
mediate filaments are mainly thought to guard against external mechanical pressure. 
In addition to this, cytoskeleton networks are also found to play an essential role in 
multiple viral infections. Due to the COVID-19 epidemic, including SARS-CoV-2, 
SARS-CoV and MERS-CoV, so many variants have caused wide public concern, 
that any virus infection can potentially bring great harm to human beings and 
society. Therefore, it is of great importance to study coronavirus infection and 
develop antiviral drugs and vaccines. In this chapter, we summarize in detail how
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the cytoskeleton responds and participates in coronavirus infection by analyzing the 
possibility of the cytoskeleton and its related proteins as antiviral targets, thereby 
providing ideas for finding more effective treatments.
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Introduction to the Cytoskeleton 

Cytoskeleton 

The cytoskeleton constitutes a filamentous network in eukaryotic cells, which 
consists of actin filaments, microtubules, and intermediate filaments. Cytoskeleton 
not only functions in cell structure and behavior regulation including cell morpho-
genesis, epithelial–mesenchymal transition (EMT), and cell migration but also 
participates in important intracellular life activities including protein and virus 
replication and transport (Wang et al. 2021), vesicle trafficking (Shi et al. 2020), 
autophagy (Helfand et al. 2011), and so forth. Over the years, extensive studies have 
reported that many viruses hijack cytoskeleton networks to complete their own 
propaganda (Foo et al. 2015; Denes et al. 2018; Miranda-Saksena et al. 2018; 
Bedi et al. 2019; Zhang et al. 2019), showing the importance of this “cell scaffold-
ing” to viral infection. In this chapter, we will introduce the relationship between 
host cytoskeleton and coronaviral infection, making a systematic summary of 
cytoskeleton-related pathogen–host interaction. 

Actin Filaments 

Actin filaments, also known as microfilaments, are on average ~ 7 nm in diameter. 
They are mainly composed of multimers assembled from globular (G) actin and 
other components including actin-binding protein, myosin, tropomyosin, and 
α-actinin. On the one hand, the common biological functions of actin filaments are 
regulating cell attachment, spreading, motility, endocytosis, cell division, and the 
control of cytoplasmic circulation. Actin filaments can be aggregated into bundles to 
form stress fibers and are fixed to the extracellular matrix through focal adhesions, 
thereby providing shear resistance to cells. The dendritic structure formed by actin 
filaments supports the shape of villi on the surface of epithelial cells in the respira-
tory tract and digestive tract. However, because it does not contain myosin or 
tropomyosin, here it possesses no contractility. The actin filament backbone is 
highly dynamic. The formation of lamellipodia when aggregation occurs can regu-
late cell deformation and movement. Unassembled G-actin and fibrillar actin



(F-actin) are assembled and disassembled in a dynamic pattern to promote cell 
movement. 
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On the other hand, actin filaments are also involved in the pathological processes 
of cells, such as cell chemotaxis, adhesion, phagocytosis (May et al. 2001), 
T-lymphocyte activation (Billadeau et al. 2007), and so forth. For nerve cells, 
actin shows neuronal polarity and is essential for signal transduction and synaptic 
structure stability (Xu et al. 2013). In addition, increasing studies have reported that 
the actin filament system provides the driving force required for virus assembly 
(Wang et al. 2021), budding and releasing after virus infection, thereby participating 
in the regulation of the virus life cycle. In a study of the interaction of the rabies virus 
(RABV) multifunctional matrix protein (M) with the cytoskeleton, the authors 
revealed actin as a binding partner of the M protein, which may regulate the viral 
assembly and budding in the pathogenesis of rabies (Zandi et al. 2021). Another 
study on DENV infection found that viral infection significantly increased cell 
motility and disruption of the actin filaments (Jhan et al. 2017). There are also 
studies on IPEC-J2 cells showing that infected with porcine epidemic diarrhea 
virus (PEDV) and transmissible gastroenteritis virus (TGEV) affect the remodeling 
of actin filaments. Drugs that inhibit virus replication and release can act as anti-virus 
targets to regulate the remodeling of microfilaments (Zhao et al. 2014). The above 
findings demonstrate the significant involvement of the actin filaments system in 
virus infection-related diseases. 

Microtubules 

Microtubules, as the backbone of the cytoskeleton, are composed of the ~55 kD α-
and β-tubulin, with a diameter of ~25 nm. The usually found tubular forms are single 
microtubules, duplex microtubules, and triplet microtubules. The most common 
form exists as tubulin (αβ) dimers and multimers in a head-to-tail manner to form 
tubulin fibrils. The process of heterodimerization of α-tubulin and β-tubulin is 
dynamically reversible. Many cellular structures are known to be composed of 
microtubules, including cilia, flagella (which contribute to motility), and mitotic 
spindles (which control spindle production and motility during cell division). In 
addition, microtubules also possess kinetic properties of polymerization and depo-
lymerization and can form the cytoskeleton together with other fibers to maintain cell 
morphology. Microtubules that have been reported so far play an important role in 
the processes of cell proliferation and division, signal and material transduction, and 
the localization and function of organelles depend on the stability of these structures. 

Microtubule-associated proteins (MAPs) can promote the aggregation and stabil-
ity of microtubules and are essential components of microtubule structure and 
function. Microtubule proteins undergo various posttranslational modifications, 
including detyrosinylation, acetylation, polyglutamylation, and polyglycinylation, 
which are also reversible. These modifications play a key role in proteolysis, signal 
transduction, gene expression regulation and protein interactions. Studies have



shown that the knockdown of microtubule-associated protein 1S (MAP1S) also 
causes autophagy defects and promotes hepatocellular carcinoma. Overexpressed 
Tau (MAPT) impedes the transport of synaptic vesicles and organelles in vivo, and 
its reduction rescues the defect in axonal transport in a mouse model of Alzheimer’s 
disease (Ukmar-Godec et al. 2020). Although the microtubule itself does not pro-
duce contractile force, it can induce the assembly and disassembly of actin stress 
fibers and focal adhesions by activating RhoA and then stimulating the downstream 
effector ROCK (Ezratty et al. 2005), to depolymerize and induce actin stress fiber 
formation and cell shrinkage. 
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Viruses often rely on an intact microtubule network during multiple stages of the 
replication cycle. Some viruses associate directly with microtubule-dependent 
motors for the transport of intact virions, capsids, individual viral proteins, or 
RNA, to sites of replication and plasma membranes (Wang et al. 2018). Viral 
particles move along microtubules within the cell, and the long-range transport 
speed can reach a very high level. It has been demonstrated that members of the 
Herpesviridae (Sodeik et al. 1997), Adenoviridae (Suomalainen et al. 1999), 
Parvoviridae (Suikkanen et al. 2003), Poxviridae and Baculoviridae utilize micro-
tubules and the actin cytoskeleton for cytoplasmic transport or transport in the 
cytoplasm (Döhner and Sodeik 2005). During virion assembly and release, micro-
tubules are also used to transport within extracellular vesicles or to transport capsids 
and nucleoprotein granules from the cytoplasm out of the budding compartment. In 
conclusion, the microtubule system plays a critical role in the transport of intracel-
lular ‘cargoes’, cell shape, polarity, and motility. In the context of viral infection, the 
microtubule cytoskeleton can be hijacked by viruses for their directional transport to 
support their infection. 

Intermediate Filaments 

Intermediate filaments, ~10 nm in diameter, vary widely in composition in different 
cells, including vimentin, keratin, desmin, neuronal fibers, and neuroglial filaments. 
Intermediate filaments display tissue-specific expression, such as ‘acidic’ keratins 
are specifically expressed in epithelial tissue, and desmin is expressed in smooth 
muscle, neurofilaments in the nervous system, etc. In terms of structure, they are 
arranged in opposite directions to each other during the assembly process and thus 
show no polarity. Nevertheless, they have stronger elasticity and can withstand 
higher mechanical pressure, which makes the intermediate filaments the most stable 
cytoskeletal system. Of note, vimentin is the most abundant component in the 
intermediate filament protein family, responsible for maintaining the integrity of 
the cell shape against external mechanical pressure. 

Early research on intermediate filaments mainly focused on the aspect of mechan-
ical support. But, with the progression of research, it was found that there was also a 
hub that regulated many signaling pathways. For instance, studies indicated that 
vimentin is involved in signaling pathways such as Raf-1 and RhoA and regulates



TNF-α mediated apoptosis. Moreover, vimentin also can bind to secretagogues to 
induce apoptosis in different types of cancer cells. These studies suggest that 
vimentin can be used as a potential target for antitumor therapy. The intermediate 
filaments are also involved in the regulation of 14–3-3 and mTOR signaling path-
ways. The deletion of keratin 17 can cause the 14–3-3 protein to fail to aggregate in 
the cytoplasm, thereby activating the mTOR signaling pathway and causing cell 
morphological changes. In addition, intermediate fibers also affect many signaling 
pathways, such as PKC, PKA, JNK, CaMK II, Akt, and phosphatase pathways. 
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In recent years, more studies have focused on the regulatory mechanism of the 
intermediate filament vimentin in viral infection. For example, vimentin affects 
pathogen invasion as a receptor and is involved in transcellular migration and 
immune responses (Döhner and Sodeik 2005). Another study found that surface 
vimentin in Neuro-2a cells interacts with the Chandipura virus (CHPV) and acts as a 
receptor to promote the binding of CHPV to cells, which in turn affects the 
replication process after virus entry (Döhner and Sodeik 2005). In addition to the 
regulation of virus entry and replication, vimentin also affects the release of the virus 
from the cell. Polly Roy’s team (Bhattacharya et al. 2007) found that disruption of 
vimentin structure resulted in an increase in cell-associated bluetongue virus (BTV) 
and a decrease in the amount of virus released by infected cells by demonstrating that 
the association of BTV particles with intermediate filaments is driven by the 
interaction of VP2 with vimentin to promote viral efflux. 

In summary, although early researchers identified the importance of cytoskeletal 
networks for viral infection, the mechanisms by which viruses invade host cytoskel-
eton, regulators, and dynein adapters have received particular attention due to the 
current worldwide mass COVID-19 infection. Future studies, especially the study of 
host signaling pathways and downstream effector mechanisms, will undoubtedly 
provide important new ideas for the underlying mechanisms by which the cytoskel-
etal system functions during viral infection. 

Coronavirus 

The Structure and Life Cycle of Coronavirus 

The coronaviruses belong to the genus coronavirus in the family Coronaviridae of 
the order Nidovirales in the systematic taxonomy. The shape is spherical (~125 nm 
in diameter), and the surface is covered with stick-shaped spikes (S protein), show-
ing the appearance of a corona, with a diameter of about 80–120 nm (Snijder et al. 
2003; Fehr et al. 2015). In terms of structure, coronaviruses are enveloped viruses, 
and virus particles are composed of two parts, the outer envelope and the inner 
helical nucleocapsid. Its genome is about 27 ~ 32 kb in length, and it is a linear 
single-stranded positive RNA chain with a methylated cap-like structure at the 5′ end 
and a poly(A) tail at the 3′ end.
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Coronaviruses are widespread and can infect humans, birds, and mammals 
including bats, felines, rodents, and pigs (Cui et al. 2019). Coronaviruses are divided 
into four genera (α, β, γ, and  δ), and there are currently seven known coronaviruses 
that can infect human (Carod-Artal 2020). Human coronaviruses (HCoV) are 
divided into α-CoV and β-CoV (MERS-CoV, SARS-CoV, HCoVOC43, and so 
forth) (Malik 2020). Since various physiological functions of viruses are determined 
by proteins, people focus more on the proteins encoded by the coronavirus genome. 
The main structural proteins that regulate the assembly and are encoded in all 
coronavirus genomes are: the spike protein (S), membrane protein (M), envelope 
protein (E), and nucleocapsid protein (N) (Brian et al. 2005), and the genes encoded 
all appear in 5′ to 3′ order. 

The coronavirus protruding surface densely glycosylated spike (S) protein binds 
to the host cell surface receptor angiotensin-converting enzyme 2 (ACE2) through 
plasma membrane fusion, phagocytosis, micropinocytosis, and clathrin-mediated or 
clathrin-independent endocytosis into infected cells. The protein sequence of the S1 
domain of the virus is not conserved, and there are great differences between 
different coronavirus species, which limits the binding of the virus to the host cell 
surface receptor at the early stage of infection. Therefore, the type of coronavirus S 
protein receptor determines the species and tissue sensitivity of coronavirus. Upon 
entry into the host cell, the multiprotein translation process is activated, resulting in 
the production of smaller proteins that form a series of nonstructural proteins of the 
viral transcriptase-replicase complex. At the same time after entering the cell, the 
virion genome RNA is released into the cytoplasm, translated, replicated, and the 
viral replicase and other complexes are assembled. First, the positive-strand RNA is 
translated to generate the negative-strand RNA polymerase precursor protein, and 
then RNA polymerase is generated under the hydrolysis of the protein to generate 
the antisense negative-strand template. Next, subgenomic mRNAs are synthesized 
from the minus-strand subgenomic template, whose posttranslational products are 
the structural proteins of the virus. Following replication and subgenomic RNA 
synthesis, encapsulation occurs, leading to the formation of mature viruses, a process 
that takes place in the endoplasmic reticulum and Golgi apparatus. After assembly, 
virions are transported to the cell surface through vesicles and fused with the plasma 
membrane through exocytosis, and are then released into a new extracellular envi-
ronment to infect other host cells (Cui et al. 2019; Malik 2020). 

SARS-CoV-2 and COVID-19 Infection 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been around 
since 2019, causing a disease called coronavirus disease 2019 (COVID-19). The 
virus spread rapidly, indeed spreading throughout the world in a short period, and 
maintained high contagiousness and continued outbreaks in countries around the 
world. As of June 2022, 529 million cases and 6.29 million deaths have been



reported. SARS-CoV-2 is a large positive-stranded RNA genome belonging to the 
family Coronaviridae and is a β-CoV. 
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Studies have shown that the S protein plays an important role in SARS-CoV-2 
evolution and spread, but so far, various genes that mainly encode S protein elements 
are frequently mutated (Hatmal et al. 2020). This has led directly to the creation of 
new, more aggressive mutants including Omicron, Delta, and alpha mutants since 
the discovery of the novel pathogenic coronavirus SARS-CoV-2 in 2019. The 
emergence and spread of these mutant strains have created new and ongoing 
challenges around the world. In another study, the authors demonstrated that the 
SARS-CoV-2 N protein promotes NLRP3 inflammasome activation to induce 
excessive inflammation. The N protein promotes the maturation of proinflammatory 
cytokines and is observed at the cellular level in vitro and in vivo in mice. More 
importantly, the N protein aggravated lung injury and accelerated death in mouse 
models of sepsis and acute inflammation (Pan et al. 2021). At present, research teams 
have emphasised the overproduction of inflammatory cytokines and chemokines in 
COVID-19 patients, including IL-6, IL-8, IL-1β, TNF-α, IFN-γ, MIP1α and 1β, 
CCL2, CCL5, CCL20, CXCL1, CXCL2, CXCL8, CXCL10, and CXCL17(X. Ren 
et al. 2021; Del Valle et al. 2020; Jamal et al. 2021; Xu et al. 2020). Moreover, 
SARS-CoV-2 has been reported to cause long-term respiratory and neurological 
sequelae in addition to inflammatory responses leading to lung damage (Wang et al. 
2020a). 

Hazards of Other Virus Infections 

We know that human-to-human transmission is primarily through respiratory droplet 
contact, but viruses are not always confined to the respiratory tract, liver and gut, and 
in some cases, they can invade the central nervous system and cause neurological 
systemic disease (Carod-Artal 2020). Examples include human coronaviruses 
(OC-43, 229E, MERS, and SARS) and some animal coronaviruses (porcine 
hemagglutinating encephalomyelitis coronavirus). Neurological symptoms such as 
headache, dizziness, myalgia, and loss of smell have been reported in patients 
affected by the coronavirus, as well as with encephalopathy, encephalitis, necrotiz-
ing hemorrhagic encephalopathy, stroke, seizures, rhabdomyolysis, Guillain–Barre 
syndrome, etc. 

Here, this review will place more emphasis on the mechanism of action between 
SARS-CoV-2 and the host cytoskeleton, providing possibilities for mankind to 
conquer coronavirus-like viruses.
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Response of the Host Cell Cytoskeleton Network Following 
Coronavirus Infection 

Viral infections alter cell morphology, as well as host gene expression and protein 
posttranslational modification. Like most positive-strand RNA viruses (Paul et al. 
2013; den Boon et al. 2010; Zhang et al. 2019), coronaviruses infection causes 
visible remodeling of the morphology of cellular membranes, subcellular organelles, 
and cytoskeleton network (Snijder et al. 2006; Wen et al. 2020). Of note, the 
cytoskeleton, the most basic scaffold of cells, is involved in all aspects of cell 
morphological remodeling. 

Coronavirus Infection Induces Expression Level 
or Posttranslational Modification Changes of the Cytoskeleton 
and its Related Proteins 

Numerous studies have indicated that coronavirus infection induces rapid changes to 
the host cytoskeleton network, by both omics analysis and bioinformatics predictive 
analysis. For instance, the phosphorylation level of several cytoskeleton proteins, 
such as vimentin (Ser39 and Ser56), stathmin (STMN1 Ser16 and Ser25), and 
α-catenin (CTNNA1 Ser641), was found to be regulated during SARS-CoV-2 
infection (Bouhaddou et al. 2020). Furthermore, it has been predicted that the 
nonstructural protein 5 (NSP5) and 3C-like (3CL) protease of SARS-CoV-2 could 
cleave microtubule organization-associated proteins and cytoskeleton proteins, 
respectively (Scott et al. 2022; Chen et al. 2022). Moreover, the expression level 
of cytoskeleton-related proteins also showed marked changes after infectious bron-
chitis virus (IBV) and TGEV infection (Emmott et al. 2010; Cao et al. 2012; Cao 
et al. 2011; Zhang et al. 2013). Additionally, not only for mRNA, microarray 
analysis revealed the changes in noncoding RNA and found that miRNA target 
genes are associated with actin cytoskeleton regulation after IBV stimulation (Lin 
et al. 2019). Expression of individual viral proteins, such as N protein and 
nonstructural protein 7 (NS7) of Porcine deltacoronavirus (PDCoV) in cells also 
results in changes in the expression level of cytoskeleton-associated proteins includ-
ing ezrin, α-actinin-4 and tubulin (Lee et al. 2015; Choi et al. 2019). In addition to 
infection-induced intracellular changes, cytoskeleton-associated proteins were also 
found to be incorporated into assembled virions. Using mass spectrometry analysis, 
actin, tubulin, vimentin, and many cytoskeleton binding proteins such as annexin A2 
and destrin were all identified in association with the IBV virion (Dent et al. 2015; 
Kong et al. 2010). These findings provide strong supports that cytoskeletal proteins 
are closely associated with coronavirus infection. 

As the pathogen causing the global COVID-19 pandemic, SARS-CoV-2 infec-
tion is highly cytopathic, which calls for more sophisticated insights into how this 
virus alters host cells. These changes are thought to create a more suitable



environment conducive to the viral life cycle, despite inducing substantial cell 
perturbation and eventually causing cell death. One study provided a comprehensive 
repository of SARS-CoV-2-induced ultrastructural cell changes (Cortese et al. 
2020). Specifically, they analyzed the alterations of three types of cytoskeleton 
network, actin filaments, microtubules, and intermediate filaments in SARS-CoV-
2-infected A549-ACE2 cells. An accumulation of cortical actin at the plasma 
membrane was observed in infected cells. Moreover, actin in the cytoplasm was 
also found to wrap around the SARS-CoV-2 spike protein to form a ring-shaped 
signal, suggesting that actin may be involved in the viral life cycle. In addition, 
vimentin intermediate filaments were shown to form a cage-like structure in the 
perinuclear region that incorporated double-stranded RNA (dsRNA). Microtubules 
are located at the periphery of this ‘cage’ and have no spatial overlap with viral 
dsRNA. dsRNA is presumed to be a viral replication intermediate and located at the 
interface between the viral replication site and double-membrane vesicles (DMVs) 
(Klein et al. 2020; Snijder et al. 2020). Therefore, vimentin intermediate filaments 
might serve as a scaffold or boundary to compartmentalize viral replication organ-
elles from others. In order to record the dynamics of vimentin cage formation, the 
authors performed live cell imaging and found that the majority of cage formation 
events were detected between 6 and 9 hours after infection, with time leading to 
massive cell death (Cortese et al. 2020). These findings provided compelling evi-
dence that SARS-CoV-2 infection alters the cytoskeleton network, which potentially 
reflects an impact on the viral life cycle or virus-induced cell death (Fig. 12.1). 
During infection, all three types of cytoskeleton networks showed significant 
changes. Below, we summarized how coronavirus utilized and modified the cyto-
skeleton network during infection, in relation to actin filaments, microtubules, and 
intermediate filaments. 
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Coronavirus Infection Induces Actin Filament Rearrangement 

The most visible changes caused by coronavirus infection occur in the cell mem-
brane region, which is mainly associated with actin filament remodeling. Using high-
resolution scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM), structural changes on the cell surface can be readily captured. Clearly, a 
ruffled host cell and thick-ended edge appeared after SARS-CoV-2 infection (Caldas 
et al. 2020). A similar phenomenon also occurs in SARS-CoV-infected Vero cells 
(Ng et al. 2004). These changes are considered to be more conducive to the early step 
of infection, especially adhesion of the virion particles to cells. Likewise, researchers 
also observed an increased cell surface projection in SARS-CoV-2 infected cells 
coexisting with SARS-CoV infection, which may facilitate the release of progeny 
virus as a result of the driving force offered by actin filaments (Caldas et al. 2020;  Ng  
et al. 2004; Bouhaddou et al. 2020) (Fig. 12.2b). Moreover, a thin (<0.7 μm) strand 
of F-actin containing tunneling nanotubes (TNT) appeared between two cells in the 
case of SARS-CoV-2 infection, which may provide molecular information transfer



as well as viral cell-to-cell transmission (Caldas et al. 2020). In addition, a study 
indicated that there is no need for direct viral infection, only a single viral protein, 
such as SARS-CoV nucleocapsid (N) protein, is capable of inducing p38 mitogen-
activated protein kinase (MAPK) downstream actin reorganization (Surjit et al. 
2004). 
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Fig. 12.1 Changes of cytoskeleton network upon SARS-CoV-2 infection. In normal cells, stress 
fibers exist under the cell cortex to support cell shape. Cells with smooth edges and almost no 
protrusions (LHS). Microtubules are mainly responsible for the transport of cargos in cells to 
maintain normal life activities. Intermediated filaments vimentin is distributed in the cytoplasm, 
with aggregation near the nucleus. Upon SARS-CoV-2 infection (RHS), many cell surface pro-
jections stretch out, mediating virus entry or providing force for the release of progeny virus. Actin 
filaments are clearly rearranged in these projection areas. Meanwhile, microtubules are hijacked by 
viruses to transport viral proteins or virus-containing vesicles to complete their own life cycle. For 
intermediate filaments vimentin, the infection makes these filaments shrink in the perinuclear 
region, with a viral replication component (encircled), which may provide a location for SARS-
CoV-2 to effectively replicate 

As for SARS-CoV-2 and SARS-CoV, the rearrangement of actin cytoskeleton is 
common in many other coronavirus infections. Porcine hemagglutinating encepha-
lomyelitis virus (PHEV), transmissible gastroenteritis virus (TGEV) and porcine 
epidemic diarrhea virus (PEDV) infection cause acute enteritis in swine of all ages 
with high mortality in piglets (Chae et al. 2000). It has been reported that PHEV, 
TGEV and PEDV infection leads to active actin rearrangement (Li et al. 2017;  Lv  
et al. 2019; Zhao et al. 2014; Sun et al. 2017). In order to test whether the 
internalization of virions is accompanied by actin remodeling, F-actin and 
DiD-PHEV were fixed and stained at different time points after infection in 
Neuro-2a cells. DiD-PHEVs were found to be associated with filopodia protrusions 
at the cell surface initially, then the bound viruses surf toward the foot of filopodia 
with actin retrograde flow. This process is accompanied by actin stress fiber depo-
lymerization, resulting in a more rounded cell shape. Lastly, actin accumulated in



flaky pseudopods after virions were transported to the cell body. This process gives 
us a whole picture of how the actin cytoskeleton flow movement occurs during 
PHEV uptake at a very early stage (Li et al. 2017). At the molecular level, PHEV 
infection stimulates the integrin α5β1-FAK (focal adhesion kinase)-Rac1 
(Ras-related C3 botulinum toxin substrate 1)/Cdc42 (cell division cycle 42)-PAK 
(p21-activated protein kinases)-LIMK (LIM kinase) axis, resulting in the dynamic of 
cofilin activity and F-actin rearrangement (Lv et al. 2019). Similarly, TGEV actives 
phosphoinositide-3 kinase (PI3K) through viral spike protein binding to epidermal
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Fig. 12.2 Cytoskeleton-related internalization mechanism of coronavirus. (a) Primary cilia serve 
as the SARS-CoV-2 docking site: vimentin, SARS-CoV-2 spike protein, and ACE2 are found to 
colocalized in ARL13B enrichment primary cilia structure. The colocalization of these three pro-
teins is thought to cooperate together to mediate virus docking and leads to ciliary dysfunction, thus 
initiating infection (Lalioti et al. 2022). (b) Invasion model of coronavirus: Firstly, coronavirus 
usually binds to the cell surface projections and then surfs to the cell body. Actin filament 
rearrangement significantly changes below the cell membrane in these regions (Caldas et al. 
2020; Ng et al. 2004; Bouhaddou et al. 2020). Secondly, the virus specifically binds with receptor 
ACE2, mediating the endocytosis process. The endocytosis of coronavirus usually is clathrin-
dependent, and the segment of virus-containing vesicles with the plasma membrane is dependent 
on microtubule-associated protein dynamin (Van Hamme et al. 2008; Owczarek et al. 2018; Wang 
et al. 2020b; Milewska et al. 2018). Lastly, virus-containing vesicles move along microtubules to 
move into the cell, this process usually relies on the motor protein dynein (Hou et al. 2019; 
Hagemeijer et al. 2010; Pasick et al. 1994; Kalicharran et al. 1995)



growth factor receptor (EGFR), leading to the activation of cofilin and F-actin 
reorganization by Rac1/Cdc42 GTPases (Hu et al. 2016).
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Microtubules Are Hijacked by Coronavirus for Trafficking 

Microtubules are important for intracellular cargo transport, relying on the motor 
proteins dynein and kinesin (Hirokawa 1998; Welte 2004; Ross et al. 2008). In the 
context of viral infection, microtubules are usually employed by viruses to transport 
their own components or host factors which are beneficial to the viral life cycle 
(Döhner et al. 2005; Naghavi et al. 2017). To visualize the intracellular viral 
movement, the porcine epidemic diarrhea virus (PEDV) was successfully labeled 
by quantum dots without affecting its growth kinetics. The microtubule-dependent 
movements were classified into three types according to the localization in cells 
(near-cell membrane (CM) region, middle-cell cytoplasm (CC) region, and near-
microtubule organizing center (MTOC) region) with different moving characteristics 
by live cell tracking (Hou et al. 2019). Similarly, in infected cells with recombinant 
nsp2-GFP tagged mouse hepatitis coronavirus (MHV), the GFP-positive foci were 
also associated with or in close proximity to the microtubules. Live cell imaging 
futher revealed that the movement of these foci is microtubule-dependent 
(Hagemeijer et al. 2010). Moreover, the nucleocapsid protein of JHM virus 
(JHMV), a neurotropic murine coronavirus, was found to interact with 
microtubule-associated protein tau, and the trafficking of JHMV protein was also 
dependent on microtubules (Pasick et al. 1994; Kalicharran et al. 1995) (Fig. 12.2b). 

Detection of Intermediate Filament Changes upon Infection 

Despite much knowledge on the different types of intermediate filament proteins in 
cells, such as vimentin, nestin, lamin, etc., studies on intermediate filament proteins 
during coronavirus infection are limited. Only one previous report showed vimentin 
network rearrangement upon SARS-CoV-2 infection, which may contribute to its 
replication (Cortese et al. 2020). Besides, there are also some omics analyses 
indicating that the expression level of intermediate filaments proteins changes during 
coronavirus stimulation. Therefore, the effect of viral infection on intermediate 
filaments should receive more extensive attention and research. 

In the following section, we summarize the effect of coronavirus infection on the 
host cytoskeleton network, showing a close interaction between the two. Briefly, 
actin filaments are the most significantly changed cytoskeleton element, with more 
protrusions formed on the cell surface, which are considered to be beneficial to viral 
entry and release. Microtubules are always hijacked by viruses to transport their own 
proteins and host factors for propaganda. For intermediate filaments, more attention



should be paid during coronavirus infection. Next, we will consider how the 
cytoskeleton participates in the viral life cycle. 
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Host Cytoskeleton Participates in Coronavirus Life Cycle 

As we mentioned above, coronaviruses cause drastic cytoskeletal morphological 
changes, indicating that the cytoskeleton network plays an essential role in the 
process of infection. Here we summarize how the cytoskeleton and its related 
proteins in host cells regulate the coronaviral life cycle at different steps of infection. 

Host Cytoskeleton Protein Facilitates Coronaviral 
Internalization 

Various compounds that alter the cytoskeleton network integrity and dynamics have 
been used to investigate the contribution of the cytoskeletal network to SARS-CoV-
2 infection. In a recent study, Vero E6 cells were treated with Latrunculin A (pan 
actin filament disrupting drug) 2 hours postinfection. Surprisingly, although the actin 
network showed obvious changes upon coronavirus infection, prior disruption of the 
actin network did not show any apparent difference in viral dsRNA and extracellular 
infectivity (Cortese et al. 2020). However, another work showed an inhibition of the 
entry of SARS-CoV-2 pseudoviral particles into HEK293-ACE2-GFP cells, when 
cells were treated with the same Latrunculin A (Zhang et al. 2020). These two 
studies leading to contradictory results illustrate a problem in that the dosing time is 
critical, which may cause different consequences. To test the effect of drugs on virus 
invasion, adding drugs before or at the same time with the virus is much better than 
postinfection treatment. Consist with this idea, a study used four actin network-
altering drugs, Latrunculin A, Jasplakinolide, Cytochalasin B, Cytochalasin D, and 
one microtubule-altering drug nocodazole, to identify the role of cytoskeleton during 
MHV infection. These workers found that only when they added all the drugs at an 
early time, rather than at a late stage of infection was MHV infection reduced, 
revealing the importance of the actin and tubulin network in the entry step of 
infection (Burkard et al. 2014). 

Not only for SARS-CoV-2, but drugs interfering with actin networks also seem 
harmful to many other coronavirus infection establishments. For instance, 
Jasplakinolide (stabilization of actin cortex) treatment inhibits the entry of HCoV-
OC43 (Owczarek et al. 2018). For the invasion of HCoV-NL63, the two actin 
inhibitors Cytochalasin D (inhibits actin polymerization) and Jasplakinolide (binds 
F-actin and stabilizes actin filaments) both block viral particles from penetrating the 
cell, while the microtubule interfering drug nocodazole shows no effect on viral 
entry (Milewska et al. 2018). Infection with infectious bronchitis virus (IBV) also



causes actin network rearrangement as we mentioned above. However, a study 
indicated that the entry of IBV can be enhanced by Cytochalasin D or Jasplakinolide 
(Wang et al. 2019). Nevertheless, these results are self-contradictory and out of 
expectation, the author cannot give an explicit explanation, indicating the complex 
process of viral invasion. 
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After attachment, the internalization of many viruses is reported to rely on 
dynamin, a microtubule-associated protein and usually functions by pinching off 
the invaginated vesicles from the cell membrane. For example, both dynamin 
inhibitory peptide and dominant-negative dynamin significantly inhibited the inter-
nalization of feline infectious peritonitis virus (FIPV) (Van Hamme et al. 2008). 
During this process, others also indicated that myosin light chain kinase (MLCK) 
and myosin 1 play a vital role in FIPV internalization and subsequent transportation 
(Dewerchin et al. 2014). Inhibition of dynamin by its inhibitor MiTMAB (interacts 
with the lipid binding domain of dynamin) or dynasore (noncompetitively inhibits 
GTPase activity of dynamin) both significantly inhibited HCoV-OC43 entry effi-
ciency to target cells (Owczarek et al. 2018). Similarly, MiTMAB also blocks the 
internalization of HCoV-NL63 (Milewska et al. 2018). Either by expression of the 
dynamin-1 dominant-negative mutation or knocking-down by siRNA-inhibited IBV 
infection, revealed the import role of dynamin-1 in IBV endocytosis (Wang et al. 
2019). Furthermore, the internalization of TGEV was shown to be dynamin 
2-dependent (Wang et al. 2020b). These studies reveal the general role of dynamin 
in the process of coronavirus infection, prompting us to take this protein family into 
consideration when studying other related viruses (Fig. 12.2b). 

SARS-CoV and SARS-CoV-2 both utilize the host cell angiotensin-converting 
enzyme 2 (ACE2) for internalization. It is firmly believed that viral spike protein is 
important for the interaction between virions and host cell receptors. Recently, many 
works have indicated the role of extracellular vimentin in both SARS-CoV and 
SARS-CoV-2 infection, especially in the entry step (Suprewicz et al. 2021; Amraei 
et al. 2022; Yu et al. 2016). Early on, people revealed the direct interaction between 
the SARS-CoV spike protein and vimentin. By gene knocking-down and antibody 
neutralization assay, they further confirmed the vital role of cell surface vimentin 
function as a putative co-receptor in the uptake of SARS-CoV virus-like particles 
(Yu et al. 2016). Similarly, vimentin was also shown to bind to SARS-CoV-2 spike 
protein. Entry assay conducted with pseudotyped SARS-CoV-2 further confirmed 
the role of vimentin in facilitating virus invasion (Suprewicz et al. 2022; Amraei 
et al. 2022). Further, a study revealed that SARS-CoV-2 spike protein, ACE2 and 
vimentin appear to concur at a certain cellular structure, primary cilia, indicating that 
primary cilia may be the docking structure for SARS-CoV-2 invasion (Lalioti et al. 
2022) (Fig. 12.2a). These results indicated that extracellular vimentin is involved in 
the spike protein-ACE2 complex, functioning as a critical component in mediating 
SARS-CoV and SARS-CoV-2 internalization, and vimentin-targeting agents may 
have significance for clinical treatment of infection. 

In addition to ACE2, it has also been reported that the entry of SARS-CoV-2 is 
assisted by cell surface heparan sulfate (HS). Two drugs, BNTX and Sunitinib, 
targeting the HS ligand α-Syn fibril, not only block the entry of both SARS-CoV and



SARS-CoV-2 pseudoviral particles but also cause actin cytoskeleton rearrangement, 
revealing the essential role played by actin in the entry of virus (Zhang et al. 2020). 
Other proteins, such as ezrin, a membrane-actin linker, were also identified to 
interact with the SARS-CoV spike protein and function as a restricting host factor 
in the entry process (Millet et al. 2012). 
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Host Cytoskeleton Affects Coronaviral Replication 

To confirm the role of intermediate filaments in SARS-CoV-2 infection, a study 
applied Withaferin A (an intermediated filaments disrupting drug) to treat cells 
2 hours postinfection. As expected, there was a robust reduction in viral dsRNA 
and supernatant infectious virions found after 6 hours of treatment with Withaferin 
A. Compared with the result that vimentin intermediate filaments form a cage-like 
structure that incorporates double-stranded (ds) RNA, these data reveal the impor-
tance of intermediate filaments in the SARS-CoV-2 replication step (Cortese et al. 
2020). Vimentin also plays a role in TGEV replication. Using siRNA to knockdown 
vimentin in ST (swine testis) cells, it was found that there was a significant reduction 
of cell-associated virus by TCID50 assay, which reflected viral replication. Mean-
while, cellular vimentin is associated with the TGEV N protein, and this interaction 
may help virions to transport through a functional Golgi complex for viral matura-
tion (Zhang et al. 2015). 

As for MHV, a study indicated that two stains, RSA59 and RSMHV2, showed 
different responsiveness to microtubules. Disrupting microtubules with colchicine or 
vinblastine remarkably reduced the replication of RSA59, whereas it did not affect 
the RSMHV2 strain, indicating the vital role of microtubule-dependent axonal 
transport on RSA59 infection and replication. The only difference between these 
two strains is the spike gene, suggesting that the microtubule-dependent transporta-
tion might be a spike protein-mediated process (Biswas et al. 2014). 

Host Cytoskeleton Participates in the Coronaviral Assembly 
Process 

A study by Wang et al. (2009) confirmed that actin interacts with infectious 
bronchitis virus (IBV) M protein at amino acids A159 and K160. Abolishing this 
interaction by A159-K160 mutation in full-length transcripts did not generate an 
infectious virus by electroporation using the IBV clone system, indicating that the 
interaction between actin and M protein is essential for progeny virus production in 
the late stage of infection. Moreover, Cytochalasin D treatment at the early but not 
late stage of replication resulted in no virion release to the supernatant, suggesting 
that actin may function in viral assembly and budding, but not for release.
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Coronaviral Release Can Be Promoted by Cytoskeleton 
Proteins 

To detect the role of microtubules on SARS-CoV-2 infection, Cortese et al. (2020) 
used nocodazole and colcemid to induce microtubule depolymerization and found 
that these two drugs did not affect SARS-CoV-2 infection. On the contrary, 
inhibiting microtubule depolymerization or polymerization by paclitaxel or vinblas-
tine, respectively, showed a strong effect on the production of infectious extracellu-
lar viruses. This finding emphasized the comprehensive role of the microtubule 
network in SARS-CoV-2 infection. 

In order to detect the role of actin filaments in PEDV and TGEV infection, IPEC-
J2 cells were treated with Cytochalasin D or Jasplakinolide. The results showed that 
neither Jasplakinolide nor Cytochalasin D affected the entry of these two viruses into 
IPEC-J2 cells. Instead, the replication and release steps of PEDV and TGEV were 
notably inhibited by either Jasplakinolide or Cytochalasin D (Zhao et al. 2014). This 
work indicated the role of the actin network in PEDV and TGEV infection, and 
microtubules also play a role in TGEV infection. To be more specific, the distribu-
tion of TGEV spike protein diffused throughout the cytoplasm after nocodazole 
treatment, compared to the DMSO-treated group near the nucleus. Moreover, the 
colocalization between the TGEV spike and membrane protein was also reduced in 
nocodazole-treated cells. Importantly, the microtubule targeting drug nocodazole 
results in a reduction of infectious virions release and with less spike protein 
incorporated into virions (Rüdiger et al. 2016). 

In this section, we summarize how the cytoskeleton and its related proteins 
participate in the coronavirus life cycle. In some cases, the specific affected step of 
infection cannot be precisely defined. To sum up, actin is mainly involved in three 
steps of virus infection, internalization, assembly and release. Microtubule-related 
proteins, especially dynamin, primarily play a role in viral internalization. The 
microtubule network itself is involved in coronavirus replication and release. Inter-
mediate filament vimentin participates in viral internalization and replication. All 
three cytoskeleton protein networks play an essential role in coronavirus infection. It 
is of great significance to summarize common rules, which may enable us to 
understand more about coronavirus infection. 

Cytoskeleton and Pathogenesis 

After the SARS-CoV-2 virus enters the human body, it rapidly replicates and pro-
liferates, blocking alveolar blood oxygen exchange and inducing a cytokine storm in 
the lungs. Concurrently, it interacts with neutrophils, monocytes, and immune 
response cells, resulting in diffuse alveolar damage (DAD), acute lung injury



(ALI), and acute respiratory distress syndrome (ARDS) (Huang et al. 2020; Jiang 
et al. 2020; Zhou et al. 2020), and consequently pulmonary fibrosis. These patho-
logical manifestations are particularly severe at later stages (Li et al. 2012). It has 
been reported that the pathogenic mechanism of the coronavirus involves vascular 
permeability, airway epithelial ciliated cells, and nervous system regulation. Clari-
fying the pathogenic mechanism of coronavirus will help design inhibitory drugs for 
each key target, which is of great importance for human beings to conquer the virus. 
By summarizing the studies of many laboratories in recent years, we found that an 
increasing number of researchers have paid attention to the important role played by 
the cytoskeleton in the pathogenesis of this coronavirus. 
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The Ciliary Structure Is Involved in the Pathogenic Process 

Epithelial cells lining the airways of mammals, such as nasal and pulmonary cilia, 
play a key role in the defense against infection (Tilley et al. 2015). Loss of cilia is one 
of the most striking ultrastructural abnormalities in coronavirus-infected cells. The 
mucociliary clearance mechanism prevents the accumulation of coronavirus parti-
cles and mucus in the lungs. It has also been reported that in human nasal epithelial 
cells, coronavirus infects ciliated cells and thus causes cilia shedding, inducing 
anosmia (Nicholls et al. 2003). Analysis of autopsy samples from patients with 
COVID-19 found that SARS-CoV-2 replication was predominantly in airway epi-
thelial cells and alveoli (Hou et al. 2020). Recent studies have found that SARS-
CoV-2 has a preferential tropism for ciliated epithelial cells and occasionally infects 
transitional and secretory cells. 

The best-characterized receptor we know of SARS-CoV-2 is ACE2, and the 
spike-ACE2 interaction has been extensively studied. In immunoassay studies, 
vimentin aggregates with acetylated tubulin and ARL13B proteins in cilia-like apical 
structures. The overall colocalization of vimentin, spike, and ACE2 proteins was 
observed. The spike protein exists in the outer layer of the virus and can mediate the 
binding of virus particles to cellular receptors and trigger membrane fusion. Ciliated 
cells have been identified as one of the selective targets of SARS-CoV-2 infection in 
human tissue studies. Therefore, the authors speculate that vimentin plays an active 
role in cooperation with ACE2 in the contact between virus and cilia, which may be a 
specific site of virus docking and leads to ciliary dysfunction, and then mediates 
virus infection (Lalioti et al. 2022). Therefore, researchers have speculated that many 
pathological changes of COVID-19 are related to ciliary dysfunction. 

Some scholars have also provided evidence from the perspective of 
phosphoproteomics, proving that the cytoskeleton plays a regulatory role during 
coronavirus infection. It was also found that kinases downstream of Rho/Rac/Cdc42 
GTPases and several cytoskeletal organization-related kinases and effector proteins 
such as phosphorylated vimentin at site Ser39 and phosphorylated vimentin at site



Ser56 were down-regulated during infection, and cytoskeletal proteins such as motor 
protein myosin IIa (MYH9 S1943) were down-regulated during infection 
(Bouhaddou et al. 2020). Primary cilia are microtubule-based organelles (Buqaileh 
et al. 2021) that reside on the cell surface and sense various environmental stimuli. 
Analysis of the interaction between the viral nonstructural protein Nsp13 and 
centrosome components from the perspective of molecular biology also provides a 
potential molecular mechanism (Li et al. 2020a). 
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Other coronaviruses have also shown pathological features that target airway-
ciliated cells. After the virus infects the host, ciliated cells undergo physical and 
chemical damage, and at the same time, the levels of microtubule cytoskeleton 
system-related proteins change. Including SARS-CoV and common cold 
coronaviruses HCoV-NL63, -OC43, -HKU1, etc. (Zhu et al. 2020; Pizzorno et al. 
2020; Hao et al. 2020). Previously, Chilvers et al. (2001) inoculated HCoV 229E 
into the human nasal cavity, and the respiratory tract epithelium was destroyed, 
resulting in ciliary motility disorders; epithelial integrity was significantly lost, and 
the number of ciliated cells was significantly reduced, together with peripheral and 
central region tubulin changes. These results suggest that the microtubule cytoskel-
eton system is involved in the regulation mechanism of cilia and virus infection (Hou 
et al. 2020). In another experiment using animals as hosts, it was found that in 
MERS-CoV-infected dromedary camels, MERS-COV colocalized with keratin18. 
The experiment detected the cilia in the airways of animals by anti-α-acetylated 
tubulin-specific antibodies. There was extensive loss of tubulin signaling in the 
turbinates and trachea of infected animals (Haverkamp et al. 2018). In addition, 
the disease caused by Canine respiratory coronavirus (CRCoV), loss, and damage of 
nasal and tracheal cilia was used to assess its potential impact on the mucociliary 
system (Priestnall et al. 2009; Mitchell et al. 2013). 

Together, these studies fully demonstrate the importance of the cytoskeleton for 
the regulation of ciliated cells in the pathogenesis of coronavirus, unraveling these 
mechanistic studies provides the basis for virus-host interactions in protective 
immunity, host susceptibility, and viral pathogenesis. 

Lung Injury Caused by SARS-CoV-2 Is Related to Endothelial 
Cell Permeability Regulation 

Defects in the integrity of the pulmonary vascular barrier are considered to be one of 
the hallmarks of pathological changes in SARS-CoV-2 infection. In general, vascu-
lar endothelial (VE) cells maintain vascular permeability at low levels (Rho et al. 
2017). 

However, when coronavirus infection induces inflammation, dynamic regulation 
of endothelial cells can limit vascular barrier function and induce immune cell 
extravasation, triggering the viral defense mechanism of the host. It was found that 
through the coiled-coil of Rho and its downstream protein kinase ROCK, nonmyosin



cytoplasm-induced myosin contraction and the formation of radial stress fibers can 
induce dynamic reorganization of the actin cytoskeleton (Eisenhut et al. 2020), 
which in turn enables Rap1 signaling in vascular endothelial cells (Yamamoto 
et al. 2021). This process enhances VE-cadherin-mediated cell-cell adhesion func-
tion and vascular barrier function, which can help improve the clinicopathological 
status of patients. 
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In addition to the contractile regulation of actin, the polymerization regulator of 
actin is also required for cytoskeletal reorganization. Rap1 inhibits Rho activity as 
the actin backbone regulates the adhesion function and vascular permeability of 
VE-cadherin. Thus, activated Cdc42/Rac1 limits vascular permeability, and the 
dynamic regulation of cytoskeletal organization in vascular endothelial cells and 
enables cells to avoid hypertonic states (Yamamoto et al. 2021). 

The permeability of the lung epithelial cell barrier also plays a crucial role in 
SARS-CoV-2-induced lung injury and lung homeostasis. It is found that MRCKα 
and its downstream activation of the myosin light chain are required for the NKA β1 
subunit to regulate alveolar barrier function. The synergistic effect of myosin and the 
actin filament cytoskeleton system can promote cell movement so that endothelial 
cell permeability changes dynamically with different microenvironments. In con-
trast, MRCKα is expressed in both the human respiratory tract and alveoli, with 
reduced expression in SARS-CoV-2 infected patients (Bai et al. 2021). 

Relationship with the Nervous System 

SARS-CoV-2 not only severely damages respiratory systems such as the trachea and 
lungs, at the same time neurological complications in patients with COVID-19 have 
also become one of the important causes of morbidity and mortality. The latest 
research progress points out that viral RNA appears in the brain and cerebrospinal 
fluid. Other evidence also illustrates the neurotropism of SARS-CoV-2 (Meinhardt 
et al. 2021). In the dynamic regulation of the nervous system and virus, the 
expression of cytoskeleton-related proteins such as fibronectin increases. This 
change was accompanied by elongation and contraction of the morphology of 
brain pericytes exposed to the S protein (DeOre et al. 2021). 

The nervous system is divided into the central nervous system (CNS) (including 
the brain and spinal cord) and the peripheral nervous system (PNS) (including the 
cranial and spinal nerves). These two major parts are the dominant players in the 
regulation of physiological functions in the body. Clinical reports show that coro-
navirus can affect the central nervous system. Induction included cerebrovascular 
disease (Thakur et al. 2021), multifocal cerebral micro-occlusion, and stroke (Mao 
et al. 2020; Klok et al. 2020). Clinical symptoms include loss of smell and taste, 
headache, fatigue, nausea, etc. SARS-CoV-2 RNA was also shown to exist in the 
peripheral nervous system (Matschke et al. 2020; Schurink et al. 2020; Andalib et al. 
2021). The infection causes, for example, nerve pain and skeletal muscle damage, 
Guillain-Barre syndrome, cranial polyneuritis, neuromuscular junction disorders,



neuro-ophthalmic disorders, and autonomic dysfunction (Andalib et al. 2021). Thus, 
it is also important to focus on the role of viruses in the pathogenesis of these 
neurological complications. 
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Regarding viral entry, the degree of expression of ACE2 receptors in the nervous 
system may affect the neurovirulence of SARS-CoV-2. This receptor is expressed in 
endothelial smooth muscle cells. In addition, studies have found the RNA and S 
protein of SARS-CoV-2 in specific cells of the brain and nasopharynx. Other 
investigators have also detected intact virus particles in the nasopharynx (Bilinska 
et al. 2020). Thus, it is proposed that the virus can infect olfactory neurons, and its 
proteins can enter the nervous system from the PNS terminal and the olfactory 
epithelium, and even exist in the medulla oblongata of the brain. In addition, other 
studies have proposed three pathways by which SARS-CoV-2 enters the nervous 
system. One is a transsynaptic pathway from nasal epithelial cells to the brain via 
trigeminal branches (Ferreira et al. 2020). The second is through endocytosis or 
exocytosis, internalization at nerve terminals, and retrograde transport. Viruses can 
be transported back to neuronal cell bodies along microtubules by transsynaptic 
transfer as well as axonal transport mechanisms (vesicular trafficking) (Zubair et al. 
2020). The last is a common route for consanguineous virus entry into the nervous 
system, via internalization and transport across the brain endothelium, thereby 
crossing the intact blood-brain barrier (BBB) (Iadecola et al. 2020; Iadecola et al. 
2020; DeOre et al. 2021). Recent studies have confirmed that angiotensin-converting 
enzyme 2 (ACE2) at the SARS-CoV-2 binding site contributes to spike-induced 
barrier disruption through the activation of RhoA. The authors analyzed RhoA to 
identify it as a key molecule regulating endothelial cytoskeleton and tight junction 
complex dynamics. 

Neuroimmune aspects are caused by viruses. Some researchers have found that 
SARS-CoV-2 deregulates the vascular and immune functions of brain pericytes 
through the spike protein. To cope with the viral infection and maintain the homeo-
stasis of autoimmunity, a large number of cytokines are involved. It has been 
reported that SARS-CoV-2 induces ACE2 downregulation in the nervous system 
to activate the canonical RAS pathway. Cascade events lead to oxidative stress, 
neuroinflammation, vasodilation, coagulopathy, and thrombosis. In addition, SARS-
CoV-2 binds to toll-like receptors and releases proinflammatory cytokines such as 
interleukin (IL)-1, (IL)-6, which in turn induce immune responses, leading to brain 
tissue damage and stroke. Most COVID-19 patients also show a trend toward 
increased IFN release, which leads to inflammation and immune system suppression 
(Andalib et al. 2021). These clinical manifestations are firstly innate immune 
hyperactivity and then immunosuppression. This can effectively protect the body’s 
homeostasis. Our review of the reciprocal regulation between SARS-CoV-2 and the 
nervous system thus summarizes new mechanistic insights into the pathobiology of 
cerebrovascular disease associated with COVID-19.
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Possibilities of Cytoskeleton-Related Treatment 
of COVID-19 

As of April 12th, 2022, the World Health Organization (WHO) has counted nearly 
500 million confirmed cases of COVID-19 worldwide and more than six million 
deaths. Although global vaccination rates have reached an advanced level, the 
defense capacity of existing vaccines is inconclusive in the face of the continuous 
emergence of new virus variants (Basky et al. 2022). Numerous scholars are still 
exploring, aiming to determine the most effective treatment options. 

As our understanding of the pandemic has grown, many different therapeutic 
avenues have been developed. For example, pharmacology, immunology, traditional 
Chinese medicine (TCM) (Ren et al. 2020), etc. At this stage, enzyme inhibitors and 
neutralizing antibody drugs are the main treatments for SARS-CoV-2 infection. 
Some clinicians have proposed anti-inflammatory agents: colchicine (Elshafei 
et al. 2020), as multiple sclerosis (MS) drugs: fingolimod and sipomod (Kloc et al. 
2020) are currently new drugs discovered for COVID-19 treatment. Recently, many 
others have suggested that vimentin could serve as a new target for the treatment of 
COVID-19 (Li et al. 2020b; Ramos et al. 2020). It is speculated that drugs reducing 
vimentin expression can be used to treat patients with COVID-19. 

In this review, we have paid special attention to the physiological and patholog-
ical processes of the cytoskeletal system closely related to coronaviruses such as 
SARS-CoV-2. Discovering the exact mechanism by which SARS-CoV-2 subverts 
host cells is critical for validating specific drug targets and effective treatments. In 
the case of actin filaments, TLRs, CLRs and other receptors (Ezrin and dipeptidyl 
peptidase 4) that enhance antiviral immunity and viral clearance may serve as 
therapeutic targets for COVID-19 (Gadanec et al. 2021). In lung disease associated 
with COVID-19, bradykinin and tumor necrosis factor-alpha (TNFα) disrupt the 
actin cytoskeleton, which could be the leading cause of death of living organisms. 
Ezrin peptides can be used to inhibit SARS-CoV-2 entry, as well as other viral 
infections, including HIV-1, hepatitis C virus, human papillomavirus, etc. (Norris 
et al. 2021). TNFα disrupts the human lung epithelial cytoskeleton system and exerts 
its effects through Rho kinase. Dedicated to restoring the integrity of the pulmonary 
endothelial cytoskeleton in patients with COVID-19, thereby reducing the symp-
toms of patients, this method deserves further exploration by researchers. 

In the case of microtubules, the use of microtubule-targeted drugs to treat 
coronavirus-infected individuals may be effective (Norris et al. 2021). Viral load 
can be reduced due to targeting microtubules by its inhibitors. The approved drug 
vinca alkaloid causes the breakdown of the microtubule network; in contrast, 
paclitaxel stabilizes the microtubule system. In addition, the anti-inflammatory 
agent mentioned above, colchicine inhibits microtubule polymerization and has 
performed preliminary studies on the safety of the treatment for patients with 
COVID-19 (Elshafei et al. 2020). 

In the case of intermediate filaments, attenuating the role of vimentin in virus-
induced infection could theoretically inhibit viral infection. It has been fully



confirmed by many researchers: (1) Vimentin is a co-receptor receptor for SARS-
CoV and SARS-CoV-2 entering new cells, except for ACE2; (2) Vimentin is 
involved in the replication of the virus life cycle (3) Vimentin exerts an anti-
inflammatory effect in the cytokine storm caused by a viral infection, and causes 
the body’s autoimmune response (Ramos et al. 2020); (4) The low expression of 
vimentin inhibits the epithelial–mesenchymal effect of the body transform. 
According to the above conclusions, it is found that the dual role of vimentin in 
viral infection may have synergistic advantages for patients. Therefore, some people 
speculate that drugs that reduce vimentin expression could be used to treat patients 
with COVID-19. The latest research suggests that ALD-R491 (an oral, noncytotoxic 
vimentin-targeting small molecule), by changing the physical properties of vimentin 
filaments, has preclinical efficacy against COVID-19. The authors confirmed 
through in vivo and in vitro experiments (Li et al. 2021) that ALD-R491 can hinder 
the entry and exit of viruses into and out of cells, and increase the microbicidal 
capacity of macrophages, thereby promoting pathogen clearance. 
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Summary 

In this chapter, we have summarized the connection between coronavirus infection 
and three major cytoskeleton networks (Table 12.1). This includes the dynamic 
changes in the cytoskeleton and its related proteins upon viral infection, how 
cytoskeleton proteins regulate the coronavirus life cycle, and cytoskeleton-related 
pathogenesis caused by coronavirus infection. It needs to be emphasized that all 
three cytoskeleton networks are heavily involved in every process of infection. 
Firstly, the invasion of coronavirus is mainly dependent on the actin filament 
rearrangement. Viruses are attached to the plasma membrane and interact with its 
specific receptors or co-receptors, inducing actin filament-dependent filopodia for-
mation. Endocytosis starts after the virus moves along filopodia to the cell body. 
These processes involved actin filaments, vimentin filaments, and several actin-
related proteins. The subcellular transport of a virus or its components relies on 
the microtubule network. The replication of coronavirus is reported to associate with 
tubulin and vimentin. We know little about viral assembly. Only actin filaments have 
been reported to be involved in this process. Finally, the release of progeny virus also 
requires actin filaments and microtubules to provide the ‘driving force’. Most 
importantly, coronavirus infection-induced pathogenesis is highly correlated with 
cytoskeleton networks, indicating that drugs targeting cytoskeleton proteins may 
have an essential influence on treating diseases caused by viral infections. Although 
there is a substantial increase in the understanding of the regulation of cytoskeleton 
components and corresponding elaborate subcellular structures in the process of 
coronavirus infections, there are still many questions that remain future pursuing. In 
particular, conducting clinical research on drugs targeting cytoskeletons may help to 
inspire new strategies to control infection and infection-induced pathological 
damage.
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Chapter 13 
Viral RNA Is a Hub for Critical Host–Virus 
Interactions 

Alfredo Castello and Louisa Iselin 

Abstract RNA is a central molecule in the life cycle of viruses, acting not only as 
messenger (m)RNA but also as a genome. Given these critical roles, it is not 
surprising that viral RNA is a hub for host–virus interactions. However, the 
interactome of viral RNAs remains largely unknown. This chapter discusses the 
importance of cellular RNA–binding proteins in virus infection and the emergent 
approaches developed to uncover and characterise them. 

Keywords RNA · RNA-Binding Proteins (RBPs) · RNA viruses · Interferon-
Stimulated Genes (ISGs) · Riboregulation · RNA Interactome Capture (RIC) 

Introduction: RNA-Binding Proteins Are at the Core of Virus 
Infection 

RNA is a central molecule in the life cycle of viruses. In RNA viruses, it does not 
only function as a blueprint for the synthesis of viral proteins (i.e. messenger [m] 
RNA) but also as storage of the genetic information as a genome (Garcia-Moreno 
et al. 2018). While DNA viruses employ DNA molecules to store their genetic 
information, they still need to produce mRNAs to synthesise the viral proteins. 
However, their larger coding capacity enables the expression of additional RNAs 
such as non-coding RNAs with regulatory roles (Tagawa et al. 2021). Despite the 
central importance of RNA for viruses, the interactions that viral RNA establishes 
with the host cell have remained largely unexplored. This chapter focuses on RNA
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viruses and the importance of their RNAs in establishing critical interactions with the 
host cell.
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Viral RNA is known to engage with both viral and cellular RNA-binding proteins 
(RBPs) in infected cells, forming ribonucleoproteins (RNPs) with critical roles in the 
viral life cycle. These interactions can indeed mediate, facilitate or modulate virtu-
ally all the steps of the viral life cycle, including viral replication/transcription, 
protein synthesis, viral RNA stability and location, and viral particle assembly 
(Dicker et al. 2021; Garcia-Moreno et al. 2018). On the other hand, RBPs are also 
central to the cell’s antiviral defences. Viral RNA often contains pathogen-
associated molecular patterns (PAMPs) that can be recognised and bound by a 
specialised pool of cellular RBPs. These PAMPs include tri-phosphate 5′ ends, 
undermethylated cap structures, long double-stranded RNA tracks (dsRNA), 
sequence biases (CpG), or unusual codons (Jensen and Thomsen 2012). It is, 
therefore, not surprising that many interferon-stimulated genes (ISG) are endowed 
with RNA-binding activity, which is required to sense and function on viral RNAs in 
order to activate the cellular antiviral response. These antiviral RBPs include well-
characterised ISGs such as RIGI, MDM5, IFITs, OASs and protein kinase R (PKR) 
amongst many others (Dias Junior et al. 2019; Jensen and Thomsen 2012; 
Rehwinkel and Gack 2020; Vladimer et al. 2014). 

Most of the host–virus interactions involving RBPs have been discovered and 
characterised in case-by-case. However, recent technological advances have enabled 
the identification of viral RNA/cellular RBP interactions on a proteome-wide scale, 
revealing an unexplored interface between the virus and the host cell. 

RNA-Binding Proteins, Structure and Function 

RBPs are highly heterogeneous in structure, function and modes of RNA binding. 
They can associate with RNA using specialised globular domains and/or intrinsi-
cally disordered regions, referred to here as RNA-binding domains (RBDs) (Castello 
et al. 2016; Jarvelin et al. 2016; Lunde et al. 2007), which mediate long-lived, 
transitory, specific or non-specific interactions. Affinity and specificity are driven by 
the type of amino acids at the interface (typically positively charged and aromatic 
side chains), the nucleotide sequence and the spatial configuration between these 
amino acids and nucleotides (Fig. 13.1a) (Lunde et al. 2007). Therefore, RBPs can 
bind to RNA specifically, and this can occur by recognition of a nucleotide sequence, 
a secondary structure or both (Lunde et al. 2007). Other RBPs, however, engage with 
RNA in a non-selective manner by interacting with the phosphate-backbone or/and 
through promiscuous binding with the nucleotide bases. Both specific and promis-
cuous RBPs can play critical roles in RNA metabolism. For example, the eukaryotic 
initiation factor (eIF)4E interacts with all capped mRNAs in the cytoplasm to aid 
protein synthesis (Jackson et al. 2010). This interaction, while global, is critical to 
mediate a central process such as translation initiation across the wide spectrum of 
cellular mRNAs.
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Fig. 13.1 Classical vs unorthodox RBPs. (a) Crystal structure of the Nab3 RRM domain (grey and 
magenta) and the target RNA sequence (yellow) (PDB 2XNR). Amino acids in contanct with 
nucleotides are highlighted in magenta, revealing aromatic (Phe), polar (Ser) and positively charged 
(Arg and Lys) in contact with the nucleotide bases. (b) Schematic representation of the dual activity 
of aconitase 1 (ACO1)/iron regulatory protein 1 (IRP1). Its close (when associated to an iron-
sulphur cluster, PDB 2B3X) or open (when bound to RNA PDB 3SNP) conformations are shown 
below. Structure display was done using the Chimera X software 

Many RBPs have a modular design with multiple RBDs coordinated by flexible 
regions. Such modular architecture increases specificity and affinity by allowing 
cooperative binding to RNA of individual RBDs. Interestingly, it was believed that 
these ‘modules’ are composed of a limited pool of well-characterised RBDs. These 
domains, named ‘classic’, include the RNA recognition motif (RRM) (Fig. 13.1a),



the K-homology domain (KH), double-stranded RNA-binding domain (dsRBD), 
cold shock domain (CSH) and the DEAD-box helicase domain amongst others 
(Castello et al. 2016; Lunde et al. 2007). However, an unexpected discovery in the 
early 1990s provided evidence that RBPs are more diverse and complex than 
previously anticipated. Aconitase 1 (ACO1) converts citrate into isocitrate in the 
tricarboxylic acid cycle, and this reaction is facilitated by an iron-sulphur cluster 
assembled in its active centre (Fig. 13.1b and c). When iron levels decrease in the 
cell, ACO1 is no longer able to assemble with an iron-sulphur cluster and, as 
apoprotein, becomes an RBP known as iron regulatory protein 1 (IRP1) (Hentze 
et al. 2010; Muckenthaler et al. 2017). As an RBP, IRP1/ACO1 interacts with 
mRNAs involved in iron homeostasis, adjusting gene expression to increase intra-
cellular iron levels. This example laid the foundations for a new class of RBPs with 
unorthodox modes of RNA binding that play pivotal roles in connecting RNA 
metabolism and cellular homeostasis (Castello et al. 2015; Hentze et al. 2018; 
Hentze and Preiss 2010). In the last decade, a wide range of unorthodox RBPs 
have been identified and characterised (Castello et al. 2015; Hentze et al. 2018). 
Several of these have recently been associated with the regulation of virus infection 
and will be discussed in further detail below. 
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The Expanding Universe of Cellular RNA-Binding Proteins 

Cellular RBPs were initially discovered on a case-to-case basis using biochemical 
approaches. Later, in silico identification of classic RBPs was made possible by 
searching across the proteome for protein-encoding classic RBDs (Lunde et al. 
2007). However, this approach fell short of identifying RBPs with unorthodox 
modes of RNA binding, such as ACO1/IRP1. In 2012, two independent studies 
reported a new approach to identifying RBPs systematically and comprehensively in 
living cells, called RNA interactome capture (RIC) (Fig. 13.2a) (Baltz et al. 2012; 
Castello et al. 2012). In brief, RIC employs ultraviolet light (UV) irradiation to 
promote crosslinks between RNA and proteins placed at ‘zero’ distance without 
inducing detectable protein–protein crosslinks (Pashev et al. 1991). Once protein– 
RNA complexes are frozen covalently, cells are lysed under denaturing conditions 
and polyadenylated RNA is isolated by hybridisation with oligo(dT) magnetic 
beads. Following very stringent washes, RBPs are released using RNase treatment 
and analysed by mass spectrometry (Fig. 13.2a). Applied to HeLa and HEK293 
cells, RIC identified nearly a thousand cellular RBPs bound to cellular mRNAs, with 
more than 50% representing novel RNA binders with no known RBD. Consistent 
with classic RBPs, newly discovered RNA binders were enriched in intrinsically 
disordered regions and positively charged amino acids (Castello et al. 2012). The 
RNA-binding activity of many of these new RBPs was validated by orthogonal 
methods and further confirmed by the implementation of RIC and other comple-
mentary methods in different cell types, tissues and organisms (Bach-Pages et al.



2020; Beckmann et al. 2015; Hentze et al. 2018; Matia-Gonzalez et al. 2015; 
Queiroz et al. 2019; Trendel et al. 2019). 
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Fig. 13.2 Discovery of unorthodox RBP and the concept of riboregulation. (a) Schematic repre-
sentation of the RNA interactome capture (RIC) protocol. (b) Schematic representation of 
riboregulation. (c) Activation mechanism of the antiviral protein PKR by interaction with viral 
dsRNA 

An open question was how these newly discovered RBPs interact with RNA if 
they do not harbour any recognisable RBD. To identify the RNA-binding surfaces of 
these proteins, several approaches used UV crosslinking, controlled proteolysis and 
proteomics to determine the peptides within RBPs that crosslink with RNA on a 
proteome-wide scale (Castello et al. 2016; He et al. 2016; Hentze et al. 2018; Kramer 
et al. 2014). Interestingly, these studies identified more than a thousand binding sites, 
many of which mapped to enzymatic cores, protein–protein interaction surfaces and



intrinsically disordered regions, representing prevalent platforms for RNA binding 
in unorthodox RBPs (Castello et al. 2016; He et al. 2016). The discovery of dozens 
of metabolic enzymes, particularly with NAD-binding activity, that interact with 
RNA highlighted that ACO1/IRP1 was only the tip of the iceberg (Castello et al. 
2015; He et al. 2016). More recently, it was shown that one of these enzymes named 
enolase 1 (ENO1) is allosterically inhibited by RNA binding, reducing glycolysis 
(Castello et al. 2012; Huppertz et al. 2022). This discovery reinforced the idea that 
RBPs are not just limited to regulating RNA fate, but they can also be modulated by 
their interaction with RNA through a process known as ‘riboregulation’ (Fig. 13.2b) 
(Castello et al. 2015; Hentze et al. 2018; Hentze and Preiss 2010; Huppertz et al. 
2022). Riboregulation thus makes possible the existence of ‘molecular sensors’ that 
bridge RNA metabolism with other apparently unrelated cellular processes. The 
prevalence and diversity of riboregulatory processes are beautifully illustrated by 
PKR, which is activated upon binding to viral dsRNA and inhibits viral protein 
synthesis through the phosphorylation of eIF2α (Fig. 13.2c) (Jensen and Thomsen 
2012; Taylor et al. 2005). 
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The Essential Roles of Viral RBPs in Infection 

Viruses themselves encode a wide range of RBPs, including RNA polymerases, 
RNA chaperones, helicases, capping and decapping enzymes, nucleases and other 
regulatory factors. Although viral RBPs often differ from cellular RBPs in architec-
ture and structure, the molecular principles for RNA binding described above are 
preserved. 

RNA viruses encode polymerases to multiply the viral genomes and/or produce 
mRNAs. RNA-dependent RNA polymerases (RDRP) can produce an RNA chain 
using RNA as a template and are encoded for most RNA viruses. Retroviruses, 
however, encode a reverse transcriptase (RT), that uses RNA or DNA as a template 
to produce DNA. RNA-dependent polymerases are error-prone and typically lack 
error correction activity, driving the high diversity and high evolution potential of 
RNA viruses. Viral RDRPs and RTs are supported by the activity of cellular and 
viral RNA helicases and chaperones that unwind and reconfigure local RNA struc-
tures to aid their processivity. This is illustrated by the RNA chaperone NS5A and 
helicase NS3 of the hepatitis C virus (HCV) (Li et al. 2021), the helicase NSP2 of 
alphavirus (Law et al. 2019), the nucleoprotein (NP) of influenza virus (Te Velthuis 
and Fodor 2016) and the nucleocapsid of human immunodeficiency virus (HIV) 
(Lyonnais et al. 2013). 

Cellular mRNAs contain an m7G cap at the 5′ end that is important to promote 
translation initiation and prevent degradation via 5′-3′ exonucleases. The presence 
of a 5′ tri-phosphate end instead of an m7G cap activates a specialised set of antiviral 
sensors that specifically bind to this PAMP (Jensen and Thomsen 2012). To hinder 
their 5′ ends and minimise sensing, viruses typically add a cap or a protein to the 5′ 
end of their RNA. Picornaviruses, for example, covalently fuse a protein called Vpg



to the 5′ end of their RNAs which is crucial for priming replication while hindering 
detrimental PAMPs at the 5′ end of the viral RNA (Paul and Wimmer 2015). 
Alternatively, viral RNA can be capped either by hijacking the host cell capping 
machinery (e.g. herpes virus), by ‘stealing’ cellular caps through cap snatching 
(e.g. influenza virus), or by using viral-encoded capping enzymes 
(e.g. alphaviruses and coronaviruses). The use of virus-encoded capping enzymes 
is a common strategy, the specifics of which vary depending on the virus. SARS-
CoV-2 RNA capping is a multi-step process involving several viral proteins. It starts 
with the transfer of the RNA molecule to the N-terminus of the viral protein NSP9, 
creating a protein–RNA covalent intermediary (Park et al. 2022). This is followed by 
the transfer of the RNA to a terminal GDP molecule by NSP12 and the methylation 
of the resulting cap by NSP14 and NSP16 (Park et al. 2022). Recently, it was 
discovered that viral capping machinery can form complex pore structures, as is 
the case of NSP1 of alphavirus (Jones et al. 2021). NSP1 oligomerises into a 
dodecameric ring with 12 catalytic sites forming a pore on the membrane of the 
replication vesicles in the cytoplasm. Viral mRNA is capped as it traverses the 
membrane of the replication vesicle through the NSP1 pore (Jones et al. 2021). This 
mechanism ensures that only capped RNAs are transported to the cytosol, which, 
unlike the lumen of the replication vesicle, is enriched in antiviral factors. Influenza 
virus follows a different strategy to add the cap to their mRNAs. The viral RDRP is 
able to cleave the 5′ end of cellular mRNAs that are then used to prime the synthesis 
of viral mRNAs (De Vlugt et al. 2018; Te Velthuis and Fodor 2016; Walker and 
Fodor 2019). This mechanism, known as cap snatching, adds the cap structure 
together with a short sequence derived from the 5′ end of cellular mRNA to the 
beginning of the viral RNAs, making viral and cellular mRNAs virtually indistin-
guishable (Ho et al. 2020). While this mechanism is well understood for influenza A 
viruses in the nucleus, the mechanism of cap snatching remains poorly understood 
for other negative-stranded RNA viruses such as bunyaviruses (Olschewski et al. 
2020). 
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Viral RBPs are also critical for the assembly of viral RNAs into viral particles. 
Recognition of viral RNA for packaging is typically initiated by the interaction of the 
viral capsid (e.g. alphaviruses and flaviviruses) or nucleocapsid (e.g. retroviruses and 
coronaviruses) with a cis-acting element, known as the packaging signal. In silico 
modelling and in vitro assays have revealed that this pioneering protein–RNA 
interaction is followed by a multimerisation of the viral capsid/nucleocapsid onto 
the viral RNA. It is believed that this multimerisation process is facilitated by 
secondary packaging signals placed downstream in the viral RNA (Borodavka 
et al. 2012; Chandler-Bostock et al. 2020; Twarock et al. 2018). The presence of 
multiple packaging signals in a viral genome has recently been shown in cellulo 
through the binding of the nucleocapsid region of the Gag polyprotein of HIV to the 
genomic RNA. This study shows that, in the cytosol, Gag not only engages with the 
known packaging signal at the 5′ end of the genomic RNA, but also with several 
discrete downstream regions (Kutluay and Bieniasz 2016). Interestingly, when the 
genomic RNA reaches the membrane, Gag’s RNA-binding footprint begins to 
extend beyond these initial sites, posing a model in which few discrete interactions



in the cytosol serve to recruit the genomic RNA to the virus assembly areas at the 
plasma membrane. Once there, the high local concentration of Gag triggers its 
multimerisation along the genomic RNA. Influenza virus follows an alternative 
approach for packaging, in which the nucleoprotein (NP) is deposited on the viral 
genomes concomitant to replication (probably via interaction with the cellular 
RDRP) without the participation of packaging signals (Te Velthuis and Fodor 
2016; Walker and Fodor 2019). How the different genome segments are recruited 
and packaged into the virions remains poorly understood. 

372 A. Castello and L. Iselin

Viral RBPs can also establish crucial interactions with the host cell to bypass or 
hijack cellular processes. One of the best-characterised cases is the Rev protein of 
HIV (Truman et al. 2020). HIV expresses a plethora of viral mRNAs that are 
generated by host-mediated splicing of the genomic RNA. These spliced RNAs 
are exported from the nucleus to the cytoplasm using the canonical nuclear mRNA 
export pathway to produce the accessory and auxiliary proteins, including Rev. By 
contrast, unspliced (genomic) and partially spliced HIV RNAs accumulate in the 
nucleus as they are perceived as immature by the host cell since they still contain 
intronic-like sequences (Truman et al. 2020). Once expressed, Rev protein is 
imported into the nucleus, where it interacts with a cis-acting element present in 
the last one-third of the HIV genome called the Rev response element (RRE). Upon 
interaction with the RRE, Rev exports nuclear-retained unspliced and partially 
spliced HIV RNAs via the CRM1 pathway, which typically exports ribosomal 
subunits. HIV RNAs thus bypass nuclear retention through the engagement of a 
viral RBP with an alternative nuclear export pathway (Truman et al. 2020). Another 
example of a viral RBP that interferes with host processes is SARS-CoV-2 NSP1. 
NSP1 interacts with the mRNA channel of the ribosome to hamper the translation of 
cellular mRNAs (Banerjee et al. 2020; Schubert et al. 2020; Thoms et al. 2020). This 
process will be discussed in further detail later. 

Virus Infection Profoundly Remodels the Cellular 
RNA-Binding Proteome (RBPome) 

Viral proteins are crucial for the viral life cycle. However, viruses rely on the host 
cell for a productive life cycle. This is due to the limited coding capacity of viral 
genomes and the need for complex machinery to mediate the metabolism of viral 
RNA and other processes of the viral life cycle. For example, the ribosome is formed 
of dozens of proteins and several rRNAs, which is well beyond the coding capacity 
of RNA (~10 Kb on average) and double-stranded DNA (~100 Kb on average) 
viruses. Ribosomal proteins are just a fraction of all RBPs required for RNA 
metabolism in the cell (Hentze et al. 2018; Jackson et al. 2010). Therefore, viruses 
are expected to rely on a wide range of cellular RBPs to aid their life cycle. Over the 
last decades, this idea has been proven true through individual cases, showing that



RBPs can repress or promote virus infection (Dicker et al. 2021; Garcia-Moreno 
et al. 2018). 
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Viral fitness will thus inevitably be conditioned by the configuration of RBPs 
present in the cell (Garcia-Moreno et al. 2019). For example, interferon treatment 
augments the levels of antiviral sensors, increasing the probability of these proteins 
engaging with the viral RNA early in infection (Shaw et al. 2021). The relative 
abundance of antiviral and ‘pro-viral’ RBPs at the moment of infection is thus 
expected to impact the ability of the virus to establish a productive infection, 
affecting cell tropism and susceptibility. The development of methods such as 
RNA interactome capture (RIC) will now enable us to approach this underexplored 
idea in a global and unbiased way. 

To determine if virus infection affects the configuration of cellular RBPs in the 
cell, RIC (Fig. 13.2a) was applied to cells infected with Sindbis virus (SINV) or 
SARS-CoV-2 (Garcia-Moreno et al. 2019; Kamel et al. 2021a). RIC employs oligo 
(dT) to isolate RNA, and thus captures both cellular mRNAs as well as SINV and 
SARS-CoV-2 RNAs as they are polyadenylated. Strikingly, RIC revealed that both 
viruses induced a pervasive and largely overlapping remodelling of the 
RNA-binding proteome (RBPome). Analysis of the early times post-infection (4 h 
for SINV and 8 h for SARS-CoV-2) revealed discrete changes, whereas more than 
200 RBPs exhibited differential association with RNA at late times post-infection 
(18 h for SINV and 24 h for SARS-CoV-2). One of the most exciting proteins 
upregulated at early times post-infection was the interferon-stimulated gene IFI16, 
which is a known ISG with antiviral activity. IFI16 was classified initially as a DNA 
sensor (Haronikova et al. 2016; Jonsson et al. 2017), but RIC analysis revealed that it 
is an early responder to RNA virus infection that interacts with RNA in infected cells 
(Garcia-Moreno et al. 2019; Kim et al. 2021). Other antiviral proteins such as 
GEMIN5, ZC3HAV1 (ZAP), TRIM25 and TRIM56 gradually increased their activ-
ity as infection progressed (Garcia-Moreno et al. 2019; Kamel et al. 2021a). 

GEMIN5 is an unorthodox RBP that is involved to the assembly of spliceosomes. 
However, pioneering work from the Martinez-Salas lab showed that it has an 
additional function as a repressor of protein synthesis (Martinez-Salas et al. 2020). 
RIC revealed that GEMIN5 RNA-binding activity is strongly enhanced after SINV 
and SARS-CoV-2 infection, interacting with the 5′ end of viral RNA (Garcia-
Moreno et al. 2019; Kamel et al. 2021a). Overexpression of this protein partially 
suppresses SINV gene expression suggesting that it is an antiviral factor. Interest-
ingly, foot-and-mouth-disease virus (FMDV) protease L cleaves GEMIN5, 
disrupting its function as a repressor and repurposing its C-terminus to promote 
translation from the internal ribosome entry site (IRES) of its genomic RNA (Pineiro 
et al. 2013; Pineiro et al. 2012). 

TRIM25 is an E3 ubiquitin ligase with known antiviral roles (Gack et al. 2008; 
Gack et al. 2007). However, the initial RIC studies revealed that it is an unorthodox 
RBP, providing a new angle on how this protein might exert its function in infected 
cells (Castello et al. 2012; Castello et al. 2016). Infection with both SINV and 
SARS-CoV-2 stimulates this protein in a time-dependent manner, reducing viral 
fitness (Garcia-Moreno et al. 2019; Kamel et al. 2021a). Recent work has shown that



TRIM25 E3 ubiquitin ligase activity is dependent on RNA binding, highlighting 
another example of riboregulation that is analogous to PKR (Fig. 13.2b and c) 
(Choudhury et al. 2017). 
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Activation of RBPs by infection is not only limited to antiviral proteins. For 
example, cyclophilin A (PPIA), the chaperone HSP90 and the exonuclease XRN1 
are also activated as infection progresses, while being necessary for infection 
(Garcia-Moreno et al. 2019; Kamel et al. 2021a). PPIA is a peptidyl-prolyl cis-trans 
isomerase that plays important roles in HCV replication by regulating NS5A 
(Colpitts et al. 2020; Verdegem et al. 2011) and in HIV viral particle stability 
through its interaction with the capsid core (Kim et al. 2019; Liu et al. 2016). 
Inhibitors of PPIA such as cyclosporine and DEB025 have been explored as 
potential antivirals (Coelmont et al. 2010). 

Interestingly, proteins upregulated by SINV and SARS-CoV-2 infection fre-
quently redistribute from their native localisation (e.g. nucleus, cytosol, etc) to the 
membrane-bound compartments where these viruses replicate, suggesting that they 
directly engage with viral RNA (Garcia-Mo reno et al. 2019; Kamel et al. 2021a). 

How Are Cellular RBPs Regulated by a Virus Infection? 

A plausible explanation for the observed RBP remodelling by infection is that the 
alterations in RBP activity are linked to changes in protein abundance. In other 
words, if there is more protein, there will be more binding and vice versa. To explore 
this possibility, the whole cell proteome of the SARS-CoV-2 and SINV-infected 
cells was analysed. Strikingly, no changes in abundance were observed for most 
regulated RBPs, suggesting that virus infection does not affect the RBPome by 
impacting the cellular proteome (Garcia-Moreno et al. 2019; Kamel et al. 2021a). 
RNA-binding activity can instead be modulated by the abundance of target RNAs 
(i.e. substrate). Supporting this idea, transcriptomic analysis of SARS-CoV-2 and 
SINV-infected cells revealed pervasive changes in RNA abundance. Particularly, 
housekeeping cellular mRNAs were progressively lost upon infection, while new 
RNAs emerged in the cell, including mRNAs encoding antiviral factors and the viral 
RNA. Indeed, SINV and SARS-CoV-2 RNAs become the most abundant 
polyadenylated RNAs in the cell, representing ~70% and ~ 20% of all the reads, 
respectively, at late times post-infection. The emergence of viral RNAs as predom-
inant RNA species in the cell is likely to affect the configuration of active RBPs. In 
addition, cross-comparison of the responsive RBPs with analyses of phosphorylation 
and ubiquitination in SARS-CoV-2 infected cells suggested that post-translational 
modifications may also contribute to the regulation of cellular RBPs in virus-infected 
cells (Kamel et al. 2021a).
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New Methods to Uncover the Viral RNA Interactome 

RIC revealed profound changes in the RBPome in response to virus infection, 
concomitant with pervasive alterations of the cellular transcriptome. However, it 
remained unclear which of the observed alterations involved a direct interaction with 
the viral RNA. Several methods were developed to examine the scope of cellular 
proteins that bind to viral RNA in virus-infected cells (Iselin et al. 2022). In brief, 
these methods have two key steps: (1) the covalent immobilisation of RBPs to RNA 
by crosslinking and (2) the capture of the RNA of interest (Fig. 13.3). Iterations of

AAAAAAA 

F 

F 

F 

F 
F 

Infection with 4SU 
labelled viruses 

Infection and 4SU 
of newly synthesised 

viral RNA 
Virus infectiona) c)b) 

Formaldheyde crosslinks 
protein-protein and 

protein-RNA interactions 
d) 

UV at 254nm crosslinks only 
protein-RNA interactions 

at ‘zero’ distance 
e) 

4SU-dependent UV 365 nm 
crosslinking of ‘zero distance’ 

protein-RNA interaction 
f) 

AAAAAAA 
AAAAAAA 

4SU 

4SU 

AAAAAAA 
TTTTTT 

AAAAAAA 

AAAAAAA 

AGUC UCAG 

RNA specific capture 
with antisense probesg) Isolation of poly(A) 

RNA with oligo(dT) probes 
Isolation of total RNA 
by unspecific meansh) i) 
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described from a to h. The different approaches use precise combinations of these steps



this concept have led to complementary approaches to study the viral RNA 
interactome. These methods have been applied to several RNA viruses, including 
HIV, SARS-CoV-2, SINV, Zika and Dengue viruses, amongst others.
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Methods to Uncover the Viral RNA Interactome 

The first step consists of the covalent immobilisation of RBPs onto the viral RNA to 
prevent loss or exchange with non-interactors upon lysis and following stringent 
washes. The most common approaches to this are UV irradiation at 254 nm (UV254), 
UV irradiation at 365 nm UV365, and formaldehyde crosslinking. UV254 and form-
aldehyde crosslinking are not viral RNA specific; instead, they stabilise ‘all’ RNA– 
protein interactions in the cell, so they must be paired with an RNA capture method 
that selects specifically for the viral RNA (Fig. 13.4d and f with g and h). UV254 

crosslinking is employed by RAP-MS (Lee et al. 2021; Phillips et al. 2016; Schmidt 
et al. 2021) and results in covalent bonds forming between zero distance protein– 
RNA interactions (Fig. 13.3e) (Pashev et al. 1991). This, paired with the fact that it 
does not induce detectable levels of protein–protein crosslinking, makes it a valuable 
method for identifying only the proteins binding directly to RNA (Castello et al. 
2016; Pashev et al. 1991). It is, however, relatively inefficient and has biases in 
crosslinking efficiency, according to the nature of the RNA–protein interaction. 
Formaldehyde, on the other hand, is a highly efficient crosslinker that works by 
forming methylene bridges between amino/imino groups that are present in amino 
acids and nucleic acids. It stabilises both protein–RNA and protein–protein interac-
tions (Fig. 13.3d). Formaldehyde is employed by ChIRP-MS (Flynn et al. 2021; 
Labeau et al. 2022; Ooi et al. 2019), HyPR-MS (Knoener et al. 2021; Knoener et al. 
2017) and CLAMP (Gebhart et al. 2020; LaPointe et al. 2018). It can be used to 
assess protein complexes interacting with vRNA, including indirect interactions. 
This comes at the cost of a higher rate of false positives due to the stabilisation of 
sub-stoichiometric, stochastic and long-distance interactions through protein–RNA 
and protein–protein bridges. 

4-Thiouridine (4SU) is a photoactivatable nucleotide analogue that enables UV 
crosslinking at a higher wavelength (365 nm) (Fig. 13.3f) (Baltz et al. 2012; Castello 
et al. 2012; Hafner et al. 2010), a wavelength in which natural nucleotide exhibits 
negligible absorbance. 4SU is taken up by cells and incorporated into RNA, offering 
a useful tool to study newly synthesised RNA. In VIR-CLASP, viruses are produced 
in the presence of 4SU, so the virion-encapsidated genome contains the nucleotide 
analogue (Fig. 13.3c). These particles are used to infect cells that are cultured in the 
absence of 4SU. As 4SU is only present in the incoming RNA molecules, 
VIR-CLASP can be used to study the protein–RNA interactions occurring in the 
initial steps of infection (Kim et al. 2020). TUX-MS (Lenarcic et al. 2013; 
Viktorovskaya et al. 2016), vRIC (Kamel et al. 2021a; Kamel et al. 2021b) and 
CLAMP (Gebhart et al. 2020; LaPointe et al. 2018), by contrast, focus on the post-
replication steps of the viral life cycle by exploiting the relative insensitivity of viral



RDRP to transcription inhibitors such as Actinomycin D and flavopiridol. By using 
host transcription inhibitors, it is possible to force the 4SU to be exclusively 
incorporated into viral RNA. TUX-MS and CLAMP use Actinomycin D, which

13 Viral RNA Is a Hub for Critical Host–Virus Interactions 377

Replication & 
transcription 

Translation 

Viral particle 
assembly 

Sensing, 
antiviral activity 
& sequestration 

stability 

Transport 

Translation of viral proteins 

eIFs, eEFs, eRFs, ribosomal proteins, 
PABPC1, PABPC4 

Replication & transcription 

HNRNPA1, HNRNPC, HNRNPK TOP2A, 
TIA1, PTBP1, NONO, SFPQ, HSP90AB1 

Stability & degradation 

XRN2, UPF1, ZC3HAV1, RBM15 
YTHDF2, YTHDC2, CNOT1 

Sensing, antiviral activity & 
sequestration 

DDX3X, TIA1, TIAL1, LSM14A, 
G3BP1, DHX9, ZC3HAV1, TRIM25, , 

MOV10, AGO2 

RNA transport 

MYH9, MAP4, KIF5B, TUBB6, IGF2BP1 
IGF2BP2, IGF2BP3, KPNB1, KPNA1 

Viral particle assembly 

HSP90AB1, HSPA8 

eIF4E eIF4G 
AAAAeIF4A 

PABP 
40S 

NSP1 
60S 

eIF4E eIF4G 
AAAAeIF4A 

PABP 
eIF3 

40S 40S 

60S 

Translation of cellular mRNAs in uninfected cells 

Translationally repressed cellular mRNAs in infected cells 

A 

B 

Fig. 13.4 (a) The known regulatory roles of the core viral RNA interactome. The core viral RNA 
interactome is composed by proteins identified in the RNA interactomes of coronaviruses, 
alphaviruses and flaviviruses. The association of these proteins with a wide range of viral RNAs 
suggests that they are endowed with master regulatory roles in the viral life cycle. (b) NSP1 
represses translation initiation in SARS-CoV-2 infected cells following a mechanism that is 
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can result in reduced viral replication and significant cytotoxicity (Sawicki and 
Godman 1971). vRIC uses flavopiridol instead, which is specific to RNA polymer-
ase II and does not have any detectable effect on the cell or virus (Bensaude 2011; 
Kamel et al. 2021b).
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For methods that do not use specific labelling and crosslinking of the viral RNA, 
it becomes essential to incorporate a downstream step that captures it specifically 
(Fig. 13.3e, f, g and h). These methods typically use antisense probes to hybridise 
with the viral RNA in a sequence-specific manner. It is possible to use a single probe 
as in HyPR-MS or a multi-probe set as in ChIRP-MS and RAP-MS (Iselin et al. 
2022). As a rule of thumb, single-probe approaches excel at specificity at the cost 
of sensitivity, while the opposite is true for multi-probe approaches. The benefits of 
using one or the other will depend on the abundance of the target RNA, the quality of 
the probes and the sensitivity of the downstream mass spectrometry approach. 

If viral RNA has been specifically labelled with a photoactivatable nucleotide 
such as 4SU (Fig. 13.3f), then isolation of the viral RNA can be non-specific 
(i.e. isolating all RNA species), semi-specific (e.g. using oligo (dT) to enrich for 
polyadenylated RNA) or specific (e.g. antisense probes) (Fig. 13.3g, h and i). 
VIR-CLASP, for example, relies on solid-phase reversible immobilisation beads, 
which is a total RNA purification method (Fig. 13.3i) (Kim et al. 2020). This method 
will purify a complex mixture of RNA where viral RNA is the only RNA species 
labelled with 4SU. TUX-MS and vRIC make use of oligo(dT) capture, which 
isolates only polyadenylated RNA (Fig. 13.3h) (Kamel et al. 2021a; Kamel et al. 
2021b; Lenarcic et al. 2013; Viktorovskaya et al. 2016). As viral RNA is typically 
the most abundant polyadenylated RNA in the cell, this approach enriches for viral 
RNA first by 4SU-specific crosslinked followed by the subsequent poly 
(A) selection, boosting the signal-to-noise ratio. However, oligo(dT) capture 
would only work for polyadenylated viruses and should therefore be replaced by 
other RNA capture approaches if working with non-polyadenylated viral RNAs. 

Viral RNA Is a Hub for Critical and Conserved Host–Virus 
Interactions 

Cellular RBPs are critical for infection (Fig. 13.4), however, the scope of RBPs 
involved in virus infection and the extent to which they overlap across viral models 
remains unknown. There have been 21 vRNA interactomes established for 11 viruses 
from six viral families, with higher coverage for the Togaviridae, Coronaviridae and 
Flaviviridae families. The combination of these datasets resulted in nearly 2000 
proteins, half of which were only identified in a single experiment. Since these 
methods have been applied at least twice to each virus, on average, these uniquely 
identified proteins are likely experimental noise (Iselin et al. 2022). However, 
numerous RBPs were present in the dataset of several viruses belonging to different 
families, suggesting that they have pan-regulatory roles. Particularly, ~200 RBPs



were present in viral RNA interactomes of the three best-represented viral families 
(i.e. Coronaviridae, Togaviridae and Flaviviridae), being referred to here as the ‘core 
viral RNA interactome’. Importantly, 68% of the RBPs within the core interactome 
have been previously associated with virus infection, and 25% lack known 
RNA-binding domains and thus display unorthodox RNA binding modes. These 
include the chaperone HSP90AB1, whose RNA-binding surfaces have been recently 
identified (Castello et al. 2016; Dicker et al. 2021; Garcia-Moreno et al. 2019). 
73 RBPs within the core RNA interactome lack connections with virus infection, 
offering new avenues to expand our understanding of the viral life cycle. 
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RBPs Involved in Innate Immunity 

The core viral RNA interactome includes several RBPs that have been involved in 
antiviral processes, including stress granule formation (G3BP1 and TIA1) and viral 
RNA sensing (DDX3, DHX9 and MOV10) (Fig. 13.4a). Stress granules (SGs) are 
membrane-less cellular organelles that are formed by liquid-to-liquid phase transi-
tion. SGs are assembled in infected cells and are known to sequester viral RNA in a 
repressed state, playing an antiviral role (Onomoto et al. 2014). However, viruses 
have developed mechanisms to prevent the formation of SGs, often mediated by 
inhibitory interactions with viral proteins (e.g. alphaviral NSP3) (Lu et al. 2021) 
and/or viral RNA (flavivirus) (Bidet et al. 2014). G3BP1 has been shown to interact 
with many viral RNAs suggesting that SG inhibition by riboregulation might be a 
broadly used mechanism across viruses. 

RNA Stability and Degradation 

The core viral RNA interactome contains several RBPs that have been previously 
linked to the control of RNA stability and degradation (Fig. 13.4a). This is the case 
for ELAVL1 (also known as HuR) and PCBP2, which stabilise their target RNAs 
mitigating degradation. Conversely, the components of the core viral RNA 
interactome ZC3HAV1 (also known as ZAP), UPF1 and the exonuclease XRN2 
are known to trigger RNA degradation. The balance of these stability and 
pro-degradation factors on the viral RNA is likely to define whether it is degraded 
or remains stable. 

Protein Synthesis 

Many translation initiation factors, ribosomal proteins and ribosome-associated 
proteins are enriched in the core viral RNA interactomes (Fig. 13.4a). This is



expected as viral RNA is heavily translated in virus-infected cells to produce the 
viral progeny. Interestingly, the cap-binding protein eIF4E is absent in SINV and 
SARS-CoV-2 RNA interactomes despite viral RNAs being capped (Iselin et al. 
2022; Kamel et al. 2021a). Conversely, initiation factors involved in the downstream 
step such as bridging the viral mRNA and the ribosome (eIF4G, eIF3) and unwind-
ing secondary structure (eIF4A and eIF4B) are detected. These findings suggest that 
SINV and SARS-CoV-2 mRNAs may initiate translation in an eIF4E-independent 
manner, probably using a non-canonical cap-binding protein. This agrees with 
previous results showing that SINV is insensitive to conditions that impair the 
eIF4E-dependent translation of capped mRNAs (Carrasco et al. 2018). 
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Interestingly, eIF4E, eIF4G, eIF4A and PABP displayed enhanced association 
with cellular mRNAs in SARS-CoV-2 infected cells, while eIF3 and the ribosome 
were downregulated (Fig. 13.4b) (Kamel et al. 2021a). These alterations correlate 
with the shut off of cellular protein synthesis, which is mediated by the association of 
the viral protein NSP1 with the mRNA binding channel of the ribosome and the 
induction of translation termination (Banerjee et al. 2020; Bujanic et al. 2022; Rao 
et al. 2021; Schubert et al. 2020; Simeoni et al. 2021; Thoms et al. 2020). Altogether, 
the data depicts a scenario in which cellular mRNAs associate with the cap (eIF4E-
eIF4G-eIF4A) and poly(A) (PABP) binding machinery, but these fail to recruit the 
eIF3 and 40S ribosomal complex as ribosomes are ‘locked’ by NSP1, leading to a 
translationally repressed state. It has been proposed that NSP1 can associate with 
SARS-CoV-2 RNAs and promote their translation; however, this is controversial. 
While some studies described the interaction of NSP1 with SARS-CoV-2 RNAs 
(Banerjee et al. 2020; Flynn et al. 2021; Schmidt et al. 2021), others revealed that it 
mainly interacts with cellular mRNAs (Kamel et al. 2021a). Further experiments will 
be required to identify the substrates of NSP1 with molecular detail. 

Outlook 

While our knowledge of the composition of viral RNPs is in its infancy, important 
developments have revealed a new universe of host–virus interactions involving 
cellular RBPs. In the future, the analysis of the RNA interactome with other viruses, 
different cell types and experimental conditions will provide new insights into the 
plasticity and dynamics of viral RNPs and how the cellular state and intrinsic 
properties of the viral RNA dictate composition. Moreover, the discovery of novel 
host–virus interactions that span virus species and families opens new avenues of 
research to improve our understanding of the molecular principles of virus infection 
and to identify novel antivirals with broad-spectrum potential. 

Acknowledgements A.C. is supported by the ERC Consolidator Grant vRNP-capture number 
101001634. L.I. is funded by the BBSRC DTP scholarship number BB/M011224/1.



13 Viral RNA Is a Hub for Critical Host–Virus Interactions 381

References 

Bach-Pages M, Homma F, Kourelis J, Kaschani F, Mohammed S, Kaiser M, van der Hoorn RAL, 
Castello A, Preston GM (2020) Discovering the RNA-binding proteome of plant leaves with an 
improved RNA Interactome capture method. Biomol Ther 10(4):661 

Baltz AG, Munschauer M, Schwanhausser B, Vasile A, Murakawa Y, Schueler M, Youngs N, 
Penfold-Brown D, Drew K, Milek M et al (2012) The mRNA-bound proteome and its global 
occupancy profile on protein-coding transcripts. Mol Cell 46:674–690 

Banerjee AK, Blanco MR, Bruce EA, Honson DD, Chen LM, Chow A, Bhat P, Ollikainen N, 
Quinodoz SA, Loney C et al (2020) SARS-CoV-2 disrupts splicing, translation, and protein 
trafficking to suppress host defenses. Cell 183:1325–1339.e1321 

Beckmann BM, Horos R, Fischer B, Castello A, Eichelbaum K, Alleaume AM, Schwarzl T, 
Curk T, Foehr S, Huber W et al (2015) The RNA-binding proteomes from yeast to man harbour 
conserved enigmRBPs. Nat Commun 6:10127 

Bensaude O (2011) Inhibiting eukaryotic transcription: which compound to choose? How to 
evaluate its activity? Transcription 2:103–108 

Bidet K, Dadlani D, Garcia-Blanco MA (2014) G3BP1, G3BP2 and CAPRIN1 are required for 
translation of interferon stimulated mRNAs and are targeted by a dengue virus non-coding 
RNA. PLoS Pathog 10:e1004242 

Borodavka A, Tuma R, Stockley PG (2012) Evidence that viral RNAs have evolved for efficient, 
two-stage packaging. Proc Natl Acad Sci U S A 109:15769–15774 

Bujanic L, Shevchuk O, von Kugelgen N, Kalinina A, Ludwik K, Koppstein D, Zerna N, 
Sickmann A, Chekulaeva M (2022) The key features of SARS-CoV-2 leader and NSP1 required 
for viral escape of NSP1-mediated repression. RNA 28:766–779 

Carrasco L, Sanz MA, Gonzalez-Almela E (2018) The regulation of translation in alphavirus-
infected cells. Viruses 10(2):70 

Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, Davey NE, Humphreys 
DT, Preiss T, Steinmetz LM et al (2012) Insights into RNA biology from an atlas of mammalian 
mRNA-binding proteins. Cell 149:1393–1406 

Castello A, Hentze MW, Preiss T (2015) Metabolic enzymes enjoying new partnerships as 
RNA-binding proteins. Trends Endocrinol Metab 26:746–757 

Castello A, Horos R, Strein C, Fischer B, Eichelbaum K, Steinmetz LM, Krijgsveld J, Hentze MW 
(2016) Comprehensive identification of RNA-binding proteins by RNA Interactome capture. 
Methods Mol Biol 1358:131–139 

Chandler-Bostock R, Mata CP, Bingham RJ, Dykeman EC, Meng B, Tuthill TJ, Rowlands DJ, 
Ranson NA, Twarock R, Stockley PG (2020) Assembly of infectious enteroviruses depends on 
multiple, conserved genomic RNA-coat protein contacts. PLoS Pathog 16:e1009146 

Choudhury NR, Heikel G, Trubitsyna M, Kubik P, Nowak JS, Webb S, Granneman S, Spanos C, 
Rappsilber J, Castello A et al (2017) RNA-binding activity of TRIM25 is mediated by its 
PRY/SPRY domain and is required for ubiquitination. BMC Biol 15:105 

Coelmont L, Hanoulle X, Chatterji U, Berger C, Snoeck J, Bobardt M, Lim P, Vliegen I, 
Paeshuyse J, Vuagniaux G et al (2010) DEB025 (Alisporivir) inhibits hepatitis C virus replica-
tion by preventing a cyclophilin a induced cis-trans isomerisation in domain II of NS5A. PLoS 
One 5:e13687 

Colpitts CC, Ridewood S, Schneiderman B, Warne J, Tabata K, Ng CF, Bartenschlager R, Selwood 
DL, Towers GJ (2020) Hepatitis C virus exploits cyclophilin a to evade PKR. elife 9:e52237 

De Vlugt C, Sikora D, Pelchat M (2018) Insight into influenza: a virus cap-snatching. Viruses 
10(11):641 

Dias Junior AG, Sampaio NG, Rehwinkel J (2019) A balancing act: MDA5 in antiviral immunity 
and autoinflammation. Trends Microbiol 27:75–85 

Dicker K, Jarvelin AI, Garcia-Moreno M, Castello A (2021) The importance of virion-incorporated 
cellular RNA-binding proteins in viral particle assembly and infectivity. Semin Cell Dev Biol 
111:108–118



382 A. Castello and L. Iselin

Flynn RA, Belk JA, Qi Y, Yasumoto Y, Wei J, Alfajaro MM, Shi Q, Mumbach MR, Limaye A, 
DeWeirdt PC et al (2021) Discovery and functional interrogation of SARS-CoV-2 RNA-host 
protein interactions. Cell 184:2394–2411e2316 

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L, Takeuchi O, Akira S, Chen Z, Inoue S et al 
(2007) TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral 
activity. Nature 446:916–920 

Gack MU, Kirchhofer A, Shin YC, Inn KS, Liang C, Cui S, Myong S, Ha T, Hopfner KP, Jung JU 
(2008) Roles of RIG-I N-terminal tandem CARD and splice variant in TRIM25-mediated 
antiviral signal transduction. Proc Natl Acad Sci U S A 105:16743–16748 

Garcia-Moreno M, Jarvelin AI, Castello A (2018) Unconventional RNA-binding proteins step into 
the virus-host battlefront. Wiley Interdiscip Rev RNA 9:e1498 

Garcia-Moreno M, Noerenberg M, Ni S, Jarvelin AI, Gonzalez-Almela E, Lenz CE, Bach-Pages M, 
Cox V, Avolio R, Davis T et al (2019) System-wide profiling of RNA-binding proteins uncovers 
key regulators of virus infection. Mol Cell 74:196–211e111 

Gebhart NN, Hardy RW, Sokoloski KJ (2020) Comparative analyses of alphaviral RNA:Protein 
complexes reveals conserved host-pathogen interactions. PLoS One 15:e0238254 

Hafner M, Landthaler M, Burger L, Khorshid M, Hausser J, Berninger P, Rothballer A, Ascano M 
Jr, Jungkamp AC, Munschauer M et al (2010) Transcriptome-wide identification of 
RNA-binding protein and microRNA target sites by PAR-CLIP. Cell 141:129–141 

Haronikova L, Coufal J, Kejnovska I, Jagelska EB, Fojta M, Dvorakova P, Muller P, Vojtesek B, 
Brazda V (2016) IFI16 preferentially binds to DNA with Quadruplex structure and enhances 
DNA Quadruplex formation. PLoS One 11:e0157156 

He C, Sidoli S, Warneford-Thomson R, Tatomer DC, Wilusz JE, Garcia BA, Bonasio R (2016) 
High-resolution mapping of RNA-binding regions in the nuclear proteome of embryonic stem 
cells. Mol Cell 64:416–430 

Hentze MW, Preiss T (2010) The REM phase of gene regulation. Trends Biochem Sci 35:423–426 
Hentze MW, Muckenthaler MU, Galy B, Camaschella C (2010) Two to tango: regulation of 

mammalian iron metabolism. Cell 142:24–38 
Hentze MW, Castello A, Schwarzl T, Preiss T (2018) A brave new world of RNA-binding proteins. 

Nat Rev Mol Cell Biol 19:327–341 
Ho JSY, Angel M, Ma Y, Sloan E, Wang G, Martinez-Romero C, Alenquer M, Roudko V, 

Chung L, Zheng S et al (2020) Hybrid gene origination creates human-virus chimeric proteins 
during infection. Cell 181:1502–1517.e1523 

Huppertz I, Perez-Perri JI, Mantas P, Sekaran T, Schwarzl T, Russo F, Ferring-Appel D, 
Koskova Z, Dimitrova-Paternoga L, Kafkia E et al (2022) Riboregulation of enolase 1 activity 
controls glycolysis and embryonic stem cell differentiation. Mol Cell 82:2666–2680.e2611 

Iselin L, Palmalux N, Kamel W, Simmonds P, Mohammed S, Castello A (2022) Uncovering viral 
RNA-host cell interactions on a proteome-wide scale. Trends Biochem Sci 47:23–38 

Jackson RJ, Hellen CU, Pestova TV (2010) The mechanism of eukaryotic translation initiation and 
principles of its regulation. Nat Rev Mol Cell Biol 11:113–127 

Jarvelin AI, Noerenberg M, Davis I, Castello A (2016) The new (dis)order in RNA regulation. Cell 
Commun Signal 14:9 

Jensen S, Thomsen AR (2012) Sensing of RNA viruses: a review of innate immune receptors 
involved in recognizing RNA virus invasion. J Virol 86:2900–2910 

Jones R, Bragagnolo G, Arranz R, Reguera J (2021) Capping pores of alphavirus nsP1 gate 
membranous viral replication factories. Nature 589:615–619 

Jonsson KL, Laustsen A, Krapp C, Skipper KA, Thavachelvam K, Hotter D, Egedal JH, Kjolby M, 
Mohammadi P, Prabakaran T et al (2017) IFI16 is required for DNA sensing in human 
macrophages by promoting production and function of cGAMP. Nat Commun 8:14391 

Kamel W, Noerenberg M, Cerikan B, Chen H, Jarvelin AI, Kammoun M, Lee JY, Shuai N, Garcia-
Moreno M, Andrejeva A et al (2021a) Global analysis of protein-RNA interactions in SARS-
CoV-2-infected cells reveals key regulators of infection. Mol Cell 81:2851–2867.e2857



13 Viral RNA Is a Hub for Critical Host–Virus Interactions 383

Kamel W, Ruscica V, Garcia-Moreno M, Palmalux N, Iselin L, Hannan M, Jaervelin AI, 
Noerenberg M, Moore S, Merits A et al (2021b) Compositional analysis of Sindbis virus 
ribonucleoproteins reveals an extensive co-opting of key nuclear RNA-binding proteins. 
BioRxiv 

Kim K, Dauphin A, Komurlu S, McCauley SM, Yurkovetskiy L, Carbone C, Diehl WE, Strambio-
De-Castillia C, Campbell EM, Luban J (2019) Cyclophilin a protects HIV-1 from restriction by 
human TRIM5alpha. Nat Microbiol 4:2044–2051 

Kim B, Arcos S, Rothamel K, Jian J, Rose KL, McDonald WH, Bian Y, Reasoner S, Barrows NJ, 
Bradrick S et al (2020) Discovery of widespread host protein interactions with the pre-replicated 
genome of CHIKV using VIR-CLASP. Mol Cell 78:624–640.e627 

Kim B, Arcos S, Rothamel K, Ascano M (2021) Viral crosslinking and solid-phase purification 
enables discovery of ribonucleoprotein complexes on incoming RNA virus genomes. Nat 
Protoc 16:516–531 

Knoener RA, Becker JT, Scalf M, Sherer NM, Smith LM (2017) Elucidating the in vivo interactome 
of HIV-1 RNA by hybridization capture and mass spectrometry. Sci Rep 7:16965 

Knoener R, Evans E 3rd, Becker JT, Scalf M, Benner B, Sherer NM, Smith LM (2021) Identifi-
cation of host proteins differentially associated with HIV-1 RNA splice variants. elife 10: 
e62470 

Kramer K, Sachsenberg T, Beckmann BM, Qamar S, Boon KL, Hentze MW, Kohlbacher O, Urlaub 
H (2014) Photo-cross-linking and high-resolution mass spectrometry for assignment of 
RNA-binding sites in RNA-binding proteins. Nat Methods 11:1064–1070 

Kutluay SB, Bieniasz PD (2016) Analysis of HIV-1 gag-RNA interactions in cells and Virions by 
CLIP-seq. Methods Mol Biol 1354:119–131 

Labeau A, Fery-Simonian L, Lefevre-Utile A, Pourcelot M, Bonnet-Madin L, Soumelis V, 
Lotteau V, Vidalain PO, Amara A, Meertens L (2022) Characterization and functional interro-
gation of the SARS-CoV-2 RNA interactome. Cell Rep 39:110744 

LaPointe AT, Moreno-Contreras J, Sokoloski KJ (2018) Increasing the capping efficiency of the 
Sindbis virus nsP1 protein negatively affects viral infection. mBio 9(6):e02342-18 

Law YS, Utt A, Tan YB, Zheng J, Wang S, Chen MW, Griffin PR, Merits A, Luo D (2019) 
Structural insights into RNA recognition by the chikungunya virus nsP2 helicase. Proc Natl 
Acad Sci U S A 116:9558–9567 

Lee S, Lee YS, Choi Y, Son A, Park Y, Lee KM, Kim J, Kim JS, Kim VN (2021) The SARS-CoV-2 
RNA interactome. Mol Cell 81:2838–2850.e2836 

Lenarcic EM, Landry DM, Greco TM, Cristea IM, Thompson SR (2013) Thiouracil cross-linking 
mass spectrometry: a cell-based method to identify host factors involved in viral amplification. J 
Virol 87:8697–8712 

Li HC, Yang CH, Lo SY (2021) Hepatitis C viral replication complex. Viruses 13(3):520 
Liu C, Perilla JR, Ning J, Lu M, Hou G, Ramalho R, Himes BA, Zhao G, Bedwell GJ, Byeon IJ et al 

(2016) Cyclophilin a stabilizes the HIV-1 capsid through a novel non-canonical binding site. 
Nat Commun 7:10714 

Lu X, Alam U, Willis C, Kennedy D (2021) Role of chikungunya nsP3 in regulating G3BP1 
activity, stress granule formation and drug efficacy. Arch Med Res 52:48–57 

Lunde BM, Moore C, Varani G (2007) RNA-binding proteins: modular design for efficient 
function. Nat Rev Mol Cell Biol 8:479–490 

Lyonnais S, Gorelick RJ, Heniche-Boukhalfa F, Bouaziz S, Parissi V, Mouscadet JF, Restle T, 
Gatell JM, Le Cam E, Mirambeau G (2013) A protein ballet around the viral genome orches-
trated by HIV-1 reverse transcriptase leads to an architectural switch: from nucleocapsid-
condensed RNA to Vpr-bridged DNA. Virus Res 171:287–303 

Martinez-Salas E, Embarc-Buh A, Francisco-Velilla R (2020) Emerging roles of Gemin5: from 
snRNPs assembly to translation control. Int J Mol Sci 21(11):3868 

Matia-Gonzalez AM, Laing EE, Gerber AP (2015) Conserved mRNA-binding proteomes in 
eukaryotic organisms. Nat Struct Mol Biol 22:1027–1033



384 A. Castello and L. Iselin

Muckenthaler MU, Rivella S, Hentze MW, Galy B (2017) A red carpet for iron metabolism. Cell 
168:344–361 

Olschewski S, Cusack S, Rosenthal M (2020) The cap-snatching mechanism of Bunyaviruses. 
Trends Microbiol 28:293–303 

Onomoto K, Yoneyama M, Fung G, Kato H, Fujita T (2014) Antiviral innate immunity and stress 
granule responses. Trends Immunol 35:420–428 

Ooi YS, Majzoub K, Flynn RA, Mata MA, Diep J, Li JK, van Buuren N, Rumachik N, Johnson AG, 
Puschnik AS et al (2019) An RNA-centric dissection of host complexes controlling flavivirus 
infection. Nat Microbiol 4:2369–2382 

Park GJ, Osinski A, Hernandez G, Eitson JL, Majumdar A, Tonelli M, Henzler-Wildman K, 
Pawlowski K, Chen Z, Li Y et al (2022) The mechanism of RNA capping by SARS-CoV-2. 
Nature 609:793–800 

Pashev IG, Dimitrov SI, Angelov D (1991) Crosslinking proteins to nucleic acids by ultraviolet 
laser irradiation. Trends Biochem Sci 16:323–326 

Paul AV, Wimmer E (2015) Initiation of protein-primed picornavirus RNA synthesis. Virus Res 
206:12–26 

Phillips SL, Soderblom EJ, Bradrick SS, Garcia-Blanco MA (2016) Identification of proteins bound 
to dengue viral RNA in vivo reveals new host proteins important for virus replication. mBio 7: 
e01865–e01815 

Pineiro D, Ramajo J, Bradrick SS, Martinez-Salas E (2012) Gemin5 proteolysis reveals a novel 
motif to identify L protease targets. Nucleic Acids Res 40:4942–4953 

Pineiro D, Fernandez N, Ramajo J, Martinez-Salas E (2013) Gemin5 promotes IRES interaction and 
translation control through its C-terminal region. Nucleic Acids Res 41:1017–1028 

Queiroz RML, Smith T, Villanueva E, Marti-Solano M, Monti M, Pizzinga M, Mirea DM, 
Ramakrishna M, Harvey RF, Dezi V et al (2019) Comprehensive identification of 
RNA-protein interactions in any organism using orthogonal organic phase separation (OOPS). 
Nat Biotechnol 37:169–178 

Rao S, Hoskins I, Tonn T, Garcia PD, Ozadam H, Sarinay Cenik E, Cenik C (2021) Genes with 5′ 
terminal oligopyrimidine tracts preferentially escape global suppression of translation by the 
SARS-CoV-2 Nsp1 protein. RNA 27:1025–1045 

Rehwinkel J, Gack MU (2020) RIG-I-like receptors: their regulation and roles in RNA sensing. Nat 
Rev Immunol 20:537–551 

Sawicki SG, Godman GC (1971) On the differential cytotoxicity of actinomycin D. J Cell Biol 50: 
746–761 

Schmidt N, Lareau CA, Keshishian H, Ganskih S, Schneider C, Hennig T, Melanson R, Werner S, 
Wei Y, Zimmer M et al (2021) The SARS-CoV-2 RNA-protein interactome in infected human 
cells. Nat Microbiol 6:339–353 

Schubert K, Karousis ED, Jomaa A, Scaiola A, Echeverria B, Gurzeler LA, Leibundgut M, Thiel V, 
Muhlemann O, Ban N (2020) SARS-CoV-2 Nsp1 binds the ribosomal mRNA channel to inhibit 
translation. Nat Struct Mol Biol 27:959–966 

Shaw AE, Rihn SJ, Mollentze N, Wickenhagen A, Stewart DG, Orton RJ, Kuchi S, Bakshi S, 
Collados MR, Turnbull ML et al (2021) The antiviral state has shaped the CpG composition of 
the vertebrate interferome to avoid self-targeting. PLoS Biol 19:e3001352 

Simeoni M, Cavinato T, Rodriguez D, Gatfield D (2021) I(nsp1)ecting SARS-CoV-2-ribosome 
interactions. Commun Biol 4:715 

Tagawa T, Serquina A, Kook I, Ziegelbauer J (2021) Viral non-coding RNAs: stealth strategies in 
the tug-of-war between humans and herpesviruses. Semin Cell Dev Biol 111:135–147 

Taylor SS, Haste NM, Ghosh G (2005) PKR and eIF2alpha: integration of kinase dimerization, 
activation, and substrate docking. Cell 122:823–825 

Te Velthuis AJ, Fodor E (2016) Influenza virus RNA polymerase: insights into the mechanisms of 
viral RNA synthesis. Nat Rev Microbiol 14:479–493



13 Viral RNA Is a Hub for Critical Host–Virus Interactions 385

Thoms M, Buschauer R, Ameismeier M, Koepke L, Denk T, Hirschenberger M, Kratzat H, 
Hayn M, Mackens-Kiani T, Cheng J et al (2020) Structural basis for translational shutdown 
and immune evasion by the Nsp1 protein of SARS-CoV-2. Science 369:1249–1255 

Trendel J, Schwarzl T, Horos R, Prakash A, Bateman A, Hentze MW, Krijgsveld J (2019) The 
human RNA-binding proteome and its dynamics during translational arrest. Cell 176:391–403. 
e319 

Truman CT, Jarvelin A, Davis I, Castello A (2020) HIV Rev-isited. Open Biol 10:200320 
Twarock R, Bingham RJ, Dykeman EC, Stockley PG (2018) A modelling paradigm for RNA virus 

assembly. Curr Opin Virol 31:74–81 
Verdegem D, Badillo A, Wieruszeski JM, Landrieu I, Leroy A, Bartenschlager R, Penin F, 

Lippens G, Hanoulle X (2011) Domain 3 of NS5A protein from the hepatitis C virus has 
intrinsic alpha-helical propensity and is a substrate of cyclophilin a. J Biol Chem 286:20441– 
20454 

Viktorovskaya OV, Greco TM, Cristea IM, Thompson SR (2016) Identification of RNA binding 
proteins associated with dengue virus RNA in infected cells reveals temporally distinct host 
factor requirements. PLoS Negl Trop Dis 10:e0004921 

Vladimer GI, Gorna MW, Superti-Furga G (2014) IFITs: emerging roles as key anti-viral proteins. 
Front Immunol 5:94 

Walker AP, Fodor E (2019) Interplay between influenza virus and the host RNA polymerase II 
transcriptional machinery. Trends Microbiol 27:398–407



Chapter 14 
Influenza A Virus: Cellular Entry 

Yasuyuki Miyake, Yuya Hara, Miki Umeda, and Indranil Banerjee 

Abstract The frequent emergence of pathogenic viruses with pandemic potential 
has posed a significant threat to human health and economy, despite enormous 
advances in our understanding of infection mechanisms and devising countermea-
sures through developing various prophylactic and therapeutic strategies. The recent 
coronavirus disease (COVID-19) pandemic has re-emphasised the importance of 
rigorous research on virus infection mechanisms and highlighted the need for our 
preparedness for potential pandemics. Although viruses cannot self-replicate, they 
tap into host cell factors and processes for their entry, propagation and dissemina-
tion. Upon entering the host cells, viruses ingeniously utilise the innate biological 
functions of the host cell to replicate themselves and maintain their existence in the 
hosts. Influenza A virus (IAV), which has a negative-sense, single-stranded RNA as 
its genome, is no exception. IAVs are enveloped viruses with a lipid bilayer derived 
from the host cell membrane and have a surface covered with the spike glycoprotein 
haemagglutinin (HA) and neuraminidase (NA). Viral genome is surrounded by an 
M1 shell, forming a “capsid” in the virus particle. IAV particles use HA to recognise 
sialic acids on the cell surface of lung epithelial cells for their attachment. After 
attachment to the cell surface, IAV particles are endocytosed and sorted into the 
early endosomes. Subsequently, as the early endosomes mature into late endosomes, 
the endosomal lumen becomes acidified, and the low pH of the late endosomes 
induces conformational reaggangements in the HA to initiate fusion between the
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endosomal and viral membranes. Upon fusion, the viral capsid disintegrates and the 
viral ribonucleoprotein (vRNP) complexes containing the viral genome are released 
into the cytosol. The process of viral capsid disintegration is called “uncoating”. 
After successful uncoating, the vRNPs are imported into the nucleus by importin α/β 
(IMP α/β), where viral replication and transcription take place and the new vRNPs 
are assembled. Recently, we have biochemically elucidated the molecular mecha-
nisms of the processes of viral capsid uncoating subsequent viral genome dissocia-
tion. In this chapter, we present the molecular details of the viral uncoating process.
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Molecular Mechanisms of Influenza A Virus Entry 

To establish successful infection in the target cell, virus particles need to deliver their 
genome and the accessory proteins for replication and transcription. Due to small 
viral particle sizes, viruses can only accommodate a limited number of protein-
producing genes to help with their multiplication and spread. Therefore, they largely 
rely on the host proteins and processes to carry out essential functions. Virus 
particles produced from infected cells need to be stable enough to endure the 
challenges in the hostile extracellular environment for their survival. The stability 
of the virion is imparted by strong macromolecular interactions among the viral 
genome and accessory proteins during viral packaging, ensuring highly ordered 
condensation of the viral components into an extremely compact structure. How-
ever, when a highly stable virus in the extracellular environment finds its target cell, 
the macromolecular interactions that lead to its assembly need to be reversed to 
release its genome into the cell for replication and viral protein synthesis. Growing 
evidence suggests that viruses alone are unable to undergo self-disassembly in the 
host cell, therefore, they exploit various cellular factors to accomplish uncoating 
(Edinger et al. 2015; He et al. 2013; Huotari et al. 2012; Konig et al. 2010; Pohl et al. 
2014; Su et al. 2013; Yanguez et al. 2018; Banerjee et al. 2014; Gschweitl et al. 
2016). 

Upon binding to the cell surface, IAV enters the target cell via either receptor-
mediated endocytosis (Eierhoff et al. 2010; Fujioka et al. 2018) or macropinocytosis 
(de Vries et al. 2011). Receptor-mediated endocytosis is a process by which cells 
internalise specific proteins, metabolites, hormones, viruses, etc., by inwardly bud-
ding the plasma membrane and forming endocytic vesicles, whereas in 
macropinocytosis, cells engulf non-specific soluble materials in bulk into large 
uncoated vesicles called macropinosomes (Mercer et al. 2010). After entry into the 
host cells, IAV is sorted into the mildly acidic, Rab5-positive early endosomes 
(Chavrier et al. 1990; Gorvel et al. 1991). The activity of vacuolar ATPase 
(vATPase) present on the early endosomes causes a gradual drop in the luminal 
pH, and as the early endosomes mature into Rab7-positive late endosomes, the pH 
drops to 5.0 (Liang et al. 2016). The low pH in the late endosomes induces rapid



structural rearrangements in the HA, exposing the fusion peptide which mediates the 
fusion between the viral membrane and the limiting membrane of the late endosome 
(Harrison 2008, 2015; Chlanda et al. 2016; Kanaseki et al. 1997; Lee 2010). 
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Although some viruses can enter the host cells by penetrating at the plasma 
membrane, the vast majority of enveloped viruses depend on the host cell endocytic 
pathways for entry and subsequent penetration at endosomes for transmission of 
their genome into the host cells (Yamauchi and Greber 2016; Mercer et al. 2010). 
Upon fusion at the endosomes, the uncoating process may differ from various 
viruses and cell types; however, the general processes of capsid disassembly and 
genome release are still not well understood. Previously it was believed that the viral 
fusion process is coupled to the capsid disassembly process, but recent studies 
indicate that host molecules play a critical role in capsid disassembly after fusion 
(Hao et al. 2013; Banerjee et al. 2014; Miyake et al. 2019; Kawaguchi et al. 2003). 
Uncoating is a highly regulated, step-wise process, which is dependent on host cell 
cues; dysregulation of the endocytic pathways or absence of critical host factors may 
lead to abortive uncoating. 

After initial attachment to the plasma membrane, IAV, is internalised by either 
clathrin-mediated endocytosis or macropinocytosis, and the virus is sorted into early 
endosomes. The vATPase present in the early endosome causes an accumulation of 
protons (H+ ) in the lumen of the early endosome, as a result of which the luminal pH 
gradually drops. As the early endosome matures to late endosome while travelling 
toward the microtubule organising centre (MTOC) from the cell periphery, the pH 
drops to 5.0–5.5, which serves as the cue for HA conformational change to make the 
virus fusion-competent (Alvarado-Facundo et al. 2015; Grambas and Hay 1992). 
The low pH also opens up the viral M2 channel through which, H+ and potassium 
ions (K+ ) enter the viral core, loosening up the macromolecular interactions and 
priming the virus for uncoating (Stauffer et al. 2014). The pH-induced fusogenic HA 
brings the viral and endosomal membranes in close proximity, which is followed by 
the merging of the two membranes (Harrison 2015). Fusion of the virus in the late 
endosome is followed by uncoating, which ensures the escape of the virus from the 
endosome and the release of the vRNPs into the cytosol (Yamauchi and Helenius 
2013; Yamauchi and Greber 2016; Staring et al. 2018; Yamauchi 2020). For 
example, IAV uncoating requires free ubiquitin chains in the virus and the host 
histone deacetylase 6 (HDAC6) (Banerjee et al. 2014). 

In influenza virions, the vRNPs are attached to the viral envelope by nucleopro-
tein (NP) and M1 interactions (Martin and Helenius 1991). M1 also interacts with 
the cytoplasmic tails of HA and NA (Sempere Borau and Stertz 2021). The influx of 
H+ and K+ triggers conformational rearrangements in M1, leading to the disruption 
in the M1-NP interactions. Although priming of the virus in the late endosome is a 
prerequisite for uncoating, it is not sufficient for efficient capsid disassembly; the 
virus needs assistance from the host to complete the process of uncoating to release 
the vRNPs into the cytosol. One of the host proteins found to play a critical role in 
IAV uncoating is HDAC6, which deacetylases tubulin, Hsp90, cortactin and 
DDX3X (Zhang et al. 2006; Zhang et al. 2008; Hubbert et al. 2002; Kovacs et al.



2005; Zhang et al. 2007; Saito et al. 2019). HDAC6 plays a role in the transport of 
ubiquitinated protein aggregates to the aggresome for clearance via recruitment of 
the motor protein dynein (Fig. 14.1) (Hao et al. 2013; Kawaguchi et al. 2003; 
Banerjee et al. 2014). HDAC6 has two catalytic domains whose functions have 
been reported to involve tubulin deacetylation and the regulation of liquid phase 
separation of target proteins (Miyake et al. 2016; Saito et al. 2019). On the other 
hand, the ZnF domain of HDAC6 at the C-terminus recognises and strongly binds to 
the—LRGG sequence at the free C-terminus of the ubiquitin chain (Hao et al. 2013; 
Banerjee et al. 2014). The ubiquitin-binding activity of HDAC6 has been shown to 
be important for IAV uncoating. Although IAV could successfully internalise and 
fuse at the late endosome in the HDAC6-knockout (KO) mouse embryonic fibro-
blasts (MEFs), it was unable to undergo uncoating, and the virus particles remained 
trapped in the endosomal compartments. A similar phenotype was observed in the 
lung alveolar cell line (A549) deficient in HDAC6. The block in uncoating resulted 
in the inhibition of viral replication. Further, it was found that uncoating was 
independent of the mutations abrogating the enzymatic functions of HDAC6 but 
required the ubiquitin-binding activity; a point mutation in the ubiquitin-binding 
ZnF motif suppressed uncoating to the level observed in the HDAC6 KO cells. 
Biochemical investigations and super-resolution microscopy of purified IAVs 
revealed the presence of host-derived free ubiquitin chains within the virus particles. 
After confirming the presence of free ubiquitin chains within virions, the localisation 
of the ubiquitin chains was examined; if ubiquitin molecules were present on the 
viral surface, they should have been degraded by protease K in the absence of 
detergent (Triton). But no degradation of the ubiquitin molecules was observed 
upon protease K treatment. On the other hand, viral particles wrapped in the lipid 
bilayers showed membrane breakdown in the presence of Triton, and the ubiquitins 
present inside the particles were degraded by proteases. This suggests that ubiquitin 
molecules are present beneath the viral membrane and inside the core (Fig. 14.1). An 
in vitro assay with purified HDAC6 and IAV revealed an interaction of the viral 
ubiquitin with the ZnF domain of HDAC6. HDAC6 is a factor that responds to 
various cellular stresses and is known to transport untranslated mRNAs to stress 
granules (SGs). Misfolded and ubiquitinated proteins that have not moved to 
microtubule organising centres (MTOCs) along microtubules form aggregates 
corresponding to membraneless organelles called aggresomes. HDAC6 has been 
reported to interact with dynein motor proteins that move on microtubules in the 
retrograde direction (Kawaguchi et al. 2003), and HDAC6 mutants lacking the 
dynein binding motif also showed reduced viral infection. In addition to dynein, 
HDAC6 was found to interact with the actin-based motor protein myosin 
10 (MYO10). We found that after fusion at the late endosome, the free ubiquitin 
chains present in the viral particles are detected by HDAC6, which, after binding to 
the ubiquitin molecules, recruit dynein and MYO10 to the fusion site. The activity of 
the motor proteins generates a pulling force on the softened virus capsid, which 
further helps in the dissociation of the capsid and release of the vRNPs into the 
cytosol. This suggests that IAV, with its packaged ubiquitin chains, make clever use 
of the HDAC6-dependent ubiquitin-sensing pathways lined to aggresome
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Fig. 14.1 Schematic of influenza A virus entry. Viral particles are taken up into the cell by endocytosis 
and become acidified in the endosomes as they mature (Priming). Within matured endosomes, HA 
undergoes structural conformation change and fuses to the endosomal membrane. Then, host histone 
deacetylase HDAC6 is recruited by the ubiquitin chains derived from the virus. The ubiquitin-binding 
domain of HDAC6 tightly binds to unanchored ubiquitin chains. By protein quality control mechanisms, 
unfold or misfold proteins that are no longer required are ubiquitinated for its degradation and transport 
to the aggresome by binding to HDAC6. As a stress response, HDAC6 bound to ubiquitin chains in the 
virus interacts with microtubules and actin fibres to promote uncoating response. After uncoating, the 
viral nucleoprotein complexes (vRNPs) are released into the cytoplasm. Host factor TNPO1 pulls off the 
M1 protein on the vRNPs bundle, and the eight bundles of vRNPs are separated into each vRNP. 
Dissociated vRNPs bind to IMPα/β and migrate into the nucleus for replication and transcription



processing for its entry and establishment of a successful infection (Rudnicka and 
Yamauchi 2016). Biochemical fractionation of endosomal fractions of IAV-infected 
cells by ultracentrifugation revealed the presence of HDAC6 in one fraction 
containing viral component M1 and a late endosome marker Rab7 in the soluble 
endosomal fraction (Fig. 14.2; see fraction (7)). As a fraction containing Rab7 is also 
found in the pellet fraction, the endosomes that are undergoing uncoating may be 
precipitated in complex with various other proteins (Fig. 14.2). A recent study on 
Zika virus has shown how a similar HDAC6-dependent uncoating mechanism is 
exploited by the virus for uncoating. Designed ankyrin repeat proteins (DARPins) 
that bind to the ZnF motif of HDAC6 disrupt ubiquitin binding to HDAC6 and 
prevent Zika virus infection by suppressing viral uncoating (Wang et al. 2022).
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Fig. 14.2 Biochemical analysis of the endosomal fraction of virus-infected cells. (a) After collec-
tion of the virus-infected cells, the supernatant of the cell lysate was fractionated by Optiprep-
density gradient centrifugation. NPTs; Nuclear pellet fractions. (b) Analysis of each fraction after 
density gradient centrifugation by Western blotting. Fraction (2) up to fraction (7) is positive for the 
late endosomal marker Rab7. The M1 matrix protein, used as a marker for IAV, is also co-localised 
in the endosomal fraction (right panel). Fraction (7) is considered to be the endosomal fraction from 
which HDAC6 is recruited immediately after uncoating 

In addition to HDAC6, several other host factors have been found to promote 
IAV uncoating. Larson and colleagues reported that the epidermal growth factor 
receptor pathway substrate 8 (EPS8) physically interacts with IAV NP and facilitates 
viral uncoating at a post-fusion step. IAV uncoating and subsequent infection 
processes were significantly compromised in the EPS8-deficient cells, and 
complementing EPS8 in the cells restored infection (Larson et al. 2019). IAV 
uncoating is also blocked in cells with endosomal maturation defect. Houtari and 
colleagues found that Cullin-3, which serves as a scaffolding subunit in a large 
family of E3 ubiquitin ligases, plays a critical role in endosome maturation. Upon 
Cullin-3 depletion, although IAV can enter the cell and the HA can assume an acid-
induced conformation in the acidic lumen of the late endosome, the virus fails to



uncoat due to impaired endosomal maturation (Huotari et al. 2012). Another study 
found that the lymphocyte antigen 6 family member E (LY6E) promotes IAV 
uncoating; ectopic expression of LY6E increases capsid disassembly, suggesting 
the supporting role of the protein in uncoating at a post-fusion step (Mar et al. 2018). 
A genome-wide pooled shRNA screen identified an E3 ubiquitin ligase ITCH, which 
participates in the release of IAV from late endosomes. In the early stage of IAV 
infection, ITCH is activated by phosphorylation and is recruited to endosomes. In 
ITCH-depleted cells, the amount of mono- and poly-ubiquitinated M1 was reduced 
and the M1 co-immunoprecipitated with ITCH. Together, the results suggested that 
ITCH ubiquitinates M1 in the endosomes and facilitates IAV uncoating after fusion 
(Su et al. 2013). It is clear from the above studies that IAV uncoating is not a 
spontaneous event that follows fusion at the late endosome, but requires the partic-
ipation of the host molecules. Additional uncoating factors could be involved, and 
future studies may illuminate new molecules that promote IAV uncoating. 
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After uncoating, the IAV genome is transferred into the nucleus, where the 
genome is transcribed and replicated. The IAV genome is divided into eight 
vRNPs segments, which encode 11 structural and non-structural proteins. These 
eight vRNPs are linked to each other by RNA-RNA interactions or protein-mediated 
interactions (Hutchinson et al. 2010; Noda et al. 2012; Dadonaite et al. 2019; Noda 
2021). When the vRNPs are released into the cytosol following uncoating, they are 
bundled together and, therefore, cannot travel into the nucleus due to size limitation 
for the passage of the vRNPs through the nuclear pores. To identify the host factors 
promoting vRNP nuclear import, we conducted an RNAi screen targeting 70 poten-
tial genes involved in nucleocytoplasmic transport and identified transportin 
1 (TNPO1) as one of the top hits (Miyake et al. 2019). RNAi-mediated knockdown 
of TNPO1 significantly arrested vRNP nuclear import. In the TNPO1-deficient cells, 
both viral capsid uncoating and vRNP nuclear import were impeded, and strong NP 
and M1 signals were observed in the cytoplasm. We reasoned that reduced uncoating 
and the block in vRNP nuclear import was possibly due to clustered vRNPs that 
needed to be debundled into individual segments in order to pass through the nuclear 
pores. Close examination of the amino acid sequence of the M1 protein revealed the 
presence of a sequence similar to the existing Proline-Tyrosine nuclear localisation 
signal (PY-NLS) at the N-terminus of the protein. TNPO1 was previously 
documented to interact with PY-NLS. Hydrophobic-rich amino acid sequences, 
including proline, tyrosine and glycine and their neighbouring basic sequences are 
widely conserved in the sequences of proteins interacting with TNPO1. This 
TNPO1-binding sequence is also conserved in the capsid protein CA of HIV-1, 
and it was reported that TNPO1 is an essential factor that facilitates HIV-1 uncoating 
(Fernandez et al. 2019). IAVs are exposed to acidic conditions in late endosomes for 
fusion, but upon penetration, the matrix protein M1, vRNPs and the accessory 
proteins are released into the cytosol at an almost neutral pH. Mimicking both 
endosomal and cytosolic pH conditions, we examined in vitro whether TNPO1 
interacts with M1. Extracts were prepared after treatment of the virus in a buffer 
solution of pH 5.6 containing potassium salts mimicking the late endosome luminal 
environment, and immunoprecipitation with purified TNPO1 protein was attempted.



Interestingly, TNPO1 interacted with M1 exclusively at pH 5.6 but failed to bind to 
the protein at pH 7.0, indicating the interaction of TNPO1 with M1 was dependent 
on the acidic pH environment found in the lumen of late endosomes. On the other 
hand, in a mutant (G18A) virus in which the glycine at position 18 of M1, the most 
conserved protein in the TNPO1-binding sequence, was replaced by alanine, the 
interaction with TNPO1 was abrogated, and the infectivity of the virus was also 
greatly reduced. X-ray crystallography of the M1 protein with mutation at glycine 
18 revealed a significant structural change around the mutated amino acid. This 
conformational change is expected to have a significant impact on the interaction 
with TNPO1, but molecular interaction details are still unclear and are currently 
being investigated. Taken together, these results suggest that TNPO1 acts on the 
eight-bundle vRNPs complex of IAVs and binds to the M1 protein, dissociating 
them into individual vRNPs to be subsequently imported into the nucleus for 
replication and transcription (vRNPs uncoating, Fig. 14.1). 
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Uncoating Reaction In Vitro 

To further understand the mechanism of IAV uncoating, we performed an in vitro 
assay, exposing purified viruses to buffer solutions at neutral or acidic pH conditions 
to mimic reactions within late endosomes, and analysed the properties of ubiquitin 
molecules interacting with HDAC6 in the viral extracts. Virus particles exposed to 
pH 7.0 or pH 5.4 were disrupted by lysis buffer. Viral lysates were reacted with ZnF, 
the ubiquitin-binding domain of HDAC6, and purification was attempted by histi-
dine tagging of the ZnF domain. Samples that reacted with viral extracts and were 
exposed to acidic conditions resulted in smears on the gel, corresponding to high 
molecular weight ubiquitin chains (Fig. 14.3; lane (12)). This suggests that upon 
acidification, the ubiquitin chains in the virus can increase to higher molecular 
weight. A detailed molecular mechanism of viral uncoating is currently being 
investigated. 

Several attempts have been made to reproduce this uncoating reaction in vitro 
using biochemical experimental methods so far (Zhirnov 1990; Stauffer et al. 2014; 
Stauffer et al. 2016). To mimic the maturation process in endosomes, viral particles 
were exposed to different pH conditions. The lipid bilayer containing surface 
glycoproteins was biochemically removed by treatment with non-ionic detergents 
such as NP-40. In a follow-up study, we attempted to extract vRNP complexes from 
viral particles using this method. The surface glycoproteins of IAV particles that 
passed through a buffer containing NP-40 at pH 7.4 (near neutral) were removed, 
and only the viral core was purified in the pellet fraction (Fig. 14.4a, b). In contrast, 
under acidic conditions (pH 5.4) mimicking late endosomes, the shell consisting of a 
lipid bilayer and M1 was removed and the eight segments of vRNPs, were observed 
in the lower fractions by glycerol density gradient centrifugation (Fig. 14.4c). Thus, 
this process allowed the extraction of vRNPs with rod-like octameric segments of 
different lengths from the viral particles without shells, as previously demonstrated



by Noda et al. (2006) in ultrathin sections. Negative staining electron microscopy of 
the vRNPs fraction containing NPs extracted from this intermediate layer revealed 
individually dispersed vRNPs as well as multiple segments of vRNPs. Since many 
octameric vRNPs have been observed, it is likely that IAV vRNPs are organised by 
RNA-RNA interactions and/or RNA-protein interactions (Fig. 14.4d). In future, 
such purified vRNPs could be used as substrates to reveal the molecular mechanisms 
of dispersion and assembly of vRNPs. 
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Fig. 14.3 High molecular 
weight ubiquitin chains 
accumulate within viral 
particles exposed to acidic 
conditions. The purified 
ubiquitin-binding domain of 
HDAC6 with viral extracts 
exposed to acidic conditions 
immunoprecipitate high 
molecular weight ubiquitin 
chains 
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Application to Coronavirus Endosomal Uncoating 

The in vitro uncoating approach to extracting vRNPs of IAVs can be applied to other 
viruses. For example, coronaviruses, such as SARS-CoV-2, are also RNA viruses 
covered with a lipid bilayer. As with SARS-CoV-2, common cold coronaviruses 
have spike proteins on their viral surface and a 30 kb positive-sense single-stranded 
RNA genome inside the virus (V’Kovski et al. 2021; Evans and Liu 2021). 
Coronaviruses have been reported to have an envelope protein (E protein) on the 
lipid bilayer membrane, which functions as an ion channel (Ruch and Machamer 
2012). Since the 229E and OC43 strains have been reported to be taken up into cells 
in a Rab7-dependent manner (Schneider et al. 2021), the seasonal coronaviruses also 
internalise via endosocytosis and uncoat after fusion at the late endosome. However, 
the detailed mechanisms of coronavirus uncoating are still unclear. Similar to IAV, 
intact viral particles were precipitated by in vitro uncoating by ultracentrifugation 
under neutral conditions without NP-40 (Fig. 14.5; left panel). On the other hand, 
when ultracentrifugation was performed at neutral and/or acidic pH conditions in a
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buffer containing NP-40, cleaved vRNP fragments were observed under neutral 
conditions at pH 7.4. Interestingly, individual vRNPs form condensates at pH 5.4, 
mimicking the late endosomal luminal environment, and some condensates were 
also observed with the neighbouring virus-derived vRNPs (Fig. 14.5). The aggre-
gation of these N-protein-wrapped RNA complexes under acidic conditions may 
favour the efficient release of the genome into the cytoplasm during uncoating from 
the endosome. It has also been suggested that coronavirus RNA-N-protein com-
plexes may undergo phase separation (Carlson et al. 2020; Iserman et al. 2020; Jack 
et al. 2021), and there may be a mechanism by which, the phenomenon of phase 
separation can be successfully exploited to facilitate genome packaging and 
uncoating reactions (Etibor et al. 2021).
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pH 7.4 pH 5.4pH 7.4 
NP-40 (-)  NP-40 (+)  

Fig. 14.5 In vitro uncoating of coronavirus 229E strain. Purified coronavirus strain 229E was 
ultracentrifuged in two-layer glycerol buffer as in IAV. Virus particles precipitate in the buffer 
without NP-40 (left panel). Viral genome vRNPs are purified when ultracentrifuged in the buffer 
containing NP-40. Under neutral conditions, the structure was dissociated (centre panel). Under 
acidic conditions, vRNPs from each virus particle condensed (right panel). Viral genomes incor-
porated within endosomes in the cell may form condensates under acidic conditions as the 
endosomes mature. Scale bar; 200 nm 

Conclusions 

As viral entry represents the first step in the life cycle of a virus, inhibition of these 
early infection events can block the downstream infection processes. Therefore, a 
mechanistic understanding of virus entry has important implications for vaccine



development and drug discovery research. Moreover, by targeting the entry path-
ways, it should be possible to inhibit different viruses that exploit the same entry 
route(s). In the future, the design of host-targeted molecular compounds that can 
block the intracellular entry of emerging and re-emerging viruses is expected to lead 
to the development of prophylactic and therapeutic agents common to different 
viruses. Alternatively, if efficient uncoating can be inhibited by drugs, viral infection 
can also be attenuated. 
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Chapter 15 
Human Endogenous Retroviruses 
in Diseases 

Tian-Jiao Fan and Jie Cui 

Abstract Human endogenous retroviruses (HERVs), which are conserved 
sequences of ancient retroviruses, are widely distributed in the human genome. 
Although most HERVs have been rendered inactive by evolution, some have 
continued to exhibit important cytological functions. HERVs in the human genome 
perform dual functions: on the one hand, they are involved in important physiolog-
ical processes such as placental development and immune regulation; on the other 
hand, their aberrant expression is closely associated with the pathological processes 
of several diseases, such as cancers, autoimmune diseases, and viral infections. 
HERVs can also regulate a variety of host cellular functions, including the expres-
sion of protein-coding genes and regulatory elements that have evolved from 
HERVs. Here, we present recent research on the roles of HERVs in viral infections 
and cancers, including the dysregulation of HERVs in various viral infections, 
HERV-induced epigenetic modifications of histones (such as methylation and acet-
ylation), and the potential mechanisms of HERV-mediated antiviral immunity. We 
also describe therapies to improve the efficacy of vaccines and medications either by 
directly or indirectly targeting HERVs, depending on the HERV. 

Keywords Human endogenous retroviruses (HERVs) · Viral infection · Tumor · 
Antiviral immunity · Histone epigenetics · Therapies 

HERV Functions 

Introduction to ERVs 

Endogenous retroviruses (ERVs) are retroviral sequences in vertebrate genomes 
derived from the invasion and integration of ancient exogenous retroviruses. When 
infecting host cells, retroviruses are first retrotranscribed into double-stranded DNA
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and then integrated into host genome DNA. Exogenous retroviral DNA integrated 
into germ cells may become ERVs. Over the long course of evolution, random 
genetic drift and natural selection have led to the loss or alteration of most retrovi-
ruses integrated into the human genome (Johnson 2019). As a result, few ERVs 
express viral genes. However, full-length ERVs contain the viral genes gag, pol, and 
sometimes env, flanked by two LTRs (long noncoding terminal repeats). Moreover, 
the vast majority of ERV-derived sequences in the human genome are solitary LTRs 
(Bannert and Kurth 2006), which most likely arose through homologous recombi-
nation between two LTRs, resulting in the loss of their retroviral genes (Gemmell 
et al. 2019; Mao et al. 2021). LTRs carry important gene regulatory sequence 
elements, such as promoters and enhancers (Bannert and Kurth 2006; Dolei 2018). 
When inserted in close proximity to a host gene, LTRs can influence the gene 
expression pattern (Mager and Stoye 2015; Hurst and Magiorkinis 2017). However, 
little is known about the mechanisms that modulate LTR promoter activity or the 
functional implications of LTR activities in human cells.
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The replication cycle of all retroviruses consists of two typical steps (Freed and 
Mouland 2006; Novikova et al. 2019). (a) reverse transcription of the true viral RNA 
genome into dsDNA and (b) integration of a newly synthesized viral DNA into the 
chromosomal DNA of a host cell. The resulting provirus is typically 8–12 kb long 
(depending on the type of retrovirus) and flanked by short repeats (∼4–6 bp) of the 
host genome sequence. The provirus includes all retroviral genes that together 
encode the structural and nonstructural proteins of a virus, as well as the cis-acting 
elements necessary to regulate viral gene expression and synthesize new copies of 
the viral RNA genome. 

Classification of HERVs 

ERVs have been found in the human genome and are thus called human endogenous 
retroviruses (HERVs). ERVs were discovered in the late 1960s and early 1970s, 
when independent groups reported the identification of three types of ERVs within a 
few years: avian leukemia virus (ALV), murine leukemia virus (MLV) (Aaronson 
et al. 1971) and murine mammary tumor virus (MMTV) (Bentvelzen et al. 1970). 
Since their initial identification in the 1980s (Hayward et al. 2015), HERVs have 
been found in many loci of the human genome and occupy approximately 8% of 
human genomic sequences (Griffiths 2001). Some reports have shown that HERVs 
are carried in vertebrates in addition to humans (Bannert and Kurth 2006; Mager and 
Stoye 2015; Escalera-Zamudio and Greenwood 2016). These findings suggest that 
some HERVs undergo vertical transmission, similar to nonhuman ERVs (Jern and 
Coffin 2008; Garcia-Montojo et al. 2018). HERVs are classified into 3 classes and 
11 supergroups: Class I (gamma- and epsilon-retrovirus-like) HERVs comprise the 
MLLV, HERVERI, HERVFRDLIKE, HEPSI, HUERSP, HERVW9, 
HERVIPADP, MER50-like, and HERVHF supergroups; Class II (beta-retrovirus-
like) comprise the HML (HERV-K) supergroup; and Class III (Spuma-retroviruses).
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Human Endogenous Retrovirus-K (HML-2) 

Among the aforementioned supergroups, multiple copies of the HERV-K retrovirus 
family have recently been identified in the human genome; some of these copies 
carry intact open reading frames and can be transcribed and translated, especially in 
early embryogenesis. Phylogenetically, HERV-K viruses comprise a super virus 
group. Among these viruses, the HML-2 (human endogenous MMTV-like-2) 
subtype shows the most transcriptional activity; therefore, it has been the most 
intensively HERV-K virus studied to date. Hundreds of HERV-K copies have 
been integrated into the human genome (Wildschutte et al. 2016). Although all 
HML-2 proviruses are defective in at least one gene (Subramanian et al. 2011), many 
carry intact open reading frames (ORFs) with coding capacity, and aberrant expres-
sion of HML-2 in adult tissues has been associated with certain types of cancer and 
neurodegenerative diseases (Garcia-Montojo et al. 2018). Studies have shown that 
HERV-K plays a key role in embryogenesis and is silently expressed in most cell 
types in healthy adults (Medstrand and Mager 1998). Moreover, its reactivation has 
been associated with several types of cancer (Agoni et al. 2013; Argaw-Denboba 
et al. 2017) and with the neurodegenerative disease amyotrophic lateral sclerosis 
(ALS) (Douville et al. 2011). 

Phylogenetically, the HERV-K group belongs to the ERV2 (or Class II) or beta 
retrovirus-like supergroup. To date, 10 groups (from HML-1 to HML-10) constitute 
the HERV-K evolutionary branch (Andersson et al. 1996), and each group is 
classified according to the reverse transcriptase (RT) sequence of the member. 
Notably, J. M. Coffin’s group revealed that 2 proviruses (located in chromosome 
bands 17p13.1 and 8p22) that had been previously classified in the HML-2 evolu-
tionary branch, carried gene sequences that are very dissimilar to those of other 
viruses in this group. Therefore, this research group proposed reclassifying the 
viruses with these motifs to a new group named HML-11 (Subramanian et al. 
2011). Based on phylogenetic analysis of the LTR sequences, HML-2 can be 
categorized into three subgroups: LTR5Hs, LTR5A, and LTR5B (Buzdin et al. 
2003). LTR5H viruses were recently acquired by humans, while the LTR5A or 
LTR5B subgroups were acquired via earlier integration (Buzdin et al. 2003). Class I 
proviruses are found only in the LTR5H subgroup and are scattered among all 
subclasses, indicating frequent recombination (Subramanian et al. 2011). To clearly 
identify HML-2 proviruses, Hughes and Coffin (2001) proposed naming a virus on 
the basis of its position of a chromosomal band. In cases of multiple proviral loci in 
the same chromosomal band, the Coffin laboratory suggested labeling each provirus 
with “a,” “b,” “c,” etc., depending on the order in the band (Subramanian et al. 
2011). 

HML-2 is usually constitutively expressed at low levels in human tissues and may 
confer benefit to the host (Kurth and Bannert 2010). HML-2 is primarily involved in 
the following cytological functions: a) Maintenance of cellular pluripotency: High 
levels of HML-2 transcripts and proteins have been found in undifferentiated 
embryonic stem cells (ESCs) and induced pluripotent stem cells (IPSCs). Induction



of cell differentiation rapidly suppressed HML-2 expression (Fuchs et al. 2011), and 
the oncogene p53 may be involved in regulating HML-2 expression. b) 
Neurotrophic effects: Human neural cell lines transfected with HML-2 Env expres-
sion led to increased expression of nerve growth factor (NGF) and brain-derived 
neurotrophic factor (BDNF), which enhanced cell viability and prevented neurotox-
icity (Bhat et al. 2014). c) Antiviral effects: Expression of truncated Gag derived 
from Fv-1 ERV protected against infection of certain MLV strains (Best et al. 1997), 
and activation of HML-2 in HIV-infected patients produced a similar protective 
effect. However, the potential antiviral role of HML-2 has not been fully investi-
gated. Interestingly, no exogenous counterparts to any of the three classes of HERVs 
(γ, β, and spuma-like retroviruses) are infectious to humans; notably, spuma-like 
viruses infect humans only through zoonoses. Similarly, exogenous retroviruses 
capable of infecting human cells (lentiviruses and delta retroviruses) are not 
represented by endogenous viruses in humans (van der Kuyl 2012). These patterns 
of integration support the hypothesis that HERVs are antiviral agents with activity 
against related exogenous retroviruses. (d) Placental formation; The HML-2 enve-
lope does not form in syncytia. In contrast, it is expressed in placental villi and 
extravillous trophoblast cells but not in syncytial trophoblast cells (Kammerer et al. 
2011). 
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HML-2 has been associated with the development of cancer because its expres-
sion has been associated with many types of cancer, such as teratomas, germ cell 
tumors, melanoma, ovarian cancer, and prostate cancer (Buscher et al. 2005, Kurth 
and Bannert 2010). HML-2 also exhibits various malignant cell characteristics 
(Oricchio et al. 2007; Reis et al. 2013; Bhardwaj et al. 2014; Garcia-Montojo et al. 
2018). 

HERV-H 

HERV-H is one of the most prolific HERV families, with approximately 1000 
copies, including those with full-length, truncated, and individual LTRs. Previous 
studies on the function of HERVs have focused on the envelope protein encoded by 
the env gene, which is thought to be the most important gene in disease-causing 
HERVs due to its potential immunosuppressive properties (Wang-Johanning et al. 
2007). The env gene fragment in the HERV-H family has been detected in various 
human tissues and cancer cells; for example, RT–PCR of several human tissues 
(placenta, skeletal muscle, spleen, and thymus) and cancer cells (RT4, BT-474, 
HCT-116, TE-1, UO-31, Jurkat, HepG2 A549, MCF7, OVCAR-3, MIA-PaCa-2, 
PC3, LOX-IMVI, AZ521, 2F7, U-937, and C-33A cells) has led to the identification 
of env fragments in mRNA (Yi et al. 2006). However, few HERV-H family 
members have been shown to encode intact envelope proteins. Only three HERV-
H integrins retain an env ORF: HERV-H/env62 (or HERV-H19), HERV-H/env60, 
and HERV-H/env (Kelleher et al. 1996; Lindeskog et al. 1999). HERV-H19 has 
been reported to be a code-competent family member carrying an env ORF com-
prising 1752 bp that encodes an envelope protein of 77 kDa via an in vitro



translational reaction (Hirose et al. 1993). Performing a transcriptome analysis of 
specific copies of HERV-H is challenging due to the high similarity among the 1000 
members of the HERV-H family distributed across the human genome. However, 
multiple studies focusing on activating the expression of HERV-H elements, partic-
ularly spliced noncoding transcripts, have been performed. 
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Transcripts for HERV-H have been detected in cell lines derived from different 
types of cancer, including teratocarcinoma, bladder cancer, testicular tumors, lung 
cancer, and colorectal cancer (Yi et al. 2006). Expression of a HERV-H env gene, 
however, has not been detected in normal tissues of the brain, prostate, kidney, liver, 
and lung, although it has been detected in cancer cells. Using massively parallel 
signature sequencing, for example, it has been found that HERV-H elements were 
preferentially expressed in the colon, small bowel, and gastric cancer tissues of the 
various samples of cancer tissues tested (Kitsou et al. 2021). Alves et al. (2008) 
reported that specific HERV-H elements on the X chromosome were selectively 
transcribed in 60% of colon cancers and were transcribed at a higher rate in 
metastatic colon cancers. Wentzensen et al. (2007) also reported overexpression of 
HERV-H RNA sequences in a range of gastrointestinal cancers, which was associ-
ated with HERV-H LTR demethylation. Pérot and colleagues detected colorectal 
cancer-specific HERV-H transcripts at significantly higher levels in tumors with 
lymph node invasion throughout disease progression from adenoma to liver metas-
tasis (Perot et al. 2015). Shu Zheng et al. performed microarray expression profiling 
to search for genes differentially expressed in colorectal tumors and adjacent 
nontumor tissues, and they identified a HERV-H element located at Xp22, named 
HERV-HX, that was specifically upregulated in colon tumor tissues, and this 
HERV-H locus was found to be more active in colon tumors than in adjacent normal 
tissues. Leonardo A. Sechi and colleagues found that patients with prostate cancer 
who carried antibodies to HERV-H env-su229–241 exhibited a significant response, 
showing the possible involvement of HERV-H in prostate cancer development and 
suggesting that this gene may be used as a biomarker for this disease (Manca et al. 
2022). 

Replication of HERVs 

The replication of HERVs is very similar to that of exogenous retroviruses such as 
HIV. In the case of HERVK, two HERVKs encoding different auxiliary protein 
genes are first transcribed into several different transcripts, such as a transcript 
encoding the gag-pro-pol polyprotein, auxiliary Rec/NP9 protein or the ENV 
protein. In addition, the termination of HERV transcription due to the accumulation 
of mutations leads to the production of noncoding RNA molecules. Transcribed 
mRNA molecules are translated by ribosomes into individual HERVE proteins. 
First, the HERV protein protease (PR) undergoes self-cleavage to form the active 
form of PR, which in turn cleaves the polyprotein precursor of other HERV proteins 
to produce the structural proteins of the matrix (MA), capsid (CA) and nucleocapsid



(NC), as well as enzymatically active reverse transcriptase (RT) and integrase (IN). 
The transcript (the genome of a daughter virus) is then encircled with the IN and RT 
proteins in a viral capsid formed by the three structural proteins. In the case of ENV 
proteins, synthesis proceeds via the secretory pathway: ENV proteins are first guided 
into the endoplasmic reticulum via a signal peptide in their head, and then, the signal 
peptide is excised. Subsequently, the ENV protein is cleaved in the Golgi apparatus 
by host furin to form surface units and transmembrane units, forming dimers by 
noncovalent binding. Then, three dimers form a trimer. The mature ENV protein is 
anchored to the cell membrane via the TM structural domain and attaches to the 
surface of the viral capsid, which in turn forms new daughter viral particles. The 
newly generated daughter viral particles carry properties similar to those of 
exogenous retroviruses: They can enter cells in a manner similar to exogenous 
retroviruses, and thus, the viral genome is integrated into the cellular genome 
(Garcia-Montojo, et al. 2018). 

408 T.-J. Fan and J. Cui

HERVs as Transcriptional Regulators 

Epigenomic studies in recent years have revealed that ERVs are unexpectedly large 
sources of cell type-specific regulatory elements, including promoters, enhancers, 
chromatin boundary elements, and regulatory RNAs. These regulatory sequences are 
often derived from the LTR region of an ERV, suggesting that ancestral regulatory 
integrated proviral LTRs may have been leveraged for genomic regulation at the 
cellular level. Regulatory activity derived from ERVs has recently been demon-
strated in a variety of tissues and cell types, including many immune cells, whereas 
the sequence of the MIR retrotransposon insulates the human genome. Together, 
these studies suggest that ERVs and other repetitive elements are important drivers 
of gene regulatory network evolution (Schmidt et al. 2012; Ohnuki et al. 2014). 

HERVs regulate gene transcription through different mechanisms. At least 4 dif-
ferent mechanisms have been reported: (1) HERVs function as promoters or 
enhancer elements in genes, (2) HERVs encode proteins involved in the regulation 
of gene transcription, (3) noncoding RNA (ncRNA) or double-stranded RNA 
(dsRNA) molecules derived from that HERVs regulate gene transcription, and 
(4) HERVs alter the structure of genes or induce an antisense sequence to modulate 
gene transcription. 

HERVs as Promoters or Enhancers 

HERVs may regulate genes by functioning as promoters or enhancers. For example, 
Wang et al. analyzed the transcriptome of human cells infected with a variety of 
viruses, including influenza viruses, flaviviruses, herpesviruses, and coronaviruses, 
and found that certain HERVs likely promoted the expression of certain interferon-
stimulated genes (ISGs) [1], and this mechanistic finding was consistent with



previous findings obtained through HIV-1 research [2]. HERVs may not only act as 
ISG promoters but also as ISG enhancers. Chuong et al. found that MER41 
(HERVW9) elements close to a signal transducer and activator of transcription 
1 (STAT1) gene showed a marked increase in histone H3 lysine 27 acetylation 
(H3K27ac) after IFN-gamma (IFN-γ) stimulation, and this H3K27ac marked abun-
dance suggested cis-regulatory enhancer activity. Subsequently, this research group 
demonstrated that deleting MER41 from the human genome altered IFN-induced 
adjacent gene expression [3]. 
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HERV-Encoded Proteins 

Some HERVs with an intact open reading frame have been reported to produce 
virus-like particles with peptides and functional proteins involved in tumorigenesis 
due to epigenetic dysregulation; in other words, HERVs can regulate gene expres-
sion through the translation of their own proteins. The pathogenic properties of 
envelope (Env) proteins, among the protein products of HERVs, are currently sub-
jects of intense investigation and are likely involved in a number of diseases with 
complex etiologies, particularly in the context of autoimmunity and cancer. 

In fact, envelope proteins of HERVs have been shown to initiate both innate and 
adaptive immunity, contributing to inflammatory, cytotoxic, and apoptotic responses 
and, conversely, to prevent the activation of immune responses. Notably, immuno-
suppressive properties and functions through immune negative regulators, namely 
Env proteins (i.e. Syncytin-1, Syncytin-2, Np9, and Rec) in different HERV groups, 
such as the HK2, HERV-W, HERV-V, HERV-H and HERV-P groups (Lee et al. 
2020), have been reported to suppress the immune system (Shekarian et al. 2017) 
and affect cell signaling pathways (Yu et al. 2012). HERV Env proteins have also 
been shown to induce abnormal cell-cell fusion, which may contribute to tumor 
progression and metastasis. The expression of ENV proteins, therefore, leads to 
oncogenic consequences. Specifically, it promotes cell proliferation, growth, migra-
tion, invasion, metastasis, and stemness in a variety of cancer types, such as breast 
cancer (Sorek et al. 2022), melanoma (Song et al. 2021), leukemia (Wang-Johanning 
et al. 2012), Kaposi’s sarcoma (Levet et al. 2019) and pancreatic cancer (Curtin et al. 
2012). Notably, even HERVs with profoundly defective envelope proteins and 
alternative envelope splice variants may contribute to alternative pathogenic mech-
anisms. One of the best-characterized examples of a disease-mediating mutant 
HERV-K (HML2), the env gene, with or without a 292-bp deletion, may produce 
a protein with a different length (either Np9 or Rec) that is thought to be oncogenic. 
Understanding their involvement in complex pathologic diseases has indicated that 
HERV Env proteins may be potential targets for therapeutic intervention. Notably, a 
monoclonal antibody against HERV-W Env is currently in clinical trials for the 
treatment for multiple sclerosis, making it the first HERV-based therapy. Hence, the 
HERV Env protein is an exciting target for anticancer therapy. 

A small number of studies have demonstrated that the expression of multiple 
HERV clusters, such as HERV-W and HERV-K, contributes to the cancer stemness



or pluripotency of colorectal cancer cells (Krishnamurthy et al. 2015) and melanoma 
cells (Song et al. 2021), respectively. However, the underlying mechanisms remain 
to be investigated. In addition, nonallelic recombination of HERV sequences 
resulted in their translocation to different regions of the genome. The novel prox-
imity of these genes may be related to their expression, thus resulting in the 
activation of specific oncogenes (Diebold and Derfuss 2019) or the disrupted 
expression of tumor suppressor genes (Kornmann and Curtin 2020). 
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HERV LTRs can function as alternative promoters that regulate cellular gene 
expression leading to abnormal gene expression, such as proto-oncogene expression, 
ultimately contributing to tumorigenesis (Krone et al. 2005). In addition, in cases of 
T-cell acute lymphoblastic leukemia (T-ALL), the E1B exon derived from HERV-E 
has been observed to attenuate the expression of CD5 on the T-cell plasma mem-
brane, thereby inhibiting CD5 function and causing uncontrolled leukemic T-cell 
proliferation (Curtin et al. 2020). Hence, HERVs seem to play important roles in 
tumorigenesis, with Env proteins from different HERV subgroups showing partic-
ularly crucial activity. Ariza and Williams demonstrated that overexpression of wild-
type or mutant HERV-K dUTPase proteins upregulated the expression of genes 
related to the NF-κB pathway, such as IL-6, -8, -10, -17, -23, and TNF-α, and that 
this process did not rely on the enzymatic activity of dUTPase but on Toll-like 
receptor 2 (TLR2) activity (Escalera-Zamudio and Greenwood 2016). 

HERV-Derived ncRNAs or dsRNAs 

HERV-derived ncRNAs or dsRNAs may regulate gene expression. Zhou et al. 
discovered a long noncoding RNA molecule (lncRNA) derived from the ERVs of 
mice that competitively bound and displace splicing factor proline glutamine-rich 
(SFPQ), which is a transcriptional repressor of v-rel reticuloendotheliosis viral 
oncogene homolog A (avian) (RELA). Interestingly, the human SFPQ protein has 
been shown to bind to the RNAs of three representative HERV transcripts (MER9a2, 
LTR5A, and MLT2A1), and the human SFPQ protein shares greater than 95% 
identity with the murine SFPQ protein. This finding implied that although these 
lncRNAs are not evolutionarily conserved, the mechanism of SPFQ interactions 
with ERV-derived lncRNAs is thought to be conserved in both mice and humans 
(Mager and Stoye 2015). 

In addition to lncRNAs, HERVs can generate dsRNAs to regulate gene expres-
sion. For example, Lee et al. showed that radiation-induced transcription of HERV-
related dsRNA and the subsequent activation of an innate antiviral pathway led to 
the transcription of downstream ISGs (Bannert and Kurth 2006). Moreover, it has 
been reported that different HERV-encoded proteins and nucleic acids are identified 
as pathogen-associated molecular patterns (PAMPs) or danger-associated molecular 
patterns (DAMPs) by cellular sensors located on the plasma or endosome membrane 
(Jern and Coffin 2008). Detection of these HERV-related molecules by transmem-
brane or cytosolic pattern recognition receptors (PRRs) initiates a signaling cascade



that results in the transcription of immune genes encoding proinflammatory effec-
tors, particular cytokines, and type I IFNs (Garcia-Montojo et al. 2018). 
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HERVs May Alter Gene Structure or Yield Antisense Sequences 

HERVs can ultimately influence gene transcription by altering the gene structure or 
producing an antisense gene sequence. In Hodgkin lymphoma, colony-stimulating 
factor 1 receptor (CSF1R) is transcribed from single hypomethylated LTRs in the 
MaLR family (THE1B), which are aberrantly activated in Hodgkin lymphoma cells 
(Vargiu et al. 2016). Conley et al. found that LTRs located downstream of a gene 
promoted the transcription of antisense sequences at that gene, leading to regulatory 
effects at the transcriptional level (Hayward et al. 2015). 

Similar to other ERVs and TEs, HERVs can insert randomly into host genomes. 
These insertions can alter chromosome structure and gene expression. The acquisi-
tion of these altered phenotypes was recapitulated by Payer and Burns, who pointed 
out that TE insertions (LINE-1) caused genetic disease in humans. Mechanistically, 
a TE insertion alters the splicing of a normal transcript and leads to aberrant protein 
translation by disrupting exons, providing additional splice sites, and driving homol-
ogous recombination that alters the gene structure (Mao et al. 2021). Although no 
evidence has indicated that HERVs are involved in genetic disease, the insertion of 
ERVs resulted in mutations in the genomes of inbred mice (Gemmell et al. 2019). 
Many studies have shown that HERVs are abnormally expressed in many kinds of 
human diseases, but the function of these HERVs is still unclear. These HERVs may 
be involved in the regulation of certain key genes in a disease process. Further 
investigation is required to explore HERV function in disease. 

HERV Biological Functions 

Several studies have demonstrated that HERVs are functionally complex and have 
revealed both a “light side” and a “dark side” of HERVs (Suntsova et al. 2015). 

Physiological Functions Involving HERVs 

HERVs are involved in the regulation of a variety of important physiological 
processes in the human body. One of the best-characterized examples of HERV 
involvement is the development of the early human embryo and placenta. In 
addition, HERVs may be closely related to neuronal and immune gene regulation. 

HERVs Participate in Early Embryonic Development 
HERVs are beneficial in the maintenance of normal bodily functions and in the 
promotion of human evolution because they provide adaptive material derived from



syncytin proteins of HERV-W and HERV-H (Young et al. 2013) during, for 
example, placental formation and embryogenesis (Maliniemi et al. 2013; Zhang 
et al. 2013). 
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Syncytin-1 (syncytin-1) and syncytin-2 (syncytin-2) are both HERV envelope 
proteins, with the former belonging to the HERV-W family and the latter to the 
HERV-FRD family (Blaise et al. 2003). Syncytin proteins have been shown to be 
expressed mainly in placental syncytiotrophoblasts and multinucleated cells derived 
from fetal trophectoderm and mediate cell fusion: Recombinant syncytin proteins 
induced the formation of giant syncytia from multiple cell types, and in the presence 
of anti-syncytin antiserum, the fusion of human trophoblasts was significantly 
inhibited (Brooks et al. 2001). Furthermore, during early human embryonic devel-
opment, a number of LTR elements are synchronously transcribed at each stage of 
embryonic development, with the transcribed LTR elements differing during differ-
ent stages of development. Researchers have suggested that these LTR elements are 
markers that can be used to identify cell types, determine cell differentiation poten-
tial and distinguish cell groups during early embryonic development (Goke et al. 
2015). In a systematic study, researchers identified a class of LTR elements in 
HERV-K that were transcribed during human embryonic development, starting at 
the activation of the embryonic genome at the 8-cell stage, continuing throughout the 
emergence of ectodermal cells in the preimplantation blastocyst and eventually 
ceasing when the ectodermal cells differentiated into embryonic stem cells. More 
importantly, the researchers detected the expression of HERV-K-derived viral-like 
particles and coat proteins in ectodermal cells, suggesting that HERV-K-derived 
proteins may function in the development of ectodermal cells. In addition, the team 
demonstrated that the HERV-K-encoded Rec (regulator of expression encoded by 
corf) protein increased IFITM1 (interferon-induced transmembrane protein 1) 
expression on the surface of pluripotent cells and inhibited the suppression of viral 
infection. These findings suggest that HERVK may be involved in antiviral activity 
during infection in embryonic development (Grow et al. 2015). 

HERVs Involved in Cellular Reprogramming 
Expression of HERVs is repressed in pluripotent stem cells. Methylation of DNA 
inhibits the expression of HERVs in differentiated cell types, whereas 
cis-methylation of ERVs and transactivation of transcriptional repressors mediate 
HERV repression in pluripotent stem cells (Gaudet et al. 2004; Wolf et al. 2008). 
Many studies have focused on the transcriptional and epigenetic regulation of 
HERVs and their roles in cell fate commitment and establishment. The 
ubiquitination-modified Kruppel-associated box-zinc finger proteins (KRAB-
ZFPs) recognize specific DNA sequences to recruit TRIM28 (tripartite motif-
containing 28), which in turn recruits histone modification complexes to catalyze 
the addition of repressive marks on HERVs (Margolin et al. 1994; Schultz et al. 
2001; Wolf and Goff 2009). 

The transcriptional regulation of HERV-H (ERVH) LTRs may be one of the main 
mediators of cell fate reprogramming. For example, the “Yamanaka 
cocktail’‘(overexpressing Oct3/4, SOX2, and KLF4 proteins) induces the generation



of pluripotent stem cells, and it seems highly likely that this effect is mediated by 
long intergenic noncoding regulatory RNAs that are driven by HERV-H (ERVH) 
(Lu et al. 2014; Ohnuki et al. 2014; Ko et al. 2021). In addition, the Env protein 
encoded by HERV-R (ERV3-1) has been suggested to be a possible mediator in 
development, as it is overexpressed in developing tissues such as the kidney, tongue, 
heart, liver, and brain (Andersson et al. 2002; Ko et al. 2021). The LTR7 repeats are 
flanked by HERV-H elements that are essential for the maintenance of pluripotency 
(Friedli et al. 2014). When human-reprogrammed cells enter the iPSC stage, HERV-
H is transiently overactivated. However, when the cells reach full pluripotency, the 
expression level of HERV-H is partially suppressed. Thus, transient reactivation of 
HERV-H has been associated with the reprogramming of somatic cells toward 
pluripotency and the establishment of their differentiation potential. Genes located 
in neighboring loci were also activated after HERVH de-repression (Lim and 
Knowles 2015). During reprogramming, HERVs may drive gene expression. 
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HERVs Involved in Human Evolution 
The long-term effects of retroviruses on vertebrate evolution are twofold: On the one 
hand, as with other viruses, retroviruses drive the evolution of host genes that 
impede viral infection or mitigate their pathogenic effects; on the other hand, 
through endogenization, retroviruses contribute a large number of new genetic 
features to a host genome, including unique protein-coding genes and 
cis-regulatory elements. 

The estimated age of syncytin ranges from approximately 12 million to more than 
80 million years (Lavialle et al. 2013), but the receptor-blocking envelope is 
younger, as evidenced by a narrower taxonomic distribution, lower degree insertion 
polymorphism, and an estimated integration time in the past 20 million years (Jern 
and Coffin 2008; Blanco-Melo et al. 2017). It is conceivable that many defective env 
gene sequences in the genome of humans and other vertebrates may have originally 
blocked the entry of viruses but were eliminated due to the extinction of selectors. 
This possibility suggests that viruses, which play important roles in the development 
of organisms, likely evolved via continual purifying selection. In contrast, genes that 
inhibit the replication of exogenous viruses may have been exposed to a shorter 
selection process; that is, when exoviruses became extinct or were replaced by 
resistant variants, exogenes were lost via drift (Aswad and Katzourakis 2012). 
Recently, certain evidence has suggested that HERVs may have facilitated the 
coevolution of genomes coordinated by gene regulatory networks (GRNs) 
(Khodosevich et al. 2002; Lynch 2016; Simonti et al. 2017). Coregulation of 
genes may involve shared cis-regulatory elements (CREs), and the evolutionary 
recombination of GRNs may be a source of phenotypic variation and species 
diversity (Carroll 2008). 

HERVs Involved in Human Evolution 
HERVs can also act as master transcriptional regulators of human genes by direct 
enhancement or promotion or via other mechanisms, sometimes involving long 
noncoding transcripts (Pi et al. 2010). Human hippocampus-specific transcription, 
for example, is regulated by enhancer elements generated by the insertion of HERV-



K/HML-2 (ERVK) LTRs, which may show significant implications in the evolution 
of humans (Suntsova et al. 2013). 
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HERVs Involved in Immune System Regulation 
HERVs may be involved in the regulation of the human immune system and may be 
influenced by a variety of environmental factors (Gosenca et al. 2012). 

On one hand, highly immunogenic HERVs are readily recognized due the 
responses of endogenous T cells and B cells and cleared by the immune system. 
Some HERV epitopes generate immune responses that are too weak to promote 
antitumor immunity; these responses can be classified into two categories: 
nonspecific responses (checkpoint blockade therapies and innate immune agonists) 
or epitope-specific responses (vaccination and T-cell therapies). However, the 
reactivation and expression of HERVs generate antigens that stimulate the immune 
system through an upregulated viral defense mechanism pathway, which positively 
correlates with the presence of infiltrated immune CD8+ T cells. In contrast, HERVs 
encode the Rec and NP9 oncogenes, which upregulate the expression of the immu-
nosuppressive β-catenin pathway by interacting with promyelocytic leukemia zinc 
finger protein (PLZF). 

However, HERVs are also involved in antiviral immune processes. Schmidt et al. 
demonstrated that influenza A virus (IAV) infection can reduce SUMO-TRIM28 
activity (small ubiquitin-like modifier-modified tripartite motif-containing 28), lead-
ing to the desuppression of HERVs, which may elicit interferon-mediated natural 
immunity and inhibit influenza virus replication. 

The abovementioned examples illustrate the roles played by HERVs in important 
human physiological processes. The molecular mechanisms involved in these func-
tions enable HERVs to act as cis-acting elements or encoding proteins to regulate 
many important genetic and cytological processes in the human body. 

HERVs Involved in Human Diseases 

Nonetheless, numerous reports have implicated HERVs in different types of dis-
eases, including autoimmune diseases, neurological diseases, infectious diseases, 
and cancers. For example, the dysregulation of HERVs has been detected in a variety 
of cancer types, such as breast cancer (BC), melanoma, renal cancer, lung cancer and 
ovarian cancer (OC) (Alcazer et al. 2020; Geis and Goff 2020; Gao et al. 2021; Jansz 
and Faulkner 2021; Matteucci et al. 2022). In addition, HERVs have been associated 
with other diseases, such as type 1 diabetes (Levet et al. 2019), neurological 
disorders (Kury et al. 2018, Groger et al. 2021), and other autoimmune diseases 
(Kremer et al. 2020). Furthermore, due to their ability to move in the genome and 
their own cis-element functions, HERVs are capable of altering the normal structure 
of genes after their insertion, leading to the development of certain diseases (Geis 
and Goff 2020; Jakimovski et al. 2020).
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Autoimmune Diseases 
Biases in the expression of proviral proteins in human tissues can initiate autoim-
mune diseases (Karimi et al. 2019; Jin et al. 2022). This outcome was first shown by 
the high levels of proviral transcripts (Ehlhardt et al. 2006) and the presence of anti-
HERV protein antibodies in the sera of several groups of patients with these systemic 
diseases (Bannert and Kurth 2004). Immune responses to HERV products typically 
arise spontaneously in infections or cancers and are believed to drive several 
autoimmune diseases in humans and in mice. The marked overexpression of 
HERV genes may be associated with the global hypomethylation of T-cell DNA 
in patients with systemic lupus erythematosus (SLE). The behavior of different 
HERV families in SLE varies. HERV-E mRNA expression, for example, is 
increased in CD4+ T cells from lupus patients, while members of the HERV-K/ 
HML-2 (ERVK) and HERV-W (ERVW-1) families are expressed to a similar 
degree in patients with SLE and healthy controls. HERV-E mRNA expression levels 
are positively correlated with disease activity in SLE. HERV-E LTR methylation 
levels were reduced in lupus patients and negatively correlated with HERV-E 
mRNA expression (Wu et al. 2015). HRES-1, ERV-3, HERV-E4-1 (ERVE 1–4), 
HERV-K10 (ERVK-10), and HERV-K18 (ERVK-18) were overexpressed and may 
possibly be associated with SLE (Nelson et al. 2014a, b). A statistically significant 
increase in HERVK10 (ERVK-10) Gag protein, HERV-W (ERVW-1) transcripts, 
and protein products (isoforms of syncytial proteins) was found in patients with 
rheumatoid arthritis compared with the increase in normal control subjects (Nelson 
et al. 2014a, b). The presence of HERV-K/HML-2 (ERVK) components in autoim-
mune disease samples may be related to multiple binding sites for a variety of 
inflammation-associated transcription factors in LTRs. Inflammatory diseases, how-
ever, may also be associated with a reduction in HERV gene expression (Nogueira 
et al. 2015); for example, psoriasis is a multifactorial chronic skin disease in which 
patients exhibit a significantly reduced antibody response to HERV-K/HML-2 
(ERVK) Gag and Env protein products detected in plasma (Gupta et al. 2014). 

Neurological Disorders 
The increased expression of HERV-encoded proteins is a candidate biomarker for 
several neurologic diseases (Manghera et al. 2015). IFNc is a proinflammatory 
cytokine that plays a key role in HERV-related neurologic disease pathology; for 
example, IFNc signaling has been shown to significantly increase HERV-K/HML-2 
(ERVK) protein expression levels in astrocytes and human neurons. These findings 
suggest that HERV expression may be induced under inflammatory conditions 
(Christensen 2010). For example, the expression of the gene encoding HERV-K/ 
HML-2 (ERVK) was significantly upregulated in the postmortem brains of 
amyotrophic lateral sclerosis (ALS) patients (Alfahad and Nath 2013). In the case 
of multiple sclerosis (MS), the slow progression of disease after neurodegeneration 
may be directly induced by reactivation of HERV expression and polymorphisms 
within the HERV-Fc1 gene on chromosome X as well as the HERV-K18 gene locus 
(ERVK-18) on chromosome 1 have been associated with susceptibility to MS (de la 
Hera et al. 2014). Infectious mononucleosis can lead to high levels of HERV-W



envelope protein and mRNA (ERVW-1) in blood mononuclear cells (Mameli et al. 
2013). The expression of HERV-W elements (ERVW-1) and ERV9 in CNS cells 
was highly upregulated by treatment with neuroleptics and antidepressants (e.g., 
valproic acid, haloperidol, risperidone, and clozapine) (Diem et al. 2012). HERV-W 
expression (ERVW-1) was also significantly upregulated by certain prevalent nutri-
ents as well as drugs such as caffeine and aspirin (Liu et al. 2013). 
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Infectious Diseases 
The spontaneous long-term evolution of human and animal viruses has led to the 
development of a variety of mechanisms involving the cooperation or interference of 
endogenous and exogenous retroviruses. 

Endogenous retroviral Env production may provide partial resistance to infection 
by exogenous pathogenic retroviruses in host cells. Interference with the Env 
receptor confers host cells with partial resistance to infection with exogenous 
pathogenic retroviruses or related retroviruses (Buzdin et al. 2003; Ponferrada 
et al. 2003), as in the case of the endogenous sheep retrovirus Jaagsiekte (JSRV), 
which blocks the entry of the exogenously associated viruses. In both infections, the 
same protein receptor is leveraged for viral entry, implying interference between 
endogenous and exogenous viruses (Spencer et al. 2003). Endogenous Gag proteins 
might also be involved in antiviral host cell protection. For example, expression of 
the endogenous Gag sequence Fv1 in mice blocked infection with some murine 
leukemia virus (MLV) strains, most likely as a result of direct encounters with the 
MLV virus (Bamunusinghe et al. 2017). In a similar manner, endogenous retroviral 
elements have been reported in both ground squirrels and cats (Best et al. 1997; 
Fujino et al. 2014). To date, there is no direct evidence for a human element, but it is 
theoretically possible because human DNA contains hundreds of intact or largely 
intact retroviral env genes (Malfavon-Borja and Feschotte 2015). In a recent asso-
ciation study with 23,000 participants, susceptibility to herpes zoster caused by 
varicella zoster virus (VZV) was shown to be associated with the noncoding gene 
HCP5 (HLA complex P5), which is also known as varicella zoster, an endogenous 
herpesvirus that can suppress viral activity through its regulatory function. Variants 
in this region of the gene have been associated with a delay in the development of 
AIDS in HIV-1-infected patients (Crosslin et al. 2015). Below, in the section HERV 
involvement in viral diseases, we outline the specific relationship between HERVs 
and viruses. 

Tumors 
HERVs are aberrantly expressed in cancer. For instance, the HERV-K/HML-2 
element (ERVK) is overexpressed in germ cell tumors and melanomas (Muster 
et al. 2003; Oricchio et al. 2007). Positive regulation of HERVs can be mediated 
by combinations of cancer-specific transcription factors, as evidenced by activation 
of HERV-K/HML-2 (ERVK) via the melanoma-specific transcription factor MITF-
M (Katoh et al. 2011). HERV-K/HML-2 (ERVK) mRNA and antibodies against 
proviral proteins have been found in primary breast cancer patients and testicular 
cancer patients, and serum levels of provirus mRNA tend to be higher in patients 
who eventually develop metastatic disease (Wang-Johanning et al. 2014). In



addition, aberrant overexpression of the HERV-K/HML-2 (ERVK) provirus has 
been found in prostate cancer samples (Wallace et al. 2014), and the transcript or 
protein encoded by HERV-K/HML-2 (ERVK) is considered to be a possible bio-
marker of malignancy and is overexpressed in patients with a poor prognosis (Reis 
et al. 2013). However, the expression of these genes has not been reported in the 
literature. Bone marrow transplantation led to tumor regression in a group of patients 
with renal cell carcinoma, possibly as a result of the antitumor effect of the 
transplant. In these patients, antitumor cytotoxic lymphocytes targeted the HERV-
E (ERVE)-encoded epitope (Takahashi et al. 2008), demonstrating the importance of 
immune responses to anti-HERVs in the development of or the cure for human 
diseases. Syncytium protein-1 is an envelope protein of the HERV-W family of 
proteins (ERVW-1), and its expression is usually limited to the placenta. However, it 
has been found in tumors, including melanoma, neuroblastoma, and breast cancer, 
where cell fusion mediated by syncytium proteins may be involved in the transfor-
mation or metastasis of cancer cells (Pothlichet et al. 2006; Manghera et al. 2015). 
The expression of immunosuppressive structural domains of the HERV-W envelope 
(ERVW-1) and HERV-K/HML-2 envelope (ERVK) in tumors suppressed immune 
responses and thus prevented the rejection of tumors and embryos (Morozov et al. 
2013). In conclusion, the discovery of HTLV-1 (human T-lymphotropic virus-1) has 
provided clear evidence for a tumor-inducing exogenous human retrovirus 
(Kassiotis 2014). 
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HERV Involvement in Viral Diseases 

HERVs Associated with Retroviral Infections 

Several lines of evidence suggest that HERVs are associated with viral infections, 
especially retroviral infections. 

Nearly all infectious retroviruses contain LTR sequences that carry dense clusters 
of binding sites that hijack cellular transcription factors and directly integrate the 
transcription of a provirus. To defend against retroviruses, mammalian cells have 
evolved mechanisms to epigenetically target and silence the expression of pro-
viruses. As a counter adaptation, retroviruses, such as human immunodeficiency 
virus 1 (HIV-1), have been reported to have evolved multiple interferon-binding 
sites and inducible NF-κB-binding sites that can reactivate proviral transcription in 
response to innate immunity stimulation (Tchasovnikarova et al. 2015; Yang et al. 
2015; Zhang et al. 2022). These switches in transcriptional activity depend on the 
epigenetic remodeling of an LTR, in which acetylation of a nucleosome activation 
mark drives the reactivation of proviral transcription (Asin et al. 2001; Chan and 
Greene 2012). At the cellular level, the balance between epigenetic repression and 
activation contributes to the stochastic reactivation of a latent retrovirus. HIV-1 
infection can lead to the transactivation of the HERV-W family (ERVW-1) mem-
bers, including their Env gene and syncytial proteins (Uleri et al. 2014).



418 T.-J. Fan and J. Cui

A large body of evidence has indicated that HERVs are linked to viral infections. 
Notable studies have shown a correlation between HERVs and infection with 
Retroviridae. Nearly all infectious retroviruses carry long noncoding terminal repeat 
(LTR) sequences with dense clusters of binding sites that hijack cellular transcription 
factors and directly integrate transcription of the provirus. 

Contreras-Galindo and colleagues showed that infection with human immunode-
ficiency virus type-1 (HIV-1) resulted in the expression of a novel HERV-K 
(HML-2) provirus called K111(Contreras-Galindo et al. 2007; Contreras-Galindo 
et al. 2013); Young et al. found that expression of certain other HERV-K HML-2 
loci was increased in primary human CD4+ T cells following infection with HIV-1 
(Young et al. 2018). Garrison et al. (2007) reported that HERV-specific CD8+ T 
cells present features consistent with a prominent function in the response to HIV-1 
infection, and they proposed to use HERV-K peptides to treat HIV-1 infection. Also, 
Srinivasachar Badarinarayan et al. (2020) reported that HIV-1 infection resulted in 
the upregulation of the expression of LTR12C, which is a member of the ERVW9 
superfamily and can serve as a promoter through which the expression of antiviral 
genes is regulated. 

HERVs have also been reported to be involved not only in HIV infection but also 
in human T-lymphotropic virus 1 (HTLV-1) infection. For example, Toufaily et al. 
(2011) demonstrated that the Tax protein of HTLV-1 activated several terminal 
repeats that were HERVs LTRs, including HERV-W8 and HERV-H (MC16) LTRs, 
in vitro. Perzova et al. (2013) found that antibody titers of HERV-K10 peptides were 
significantly increased in patients with myelopathy associated with HTLV-I 
infection. 

Interestingly, the vast majority of ERVs are HIV-1-like viruses and are normally 
targeted for silencing by epigenetic repressors at the intracellular level (Manghera 
et al. 2016). For example, the KRAB-ZNF family of transcriptional repressor pro-
teins has extensively evolved to bind specific sequence motifs associated with 
different families of TEs. The binding of KRAB-ZNF proteins results in the recruit-
ment of KAP1/TRIM28 and SETDB1 to repressive epigenetic marks, including 
H3K9me3 and are eventually involved in DNA methylation. These targeted inhib-
itory effects on an ERV have persisted long after these genes lost their coding ability 
(Yang et al. 2017). The KRAB-ZNF pathway is arguably the most highly evolved 
epigenetic repression mechanism of TEs identified to date, but multiple additional 
mechanisms, such as the piRNA pathway and the HUSH pathway, also lead to the 
epigenetic silencing of TEs. 

HERVs Associated with RNA Virus Infections 

Reports have suggested that HERVs are functional not only in retroviruses but also 
in many other types of RNA virus infections. 

Schmidt et al. (2019) provided evidence that influenza A virus (IAV) triggered 
the loss of the small ubiquitin-like modifier (SUMO)-modified tripartite motif-



containing 28 (TRIM28), leading to depression of HERV expression, which may 
have triggered interferon (IFN)-mediated innate immune defenses to inhibit the 
replication of IAV. Notably, Tovo et al. demonstrated that HERV-H-pol and 
HERV-K-pol were overexpressed during chronic infection with hepatitis C virus 
(HCV) (Machlowska et al. 2020), and Wang et al. (2020) confirmed the activation of 
HERVs in infection with dengue virus serotype-2 (DENV-2). These studies vali-
dated previous observations suggesting differential expression of HERVs in positive 
or negative single-strand RNA virus infections. Interestingly, HERVs have also been 
found to be differentially expressed in severe acute respiratory syndrome coronavi-
rus type 2 (SARS-CoV-2) infection, which has recently become a matter of global 
public health concern. Notably, HERV-W expression in COVID-19 patients has 
been found to correlate with disease outcome, suggesting the use of HERVs as 
biomarkers for viral infection. In addition, HERVs were upregulated in a human cell 
line following infection with SARS-CoV-2 and in bronchoalveolar lavage fluid 
obtained from COVID-19 patients (Kitsou et al. 2021; Sorek et al. 2021). 
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HERVs Associated with DNA Virus Infections 

In addition to those of HERVs and RNA viruses, relationships between HERVs and 
DNA virus infections, such as herpesviruses, have been reported. 

Dai et al. demonstrated that Kaposi’s sarcoma-associated herpesvirus (KSHV) 
transactivated HERV-K and that the HERV-K accessory gene NP9 was transcribed, 
playing a significant role in KSHV42 pathogenesis and tumorigenesis. Bello-
Morales et al. (2021) concluded that herpes simplex virus type-1 (HSV-1) was 
involved in the regulation of a variety of HERVs, including HERV-H, HEV-W, 
and HERV-K viruses. Moreover, Assinger et al. (2013) and Bergallo et al. (2015) 
reported the upregulation of HERV-K and HERV-W in vitro and in vivo, respec-
tively, following infection with human cytomegalovirus (HCMV). 

HERVs and Epigenetic Modifications 

HERVs consist of a large number of heterogeneous retroviral integrated sequences. 
Successive waves of HERVs have proliferated and diversified throughout evolution, 
providing fertile ground for genomic innovation. HERVs, however, can compromise 
genome integrity by disrupting genome structure and expression; therefore, hosts 
have evolved a variety of mechanisms to limit the general activity of HERVs; these 
mechanisms include inhibitory small RNAs and histone modifications. These mod-
ifications can reduce the promoter activity of retroviral LTRs and interfere with the 
transcription of downstream viral genes, thereby preventing the spread of HERVs 
across the genome. Regulation of HERV homeostasis is achieved by cellular 
monitoring of different stages of the HERV life cycle. In particular, chromatin



silencing due to DNA methylation and histone modifications as well as posttran-
scriptional control via RNA editing and RNA interference, has been extensively 
studied, and its involvement in regulated cellular processes such as chromatin 
remodeling, the cell cycle, splicing, nuclear transport, and actin nucleation has 
been examined (Schmidt et al. 2012; Ohnuki et al. 2014, Wang et al. 2015). 
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Retroviruses and Epigenetics 

During retroviral incubation, the cellular balance between repressive and activating 
epigenetic states contributes to random reactivation. 

Despite the fact that most ERVs in cells are in a repressed epigenetic state, some 
biochemical evidence suggests that hundreds of ERVs exhibit epigenetic or tran-
scriptional activity in mammalian cells. Similar to the silencing of modern pro-
viruses, the epigenetic activation of HERVs is primarily driven by cellular 
transcription factors that bind to sequences within an LTR and recruit additional 
transcriptional machinery to the cell. HERVs that are epigenetically activated dis-
play all the characteristics typical of enhancer elements: increased accessibility, an 
abundance of histone marks associated with cancer (including H3K27ac and 
H3K4me3), p300 coactivator binding, and nascent POL2 RNA transcription. Dif-
ferent ERV families present with distinct transcription factor-binding-site reper-
toires, resulting in distinct cell type-specific or context-dependent patterns of 
activation, and individual insertions with a given HERV family can be mutated, 
duplicated, or truncated to expand or reduce HERV enhancer capacity (Ito et al. 
2017; Tokuyama et al. 2018). 

HERVs and DNA Methylation 

The methylation of DNA, the most abundant and stably inherited DNA modification 
that leads to 5-methylcytosine, occurs predominantly in CpG dinucleotides and has 
been shown to regulate transcription (Law and Jacobsen 2010; Jones 2012). The 
establishment and patterns of DNA methylation in different tissues and cells are 
critical for gene regulation, transposon silencing, and gene imprinting. DNA meth-
ylation is catalyzed throughout the cell cycle by members of the DNA 
methyltransferase family (DNMTs), which are highly conserved (Goll and Bestor 
2005). DNMT1 maintains patterns of DNA methylation, whereas DNMT3A and 
DNMT3B methylate DNA. Epigenetics is intimately linked to the regulation of 
transcription. DNA methylation in a promoter region, for example, has been asso-
ciated with repression of transcription (Esteller 2007), and dimethylation and 
trimethylation marks on histone 3 lysine 9 (H3K9me2/3) are repressive modifica-
tions, whereas histone 3 lysine 4 single and trimethylation (H3K4me1/3) marks 
indicate transcriptionally active sites (Vallianatos and Iwase 2015). Most human



ERVs are highly methylated in somatic cells, and demethylation has been associated 
with transcription or enhancers(Lavie et al. 2005, Schulz et al. 2006, Reiss et al. 
2007, Stengel et al. 2010). CpG substitution rates in the primate genome are 
significantly higher in repeat sequences such as retroelements and the ERVs of L1 
compared to nonrepeat DNA sequences, suggesting a mechanism of homology-
dependent methylation(Aravin and Bourc’his 2008). Evidence suggests that small 
RNA pathways promote DNA methylation and repress human LINE1 non-LTR 
retrotransposon activity(Yang and Kazazian Jr. 2006), but their role in human ERV 
repression is not clear. 
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Epigenetic Suppression of HERV Expression 

Several studies have shown that DNA methylation has primarily evolved to silence 
ERVs and other TEs and that DNMTi silences ERVs (Chiappinelli et al. 2015; 
Amabile et al. 2016; Kogan et al. 2022). 

LTR expression occurs in somatic cells due to the loss of DNA methylation. 
Although DNA methylation is important for ERV silencing in somatic stem cell 
tissues, histone modifications have also been shown to play important roles, partic-
ularly in undifferentiated and/or stem cells. Interactions of as many as hundreds of 
proteins may be required, in addition to DNA methylation early, in embryonic 
development, as the genome is largely unmethylated during this stage. Several of 
these proteins have been implicated in chromatin remodeling or a variety of histone 
posttranslational modifications. For example, H3K9me2 and H3K9me3 have been 
associated with the repression of transcription (Shilatifard 2006). SETDB1, a 
methyltransferase that catalyzes the addition of methyl groups to H3K9, was neces-
sary for silencing LTR in mouse embryonic stem cells (ESCs) but not in mouse 
embryonic fibroblasts (Matsui et al. 2010). Many of the LTRs in mouse ESCs 
overlap with H3K9me3, and LTRs in differentiated cells mostly lacked this histone 
mark (Mikkelsen et al. 2007). 

Epigenetic Activation of HERVs 

Most studies have focused on epigenetic repression of HERV expression, but some 
studies have shown that elements of HERV enhancer or promoter activity seem to be 
associated with activating epigenetic marks (Huda et al. 2011). 

For example, tissue-specific hypermethylated LTRs and another retrovirally 
acquired mark, H3K4me1, on enhancers, have been shown to exhibit enhancer 
activity in reporter assays (Xie et al. 2013). In mouse ES cells with Kap1 deficiency, 
the repressive mark H3K9me3 was lost pm IAP ERVs, and the enhancer marks 
H3K27ac and H3K4me1, which are associated with the upregulation and induction 
of nearby genes, were acquired (Rowe et al. 2013). Mouse LTRs close to actively 
transcribed genes can acquire the active promoter mark H3K4me3, but when 
unmethylated, these LTRs may serve as alternative promoters of nearby genes



(Rebollo et al. 2012). Mice harboring a large number of human chromosomes are 
transcribed with many LTRs that are normally silenced on this chromosome and are 
associated with lower levels of DNA methylation and activating epigenetic marks 
(Ward et al. 2013), suggesting that the absence of species-specific repression 
mechanisms may result in the widespread upregulation of ERV sequence transcrip-
tion (Mager and Stoye 2015). 
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HERVs and DNA Acetylation 

Histone deacetylases (HDACs) constitute an important class of “erasers” that antag-
onize histone acetyltransferases (HATs) by removing acyl groups from histones and 
nonhistones (Dokmanovic et al. 2007). A total of 18 HDAC proteins are encoded in 
the human genome, and they show sequence similarity to yeast homologs and 
require Zn2+ (Classes I, II, and IV) or the NAD+ cofactor (Class III) for enzymatic 
activity. Deletion of several HDACs leads to embryonic lethality or severe defects in 
development. HDACs have been shown to play important functions in appropriate 
downregulated genes (Haberland et al. 2009). The removal of acyl groups from 
H3K27 at enhancers inhibited proximal transcription (Mendenhall et al. 2013), 
whereas H3K27 acetylation at a fluoride promoter increased transcriptional activity 
(Hilton et al. 2015). 

Inhibitors of histone deacetylases (HDACis) activate HERVs primarily through 
(i) activation of HERVs with the simultaneous synthesis of double-stranded RNAs 
(dsRNAs) and (ii) massive promoter activation at long terminal repeat sequences 
(LTRs) derived from previous instances of HERV invasion. This activation results in 
the synthesis of unannotated transcripts that may encode new or cryptic proteins. The 
dsRNA activates an antiviral response pathway, followed by apoptosis, and ulti-
mately may be used for the treatment of tumors or viral infections (Daskalakis et al. 
2018). 

Several studies have demonstrated that HDAC inhibitors can increase the tran-
scription of HERV elements in malignant cells such as ovarian cancer cells. HERV-
V2, for example, encodes an envelope protein similar to syncytium. This protein is 
significantly overexpressed after HDACi exposure and can be effectively targeted by 
the concurrent application of TLR7/8 agonists to trigger intrinsic apoptosis. These 
synergistic cytotoxic effects are accompanied by the functional disruption of the 
TLR7/8-NFκB, Akt/PKB, and Ras-MEK-ERK signaling pathways (Diaz-Carballo 
et al. 2021). In lung cancer cell lines, DNMTi and HDACi have been shown to 
aggregate at the same site to induce unannotated TSSs (TINATs) because TINATs 
are encoded in long unique stretches of terminal repeats in the ERV9/LTR12 family 
and are epigenetically silenced in nearly all normal cells (Brocks et al. 2017). When 
testicular cancer cells were treated with HDACi and the death ligand TNF-related 
apoptosis-inducing ligand (TRAIL), rapid cell death dependent on ERV9-LTR-
driven TNFRSF10B expression was observed (Beyer et al. 2016). HDAC1–3 
inhibition resulted in the activation of LTR12. Notably, HDAC inhibitors induced



LTR12 activity not only in testicular cancer cells but also in cells of many other 
tumor types. In addition, the transcription factor NF-Y mediated LTR12 promoter 
activity and apoptosis induced by HDAC inhibitors. Therefore, activation of LTR12 
by HDAC inhibitors is a generally applicable method to induce proapoptotic genes 
in human cancer cells (Kronung et al. 2016). 
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Many HDACi drugs that induce the proviral expression of HIV-1 may show the 
potential to promote HERV expression and cause unpredictable pathological 
changes, but this possibility is debated (Magiorkinis et al. 2013). HERV-K 
(HML-2) is the most recently discovered active HERV family (it shows unfixed 
endogenous retroviral insertion in the population) with intact open reading frames 
and intact long terminal repeats (LTRs) in transcriptional enhancers. Two genes 
encoding HERVs env (HERV-W env and HERV-FRD env) have been shown to be 
controlled via host selection and to encode proteins (syncytin-1 and syncytin-2, 
respectively) critical to placentation and immune tolerance of a fetus (Dupressoir 
et al. 2011). For example, Gkikas Magiorkinis et al. analyzed HERV genes in HIV-1 
latent T-cell (J-LAT 8.4) and monocyte (U1) models after treatment with the HDAC 
inhibitors vorinostat, panobinostat, and romidepsin transcription. They found that 
HDAC inhibitors did not significantly upregulate the transcription of HERV-K env, 
pol or HERV-W env (encoding syncytin-1) or HERV-FRD env (encoding syncytin-
2), suggesting that the acetylation of histones was not involved in these experiments. 
Thus, acetylation was not critical for the control of HERV expression in primary 
human T cells in a model or ex vivo (Hurst et al. 2016). 

The Mechanisms of HERVs in Antiviral Immunity 

Although numerous studies have been conducted to evaluate HERV-mediated 
antiviral immunity (Hurst and Magiorkinis 2015; Srinivasachar Badarinarayan and 
Sauter 2021), the precise mechanism of HERV activity in human viral infection 
remains poorly understood. Investigators have discovered that HERVs can be 
transcribed into RNA and can produce proteins (Paces et al. 2013). Thus, expressed 
HERVs may produce nucleic acids or proteins with viral features, such as pathogen-
associated molecular patterns of foreign viruses that are sensed by the innate immune 
system. In the present study, expressed HERVs induce innate immune activation and 
exert four distinct antiviral effects: (1) HERVs function as promoters or enhancers of 
antiviral genes; (2) HERV-derived nucleic acids or proteins are involved in antiviral 
responses; (3) HERV-derived noncoding RNA molecules (ncRNA) or dsRNA 
molecules (dsRNA) regulate the antiviral response; and (4) the endogenous retrovi-
ral proteins significantly and negatively supplement the effects of the exogenous 
virus particles. Therefore, HERVs may be associated with multiple immune signal-
ing pathways. 

The NF-κB signaling pathway has been linked to HERVs in viral infections. 
Ariza and Williams (2011) demonstrated that both wild-type and mutant HERV-K 
dUTPase proteins induced NF-κB activation and reported that this process did not



depend on dUTPase enzyme activity but on Toll-like receptor 2 (TLR2) activity. In 
mice, Zhou et al. (2019) found that a full-length ERV was a positive regulator of 
NF-κB signaling; from this ERV, a long noncoding RNA molecule (lncRNA) was 
derived, and the lncRNA promoted RELA expression by competitively binding to 
and displacing the SFPQ protein. 
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Furthermore, HERVs may affect other signaling pathways related to immune 
responses. HERVs are closely related to cyclic GMP-AMP (cGAS) and cyclic 
GMP-AMP receptor stimulator of the interferon gene (STING) signaling pathway 
and have been shown to be involved in the development of the immune system. The 
intrinsic keratinocyte response to an ERV depended on STING signaling and 
promoted the induction of commensal-specific T cells (Lima-Junior et al. 2021). In 
another study, radiation-induced ERV activation played an important role in regu-
lating the antitumor immune response2. Radiation-induced transcription of HERV-
related dsRNAs and the subsequent activation of the innate antiviral MDA5/MAVS/ 
TBK1 pathway led to the transcription of genes stimulated by downstream IFNs 
(Lee et al. 2020). 

In addition, HERVs have been reported to be involved in innate immune 
responses. Pattern recognition receptors (PRRs) are germline-encoded receptors 
that play pivotal roles in antiviral defenses, as well as in response to self-harm, 
through recognition of pathogen-associated molecular patterns (PAMPs; i.e., lipids, 
proteins, glycans and nucleic acids) (Lee et al. 2020) and danger-associated molec-
ular patterns (DAMPs) (Shekarian et al. 2017). A study revealed that the innate 
immune pathways activated by HERV-derived products were involved in the first-
line antiviral defense against exogenous retroviruses. Upregulation of HERV tran-
scription, including upregulation not caused by the initiation of immune-related 
pathogenesis, led to the expression of many HERV-derived PAMPs or DAMPs 
that drove further inflammation, contributing to the development of 
symptomatology. 

In summary, HERVs are closely associated with different types of viruses, such 
as retroviruses, RNA viruses, and DNA viruses. HERVs regulate immune-related 
genes through a variety of mechanisms. It is, therefore, important to understand the 
connections between HERVs and human viruses, which may provide novel insights 
into therapeutics for diseases. 

The Roles of HERVs in Therapy 

Therapies Targeting HERVs 

As mentioned herein, HERVs have been reported to be aberrantly expressed in 
several types of disease. As a result, therapies have been developed to target these 
HERVs and thus control their abnormal expression. HERVs are markers in biomed-
icine for the early diagnosis of diseases such as cancers, providing a new perspective 
for the clinical translation of HERVs (Song et al. 2021).
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Specific Monoclonal Antibodies (mAbs) 

Notably, Wang-Johanning et al. (2012) reported that anti-HERV-K-specific mono-
clonal antibodies (mAbs) inhibited the growth of BC cells and induced their apo-
ptosis in vitro by targeting highly expressed HERV-K. They also indicated that mice 
treated with anti-HERV-K mAbs showed significantly decreased xenograft tumor 
growth compared with that in control groups. Another example of the application of 
anti-HERV mAbs is GNbAC1 (also called temelimab), a humanized immunoglob-
ulin G4 (IgG4) mAb that targets the retroviral envelope protein (MSRV-Env), which 
has been associated with multiple sclerosis (e.g., HERVW9) (Curtin et al. 2012). 
GNbAC1 has been reported to reduce the severity of cortical and thalamic atrophy in 
patients with multiple sclerosis (Diebold and Derfuss 2019) and did not produce 
serious adverse events during treatment (Kornmann and Curtin 2020). In addition, 
pharmacodynamic effects of GNbAC1 have been observed in patients with type I 
diabetes (Curtin et al. 2020), pointing to the possibility of using antibodies derived 
from a family of HERVs to treat multiple diseases. It has also been reported that 
HERVs are actionable vaccine antigens. For example, Kraus et al. (2013) generated 
a recombinant vaccinia virus (MVA-HK env) based on a vaccinia virus Ankara 
(MVA)-engineered construct and expressed the envelope glycoprotein HERV-K 
(HKenv). These authors found that a single vaccination in MVA-HKenv markedly 
reduced the number of lung RLZ-HKenv tumor nodules (derived from murine renal 
carcinoma cells that had been genetically transformed to express HKenv) compared 
with the effect of a vaccine on murine models with wild-type MVA. In another 
study, the same group used the same method and found that treatment with the 
HERV-K gag protein (HKgag) decreased the number of murine pulmonary 
RLZ-HK gag tumor nodules (Kraus et al. 2014). 

Chimeric Antigen Receptor T Cells (CAR-T) 

Chimeric antigen receptor T-cell (CAR-T) therapy has been developed for targeting 
HERVs. Krishnamurthy et al. (2015) found that most genetically engineered T cells 
expressing CAR acquired a memory phenotype and lysed HERV-K 
envelope-positive (melanoma) tumor targets in an antigen-specific manner. 
HERV-K envelope-specific CAR-T cells have also been used effectively to treat 
mice with disseminated HERV-K envelope-positive tumors. In addition, HERV-K 
has been used for the construction of CAR-T-cell therapy against BC. For example, 
Zhou et al. (2015) reported that HERVK-CAR-T cells derived from peripheral blood 
mononuclear cells (PBMCs) obtained from both BC patients and normal donors 
inhibited the growth of BC cells and induced significant cytotoxicity in these cells. 
These findings, however, were not observed in normal breast cells, indicating that 
HERV-K is a tumor-specific antigen of BC. In addition, Zhou and colleagues found 
a significant decrease in tumor growth and tumor weight in xenograft mice, and 
HERVK-CAR-T cells prevented the metastasis of tumors to other organs.



Furthermore, the downregulation of HERV-K expression in the aforementioned 
murine model was correlated with the upregulation of tumor protein P53 (p53) 
expression and the downregulation of mouse double minute 2 (MDM2) and phos-
phorylated extracellular signal-regulated kinase (p-ERK) expression. For example, 
the HERV-K envelope protein in metastatic tumor tissues was synchronously 
reduced with the expression of the viral oncogene homolog (H-Ras) in V-Ha-Ras 
Harvey rat sarcoma 66. Collectively, these observations linked HERV-K to the p53 
and Ras signaling pathways in tumorigenesis and provided mechanistic insights into 
HERVs, showing that they can be utilized as therapeutic targets in cancer. Saini et al. 
(2020) recently assessed the potential of T cells to recognize HERVs in myeloid 
malignancies and found that populations of CD8+ T cells recognized 29 HERV-
derived peptides encoded at 18 different HERV loci, and some of these genes 
(HERVH-5, HERVW-1, and HERVE-3) were found to induce strong T-cell reac-
tivity. In addition, HERV-specific T cells were found in 50% of patients (17/34) but 
were found less commonly in healthy donors. This study confirmed that HERVs are 
prospective targets for immunotherapies. 
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Epigenetic Modifications 

An alternative therapy targeting HERVs has been shown to modulate HERV 
expression via epigenetic modification. Epigenetic regulation involves the modifi-
cation of DNA and histones with DNA to generate chromatin. Closely packed 
chromatin is related to gene silencing, and loose chromatin is related to increased 
gene expression. Moreover, nucleotide modification can be achieved through the 
addition of chemical groups (such as a methyl or acetyl group). DNA 
methyltransferase inhibitors (DNMTis) induced the expression of dsRNAs that 
had been transcribed from HERVs to trigger IFN-linked pathways (Dawson and 
Kouzarides 2012). Two different research groups concurrently reported this mech-
anism. Briefly, Chiappinelli et al. (2015) and Roulois et al. (2015) showed that 
HERV (HERVHF and HERVW9) transcription was upregulated in OC epithelial 
cells following treatment with DNMTis and that these HERVs formed dsRNAs. 
Further analyses revealed that the expression of these HERVs was significantly 
correlated with viral defense genes expressed in primary OC. Roulois and colleagues 
also demonstrated that DNMTs targeted colorectal cancer-initiating cells (CICs) 
through the induction of viral mimicry, which was associated with induction of 
dsRNAs derived from HERVs (HSERVIII), activation of the melanoma 
differentiation-associated protein 5 (MDA5)/mitochondrial antiviral signaling pro-
tein (MAVS) RNA recognition pathway and activation of INF regulatory factor 
7 (IRF7) downstream of this pathway (Chiappinelli et al. 2015). Furthermore, 
transfection of dsRNA into CIC mimicked the effects of DNMTis, and knocking 
down the expression of MDA5, MAVS, or IRF7 inhibited these effects (Roulois 
et al. 2015). Histone deacetylase inhibitors (HDACis) have also been reported to 
regulate the expression of HERVs in addition to DNMTi proteins. These findings led 
to better mechanistic insights: The LTR promoter retained from a previous invasion



of HERVs was broadly activated. Activation of this LTR promoter led to the 
synthesis of unannotated transcripts, which may encode previously unknown or 
novel proteins (Hurst and Magiorkinis 2017). Brocks et al. (2017) observed the 
transcription of thousands of nonannotated transcription start sites induced by 
HDACi treatment (TINATs), and HDACis have been shown to specifically induce 
a series of TINATs in association with acetylation of histone H2AK9 (H2AK9ac), 
H3K14ac, and H3K23ac proteins. Most importantly, this group found that TINATs 
were encoded in single LTRs of the ERV9/LTR12 family of proteins, which were 
repressed by epigenetic modifications in almost all normal cells, and in an in silico 
analysis, TINATs were predicted to encode potential immunoregulatory peptides. 
Another study demonstrated that TINATs were upregulated not only in cancer cell 
lines but also in +PBMCs of cancer patients following treatment with vorinostat 
(suberoylanilide hydroxamic acid, SAHA). However, this was not the case in the 
present study (Daskalakis et al. 2018). This discovery revealed the feasibility of 
using epigenetic modification drugs to regulate the expression of HERVs and treat 
diseases. 
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Therapies Utilizing HERV Tools 

HERVs as Vaccine Carriers 

In contrast to therapies that directly target HERVs, many therapies indirectly utilize 
HERVs as tools. For example, envelope glycoproteins of HERVs have been used to 
increase vaccine delivery efficiency. Notably, Lee et al. (2012) constructed a recom-
binant baculovirus system named AcHERV that was based on the baculoviral vector 
pFastBac1 and a synthetic envelope gene optimized with codons of W-type HERVs, 
and they used AcHERV as the nanocarrier for a DNA vaccine against human 
papillomavirus (HPV) (AcHERV-HP16L1) (Hurst and Magiorkinis 2017). Com-
pared with the marketed vaccine, their DNA vaccine induced similar humoral 
immune responses and neutralized antibody titers but maintained significantly 
higher levels of cell-mediated immune responses in mice. Recently, the AcHERV 
system has been applied to develop a vaccine against Zika virus (AcHERV-ZIKV), 
and AcHERV-ZIKV induced elevated IgG, neutralizing antibody, and IFN-γ levels 
in mice. In addition, AcHERV-ZIKV conferred complete protection to female 
IFN-knockout mice (A129), pregnant mice, and ZIKV-challenged fetal mice (Lee 
et al. 2012). HERVs have been used not only as vaccine vectors but also as vaccine 
adjuvants. Choi et al. (2015) reported that female mice immunized with an 
inactivated influenza vaccine in conjunction with a murine granulocyte-macrophage 
colony-stimulating factor (GmCSF) gene delivered via the AcHERV system 
exhibited greater humoral and cellular immune responses than mice immunized 
with the inactivated vaccine alone. The influenza-GmCSF-vaccinated mice were 
completely protected from the lethal challenge of the influenza virus. These findings 
showed that HERVs exhibit multiple functions in vaccine design.
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LTR as a Retrotransposon Homolog 

Recently, Segel et al. (2021) identified a retrotransposon homolog of an LTR, 
paternally expressed gene 10 (PEG10), which preferentially bound and facilitated 
the vesicle-mediated secretion of messenger RNA (mRNA). 

Surprisingly, this group showed that random messenger RNA was transferred in a 
manner similar to PEG10 mRNA after the mRNA sequence was flanked by 
untranslated regions (UTRs) of PEG10, and they developed a system called selective 
endogenous encapsidation for cell delivery (SEND) by remodeling both murine and 
human PEG10 to package, secrete, and deliver specific RNAs (Segel et al. 2021). 
Although PEG10 is a Ty3/Gypsy retrotransposon that cannot be classified as an 
HERV, PEG10 has been shown to form virus-like particles (VLPs) and efficiently 
transport RNA into cells. Similar results had been previously observed in neurons by 
Ashley et al. (2018), and notably, mammalian activity-regulated cytoskeleton-asso-
ciated protein (Arc1), which they used in their study, is a retrovirus-like GAG 
protein of the Ty3/Gypsy family of retrotransposons. Given the close genetic 
relationship between Ty3/Gypsy retrotransposons and retroviruses, it is reasonable 
to hypothesize that a few HERV proteins perform similar functions. 

In general, HERVs can be widely used either directly or indirectly. However, the 
clinical outcomes of HERV-related therapies have been inadequately evaluated, and 
therefore, further studies are urgently required to assess the efficacy and safety of 
these therapies. 
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Chapter 16 
Cholesterol and M2 Rendezvous in Budding 
and Scission of Influenza A Virus 

Jesper J. Madsen and Jeremy S. Rossman 

Abstract The cholesterol of the host cell plasma membrane and viral M2 protein 
plays a crucial role in multiple stages of infection and replication of the influenza A 
virus. Cholesterol is required for the formation of heterogeneous membrane 
microdomains (or rafts) in the budozone of the host cell that serves as assembly 
sites for the viral components. The raft microstructures act as scaffolds for several 
proteins. Cholesterol may further contribute to the mechanical forces necessary for 
membrane scission in the last stage of budding and help to maintain the stability of 
the virus envelope. The M2 protein has been shown to cause membrane scission in 
model systems by promoting the formation of curved lipid bilayer structures that, in 
turn, can lead to membrane vesicles budding off or scission intermediates. Mem-
brane remodeling by M2 is intimately linked with cholesterol as it affects local lipid 
composition, fluidity, and stability of the membrane. Thus, both cholesterol and M2 
protein contribute to the efficient and proper release of newly formed influenza 
viruses from the virus-infected cells. 
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Introduction 

Crossing the membrane is a significant physical barrier for viruses, and different 
strategies are employed to facilitate this process. The newly synthesized components 
of influenza A virus (IAV) in the infected host cell will come together and organize 
laterally in a region of the plasma membrane called the “budozone” (Fig. 16.1) 
(Leser and Lamb 2017). After this assembly occurs, the budozone becomes the site 
from which budding occurs. Importantly, the lipid composition in this region differs 
markedly from the average stoichiometric ratios found in the host cell as it is 
enriched in cholesterol and certain lipids (e.g., saturated phospholipids and 
sphingolipids), which help drive the assembly of viral components at the phase 
boundary of lipid microdomains and alter membrane biomechanics (Fig. 16.1). 
Some of the viral proteins (e.g., hemagglutinin (HA) and nucleoprotein) appear to 
concentrate spontaneously in the cholesterol-rich membrane environment whereas 
matrix protein 2 (M2) association with the budozone materializes in a fashion 
dependent on interactions with other proteins (matrix protein 1 (M1) and HA in 
the cluster (Leser and Lamb 2017). Notably, the lateral enrichment of certain lipid 
components persists through the entire process of budding and virus release, making 
the emerging viral envelope likewise enriched in cholesterol and sphingolipids 
(Lenard and Compans 1974; Nayak and Barman 2002). Lateral heterogeneity of 
lipids and (host as well as viral) proteins enable thermodynamically or dynamically 
stabilized microdomains of functional relevance to exist under the control of cellular 
regulatory processes (Mouritsen and Jorgensen 1992; Mouritsen 2016). The popular 
term membrane/lipid “raft” is frequently used to signify such structures of the 
membrane. Rafts appear to be an essential platform for viral and host components 
to interact with one another. 

Fig. 16.1 “Overview of the budding of influenza viruses, showing the coalescence of HA and NA 
containing lipid rafts (shown in yellow), the formation of a filamentous virion and membrane 
scission caused by M2 clustered at the neck of the budding virus.” Reprinted from Rossman and 
Lamb (2011), Copyright 2011, with permission from Elsevier



16 Cholesterol and M2 Rendezvous in Budding and Scission of Influenza A Virus 443

Viruses are compact and small by necessity. Their genetic material will typically 
contain a minimal set of genes encoding proteins strictly needed for functions they 
cannot hijack from the host cell. Therefore, the scission of enveloped viruses, the 
process in which the budding virus cuts the membrane in order to release from the 
host, is normally performed by using the endosomal sorting complex required for 
transport (ESCRT) machinery belonging to the host (Votteler and Sundquist 2013). 
Compelling evidence has led to the proposal that IAV is an exception to this 
principle. Microscopy data show that M2 is localized at the budding neck of the 
virus. Additionally, evidence from Nuclear magnetic resonance (NMR) and Electron 
paramagnetic resonance (EPR) spectroscopy, as well as computational studies, 
supports this hypothesis at the molecular level, although there are still many 
unresolved aspects. 

This chapter will describe the roles and interactions between two of the key 
biomolecular components, cholesterol and M2, of the IAV-infected host cell lipid 
environment during budding and scission. Cholesterol is important in facilitating 
infection, replication, and budding of IAV (Sun and Whittaker 2003). M2 is impor-
tant because of its evident role in facilitating the scission of the membrane to 
complete budding (Rossman et al. 2010b) in addition to its essential role as a proton 
channel during viral entry (Lamb et al. 1994; Helenius 1992; Pinto et al. 1992). We 
will set the frame by sketching out the key players and steps of IAV budding and 
scission (see below) and work toward a contemporary hypothesis for the roles of 
cholesterol and M2 in budding and scission based on recent discoveries. The 
essential biophysical techniques used to uncover the knowledge we have in this 
area are listed in the following section. 

Methods 

Experimental Techniques 

Microscopic techniques are used to visualize objects. Cells, microbes, and viruses 
are typically studied using light, fluorescence, or electron microscopy (Harry et al. 
1995; Swanson et al. 1969; Goldsmith and Miller 2009; Scaffidi et al. 2021). Light 
microscopy illuminates the sample with visible light and uses arrangements of 
optical lenses to magnify the image. Fluorescence microscopy uses a high-intensity 
light source to excite a molecular tag (the fluorophore) attached to components of the 
sample (Fig. 16.2). The tag reemits light on a different wavelength once the 
excitation relaxes to a low-energy state, allowing for image magnification and 
effective resolution beyond what is possible with conventional light microscopy. 
This technique is also especially suited for highlighting certain components in order 
to see where they localize, including specific organelles of a cell or even individual 
proteins. In electron microscopy, on the other hand, the sample is exposed to a beam 
of accelerated electrons. The electron beam has a wavelength of around five orders of 
magnitude shorter than the photons of visible light and can therefore resolve much



smaller structures. Often the technique of immunogold labeling is used in conjunc-
tion with electron microscopy to determine the localization of specific components. 
This labeling works by attaching gold particles to a secondary antibody that will bind 
to a primary antibody, which itself attaches to the target component (e.g., protein) 
(Slot and Geuze 1985; Leser et al. 1996). The high electron density of the gold 
particle gives rise to high levels of electron scattering, making them appear as 
distinct dark spots in the image. However, in contrast to light microscopy tech-
niques, imaging by electron microscopy requires fixation and positive staining of the 
sample, preventing the examination of living samples (Leser et al. 1996). 
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Fig. 16.2 Vesicle formation “(a) Deposition of lipid droplets onto the electrode surface. (b) 
Evaporation of organic solvent under vacuum. (c) Construction of the electroformation chamber. 
(d) Electroformation chamber filled with an internal solution and connected to an alternating current 
function generator. (e) An image of fluorescently labeled giant unilamellar vesicles (GUVs) 
obtained using fluorescence microscopy. The scale bar denotes 50 μm.” Reprinted from Mem-
branes, Vol 11:11, Zvonimir Boban, Ivan Mardešić, Witold Karol Subczynski, Marija Raguz, Giant 
Unilamellar Vesicle Electroformation: What to Use, What to Avoid, and How to Quantify the 
Results, Article 860, Copyright 2021, under CC BY 4.0 license from MDPI (Boban et al. 2021) 

In spectroscopic methods such as NMR and EPR, the goal is to measure quan-
tities that will reveal properties of the sample by radiating it, for instance, with a 
strong magnetic field. The magnet excites the behavior of the atomic nuclei 
(in NMR) on the electron (in EPR). The results are quantifiable spectral lines or



energies, which will often allow for making inferences about correlations or dis-
tances between components of the sample, for example, the distance between two 
amino acid residues of a protein (Klug and Feix 2008; Marion 2013; Fan and Lane 
2016). 
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Theoretical Modeling and Simulation 

The structural resolving of biomolecular components by experimental means such as 
X-ray crystallography, NMR, or cryo-electron microscopy enables interrogation of 
the molecules and their interplay using computational methods. Molecular dynamics 
(MD) simulation, affectionately called “the computational microscope,” is now 
routinely employed due to a relatively low entry barrier, both monetary and techni-
cal, and because the method enables investigation with unparalleled spatiotemporal 
resolution. MD simulations are used to study the behavior of complex molecular 
systems over time. A minimal, well-defined system called the simulation “box” 
containing all desired components (proteins, nucleic acids, lipids, ions, water, etc.) is 
constructed (Fig. 16.3). The interactions between all atoms in the system are 
described by physics-based potentials collectively known as the “force field” and 
the time evolution of the system can be simulated by integrating Newton’s equations 
of motion for the atoms in the system subject to the force field. From these data, a

Complete structure 
(e.g., modeling of 
missing segments) 
Assign protonation 
states 
Add solvent, ions 

De ne 
simulation 
protocol and 
parameters 

Post-processing 

Starting 
Preparation of 
simulation box Run Analyze 

Fig. 16.3 The general workflow of molecular dynamics simulation. A model structure of the M2 
protein is selected together with the initial system setup configuration. We show a ribbon diagram of 
M2 resolved by solid-state NMR (PDB ID: 2L0J) (Sharma et al. 2010) embedded in a phospholipid 
bilayer consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol. 
Water and ions fill the remainder of the box. The system is assembled, for example, using the 
CHARMM-GUI tool (Jo et al. 2008; Wu et al. 2014). From here, Newton’s equations of motion are 
solved, propagating the dynamics until the system’s properties stabilize over time. The resulting 
data are analyzed for the desired properties. Visualizations of the protein structure and simulation 
box components are created with VMD (Humphrey et al. 1996). Graph data graph is plotted with 
Matplotlib (Hunter 2007). The Fig. is created, in part, using BioRender (https://BioRender.com)

https://biorender.com


wide range of properties can be computed, including structural properties (e.g., 
distribution of distances and angles between atoms, and the organization of mole-
cules), thermodynamic properties (e.g., temperature, entropy, and heat capacity), and 
kinetic properties (e.g., rates of reactions and transformations) (Allen and Tildesley 
1989; Frenkel et al. 2002). For an accessible account of the more detailed aspects of 
the MD technique to nonexperts, we can refer to our recent review article (Ohkubo 
and Madsen 2021). In general, modern force fields demonstrate satisfactory accu-
racy, and there is a growing recognition of limitations in certain situations, such as 
those pertaining to cholesterol in lipid mixtures (Javanainen et al. 2023).
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In certain studies, “coarse-grained” computational techniques are employed, 
which refers to methods where the individual biomolecular constituents of the 
simulation are represented at a lower level of detail than the atomistic level. These 
techniques can range from intermediate resolution methods (e.g., the Martini force 
field (Marrink et al. 2007)) to highly coarse-grained techniques (e.g., elastic network 
models (Madsen et al. 2017; Grime and Madsen 2019)) and are used to accelerate 
computational speed, enabling the exploration of larger systems over longer time 
scales. However, it is important to note that using such methods can exacerbate 
inaccuracies in the system (Ingolfsson et al. 2014; Jarin et al. 2021; Pak et al. 2019). 
Comprehensive validation to ensure that the results are reliable is required for any 
application of theoretical modeling and simulation. 

Biomolecules and Interactions Driving Budding and Scission 

IAV proteins and RNA interact intricately with each other and with components of 
the host cell in and around the plasma membrane in a complex, multistep process to 
assemble and bud-off progeny viruses (Lakadamyali et al. 2004; Noda and Kawaoka 
2010). The key players in this process are the viral protein HA, neuraminidase (NA), 
M1, M2, the ribonucleoprotein (RNP) complex, and the arena of interaction at the 
heterogeneous plasma membrane environment. In this section, we review the fun-
damentals of budding and scission of IAV. 

Initiation of Budding 

Viral proteins HA and NA are transported to the plasma membrane where they 
cluster with cholesterol, sphingolipids, and saturated phospholipids, forming the 
budozone, a heterogeneous lipid domain on the plasma membrane where the virus 
assembles (Fig. 16.4A) (Leser and Lamb 2017). The budozone region serves as a 
scaffold for the recruitment of other viral proteins and the viral RNA. It is thought 
that this initial clustering and lipid domain formation initiates the process of viral 
budding by creating a lipid phase boundary, resulting in a local change in membrane 
curvature (Fig. 16.4A) (Wang et al. 2012). This change in curvature leads to bud 
formation, which subsequently grows and matures into a new virus particle in a



process driven by the mutual interactions between the viral proteins (in particular, 
M1 polymerization), host cell proteins, and the plasma membrane. 
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Fig. 16.4 “Model of influenza virus budding. (a) The initiation of virus budding caused by 
clustering of HA (shown in red) and NA (shown in orange) in lipid raft domains. M1 (shown in 
purple) is seen binding to the cytoplasmic tails of HA and NA and serves as a docking site for the 
vRNPs (shown in yellow). (b) Elongation of the budding virion caused by polymerization of the M1 
protein, resulting in a polarized localization of the vRNPs. M2 (shown in blue) is recruited to the 
periphery of the budding virus though interactions with M1. (c) Membrane scission caused by the 
insertion of the M2 amphipathic helix at the lipid phase boundary, altering membrane curvature at 
the neck of the budding virus and leading to release of the budding virus.” Reprinted from Rossman 
and Lamb (2011), Copyright 2011, with permission from Elsevier 

Virion Assembly 

The cytoplasmic tails of clustered HA and NA, coupled with the lipid environment 
of the budozone, attract the internal structural components of the virus, in particular, 
M1 and the RNP complex (Fig. 16.4B). Polymerization of M1 at the budozone is 
thought to be responsible for the formation and elongation of the nascent virus, 
which can form spherical or filamentous virion morphologies depending on specific 
sequence motifs within certain viral proteins (Bourmakina and Garcia-Sastre 2005; 
Elleman and Barclay 2004; Roberts et al. 1998). The resulting virions contain HA 
and NA on their surface, a helical layer of polymerized M1 protein underlying the 
membrane and an internal collection of RNP complexes, each packaging a different 
segment of the viral genome (Fig. 16.4B) (Waterson et al. 1963; Nermut and Frank 
1971; Schulze 1972). The presence of these different virus morphologies can have 
significant implications for viral budding, entry, host interactions, and may affect the 
severity of the disease caused by the virus (Taubenberger and Morens 2008; Kalil 
and Thomas 2019). Despite the formation of fully assembled virus particles, the 
virions remain attached to the plasma membrane by a small membrane neck that 
requires scission for their complete release (Fig. 16.4C) (McCown and Pekosz 2006; 
Rossman et al. 2010b).
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Scission of the Budding Neck 

The process of IAV membrane scission is thought to involve the action of the viral 
protein M2, which promotes the formation of curved lipid bilayer structures that can 
lead to membrane scission (Fig. 16.4C) (Rossman et al. 2010b; Schmidt et al. 2013; 
Martyna et al. 2017; Wang and Hong 2015). The mechanical forces necessary for 
scission may be contributed by cholesterol (Hubert et al. 2020; Anderson et al. 
2021), which fittingly is also required for the stability of the virus envelope (Lenard 
and Compans 1974; Nayak and Barman 2002; Bajimaya et al. 2017). During the 
initial process of viral budding, the M2 protein is conspicuously excluded from the 
core of the budozone and may not be actively involved in virion formation (Leser 
and Lamb 2017). The first two steps of budding can even occur in viruses where the 
M2 protein is deleted or otherwise dysfunctional (Rossman et al. 2010b; Herneisen 
et al. 2017; McCown and Pekosz 2006). Intriguingly, the process comes to a 
complete stall in the absence of M2, leaving behind the uncut constricted budding 
neck from which a secondary budding can occur at the same site. This gives rise to a 
characteristic phenotype when several unsuccessful budding attempts occur in 
succession and a “beads-on-a-string” morphology emerges (Fig. 16.5, top panel) 
(McCown and Pekosz 2006; Rossman et al. 2010b). As virion assembly progresses, 
the planar budozone becomes folded and incorporated into the emerging virus. The 
M2 protein, located at the periphery of the budozone is then drawn to the constricted 
membrane neck of the budding virus (Rossman et al. 2010b). There is evidence that 
interactions between the M2 amphipathic helix M2(AH), which is a highly con-
served region of the protein, and the plasma membrane can alter membrane curva-
ture at the virion neck and are responsible, at least in part, for the role that M2 
directly plays in membrane scission (Rossman et al. 2010b; Roberts et al. 2013; 
Schmidt et al. 2013; Rossman et al. 2010a; Martyna et al. 2017; Wang and Hong 
2015; Andreas et al. 2015). During the process of scission, some M2 protein gets 
incorporated into the newly released virion, generating an infectious virus capable of 
starting the next round of infection (Fig. 16.5, top panel). 

A Contemporary Hypothesis on the Roles of Cholesterol 
and M2 

M2 protein can form clusters in the plasma membrane and viral envelope 
(Sutherland et al. 2022; Madsen et al. 2018; Paulino et al. 2019; Elkins et al. 
2017). Clustering is thought to be driven by hydrophobic interaction between M2 
transmembrane (TM) domains, as well as the specific arrangements of the amino 
acids within the protein (Bao et al. 2022). The clustering process is believed to be 
highly dependent on lipid composition (Sutherland et al. 2022; Elkins et al. 2017; 
Elkins et al. 2018) and can be influenced by the microenvironment or the action of 
other proteins (Leser and Lamb 2017). Curvature sorting plays a role in membrane



geometries where the curvature is commensurate with the wedge-shaped M2 
(Madsen et al. 2018; Martyna et al. 2016; Ho et al. 2016). Proximity among multiple 
M2 proteins is thought to play a role in the functioning of the protein, with clustering 
thought to occur in a stepwise, hierarchical fashion (Fig. 16.6) (Sutherland et al. 
2022; Chen et al. 2008). 
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Fig. 16.5 “The M2 Amphipathic Helix is Necessary for Membrane Scission and Virion Release. 
MDCK cells were infected with an MOI of 3 pfu/cell of (a) A/Udorn/72” or (b) “A/Udorn/72 M2 
(AH-Mut) for 18 hr and thin sections were analyzed by electron microscopy. The scale bars indicate 
100 nm.” (c) “GUVs electroformed with 30 or 0.5 molar % of cholesterol, with 0.5 mg/ml of lucifer 
yellow (shown in blue) added to the resuspension buffer, were treated with 10 mM of the indicated 
peptide and imaged within 1 hr.” Reprinted from Cell, Vol 142:6, Jeremy S. Rossman, Xianghong 
Jing, George P. Leser, Robert A. Lamb, Influenza Virus M2 Protein Mediates ESCRT-Independent 
Membrane Scission, Pages 902–913, Copyright 2010, with permission from Cell Press (Rossman 
et al. 2010b) 

At the molecular level, M2 protein interacts with cholesterol in several ways to 
facilitate the budding and release of IAV particles. They are both integrated into the 
plasma membrane and can therefore interact by direct contact. Cholesterol molecules 
are embedded within the bilayer membrane, though typically asymmetrically dis-
tributed among the two leaflets in a nonstatic fashion that is subject to regulation by 
cellular processes (Wood et al. 2011). The functional consequences of cholesterol 
asymmetry likely include changes in membrane fluidity, alterations in lipid domains, 
lateral and transbilayer (“flip-flop”) diffusion, lipid packing, and perhaps even the 
function of some proteins (Wood et al. 2011). The M2 protein is seen to associate



with cholesterol-enriched rafts in the plasma membrane primarily through associa-
tion with other proteins such as M1 (Leser and Lamb 2017). Since the transmem-
brane domain of M2 traverses the membrane, it is tempting to speculate that 
cholesterol molecules can get in direct contact with this region of the M2 protein.
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Fig. 16.6 “(a) M2 in a planar bilayer that is exposed to a constant, external compressive stress. 
(Top) (x, y)-plane projected area per lipid in the simulation box. Three time blocks are defined for 
further analysis, I, II, and III. (Bottom) Top view of protein tracer lines show how proteins gradually 
come together in the three time blocks (I, II, and III). (b) Final top view and side view snapshots 
after the membrane significantly deviates from planarity at t = 20 Mτ. Red arrows indicate the 
analogy with the in vitro system. (c) MDCK cells were infected with 3 pfu per cell of A/Udorn/72 
for 18 h before fixation, immunogold labeling of M2, thin sectioning, and analysis by electron 
microscopy. (Scale bar: 100 nm.)” Reprinted from PNAS, Vol 115:37, Jesper J. Madsen, John 
M. A. Grime, Jeremy S. Rossman, Gregory A. Voth, Entropic forces drive clustering and spatial 
localization of influenza A M2 during viral budding, Pages E8595-E8603, with permission from 
PNAS (Madsen et al. 2018)



Support for this idea comes from sequence analysis of M2, which reveals a choles-
terol recognition/interaction amino acid consensus (CRAC) sequence motif thought 
to be involved with cholesterol recognition in other proteins, as well as the obser-
vation that M2 co-purifies with cholesterol (Schroeder et al. 2005). However, 
extensive mutagenesis studies have shown that the association between cholesterol 
and M2, and the proper functioning of M2 in facilitating virus replication, are not 
affected when the CRAC motif is deleted (Thaa et al. 2012; Stewart et al. 2010; Thaa 
et al. 2014; Thaa et al. 2011). In fact, some strains of IAV do not contain a M2 
CRAC motif at all. We must therefore conclude that the CRAC motif is of no major 
functional importance in this context. Instead, the way that cholesterol and the M2 
protein interact is likely through their ability to participate in lipid rafts or through 
the affinity of the M2 TM domain with cholesterol, positioning it to facilitate 
scission (Fig. 16.6) (Pan et al. 2019; Kolokouris et al. 2021; Rossman and Lamb 
2010; Elkins et al. 2017). The presence of cholesterol in the plasma membrane might 
further have an impact on the structure and orientation of the M2 protein (Ekanayake 
et al. 2016; Wright et al. 2022; Claridge et al. 2013). Cholesterol has been shown to 
increase the insertion depth of the M2 protein in the lipid bilayer, bringing it closer to 
the hydrophobic core of the bilayer (Elkins et al. 2017; Martyna et al. 2020).
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The key to elucidating the interplay between cholesterol and M2 in budding and 
scission will be to understand how their individual effects on membrane fluidity and 
mechanical properties add up when they colocalize in the budding neck. Is the sum 
greater than the parts, and how does the presence of M2 in low copy number (14 to 
68 molecules per virion (Zebedee and Lamb 1988)) tip the balance to facilitate 
membrane scission? There is evidence that lipid phase separation phenomena and 
membrane scission are closely related (Roux et al. 2005; Ryu et al. 2014). Lipid 
phase separation refers to the spontaneous segregation of different species in the 
plasma membrane into distinct domains, which can form spontaneously due to 
differences in lipid composition or physical properties such as size, shape, and 
charge. We remark that this is distinct from the occurrence of lipid rafts, which are 
dynamic in nature and extend over much smaller spatial and temporal scales (and 
therefore cannot be resolved by microscopic methods) (Rajendran and Simons 2005; 
Lozano et al. 2016). The phase separation process results in the formation of 
nonuniform lipid structures, including liquid-ordered and liquid-disordered domains 
(Heberle and Feigenson 2011). The interface between the distinct phases is the focal 
point of mechanical forces such as tension, shear, and bending stresses potentially 
causing membrane scission (Liu et al. 2006). A variety of factors may contribute to 
membrane scission: Changes in lipid composition, to which both cholesterol and M2 
protein contribute, changes in mechanical stress, likely caused by lipid phase 
boundary dynamics, and the action of additional specific proteins. Lipid raft struc-
tures have also been proposed to play a role in scission (Schroeder et al. 2005; 
Barman and Nayak 2007). 

The AH domain within M2 acts as a membrane-sculpting tool (Huang et al. 
2015). An AH is characterized by a Janus-faced physical/chemical surface 
consisting of both hydrophobic and hydrophilic amino acids residues concentrated 
on opposing sides of the α-helix structure. This arrangement allows the AH to insert



into the plasma membrane right at the hydrophilic/hydrophobic interface region so 
that the hydrophobic residues interact with the lipid tails while the hydrophilic 
residues interact with the aqueous environment. The M2AH can facilitate budding 
and scission by inducing changes, primarily in composition, curvature, and stability, 
that help generate the appropriate lipid environment for budding and membrane 
scission to occur in model membrane systems, even in the absence of the other M2 
domains (Fig. 16.5, lower panel) (Rossman et al. 2010b; Roberts et al. 2013; 
Martyna et al. 2017; Martyna et al. 2020). The effect appears most dependent on 
the chemical/physical properties of the AH domain and not dependent on the 
conserved amino acid motif per se, as one might have been tempted to assume 
(Hu et al. 2020). Furthermore, the conformation of the M2 protein is pH-dependent 
and can be altered when there are changes in pH or lipid composition, particularly 
when cholesterol is present, an effect that is likely facilitated by the protein’s AH  
domain (Torabifard et al. 2020; Liao et al. 2013; Liao et al. 2015; Kim et al. 2015; 
Thomaston et al. 2013; Saotome et al. 2015; Martyna et al. 2020; Kwon et al. 2015; 
Kyaw et al. 2023). While proteins, in general, can adapt conformations to suit 
different lipid environments, the opposite may be an important additional factor in 
some situations (Bacle et al. 2021). 
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Several other proteins and cellular processes have been shown to play a role in the 
processes of budding and membrane scission mediated by cholesterol and the M2 
protein of IAV (Mao et al. 2022; Bruce et al. 2010; Han et al. 2021; Zhu et al. 2017; 
Wohlgemuth et al. 2018; Beale et al. 2014; Bhowmick et al. 2017; Vahey and 
Fletcher 2019). It is important to note that the exact roles of these factors are not 
fully understood, and additional research is needed to reveal the complex network of 
interactions that drive these processes. 

Conclusion 

The sophisticated interplay between cholesterol and the viral M2 protein plays a 
crucial role in multiple stages of the influenza virus life cycle. Cholesterol is essential 
for the formation of membrane raft microdomains that serve as virus assembly sites 
and contribute to the mechanical forces necessary for membrane scission during the 
last stage of virus budding. Furthermore, cholesterol helps to maintain the stability of 
the virus envelope. M2 protein also plays a critical role in influenza virus budding by 
promoting the formation of curved lipid bilayer structures that facilitate the process 
of membrane scission. The interaction between cholesterol and the M2 protein 
affects the local lipid composition, fluidity, and stability of the membrane, thus 
contributing to the efficient and proper release of newly formed influenza viruses 
from virus-infected cells. 

In closing, investigation of the intricacies of the mechanistic steps of the influenza 
virus life cycle is critical because of the ongoing threat of influenza epidemics and 
pandemics. The knowledge gained from studying the interplay between cholesterol, 
the viral M2 protein and other associated components in influenza virus budding can



contribute to the development of novel antiviral strategies and strengthen our efforts 
to combat viral infections and protect public health. 

16 Cholesterol and M2 Rendezvous in Budding and Scission of Influenza A Virus 453

References 

Allen MP, Tildesley DJ (1989) Computer simulation of liquids. Oxford science publications, Pbk. 
(with corr.). edn. Clarendon Press, Oxford 

Anderson RH, Sochacki KA, Vuppula H, Scott BL, Bailey EM, Schultz MM, Kerkvliet JG, Taraska 
JW, Hoppe AD, Francis KR (2021) Sterols lower energetic barriers of membrane bending and 
fission necessary for efficient clathrin-mediated endocytosis. Cell Rep 37(7):110008. https://doi. 
org/10.1016/j.celrep.2021.110008 

Andreas LB, Reese M, Eddy MT, Gelev V, Ni QZ, Miller EA, Emsley L, Pintacuda G, Chou JJ, 
Griffin RG (2015) Structure and mechanism of the Influenza A M218-60 dimer of dimers. J Am 
Chem Soc 137(47):14877–14886. https://doi.org/10.1021/jacs.5b04802 

Bacle A, Buslaev P, Garcia-Fandino R, Favela-Rosales F, Mendes Ferreira T, Fuchs PFJ, 
Gushchin I, Javanainen M, Kiirikki AM, Madsen JJ, Melcr J, Milan Rodriguez P, Miettinen 
MS, Ollila OHS, Papadopoulos CG, Peon A, Piggot TJ, Pineiro A, Virtanen SI (2021) Inverse 
conformational selection in lipid-protein binding. J Am Chem Soc 143(34):13701–13709. 
https://doi.org/10.1021/jacs.1c05549 

Bajimaya S, Frankl T, Hayashi T, Takimoto T (2017) Cholesterol is required for stability and 
infectivity of influenza A and respiratory syncytial viruses. Virology 510:234–241. https://doi. 
org/10.1016/j.virol.2017.07.024 

Bao D, Lu C, Ma T, Xu G, Mao Y, Xin L, Niu S, Wu Z, Li X, Teng Q, Li Z, Liu Q (2022) 
Hydrophobic residues at the intracellular domain of the M2 protein play an important role in 
budding and membrane integrity of influenza virus. J Virol 96(9):e0037322. https://doi.org/10. 
1128/jvi.00373-22 

Barman S, Nayak DP (2007) Lipid raft disruption by cholesterol depletion enhances influenza A 
virus budding from MDCK cells. J Virol 81(22):12169–12178. https://doi.org/10.1128/JVI. 
00835-07 

Beale R, Wise H, Stuart A, Ravenhill BJ, Digard P, Randow F (2014) A LC3-interacting motif in 
the influenza A virus M2 protein is required to subvert autophagy and maintain virion stability. 
Cell Host Microbe 15(2):239–247. https://doi.org/10.1016/j.chom.2014.01.006 

Bhowmick S, Chakravarty C, Sellathamby S, Lal SK (2017) The influenza A virus matrix protein 
2 undergoes retrograde transport from the endoplasmic reticulum into the cytoplasm and 
bypasses cytoplasmic proteasomal degradation. Arch Virol 162(4):919–929. https://doi.org/ 
10.1007/s00705-016-3153-8 

Boban Z, Mardesic I, Subczynski WK, Raguz M (2021) Giant unilamellar vesicle electroformation: 
what to use, what to avoid, and how to quantify the results. Membranes (Basel) 11(11):860. 
https://doi.org/10.3390/membranes11110860 

Bourmakina SV, Garcia-Sastre A (2005) The morphology and composition of influenza A virus 
particles are not affected by low levels of M1 and M2 proteins in infected cells. J Virol 79(12): 
7926–7932. https://doi.org/10.1128/JVI.79.12.7926-7932.2005 

Bruce EA, Digard P, Stuart AD (2010) The Rab11 pathway is required for influenza A virus 
budding and filament formation. J Virol 84(12):5848–5859. https://doi.org/10.1128/JVI. 
00307-10 

Chen BJ, Leser GP, Jackson D, Lamb RA (2008) The influenza virus M2 protein cytoplasmic tail 
interacts with the M1 protein and influences virus assembly at the site of virus budding. J Virol 
82(20):10059–10070. https://doi.org/10.1128/JVI.01184-08

https://doi.org/10.1016/j.celrep.2021.110008
https://doi.org/10.1016/j.celrep.2021.110008
https://doi.org/10.1021/jacs.5b04802
https://doi.org/10.1021/jacs.1c05549
https://doi.org/10.1016/j.virol.2017.07.024
https://doi.org/10.1016/j.virol.2017.07.024
https://doi.org/10.1128/jvi.00373-22
https://doi.org/10.1128/jvi.00373-22
https://doi.org/10.1128/JVI.00835-07
https://doi.org/10.1128/JVI.00835-07
https://doi.org/10.1016/j.chom.2014.01.006
https://doi.org/10.1007/s00705-016-3153-8
https://doi.org/10.1007/s00705-016-3153-8
https://doi.org/10.3390/membranes11110860
https://doi.org/10.1128/JVI.79.12.7926-7932.2005
https://doi.org/10.1128/JVI.00307-10
https://doi.org/10.1128/JVI.00307-10
https://doi.org/10.1128/JVI.01184-08


454 J. J. Madsen and J. S. Rossman

Claridge JK, Aittoniemi J, Cooper DM, Schnell JR (2013) Isotropic bicelles stabilize the 
juxtamembrane region of the influenza M2 protein for solution NMR studies. Biochemistry 
52(47):8420–8429. https://doi.org/10.1021/bi401035m 

Ekanayake EV, Fu R, Cross TA (2016) Structural influences: cholesterol, drug, and proton binding 
to full-length Influenza A M2 protein. Biophys J 110(6):1391–1399. https://doi.org/10.1016/j. 
bpj.2015.11.3529 

Elkins MR, Williams JK, Gelenter MD, Dai P, Kwon B, Sergeyev IV, Pentelute BL, Hong M 
(2017) Cholesterol-binding site of the influenza M2 protein in lipid bilayers from solid-state 
NMR. Proc Natl Acad Sci U S A 114(49):12946–12951. https://doi.org/10.1073/pnas. 
1715127114 

Elkins MR, Sergeyev IV, Hong M (2018) Determining cholesterol binding to membrane proteins 
by cholesterol (13) C labeling in yeast and dynamic nuclear polarization NMR. J Am Chem Soc 
140(45):15437–15449. https://doi.org/10.1021/jacs.8b09658 

Elleman CJ, Barclay WS (2004) The M1 matrix protein controls the filamentous phenotype of 
influenza A virus. Virology 321(1):144–153. https://doi.org/10.1016/j.virol.2003.12.009 

Fan TW, Lane AN (2016) Applications of NMR spectroscopy to systems biochemistry. Prog Nucl 
Magn Reson Spectrosc 92-93:18–53. https://doi.org/10.1016/j.pnmrs.2016.01.005 

Frenkel D, Smit B, ProQuest (2002) Understanding molecular simulation: from algorithms to 
applications, Computational science series, vol 1, 2nd edn. Academic Press, San Diego 

Goldsmith CS, Miller SE (2009) Modern uses of electron microscopy for detection of viruses. Clin 
Microbiol Rev 22(4):552–563. https://doi.org/10.1128/CMR.00027-09 

Grime JMA, Madsen JJ (2019) Efficient simulation of tunable lipid assemblies across scales and 
resolutions. arXiv:191005362. https://doi.org/10.48550/arXiv.1910.05362 

Han J, Ganti K, Sali VK, Twigg C, Zhang Y, Manivasagam S, Liang CY, Vogel OA, Huang I, 
Emmanuel SN, Plung J, Radoshevich L, Perez JT, Lowen AC, Manicassamy B (2021) Host 
factor Rab11a is critical for efficient assembly of influenza A virus genomic segments. PLoS 
Pathog 17(5):e1009517. https://doi.org/10.1371/journal.ppat.1009517 

Harry EJ, Pogliano K, Losick R (1995) Use of immunofluorescence to visualize cell-specific gene 
expression during sporulation in Bacillus subtilis. J Bacteriol 177(12):3386–3393. https://doi. 
org/10.1128/jb.177.12.3386-3393.1995 

Heberle FA, Feigenson GW (2011) Phase separation in lipid membranes. Cold Spring Harb 
Perspect Biol 3(4):a004630. https://doi.org/10.1101/cshperspect.a004630 

Helenius A (1992) Unpacking the incoming influenza virus. Cell 69(4):577–578. https://doi.org/10. 
1016/0092-8674(92)90219-3 

Herneisen AL, Sahu ID, McCarrick RM, Feix JB, Lorigan GA, Howard KP (2017) A budding-
defective M2 mutant exhibits reduced membrane interaction, insensitivity to cholesterol, and 
perturbed interdomain coupling. Biochemistry 56(44):5955–5963. https://doi.org/10.1021/acs. 
biochem.7b00924 

Ho CS, Khadka NK, She F, Cai J, Pan J (2016) Influenza M2 transmembrane domain senses 
membrane heterogeneity and enhances membrane curvature. Langmuir 32(26):6730–6738. 
https://doi.org/10.1021/acs.langmuir.6b00150 

Hu B, Siche S, Moller L, Veit M (2020) Amphipathic helices of cellular proteins can replace the 
helix in M2 of Influenza A virus with only small effects on virus replication. J Virol 94:3. https:// 
doi.org/10.1128/JVI.01605-19 

Huang S, Green B, Thompson M, Chen R, Thomaston J, DeGrado WF, Howard KP (2015) 
C-terminal juxtamembrane region of full-length M2 protein forms a membrane surface associ-
ated amphipathic helix. Protein Sci 24(3):426–429. https://doi.org/10.1002/pro.2631 

Hubert M, Larsson E, Vegesna NVG, Ahnlund M, Johansson AI, Moodie LW, Lundmark R (2020) 
Lipid accumulation controls the balance between surface connection and scission of caveolae. 
elife 9:e55038. https://doi.org/10.7554/eLife.55038 

Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics. J Mol Graph 14(1): 
33–38, 27-38. https://doi.org/10.1016/0263-7855(96)00018-5 

Hunter JD (2007) Matplotlib: a 2D graphics environment. Comput Sci Eng 9(3):90–95

https://doi.org/10.1021/bi401035m
https://doi.org/10.1016/j.bpj.2015.11.3529
https://doi.org/10.1016/j.bpj.2015.11.3529
https://doi.org/10.1073/pnas.1715127114
https://doi.org/10.1073/pnas.1715127114
https://doi.org/10.1021/jacs.8b09658
https://doi.org/10.1016/j.virol.2003.12.009
https://doi.org/10.1016/j.pnmrs.2016.01.005
https://doi.org/10.1128/CMR.00027-09
https://doi.org/10.48550/arXiv.1910.05362
https://doi.org/10.1371/journal.ppat.1009517
https://doi.org/10.1128/jb.177.12.3386-3393.1995
https://doi.org/10.1128/jb.177.12.3386-3393.1995
https://doi.org/10.1101/cshperspect.a004630
https://doi.org/10.1016/0092-8674(92)90219-3
https://doi.org/10.1016/0092-8674(92)90219-3
https://doi.org/10.1021/acs.biochem.7b00924
https://doi.org/10.1021/acs.biochem.7b00924
https://doi.org/10.1021/acs.langmuir.6b00150
https://doi.org/10.1128/JVI.01605-19
https://doi.org/10.1128/JVI.01605-19
https://doi.org/10.1002/pro.2631
https://doi.org/10.7554/eLife.55038
https://doi.org/10.1016/0263-7855(96)00018-5


16 Cholesterol and M2 Rendezvous in Budding and Scission of Influenza A Virus 455

Ingolfsson HI, Lopez CA, Uusitalo JJ, de Jong DH, Gopal SM, Periole X, Marrink SJ (2014) The 
power of coarse graining in biomolecular simulations. Wiley Interdiscip Rev Comput Mol Sci 
4(3):225–248. https://doi.org/10.1002/wcms.1169 

Jarin Z, Newhouse J, Voth GA (2021) Coarse-grained force fields from the perspective of statistical 
mechanics: better understanding of the origins of a MARTINI hangover. J Chem Theory 
Comput 17(2):1170–1180. https://doi.org/10.1021/acs.jctc.0c00638 

Javanainen M, Heftberger P, Madsen JJ, Miettinen MS, Pabst G, Ollila OHS (2023) Quantitative 
comparison against experiments reveals imperfections in force fields’ descriptions of popc– 
cholesterol interactions. J Chem Theory Comput. In press. https://doi.org/10.1021/acs.jctc. 
3c00648 

Jo S, Kim T, Iyer VG, Im W (2008) CHARMM-GUI: a web-based graphical user interface for 
CHARMM. J Comput Chem 29(11):1859–1865. https://doi.org/10.1002/jcc.20945 

Kalil AC, Thomas PG (2019) Influenza virus-related critical illness: pathophysiology and epide-
miology. Crit Care 23(1):258. https://doi.org/10.1186/s13054-019-2539-x 

Kim SS, Upshur MA, Saotome K, Sahu ID, McCarrick RM, Feix JB, Lorigan GA, Howard KP 
(2015) Cholesterol-dependent conformational exchange of the C-terminal domain of the Influ-
enza A M2 protein. Biochemistry 54(49):7157–7167. https://doi.org/10.1021/acs.biochem. 
5b01065 

Klug CS, Feix JB (2008) Methods and applications of site-directed spin labeling EPR spectroscopy. 
Methods Cell Biol 84:617–658. https://doi.org/10.1016/S0091-679X(07)84020-9 

Kolokouris D, Kalenderoglou IE, Kolocouris A (2021) Inside and out of the pore: comparing 
interactions and molecular dynamics of Influenza A M2 viroporin complexes in standard lipid 
bilayers. J Chem Inf Model 61(11):5550–5568. https://doi.org/10.1021/acs.jcim.1c00264 

Kwon B, Tietze D, White PB, Liao SY, Hong M (2015) Chemical ligation of the influenza M2 
protein for solid-state NMR characterization of the cytoplasmic domain. Protein Sci 24(7): 
1087–1099. https://doi.org/10.1002/pro.2690 

Kyaw A, Roepke K, Arthur T, Howard KP (2023) Conformation of influenza AM2 membrane 
protein in nanodiscs and liposomes. Biochim Biophys Acta Biomembr 1865(5):184152. https:// 
doi.org/10.1016/j.bbamem.2023.184152 

Lakadamyali M, Rust MJ, Zhuang X (2004) Endocytosis of influenza viruses. Microbes Infect 
6(10):929–936. https://doi.org/10.1016/j.micinf.2004.05.002 

Lamb RA, Holsinger LJ, Pinto LH (1994) Receptor-mediated virus entry into cells. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor 

Lenard J, Compans RW (1974) The membrane structure of lipid-containing viruses. Biochim 
Biophys Acta 344(1):51–94. https://doi.org/10.1016/0304-4157(74)90008-2 

Leser GP, Lamb RA (2017) Lateral organization of influenza virus proteins in the Budozone region 
of the plasma membrane. J Virol 91(9):e02104-16. https://doi.org/10.1128/JVI.02104-16 

Leser GP, Ector KJ, Lamb RA (1996) The paramyxovirus simian virus 5 hemagglutinin-
neuraminidase glycoprotein, but not the fusion glycoprotein, is internalized via coated pits 
and enters the endocytic pathway. Mol Biol Cell 7(1):155–172. https://doi.org/10.1091/mbc.7. 
1.155 

Liao SY, Fritzsching KJ, Hong M (2013) Conformational analysis of the full-length M2 protein of 
the influenza A virus using solid-state NMR. Protein Sci 22(11):1623–1638. https://doi.org/10. 
1002/pro.2368 

Liao SY, Yang Y, Tietze D, Hong M (2015) The influenza m2 cytoplasmic tail changes the proton-
exchange equilibria and the backbone conformation of the transmembrane histidine residue to 
facilitate proton conduction. J Am Chem Soc 137(18):6067–6077. https://doi.org/10.1021/jacs. 
5b02510 

Liu J, Kaksonen M, Drubin DG, Oster G (2006) Endocytic vesicle scission by lipid phase boundary 
forces. Proc Natl Acad Sci U S A 103(27):10277–10282. https://doi.org/10.1073/pnas. 
0601045103 

Lozano MM, Hovis JS, Moss FR 3rd, Boxer SG (2016) Dynamic reorganization and correlation 
among lipid raft components. J Am Chem Soc 138(31):9996–10001. https://doi.org/10.1021/ 
jacs.6b05540

https://doi.org/10.1002/wcms.1169
https://doi.org/10.1021/acs.jctc.0c00638
https://doi.org/10.1021/acs.jctc.3c00648
https://doi.org/10.1021/acs.jctc.3c00648
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1186/s13054-019-2539-x
https://doi.org/10.1021/acs.biochem.5b01065
https://doi.org/10.1021/acs.biochem.5b01065
https://doi.org/10.1016/S0091-679X(07)84020-9
https://doi.org/10.1021/acs.jcim.1c00264
https://doi.org/10.1002/pro.2690
https://doi.org/10.1016/j.bbamem.2023.184152
https://doi.org/10.1016/j.bbamem.2023.184152
https://doi.org/10.1016/j.micinf.2004.05.002
https://doi.org/10.1016/0304-4157(74)90008-2
https://doi.org/10.1128/JVI.02104-16
https://doi.org/10.1091/mbc.7.1.155
https://doi.org/10.1091/mbc.7.1.155
https://doi.org/10.1002/pro.2368
https://doi.org/10.1002/pro.2368
https://doi.org/10.1021/jacs.5b02510
https://doi.org/10.1021/jacs.5b02510
https://doi.org/10.1073/pnas.0601045103
https://doi.org/10.1073/pnas.0601045103
https://doi.org/10.1021/jacs.6b05540
https://doi.org/10.1021/jacs.6b05540


456 J. J. Madsen and J. S. Rossman

Madsen JJ, Sinitskiy AV, Li J, Voth GA (2017) Highly coarse-grained representations of trans-
membrane proteins. J Chem Theory Comput 13(2):935–944. https://doi.org/10.1021/acs.jctc. 
6b01076 

Madsen JJ, Grime JMA, Rossman JS, Voth GA (2018) Entropic forces drive clustering and spatial 
localization of influenza A M2 during viral budding. Proc Natl Acad Sci U S A 115(37):E8595– 
E8603. https://doi.org/10.1073/pnas.1805443115 

Mao H, Cao L, Xu T, Xia X, Ren P, Han P, Li C, Hui X, Lin X, Huang K, Jin M (2022) YWHAG 
inhibits influenza a virus replication by suppressing the release of viral M2 protein. Front 
Microbiol 13:951009. https://doi.org/10.3389/fmicb.2022.951009 

Marion D (2013) An introduction to biological NMR spectroscopy. Mol Cell Proteomics 12(11): 
3006–3025. https://doi.org/10.1074/mcp.O113.030239 

Marrink SJ, Risselada HJ, Yefimov S, Tieleman DP, de Vries AH (2007) The MARTINI force field: 
coarse grained model for biomolecular simulations. J Phys Chem B 111(27):7812–7824. https:// 
doi.org/10.1021/jp071097f 

Martyna A, Gomez-Llobregat J, Linden M, Rossman JS (2016) Curvature sensing by a viral 
scission protein. Biochemistry 55(25):3493–3496. https://doi.org/10.1021/acs.biochem. 
6b00539 

Martyna A, Bahsoun B, Badham MD, Srinivasan S, Howard MJ, Rossman JS (2017) Membrane 
remodeling by the M2 amphipathic helix drives influenza virus membrane scission. Sci Rep 7: 
44695. https://doi.org/10.1038/srep44695 

Martyna A, Bahsoun B, Madsen JJ, Jackson F, Badham MD, Voth GA, Rossman JS (2020) 
Cholesterol alters the orientation and activity of the influenza virus M2 amphipathic helix in 
the membrane. J Phys Chem B 124(31):6738–6747. https://doi.org/10.1021/acs.jpcb.0c03331 

McCown MF, Pekosz A (2006) Distinct domains of the influenza a virus M2 protein cytoplasmic 
tail mediate binding to the M1 protein and facilitate infectious virus production. J Virol 80(16): 
8178–8189. https://doi.org/10.1128/JVI.00627-06 

Mouritsen OG (2016) Life - as a matter of fat. Softcover reprint of the original, 2nd 2016. edn. 
Springer International Publishing A+, Cham 

Mouritsen OG, Jorgensen K (1992) Dynamic lipid-bilayer heterogeneity: a mesoscopic vehicle for 
membrane function? BioEssays 14(2):129–136. https://doi.org/10.1002/bies.950140211 

Nayak DP, Barman S (2002) Role of lipid rafts in virus assembly and budding. Adv Virus Res 58: 
1–28. https://doi.org/10.1016/s0065-3527(02)58001-5 

Nermut MV, Frank H (1971) Fine structure of influenza A2 (Singapore) as revealed by negative 
staining, freeze-drying and freeze-etching. J Gen Virol 10(1):37–51. https://doi.org/10.1099/ 
0022-1317-10-1-37 

Noda T, Kawaoka Y (2010) Structure of influenza virus ribonucleoprotein complexes and their 
packaging into virions. Rev Med Virol 20(6):380–391. https://doi.org/10.1002/rmv.666 

Ohkubo YZ, Madsen JJ (2021) Uncovering membrane-bound models of coagulation factors by 
combined experimental and computational approaches. Thromb Haemost 121(9):1122–1137. 
https://doi.org/10.1055/s-0040-1722187 

Pak AJ, Dannenhoffer-Lafage T, Madsen JJ, Voth GA (2019) Systematic coarse-grained lipid force 
fields with semiexplicit solvation via virtual sites. J Chem Theory Comput 15(3):2087–2100. 
https://doi.org/10.1021/acs.jctc.8b01033 

Pan J, Dalzini A, Song L (2019) Cholesterol and phosphatidylethanolamine lipids exert opposite 
effects on membrane modulations caused by the M2 amphipathic helix. Biochim Biophys Acta 
Biomembr 1861(1):201–209. https://doi.org/10.1016/j.bbamem.2018.07.013 

Paulino J, Pang X, Hung I, Zhou HX, Cross TA (2019) Influenza A M2 channel clustering at high 
protein/lipid ratios: viral budding implications. Biophys J 116(6):1075–1084. https://doi.org/10. 
1016/j.bpj.2019.01.042 

Pinto LH, Holsinger LJ, Lamb RA (1992) Influenza virus M2 protein has ion channel activity. Cell 
69(3):517–528. https://doi.org/10.1016/0092-8674(92)90452-i 

Rajendran L, Simons K (2005) Lipid rafts and membrane dynamics. J Cell Sci 118(Pt 6): 
1099–1102. https://doi.org/10.1242/jcs.01681

https://doi.org/10.1021/acs.jctc.6b01076
https://doi.org/10.1021/acs.jctc.6b01076
https://doi.org/10.1073/pnas.1805443115
https://doi.org/10.3389/fmicb.2022.951009
https://doi.org/10.1074/mcp.O113.030239
https://doi.org/10.1021/jp071097f
https://doi.org/10.1021/jp071097f
https://doi.org/10.1021/acs.biochem.6b00539
https://doi.org/10.1021/acs.biochem.6b00539
https://doi.org/10.1038/srep44695
https://doi.org/10.1021/acs.jpcb.0c03331
https://doi.org/10.1128/JVI.00627-06
https://doi.org/10.1002/bies.950140211
https://doi.org/10.1016/s0065-3527(02)58001-5
https://doi.org/10.1099/0022-1317-10-1-37
https://doi.org/10.1099/0022-1317-10-1-37
https://doi.org/10.1002/rmv.666
https://doi.org/10.1055/s-0040-1722187
https://doi.org/10.1021/acs.jctc.8b01033
https://doi.org/10.1016/j.bbamem.2018.07.013
https://doi.org/10.1016/j.bpj.2019.01.042
https://doi.org/10.1016/j.bpj.2019.01.042
https://doi.org/10.1016/0092-8674(92)90452-i
https://doi.org/10.1242/jcs.01681


16 Cholesterol and M2 Rendezvous in Budding and Scission of Influenza A Virus 457

Roberts PC, Lamb RA, Compans RW (1998) The M1 and M2 proteins of influenza A virus are 
important determinants in filamentous particle formation. Virology 240(1):127–137. https://doi. 
org/10.1006/viro.1997.8916 

Roberts KL, Leser GP, Ma C, Lamb RA (2013) The amphipathic helix of influenza A virus M2 
protein is required for filamentous bud formation and scission of filamentous and spherical 
particles. J Virol 87(18):9973–9982. https://doi.org/10.1128/JVI.01363-13 

Rossman JS, Lamb RA (2010) Swine-origin influenza virus and the 2009 pandemic. Am J Respir 
Crit Care Med 181(4):295–296. https://doi.org/10.1164/rccm.200912-1876ED 

Rossman JS, Jing X, Leser GP, Balannik V, Pinto LH, Lamb RA (2010a) Influenza virus m2 ion 
channel protein is necessary for filamentous virion formation. J Virol 84(10):5078–5088. https:// 
doi.org/10.1128/JVI.00119-10 

Rossman JS, Jing X, Leser GP, Lamb RA (2010b) Influenza virus M2 protein mediates ESCRT-
independent membrane scission. Cell 142(6):902–913. https://doi.org/10.1016/j.cell.2010. 
08.029 

Roux A, Cuvelier D, Nassoy P, Prost J, Bassereau P, Goud B (2005) Role of curvature and phase 
transition in lipid sorting and fission of membrane tubules. EMBO J 24(8):1537–1545. https:// 
doi.org/10.1038/sj.emboj.7600631 

Ryu YS, Lee IH, Suh JH, Park SC, Oh S, Jordan LR, Wittenberg NJ, Oh SH, Jeon NL, Lee B, 
Parikh AN, Lee SD (2014) Reconstituting ring-rafts in bud-mimicking topography of model 
membranes. Nat Commun 5:4507. https://doi.org/10.1038/ncomms5507 

Saotome K, Duong-Ly KC, Howard KP (2015) Influenza A M2 protein conformation depends on 
choice of model membrane. Biopolymers 104(4):405–411. https://doi.org/10.1002/bip.22617 

Scaffidi SJ, Shebes MA, Yu W (2021) Tracking the subcellular localization of surface proteins in 
Staphylococcus aureus by immunofluorescence microscopy. Bio Protoc 11(10):e4038. https:// 
doi.org/10.21769/BioProtoc.4038 

Schmidt NW, Mishra A, Wang J, DeGrado WF, Wong GC (2013) Influenza virus A M2 protein 
generates negative Gaussian membrane curvature necessary for budding and scission. J Am 
Chem Soc 135(37):13710–13719. https://doi.org/10.1021/ja400146z 

Schroeder C, Heider H, Moncke-Buchner E, Lin TI (2005) The influenza virus ion channel and 
maturation cofactor M2 is a cholesterol-binding protein. Eur Biophys J 34(1):52–66. https://doi. 
org/10.1007/s00249-004-0424-1 

Schulze IT (1972) The structure of influenza virus. II. A model based on the morphology and 
composition of subviral particles. Virology 47(1):181–196. https://doi.org/10.1016/0042-6822 
(72)90251-6 

Sharma M, Yi M, Dong H, Qin H, Peterson E, Busath DD, Zhou HX, Cross TA (2010) Insight into 
the mechanism of the influenza A proton channel from a structure in a lipid bilayer. Science 
330(6003):509–512. https://doi.org/10.1126/science.1191750 

Slot JW, Geuze HJ (1985) A new method of preparing gold probes for multiple-labeling cyto-
chemistry. Eur J Cell Biol 38(1):87–93 

Stewart SM, Wu WH, Lalime EN, Pekosz A (2010) The cholesterol recognition/interaction amino 
acid consensus motif of the influenza A virus M2 protein is not required for virus replication but 
contributes to virulence. Virology 405(2):530–538. https://doi.org/10.1016/j.virol.2010.06.035 

Sun X, Whittaker GR (2003) Role for influenza virus envelope cholesterol in virus entry and 
infection. J Virol 77(23):12543–12551. https://doi.org/10.1128/jvi.77.23.12543-12551.2003 

Sutherland M, Tran N, Hong M (2022) Clustering of tetrameric influenza M2 peptides in lipid 
bilayers investigated by (19)F solid-state NMR. Biochim Biophys Acta Biomembr 1864(7): 
183909. https://doi.org/10.1016/j.bbamem.2022.183909 

Swanson J, Hsu KC, Gotschlich EC (1969) Electron microscopic studies on streptococci. I. M 
antigen. J Exp Med 130(5):1063–1091. https://doi.org/10.1084/jem.130.5.1063 

Taubenberger JK, Morens DM (2008) The pathology of influenza virus infections. Annu Rev 
Pathol 3:499–522. https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316

https://doi.org/10.1006/viro.1997.8916
https://doi.org/10.1006/viro.1997.8916
https://doi.org/10.1128/JVI.01363-13
https://doi.org/10.1164/rccm.200912-1876ED
https://doi.org/10.1128/JVI.00119-10
https://doi.org/10.1128/JVI.00119-10
https://doi.org/10.1016/j.cell.2010.08.029
https://doi.org/10.1016/j.cell.2010.08.029
https://doi.org/10.1038/sj.emboj.7600631
https://doi.org/10.1038/sj.emboj.7600631
https://doi.org/10.1038/ncomms5507
https://doi.org/10.1002/bip.22617
https://doi.org/10.21769/BioProtoc.4038
https://doi.org/10.21769/BioProtoc.4038
https://doi.org/10.1021/ja400146z
https://doi.org/10.1007/s00249-004-0424-1
https://doi.org/10.1007/s00249-004-0424-1
https://doi.org/10.1016/0042-6822(72)90251-6
https://doi.org/10.1016/0042-6822(72)90251-6
https://doi.org/10.1126/science.1191750
https://doi.org/10.1016/j.virol.2010.06.035
https://doi.org/10.1128/jvi.77.23.12543-12551.2003
https://doi.org/10.1016/j.bbamem.2022.183909
https://doi.org/10.1084/jem.130.5.1063
https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316


458 J. J. Madsen and J. S. Rossman

Thaa B, Levental I, Herrmann A, Veit M (2011) Intrinsic membrane association of the cytoplasmic 
tail of influenza virus M2 protein and lateral membrane sorting regulated by cholesterol binding 
and palmitoylation. Biochem J 437(3):389–397. https://doi.org/10.1042/BJ20110706 

Thaa B, Tielesch C, Moller L, Schmitt AO, Wolff T, Bannert N, Herrmann A, Veit M (2012) 
Growth of influenza A virus is not impeded by simultaneous removal of the cholesterol-binding 
and acylation sites in the M2 protein. J Gen Virol 93(Pt 2):282–292. https://doi.org/10.1099/vir. 
0.038554-0 

Thaa B, Siche S, Herrmann A, Veit M (2014) Acylation and cholesterol binding are not required for 
targeting of influenza A virus M2 protein to the hemagglutinin-defined budozone. FEBS Lett 
588(6):1031–1036. https://doi.org/10.1016/j.febslet.2014.02.014 

Thomaston JL, Nguyen PA, Brown EC, Upshur MA, Wang J, DeGrado WF, Howard KP (2013) 
Detection of drug-induced conformational change of a transmembrane protein in lipid bilayers 
using site-directed spin labeling. Protein Sci 22(1):65–73. https://doi.org/10.1002/pro.2186 

Torabifard H, Panahi A, Brooks CL 3rd (2020) M2 amphipathic helices facilitate pH-dependent 
conformational transition in influenza A virus. Proc Natl Acad Sci U S A 117(7):3583–3591. 
https://doi.org/10.1073/pnas.1913385117 

Vahey MD, Fletcher DA (2019) Low-fidelity assembly of Influenza A virus promotes escape from 
host cells. Cell 176(1–2):281–294. e219. https://doi.org/10.1016/j.cell.2018.10.056 

Votteler J, Sundquist WI (2013) Virus budding and the ESCRT pathway. Cell Host Microbe 14(3): 
232–241. https://doi.org/10.1016/j.chom.2013.08.012 

Wang T, Hong M (2015) Investigation of the curvature induction and membrane localization of the 
influenza virus M2 protein using static and off-magic-angle spinning solid-state nuclear mag-
netic resonance of oriented bicelles. Biochemistry 54(13):2214–2226. https://doi.org/10.1021/ 
acs.biochem.5b00127 

Wang T, Cady SD, Hong M (2012) NMR determination of protein partitioning into membrane 
domains with different curvatures and application to the influenza M2 peptide. Biophys J 
102(4):787–794. https://doi.org/10.1016/j.bpj.2012.01.010 

Waterson AP, Hurrell JM, Jensen KE (1963) The fine structure of influenza A, B and C viruses. 
Arch Gesamte Virusforsch 12:487–495. https://doi.org/10.1007/BF01242156 

Wohlgemuth N, Lane AP, Pekosz A (2018) Influenza A virus M2 protein apical targeting is 
required for efficient virus replication. J Virol 92(22):e01425-18. https://doi.org/10.1128/JVI. 
01425-18 

Wood WG, Igbavboa U, Muller WE, Eckert GP (2011) Cholesterol asymmetry in synaptic plasma 
membranes. J Neurochem 116(5):684–689. https://doi.org/10.1111/j.1471-4159.2010.07017.x 

Wright AK, Paulino J, Cross TA (2022) Emulating membrane protein environments horizontal line 
how much lipid is required for a native structure: influenza S31N M2. J Am Chem Soc 144(5): 
2137–2148. https://doi.org/10.1021/jacs.1c10174 

Wu EL, Cheng X, Jo S, Rui H, Song KC, Davila-Contreras EM, Qi Y, Lee J, Monje-Galvan V, 
Venable RM, Klauda JB, Im W (2014) CHARMM-GUI membrane builder toward realistic 
biological membrane simulations. J Comput Chem 35(27):1997–2004. https://doi.org/10.1002/ 
jcc.23702 

Zebedee SL, Lamb RA (1988) Influenza A virus M2 protein: monoclonal antibody restriction of 
virus growth and detection of M2 in virions. J Virol 62(8):2762–2772. https://doi.org/10.1128/ 
JVI.62.8.2762-2772.1988 

Zhu P, Liang L, Shao X, Luo W, Jiang S, Zhao Q, Sun N, Zhao Y, Li J, Wang J, Zhou Y, Zhang J, 
Wang G, Jiang L, Chen H, Li C (2017) Host cellular protein TRAPPC6ADelta interacts with 
Influenza A virus M2 protein and regulates viral propagation by modulating M2 trafficking. J 
Virol 91(1):e01757-16. https://doi.org/10.1128/JVI.01757-16

https://doi.org/10.1042/BJ20110706
https://doi.org/10.1099/vir.0.038554-0
https://doi.org/10.1099/vir.0.038554-0
https://doi.org/10.1016/j.febslet.2014.02.014
https://doi.org/10.1002/pro.2186
https://doi.org/10.1073/pnas.1913385117
https://doi.org/10.1016/j.cell.2018.10.056
https://doi.org/10.1016/j.chom.2013.08.012
https://doi.org/10.1021/acs.biochem.5b00127
https://doi.org/10.1021/acs.biochem.5b00127
https://doi.org/10.1016/j.bpj.2012.01.010
https://doi.org/10.1007/BF01242156
https://doi.org/10.1128/JVI.01425-18
https://doi.org/10.1128/JVI.01425-18
https://doi.org/10.1111/j.1471-4159.2010.07017.x
https://doi.org/10.1021/jacs.1c10174
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1128/JVI.62.8.2762-2772.1988
https://doi.org/10.1128/JVI.62.8.2762-2772.1988
https://doi.org/10.1128/JVI.01757-16


16 Cholesterol and M2 Rendezvous in Budding and Scission of Influenza A Virus 459

Further Reading 

Chlanda P, Zimmerberg J (2016) Protein-lipid interactions critical to replication of the influenza A 
virus. FEBS Lett 590:1940–1954 

Heaton NS, Randall G (2011) Multifaceted roles for lipids in viral infection. Trends Microbiol 19: 
368–375 

Lamb RA (2020) The structure, function, and pathobiology if the Influenza A and B virus ion 
channels. Cold Spring Harb Perspect Med 10:a038505. https://doi.org/10.1101/cshperspect. 
a038505 

Martyna A, Rossman JS (2014) Alterations of membrane curvature during influenza virus budding. 
Biochem Soc Trans 42:1425–1428 

Rossman JS, Lamb RA (2011) Influenza virus assembly and budding. Virology 411:229–236 
Rossman JS, Lamb RA (2013) Viral membrane scission. Annu Rev. Cell Dev Biol 29:551–569 
Schroeder C (2010) Cholesterol-binding viral proteins in virus entry and morphogenesis. Subcell 

Biochem 51:77–108 
Veit M, Thaa B (2011) Association of influenza virus proteins with membrane rafts. Adv Virol 

2011:370606 
Zhou H-X, Cross TA (2013) Modeling the membrane environment has implications for membrane 

protein structure and function: Influenza A M2 protein. Protein Sci 22:381–394

https://doi.org/10.1101/cshperspect.a038505
https://doi.org/10.1101/cshperspect.a038505


Swetha Vijayakrishnan

Correction to: In Situ Imaging of 
Virus-Infected Cells by Cryo-Electron 
Tomography: An Overview 

Correction to: 
Chapter 1 in: S. Vijayakrishnan et al. (eds.), 
Virus Infected Cells, Subcellular Biochemistry 106, 
https://doi.org/10.1007/978-3-031-40086-5_1 

The following reference citation (Li S, 2022) has been cited on page 4, and the 
respective reference (Li S. (2022). Cryo-electron tomography of enveloped 
viruses. Trends Biochem Sci, 47(2), 173–186. doi:10.1016/j.tibs.2021.08.005) is 
included in References list at the end of the chapter. 
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The following figure (Fig. 1.1) caption has been updated with the following 
missing text “Figure adapted from Li S (2022) under CC BY 4.0.”. The updated 
figure caption is as follows: 

Fig. 1.1 Correlation of structural biology and imaging methods with sample 
size and resolution. Sample length, resolution, and the extent of nativeness (in vitro 
or in situ) are the main determinants when choosing structural biology and imaging 
methods. Sample size and resolution ranges of the most common methods are shown 
for comparison, highlighting the suitability of cryo-ET for imaging a wide range of 
molecular and cellular samples including protein assemblies, viruses, and cells. In 
combination with correlative light-electron microscopy (CLEM) and cryo-focused
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ion beam milling (cryo-FIB), cryo-ET resolves native structures of protein at rela-
tively high resolution as well as provides abundant information on protein–protein, 
protein–membrane, or protein–nucleic acids interactions in an in situ setting. 
Figure adapted from Li S (2022) under CC BY 4.0. The various sample types used 
in this figure were created with Biorender.com

C2 S. Vijayakrishnan

The following figure (Fig. 1.5) caption has been updated from the following text 
“Figures were made using publicly available atomic coordinates and maps from 
the protein data bank (PDB) and Electron Microscopy Data Bank (EMDB) 
using UCSF ChimeraX (Pettersen et al. 2021)” to the following text “Figure 
was adapted from Vankadari et al. (2002) under CC BY 4.0 using publicly 
available atomic coordinates and maps from the protein data bank (PDB) and 
Electron Microscopy Data Bank (EMDB) and UCSF ChimeraX (Pettersen 
et al., 2021)”. The updated figure caption is as follows: 

Fig. 1.5 Structures of purified enveloped viruses resolved by cryo-ET and 
STA. A selection of high-resolution structures of representative enveloped purified 
viruses determined by cryo-ET and STA is shown. (a) Structure of mature HIV-1 
capsid (PDB: 3J3Y) colour coded with CA hexamers (brown) and pentamers (blue). 
(b) Ultrastructure of the SARS-CoV-2 virion (EMD-30430); lipid envelope (grey), S 
protein (blue), and RNPs (yellow). (c) The STA reconstructed prefusion LASV 
glycoprotein (GP) trimers (yellow) embedded on the viral envelope (blue) and filled 
with internal material (grey) segmented from the tomogram. Figure reproduced from 
Li et al. (2016) under CC BY 4.0. (d) Structure of the helical IAV M1 matrix protein 
(grey and blue) (EMD-22384). (e) Structure of RVFV prefusion GP pentamers 
(blue) and hexamers (brown) reprojected on the viral envelope (EMDB-4197). (f) 
Structure of mature HSV-1 capsid (EMD-5452) denoting the five-fold portal struc-
ture (blue) and surrounding hexamers (cyan). Figure was adapted from Vankadari et 
al. (2002) under CC BY 4.0 using publicly available atomic coordinates and maps 
from the protein data bank (PDB) and Electron Microscopy Data Bank (EMDB) and 
UCSF ChimeraX (Pettersen et al., 2021)
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