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Abstract

Human cytomegalovirus (HCMV) is a highly prevalent member of the Herpesviridae family
that establishes lifelong latent infections and can cause severe disease in newborns and
immunocompromised individuals. HCMV induces profound and persistent changes in host
cell architecture and metabolism to facilitate production and dissemination of viral progeny
while evading immune detection. The aim of my doctoral research was to investigate HCMV
assembly and the associated organelle remodeling in human fibroblast cells using in-situ
electron cryo-tomography (cryo-ET). A major focus of this work was the structural
characterization of peroxisomes and their remodeling during HCMV infection. To overcome
the challenge of identifying peroxisomes in human fibroblasts, a novel correlative light and
electron microscopy (cryo-CLEM) workflow was developed, combining cryo fluorescence
microscopy (cryo-FM) and focused ion beam (FIB) milling with cryo-ET. This integrated
approach enabled targeted identification and three-dimensional peroxisomes
characterization in a near-native state. Using PTS1-mCherry as a specific peroxisomal
marker, this revealed that mammalian peroxisomes human fibroblasts lack the distinctive
crystalline bodies commonly observed in plants and fungi, appearing as inconspicuous
spherical vesicles. In addition, this study provides detailed insight into the morphology and
dynamics of membrane-bound structures within the viral assembly compartment (vAC)
governing tegumentation and secondary envelopment of viral capsids during HCMV
replication. Overview tomograms, acquired at low magnification to visualize the cellular
ultrastructure within a section of a whole cell, were used as complementary tools to provide
comprehensive spatial context for the organization and interactions of viral and cellular
components within the vAC. This revealed capsids at various stages of secondary
envelopment and the presence of multiviral bodies (MViBs). Overall, this thesis contributes
to our understanding of viral replication and organelle remodeling in human fibroblast cells
during HCMV infection, by providing new methodologies for the identification and

characterization of intracellular structures in a near-native state.






Zusammenfassung

Das humane Cytomegalievirus (HCMV), auch humanes Betaherpesvirus 5 genannt, ist ein weltweit
verbreitetes Mitglied der Orthoherpesviridae Familie, dass eine lebenslange Persistenz im Wirt
etabliert und schwere Erkrankungen bei Neugeborenen und Personen mit einem geschwachten
Immunsystem verursachen kann.HCMV manipuliert die Struktur und den Stoffwechsel der Wirtszelle,
um seine Verbreitung sicherzustellen und gleichzeitig einer Immunreaktion zu entgehen. Das Ziel
meiner Doktorarbeit war es, die Replikation von HCMV und die damit verbundenen strukturellen und
funktionellen Veranderungen der Organellen in humanen Fibroblasten mittels in-situ
Kryoelektronentomographie zu untersuchen. Ein Hauptfokus dieser Arbeit war die strukturelle
Charakterisierung von Peroxisomen und welchen Einfluss eine HCMV Infektion auf diese Organellen
hat. Um die Identifizierung von Peroxisomen in vitrifizierten Zellen zu erméglichen, wurde ein
neuartige korrelative Licht- und Elektronenmikroskopie Methode entwickelt, welche
Kryofluoreszenzmikroskopie und lonendiinnung mit Kryo-ET verbindet. Dieser Ansatz ermdoglicht die
gezielte Identifizierung und dreidimensionale Charakterisierung von Peroxisomen, welche mit einem
Fluorophor markiert wurden. Durch die Verwendung von PTS1-mCherry als spezifischer Peroxisome-
marker, war meine Forschung in der Lage zu zeigen, dass, im Gegensatz zu Beobachtungen in
Pflanzen und Hefen, Peroxisomen in vitrifizierten humanen Fibroblasten keine charakteristischen
morphologischen Merkmale besitzen und demzufolge als unauffallige kugelférmige Vesikel auftreten.
Dariiber hinaus bietet diese Studie detaillierte Einblicke in die Morphologie und Dynamik
membrangebundener Strukturen innerhalb des viralen Zusammenbaukompartiment, welches die
Tegumentierung und sekundéare Behiillung viraler Kapside im Zuge der Replikation von HCMV
ermoglicht und steuert. Ubersichtstomogramme, welche bei geringer VergréRerung aufgenommen
wurden, um die zelluldre Ultrastruktur innerhalb einer gesamten Lamelle zu visualisieren, wurden als
erganzendes Werkzeug eingefiihrt, um einen umfassenden raumlichen Kontext fiir die Organisation
und Wechselwirkungen viraler und zellularer Komponenten innerhalb des viralen
Zusammenbaukompartiment zu erlangen. Im Zuge dessen konnten Kapside in verschiedenen Stadien
der sekundaren Behiillung beobachtet und die Existenz von multiviral Kérperchen gezeigt werden.
Insgesamt tragt diese Dissertation zu unserem Verstandnis der viralen Replikation und der damit
verbundenen Umstrukturierung der Organellen in humanen Fibroblasten wahrend einer
HCMV-Infektion bei, indem sie neue Methoden fir die Identifizierung und Charakterisierung

intrazelluldrer Strukturen in einem nahezu nativen Zustand bereitstellt.
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FM Fluorescence microscopy
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GSK3B Glycogen Synthase Kinase 3 B

HCMV Human cytomegalovirus

HFF Human foreskin fibroblast

hpi Hours post infection

HSV Herpes simplex virus

IE Immediate early (gene)

iFLM Integrated fluorescence light microscope
IFN Interferon

ILV Intraluminal vesical

ISG IFN-stimulated gene

L Late (gene)

LINC Linker of nucleoskeleton and cytoskeleton
MAVS Mitochondrial antiviral signalling protein
MCP Major capsid protein

MCS Membrane contact site

MDAS Melanoma Differentiation-Associated protein 5



MENC Mitochondria-ER encapsulation

MFF Mitochondrial fission factor

MFN2 MitoFusiN-2 (GTPase)

MICOS Mitochondrial cristae-organizing system
MIEP Major immediate early promoter

MIRO Mitochondrial Rho GTPase

MOl Multiplicity of infection

MRC-5 Medical research council 5 (human fibroblast cell line)
MT Microtubule

MTOC Microtubule organizing centre

MvB Multivesicular body

MViB Multiviral body

NA Numerical aperture

oMM Outer mitochondrial membrane

PAMP Pathogen associated molecular patterns
PEX Peroxin

PFA Paraformaldehyde

PMP Peroxisomal membrane protein

PRR Pattern recognition receptors

PTPIP51 Protein tyrosine phosphatase-interacting protein 51
PTS Peroxisomal targeting signal

RIG-1 Retinoic acid-inducible gene |

ROI Region of interest

ROS Reactive oxygen species

RT Room temperature

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TGN Trans Golgi network

vAC Viral assembly compartment

VAMP Vesicle-associated membrane protein
VAPB VAMP-associated protein B

vMIA Viral Mitochondrion-localized inhibitor of apoptosis (pUL37x1)
vNEC Viral nuclear egress complex

VPS13D Vacuolar protein sorting 13 homolog D
vRC Viral replication compartment

ZsD Zellweger spectrum disorders






1 General introduction

1.1 The family Herpesviridae

Herpesviruses have become notorious for their ability to establish persistent infections in
humans, which typically remain asymptomatic but can result in recurrent outbreaks of
painful clinical manifestations such as cold sores and genital lesions. These diseases are
caused by Herpes simplex virus 1 and 2 (HSV-1, HSV-2), both of which are members of the
Herpesviridae family. However, the Herpesviridae family comprises over one hundred
species of enveloped double-stranded DNA viruses that are divided into three subfamilies
(Alpha-, Beta- and Gamma-herpesviridae) and are capable of causing severe and potentially
fatal diseases in a wide range of hosts including mammals, birds, fish, reptiles and mollusks®.
Three members of the Proboscivirus genus in the Betaherpesviridae subfamily can cause
lethal haemorrhagic symptoms in young Asian elephants®. Meanwhile, a group of nine
herpesvirus species comprising representatives from all three subfamilies are known to
infect humans. The members of this group are referred to as human herpesviruses and
include the four Beta-herpesviruses Human Cytomegalovirus (HCMV), Human Herpesvirus
6A, 6B and 7 (HHV-6A, HHV-6B, HHV-7), the three Alpha-herpesviruses HSV-1, HSV-2 and
Varicella-Zoster Virus (VZV) as well as the two Gamma-herpesviruses Epstein-Barr Virus
(EBV) and Kaposi Sarcoma-associated Herpesvirus (KHSV). Human herpesviruses establish
life-long infections that can cause severe diseases such as myocarditis, encephalitis and

certain types of cancer®’.

Despite the great diversity exhibited by human herpesviruses in their clinical manifestation
and host cell tropism, the structure of their viral particles is conserved across the entire
Herpesviridae family. The characteristic architecture of herpesvirus virions consists of four
layers. The large linear double-stranded viral DNA is encased in an icosahedral nucleocapsid
surrounded by an amorphous layer of proteins called the tegument. The viral envelope is the

outermost layer of the virions, consisting of a lipid bilayer containing the viral glycoproteins®.
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Within the group of human herpesviruses, HCMV has the largest genome giving rise to an
extensive repertoire of proteins, non-coding RNAs and other viral factors, which allows the
virus to establish a complex network of interactions with the host cell to remodel extensively
both metabolic and signalling pathways, as well as a vast array of immune evasion

strategies®.

1.2 Human Cytomegalovirus

The Human Cytomegalovirus (HCMV) owes its name to the significant enlargement of the
host cell during infection. This characteristic of HCMV infection was first observed by
histopathology in 1956°. At a much earlier point in time, about 6 Million years ago,
herpesviruses were already infecting early human ancestors. Since then, they have been
evolving together with mankind’. The seroprevalence of HCMV varies considerably across
different geographical regions or demographic and socioeconomic backgrounds: ranging
from 45% in developed countries to 100% in developing countries®. Multiple characteristic
features of HCMV contribute to this remarkably high prevalence, one of which is the broad
range of intricate immune evasion mechanisms encoded in its large genome®'**, Another
essential strategy employed by HCMV and all other members of the Herpesviridae family to
avoid detection by the host surveillance system, is based on their ability to establish both
lytic and latent infections and to switch between these two fundamentally different types of

infection.

During latent infection, human herpesviruses significantly limit the level of viral gene
expression and abolish production of viral progeny, thereby avoiding detection by the host
immune system. Hence, latency allows the pathogen to persist indefinitely within a healthy
individual while maintaining the viral genome. Host cells that are lysogenized can serve as a
viral reservoir enabling potential reactivation and passive dissemination of the virus.
Reactivation of HCMV infection, i.e. the transition from latent to lytic phase, is linked in

particular to the status of the host immune system or stress factors.
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During latency, viral gene expression is primarily suppressed through chromatin-mediated
silencing. However, inflammatory cytokines trigger remodeling of the corresponding
histones, thereby enabling transcription of the viral genome'****, Given that restored viral
gene expression is indispensable for transitioning from latent to lytic cycle, such
inflammatory cytokines play a crucial role in reactivation of HCMV infection®™. The lytic phase
of human herpesvirus infection is responsible for the manifestation of clinical symptoms and
characterized by the production and dissemination of infectious virions. Whether an
individual develops symptoms as a result of an HCMV infection largely depends on the

presence of certain risk factors.

In most cases of primary HCMV infections in healthy humans, no pathology is observed, with
only about one in ten developing acute mononucleosis'®. Pregnancy represents a major risk
factor for an HCMV infection leading to severe outcomes. Indeed, HCMV primary infection is
considered as the leading cause of congenital viral infections in newborns in developed
countries, capable of causing severe neurodevelopmental impairments some of which are
incompatible with life’”. However, the main risk group are in fact immunocompromised
individuals, where HCMV can cause severe and potentially lethal symptoms. A compromised
immune system can result from a large variety of causes including chronic diseases like
cancer or autoimmune diseases. On top of that, the medications and procedures used to
treat these conditions, such as radiation therapy, chemotherapy and immunosuppressive

drugs, can lower the already compromised immune system even further®®?,

In solid organ or stem cell transplant recipients, opportunistic HCMV infections are
associated with a substantial increase in morbidity and mortality. The immunodeficiency
caused by HIV/AIDS, particularly with the depletion of CD4+ T cells, is capable of significantly
exacerbating the severity of HCMV symptoms. This is due to synergistic interactions between
the two viruses facilitating viral replication and dissemination®. Given its high prevalence
and clinical significance, HCMV remains a human pathogen of serious concern that
demonstrates the remarkable ability to establish latency and many strategies to evade the

host immune system.
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1.2.1 Structure

HCMV is an enveloped double-stranded DNA virus. It possesses the largest genome among
the human herpesviruses, which is densely packed inside a pseudo-icosahedral capsid of
approximately 130 nm in diameter?. This capsid is constructed from 60 asymmetric units,
each of which is assembled from sixteen copies of the major capsid protein (MCP) in various
conformations, forming pentameric and hexameric capsomers. So-called triplex proteins
encoded by UL85 and UL46 are essential components of capsid architecture, as they
reinforce the interaction between MCPs*. During viral replication, a homododecamer of
pUL104 serves as portal to facilitate the process of packaging the 235 kilobase pairs of HCMV
genome into empty capsids®***. Despite HCMV having a genome approximately 1.5 times
larger than HSV-1, the capsids of these two herpesviruses remain similar in size, revealing

the tremendous internal pressure found inside HCMV capsids®.

The capsid is surrounded by an amorphous layer of viral and cellular proteins called
tegument. Our current understanding is that the tegument consists of an inner and an outer
layer. While inner tegument proteins are thought to form a semi-ordered mesh-like layer,
proteins in the outer tegument layer exhibit a pleomorphic organization and asymmetric
distribution. Inner tegument proteins are typically characterized by their strong association
with structural components of the capsid®**?. The inner tegument protein pp150 is thought
to form a filamentous protein structure around the capsid that acts as a supportive scaffold
due to its ability to directly and tightly associate with capsid elements. This pp150
framework encasing the capsid is believed to serve as a foundational base facilitating further
recruitment of tegument proteins?. The large tegument protein pUL48 represents another
prominent component of the inner tegument layer. pUL48 has been shown to be integral to
several processes during viral entry, including facilitating the release of the viral genome

from the capsid®.
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The most abundant protein in the outer tegument layer is pp65, encoded by the HCMV gene
UL83. Even though it is known to enhance viral genome replication while promoting the
expression of IE genes, pp65 appears to be dispensable for viral replication®. Several outer
tegument proteins are essential for successful secondary envelopment, including pp28.
Encoded by the UL99 gene, pp28 plays a key role during HCMV replication. In particular, its
absence or inability to interact with pp150 or pUL94 has been found to disrupt the

secondary envelopment process®.

The viral envelope is surrounding the tegument layer and represents the outermost layer of
HCMV virions, which consists of a lipid bilayer derived from different host cell
membranes??. The envelope is densely decorated with viral glycoproteins that protrude
from the surface. These glycoproteins mediate interaction between the virus and host cell
receptors, thereby facilitating viral entry. To enable viral entry into different host cell types,
HCMV envelope glycoproteins, such as gH, gL and g0, can organize into several distinct
complexes®’. In total, HCMV virions are approximately 150 — 200 nm in diameter, which

makes them roughly the same size as the flattened tips of gecko feet hair*’.

1.2.2 Viral infection cycle

HCMV, similar to other viruses, is an obligate intracellular parasite. Hence, viral genome
replication and assembly of infectious viral progeny virions are only possible inside a
susceptible host cell. In general, the infection or replication cycle of HCMV can be
categorized into the following stages: entry, nuclear trafficking, early gene expression,
genome replication, late gene expression, capsid assembly, genome packaging, nuclear

egress, tegumentation, secondary envelopment, and egress.
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Extracellular space

Microtubule

Cytoplasm

Endoplasmic
reticulum

Figure 1.1 Schematic illustration of the HCMV infection cycle. After the virion fuses with the plasma membrane of the host
cell (1), the capsid is trafficked to the nuclear envelope (2) where the viral genome is ejected from the capsid and injected into
the nucleus. Following circularization of the viral genome (3), its replication (5) commences inside the viral replication
compartment (VRC). Simultaneously, transcription (4) and subsequent expression of viral genes enables production of viral
components required for capsid assembly. Translocation of these components from the endoplasmic reticulum to the nucleus
(6) allows for capsid assembly and subsequent genome packaging (7). Following nuclear egress (8), the capsids are trafficked
to the viral assembly compartment (vAC) where they undergo tegumentation (9). Here, secondary envelopment of the
tegumented capsids is facilitated through budding into Golgi-derived cisternae (11) or vesicles derived from limiting endosomal
(E) membrane (10). While inward budding of limiting endosomal membrane creates intraluminal vesicles (ILVs) within
multivesicular bodies (MVBs), MVBs containing virions are referred to as multiviral bodies (MViBs). Following synthesis and
subsequent accumulation in the Golgi apparatus (12), viral envelope glycoproteins may be trafficked into limiting endosomal
membranes through a process involving them being shuttled to the plasma membrane and re-internalized through endocytosis
(13). Through fusion of the vesicles with the plasma membrane (14), the infectious viral progeny as well as the intraluminal
vesicles are released into the extracellular space (15). Figure was created using BioRender.
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Entry and nuclear trafficking

The first step required to initiate the viral infection cycle of HCMV is the binding and
subsequent entry of the infectious viral particles by fusion with the cellular membranes. This
process is cell-type specific and facilitated by interaction between glycoproteins in the viral
envelope and receptors in the plasma membrane of the host cell®*?**. HCMV can establish
lytic infection in a large variety of cell types including fibroblasts, monocytes, macrophages
and epithelial cells. This broad cellular tropism stems from multiple glycoprotein complexes
being present in the envelope of HCMV virions*?®. Two putative minimal entry complexes
have been identified: the trimeric complex comprising the viral glycoproteins gH, gL and gO
enables infection of fibroblasts. Here, the platelet-derived growth factor receptor alpha
(PDGFRa) represents the predominant receptor for cell entry. The pentameric glycoprotein
complex consisting of the five subunits gH, gL, UL128, UL130 and UL131A enables HCMV to
infect additional cell types, particularly epithelial and myeloid cells*’***, The functional
significance of the differences in composition between these two complexes has yet to be

elucidated.

Following attachment, entry of HCMV into fibroblasts may commence via glycoprotein gB
mediating direct fusion of the viral envelope with the host plasma membrane®®*. HCMV is
also able to enter the host cell by triggering a dynamin Il-dependent form of endocytosis
called micropinocytosis and subsequently fusing with the endosomal membrane®*** (Figure
1.1-1). Following membrane fusion, the majority of viral tegument proteins detach from
the capsid and are released into the host cytoplasm. This complex ensemble of tegument
proteins initiates the extensive remodeling and reprogramming of the host cell, particularly
disrupting antiviral signalling to suppress corresponding immune responses***. The
tegument proteins remaining associated with the capsid mediate delivery of the
encapsulated viral genome to the nuclear envelope by exploiting the host cytoskeletal

machinery to traffic the capsid along the microtubule network* (Figure 1.1 - 2).
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Genome replication and gene expression

Once at the nuclear envelope, the viral genome escapes the viral capsid and enters in the
nucleus via interaction with the nuclear pore complex”. There, transcription of the HCMV
genome is initiated by the host RNA polymerase Il (Figure 1.1 - 4). Simultaneously, its
presence also activates a host intrinsic immune response aimed at suppressing viral gene
expression. This antiviral response is triggered by DNA sensors such as the interferon-
inducible protein IFI16 recognizing the presence of viral DNA in the nucleus. However, this
process can be disrupted by the previously mentioned tegument proteins, particularly

pUL83, which is released from the virion upon entry® (Figure 3.2).

The cascade of viral gene expression during lytic HCMV infection has been categorized into
three distinct steps according to the time elapsed after infection: immediate early (IE),
delayed early (DE) and late (L). Expression of IE genes acts as a driving force for progression
of the viral replication cycle, inhibition of apoptosis, disruption of antiviral signalling as well
as activation of DE genes®. Transcription of IE genes is tightly regulated by the major
immediate early promoter (MIEP), with remodeling of the corresponding viral chromatin
directly affecting MIEP activity. Consequently, the MIEP is integral to the regulation of HCMV
latency and reactivation®>%", DE genes are essential for HCMV’s ability to suppress immune
and inflammatory signalling, manipulate the host cell cycle, and exploit cellular metabolism
and trafficking pathways®. Proteins encoded in L genes predominantly form virion

components required for assembly and production of infectious viral progeny>**2.

The process of replicating HCMV virions during lytic infection continues with duplication of
the viral genome. There, HCMV drives the formation of a structure occupying the majority of
intranuclear space: the viral gene products UL112-113 undergo liquid-liquid phase
separation and recruit viral proteins required for replication of the HCMV genome® (Figure

1.1 - 5). This virus-induced structure was termed the viral replication compartment (vRC).
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Capsid assembly and genome packaging

Viral capsid assembly is initiated at the periphery of the vRC while viral genome replication
proceeds in parallel inside the vRC. This stage of the viral infection cycle begins when major
capsid proteins interact with scaffold fusion proteins to form a structural framework, which
serves as a template to guide the assembly process® (Figure 1.1 - 6). The formation and
maturation of the pseudo-icosahedral nucleocapsid represent the final steps of viral capsid
assembly. This process yields nucleocapsids devoid of both scaffold and nucleic acids. Newly
replicated copies of the HCMV genome are then cleaved and packed into mature capsids by

a terminase complex, forming C-capsids®® (Figure 1.1 - 7).

The molecular processes by which nucleocapsids then acquire tegument proteins and
subsequently undergo secondary envelopment are confined to the cytoplasm of the host
cell. Therefore, C-capsids have to cross the inner and outer membranes of the nuclear
envelope before assembly of infectious HCMV particles can proceed. First, the capsids are
trafficked from the periphery of the vRC to the rim of the nucleus. This active transport may
be facilitated by F-actin but the exact mechanism has yet to be elucidated’. Capsids cross
the nuclear envelope through a process involving envelopment and subsequent
deenvelopment at the inner and outer nuclear membrane respectively, which is mediated by

the viral nuclear egress complex (vNEC)*®**° (Figure 1.1 - 8).

The viral assembly compartment

Following nuclear egress of the capsid, viral assembly proceeds within a cytoplasmic
structure known as the viral Assembly Compartment (vAC). The vAC is a complex and
dynamic structure orchestrating the final stages of the viral infection cycle, specifically
tegumentation, secondary envelopment and egress®. The vAC forms in close proximity to

the nuclear envelope as a non-classical organelle.

It emerges during the late stages of HCMV infection through extensive viral remodeling of
the host cell endocytic and secretory pathways®'. The term non-classical organelle refers to a

cellular compartment that is not enclosed by a conventional lipid-bilayer membrane.
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Instead, these membraneless organelles spatially organize based on other physical processes
of confinement, such as liquid-liquid phase separation. The formation of the vAC involves
accumulation of vesicles created after viral manipulation of these intracellular transport
networks around concentric rings of fragmented Golgi stacks together with other Golgi- and
ER-derived membranes. Even with the substantial remodeling of host cell organelles and
vesicular trafficking pathways induced by HCMV, membranes appear to remain confined to
discrete regions within the vAC reflective of their cellular origin®®. As each of these vAC
substructures appears to be dedicated to a specific step of viral assembly, this nested
architecture is thought to facilitate precise spatial and temporal organization of
tegumentation and secondary envelopment. This contributes to the crucial role of the vAC as

platform orchestrating the process of sequential steps of assembly of the viral capsid®®*®.

In order to establish and maintain structural integrity and spatial organization of the vAC,
HCMV relies on remodeling of the host cytoskeleton, particularly the microtubule network.
HCMV increases microtubule nucleation and acetylation inside the vAC, thereby
transforming it into a sort of Golgi-derived microtubule organizing centre (MTOC) while
simultaneously suppressing centrosome function®. These MTOC-like capabilities enable the
VAC to actively transport cargo along microtubule filaments. By exploiting this transport
machinery, there is recruitment of viral and host proteins to the vAC, which is required for
tegumentation, secondary envelopment and trafficking of viral components in there®.
Another critical aspect of HCMV-induced restructuring of the microtubule network is the
interaction between the vAC and the nucleus. HCMV exploits the nuclear membrane linker
of nucleoskeleton and cytoskeleton (LINC in short) to establish a connection between the F-
actin nucleoskeleton and the acetylated microtubules in the vAC®. This connection enables
HCMYV to exert control over nuclear morphology and facilitates an efficient transition from
nuclear egress to tegumentation and secondary envelopment of capsids. With its strategic
location in close proximity to the nucleus and nested organization of specialized
substructures, each performing specific virion assembly functions, the vAC provides the

means to efficiently orchestrate tegumentation and secondary envelopment.
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Tegumentation

Following nuclear egress, the mature capsids are transported on microtubules to the vAC
where they undergo tegumentation (Figure 1.1 - 9). The tegument is an amorphous layer of
viral and cellular proteins as well as mRNAs, most of which are released into the host cell
cytosol after fusion of HCMV with the plasma membrane. Tegument proteins play a crucial
role in a multitude of processes essential for viral replication and immune evasion. However,
conclusive evidence identifying and characterizing the specific molecular mechanisms by
which mature capsids acquire their tegument layer has proven to be challenging. In practice,
mature capsids accumulate in the centre of the vAC to undergo tegumentation. The central
area of the vAC consists primarily of vesicles derived from various membrane-bound
subcellular structures, especially the endocytic pathway and the Golgi apparatus. Here,
tegumentation commences through pp150 interacting with the capsid and subsequently
recruiting more inner tegument proteins®. These tegument proteins exhibit a dynamic
behaviour, shifting from a nuclear localization in the early steps of HCMV infection to the
cytoplasm during late stages of viral replication® %!, Therefore, a debate persists whether
initial tegumentation takes place inside the nucleus or inside the cytoplasm, within the vAC
per se. Beyond its main role for the transport and delivery of some of the viral factors, the
tegument layer also acts as a scaffold that physically anchors the viral envelope to the

capsid.

Secondary envelopment and cellular egress

Next, the process by which these tegumented capsids get enveloped is called secondary
envelopment and like tegumentation, it takes place within the vAC. In general, secondary
envelopment involves budding of the tegumented capsid into membrane-bound cellular
structures enriched in viral envelope glycoproteins. This process is thought to primarily rely

on two distinct pathways, distinguished by the origin of the membrane-bound compartment.
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One host cell pathway HCMV exploits to facilitate secondary envelopment is the inward
budding of limiting endosomal membrane, forming intraluminal vesicles (ILV) inside
multivesicular bodies (MVBs). First, viral glycoproteins are shuttled from the TGN to the
plasma membrane using the host cell secretory pathway. Subsequently, the viral
glycoproteins are re-internalized through endocytosis. Through this process, HCMV produces
limiting endosomal membrane enriched in viral glycoproteins for secondary envelopment
(Figure 1.1 - 13). Virions are created inside MVBs when tegumented capsids bud into these
limited endosomal membranes enriched in viral envelope glycoproteins, thereby creating
multiviral bodies (MViBs)” (Figure 1.1 - 10). This viral remodeling of endosomal trafficking to
enable secondary envelopment is a mechanism that appears to be conserved across all Beta-

herpesviruses’”.

The second pathway involves budding of the tegumented viral capsids into small membrane
cisternae derived from the trans-Golgi network (TGN) (Figure 1.1 - 11). In both cases, the
glycoprotein content of the resulting viral envelope is believed to depend on the specific
pathway. In both cases, HCMV glycoproteins exploit the host cell secretory pathway to be
synthesized in the ER and subsequently modified in the Golgi apparatus, resulting in their
accumulation within the TGN’>’®"’ (Figure 1.1 - 12). This allows tegumented capsids
undergoing secondary envelopment via budding into TGN-derived membrane cisternae to
directly acquire viral glycoproteins there. At the end of both secondary envelopment
pathways, fusion of membrane-bound structures containing enveloped virions with the
plasma membrane of the host cell (Figure 1.1 - 14) will result in the release of the viral

progeny along with ILVs (Figure 1.1 - 15).
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1.2.3 Organelle remodeling

A hallmark of HCMV infection is the profound remodeling of the host cell organelles induced
to create a cellular environment that promotes viral replication. HCMV infection appears to
drive convergent organelle remodeling across its broad cellular tropism despite the
divergent organelle-associated proteome found in the different host cell types. Arguably, the
most prominent change in cellular morphology is observed in the nucleus. However, the
comprehensive organelle remodeling induced by HCMV typically affects all major subcellular
compartments including mitochondria, peroxisomes and the endoplasmic reticulum (ER).
The functional modulation of these organelles of the host cell leads to the establishment of
a reorganized cellular environment that allows HCMV to effectively produce and disseminate

the viral progeny®72%,

Nucleus

HCMV orchestrates an extensive nuclear rearrangement that includes: (i) formation of
phase-separated replication compartments that are essential for viral genome replication,
(i) disruption of the nuclear lamina and envelope facilitating nuclear egress of viral capsids,
and (iii) restructuration of the nucleoskeleton to mediate trafficking of viral components®,
Such substantial reorganization causes the nucleus of the host cell to adopt a morphology

resembling the shape of a kidney bean or cashew nut.

Endoplasmic Reticulum

HCMV encodes the glycoprotein UL148, which specifically localizes to the ER and drives
extensive structural reorganization of the organelle by activating its unfolded protein
response. UL148 induces transformation of the characteristic tubular architecture of the ER
network into a convoluted mesh-like network while promoting accumulation of ER-derived
vesicles. The creation of these membrane structures has been found to play a crucial role in

immune evasion and viral tropism.
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In endothelial cells, HCMV has also been reported to form ER tunnelling nanotubes, enabling
viral transmission from cell to cell. This direct cell spreading of the virus to neighbouring

cells allows HCMV to evade extracellular immune detection®%%%,

Mitochondria

The HCMV-induced mitochondrial remodeling presents a bioenergetics contradiction. Given
that the virus increases respiratory capacity of the organelle while paradoxically promoting
mitochondrial fragmentation, this defies the established paradigm that mitochondrial
fragmentation impairs energy production. The viral protein pUL37x1 promotes
mitochondrial fragmentation by increasing recruitment of Dynamin-Related Protein 1 (DRP1)
at the outer mitochondrial membrane (OMM), thereby driving peripheral mitochondrial
fission. Simultaneously, pUL37x1, also known as viral mitochondrion-localized inhibitor of
apoptosis (vMIA), is able to prevent the fragmented mitochondria from undergoing fusion by
suppressing activity of the GTPase MitoFusiN-2 (MFN2)2*%%_|n order to compensate for the
significant decrease in energy production commonly associated with mitochondrial

fragmentation, HCMV employs multiple mechanisms to increase cellular respiration.

By upregulating mitochondrial biogenesis factors such as PGCla, HCMV expands
mitochondrial mass, which serves as a structural basis to establish a sustained increase in
energy production. HCMV enhances mitochondrial respiratory capacity through the viral
protein pUL13 interacting with the mitochondrial cristae-organizing system (MICOS)
complex, which leads to substantial remodeling of cristae architecture. This change in
mitochondrial cristae morphology induced by pUL13 drives oxidative phosphorylation by
enabling increased electron transport chain throughput and citric acid cycle activity®”®*. The
effects of HCMV-induced organelle remodeling on mitochondria mirror those observed in
peroxisomes with vMIA also emerging as principal orchestrator of peroxisome remodeling

(see below and Chapter 3.1.2).
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Peroxisomes

HCMV triggers a global upregulation of proteins involved in peroxisomal biogenesis through
growth and fission (see Chapter 3.1.1) resulting in an increased cellular abundance of this
organelle’. Intriguingly, the remodeling process appears to result in the emergence of two
additional distinct peroxisome subpopulations in HCMV infected cells, with one being
moderately smaller and the other substantially larger compared to peroxisomes not affected
by the virus. Furthermore, peroxisomes were found to progressively transition from their
characteristic spherical phenotype to an elongated and flattened morphology that seems to
be particularly pronounced in the enlarged subpopulation. An increased surface-to-volume
ratio in the peroxisomes exhibiting the elongated and flattened phenotype is suspected to
proportionally increase metabolic throughput of processes involving peroxisomal membrane
proteins®. Elevated lipid synthesis stemming for the enhanced peroxisomal metabolic
capacity potentially reflects an evolutionary strategy designed to ensure adequate
plasmalogens production, which is essential for the secondary envelopment stage during
viral assembly®°, In summary, the extensive impact of HCMV on peroxisomes appears to
contribute significantly to sophisticated viral mechanisms that balance immune evasion with

metabolic exploitation and support production of viral progeny.

Membrane contact sites

The comprehensive restructuring of membrane contact sites is another key aspect of HCMV-
driven organelle remodeling in infected cells®*. Membrane contact sites (MCSs) are regions
where the membranes of two or more organelles approach within 30 nm proximity without
undergoing fusion. These dynamic structures are typically formed through interaction of
specialized membrane proteins in both organelles and enable rapid exchange of metabolites
such as lipids independent of vesicular trafficking®°%. The ER-resident Vesicle-associated
membrane protein (VAMP)-associated protein B (VAPB) can form a MCS with the Protein
Tyrosine Phosphatase-Interacting Protein 51 (PTPIP51) in the outer mitochondrial
membrane, while interaction of VAPB and the Acyl-CoA Binding Domain containing protein 5

(ACBD5) are involved in MCS between peroxisomes and the ER.
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Through viral modulation of host gene expression, HCMV has been demonstrated to induce
an almost global increase in synthesis of proteins involved in regulating the formation and
activity of MCSs throughout the viral infection cycle®. HCMV is thought to increase
metabolic cooperation between organelles at the level of MCSs and thereby promote

production of viral components while simultaneously ensuring energy supply.

A notable instance of HCMV-induced manipulation of inter-organelle interaction involves the
MCSs between mitochondria and the ER. As mentioned before, HCMV infection drives
mitochondrial fragmentation and induces substantial remodeling of the ER. The newly
produced pool of small mitochondria have been found to become encapsulated within the
mesh-like topology of the restructured ER network®. These so-called Mitochondria-ER
eNCapsulations (MENCs) rely on MCSs between ACBD5 and PTPIP51 forming a complex as
well as a physical link between the two organelles. During HCMV infection, expression levels
of both VAPB and PTPIP51 are significantly enhanced, which is thought to not only promote
the formation of MENCs but also stabilize the corresponding interaction. The formation of
MENC s is supposed to create a stable platform allowing HCMV to boost mitochondrial

respiration to match the energy demands of viral replication®™*.

By maintaining these intricate contacts between organelles in infected cells, HCMV likely
inhibits recycling of the encapsulated mitochondria through mitophagy, simultaneously
amplifying cellular energy production while suppressing mitochondria-mediated antiviral
responses’>®, Furthermore, HCMV has been shown to introduce significant variations into
the biogenesis and morphology of peroxisomes (see Chapter 3.1.2). Viral modulation of host
gene expression associated with MCSs between peroxisomes and the ER such as VAPB,
ACBD5 and GSK3p is suspected to play a crucial role in HCMV-induced peroxisome

remodeling.
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1.3 Electron cryo-microscopy

The maximal resolution that can be directly achieved with a light microscope is intrinsically
limited by the diffraction of light, i.e. from photons, a fundamental principle described by
Ernst Abbe in 1873, According to Abbe’s law, the minimum distance (d) between two

points that can be resolved using light microscopy is defined by the following equation

where A is the wavelength of visible light and NA stands for the numerical aperture of the
lens system. Since the NA in air can be approximated as 1 and the NA in vacuum actually
being 1, then the wavelength becomes the limiting factor. The wavelength-limited maximum
resolution is also referred to as the diffraction limit*. With the shortest wavelength visible to
the human eye being approximately 380 nm (violet), the resolution of conventional light

microscopy under ideal conditions is therefore diffraction-limited at roughly 190 nm.

It is possible to increase resolution beyond this limit by using imaging techniques based on
particles that exhibit a wavelength significantly shorter than those of visible light photons. In
1923, Louis Victor Pierre Raymond, 7th Duc de Broglie theorized that particles, in particular
electrons, not only present characteristics of particles but exhibit also wave-like properties
including a given wavelength®. De Broglie determined that the wavelength of an electron is
inversely proportional to its momentum. This discovery laid the foundation for the
development of electron microscopy (EM). As an example, in an EM instrument with an
acceleration voltage or high tension of 300 kV, electrons have a wavelength of
approximately 0.002 nm, which is orders of magnitude smaller than the diameter of an atom
or the length of an atomic bond. In this case, the resolution achievable by EM is instead

limited by other factors, primarily those related to electron optics.
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The most significant factor limiting EM resolution are indeed the unavoidable aberrations
inherent to electron lenses. Unlike optical lenses focusing and dispersing light by refraction,
electron lenses rely on electromagnetic fields to manipulate the trajectories of electrons*®.
Typically, electrons interact with matter so strongly that using them for imaging requires a
high vacuum inside the microscope column to prevent any scattering prior to their
interaction with the sample. While there are numerous different EM imaging modalities, we
will focus here on the canonical implementations of transmission electron microscopy (TEM)

and scanning electron microscopy (SEM).

In TEM, data acquisition relies on recording the electron beam after traversing the sample.
The contrast in TEM images is created through differences in electron absorption, which
originate from variations in the structure, composition and conductivity of the sample itself.
A fundamental constraint in TEM is that the specimen must be thin enough to permit that
sufficient electrons get transmitted through the sample for contrast formation'®'%%, To
generate an image, SEM relies on collecting electrons scattered both elastically and
inelastically as a result of the electron beam interacting with the sample'®. Unlike elastic
scattering, inelastic scattering of these accelerated incident electrons leads to a significant
energy transfer to the irradiated sample. Following inelastic scattering, the transferred
energy is released again based on three distinct processes, which differ in the energy lost by
electrons in the process. The greatest energy loss occurs when inelastic scattering leads to
the emission of secondary electrons. In comparison, the energy loss electrons experience
during back-scattering is significantly lower. Back-scattering refers to scattering events that
cause the primary electron to get deflected at an angle greater than 90 degrees, effectively
reversing its trajectory. Lastly, the energy transferred during inelastic scattering can be

released again by the emission of an X-ray photon**'®,

The radiation damage resulting from these interactions between the electron beam and the
sample represents another considerable constraint of EM. The impact of high energy
electrons can displace atoms in the sample material, compromising its structural integrity.
Dissipation of the energy transferred during scattering can cause molecular decomposition

of the sample by breaking chemical bonds.
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The extent of molecular and structural deterioration caused by such radiation damage is
proportional to the acceleration voltage and dose rate of the electron beam'®. This is
particularly relevant for biological specimens, where it can result in radiolysis of water
molecules and lead to the formation of hydrogen gas and multiple reactive oxygen species
(ROS)'. The damage associated with these manifest as structural artefacts and fading of
high-resolution information. Therefore, radiation damage typically limits the achievable
resolution well before electron lens aberrations become the limiting factor, when working

with biological specimens.

A well-established approach to mitigate beam-induced radiation damage of organic material
involves vitrification of the sample prior to EM imaging. Vitrification refers to the process of
cooling down the sample to liquid nitrogen temperature while preventing crystalline ice
formation during the process. This is achieved by rapid freezing at a cooling rate exceeding
10° K/s, conditions under which water molecules can be immobilized in a glass-like
amorphous state, called vitreous ice. Vitrification of reasonably thin biological specimens is
typically done by quickly plunging the sample into a cryogenic solution consisting of ethane,
propane or a mixture of both cooled to liquid nitrogen temperature'®. Vitrification
effectively limits energy dispersion and molecular dissociation in the sample thereby
maintaining its structural integrity. Furthermore, vitrification abolished the need for
additional steps. Methods commonly used to prepare samples for EM, such as chemical
fixation and plastic embedding are widely recognized for causing substantial artefacts that
can significantly distort cellular morphology, particularly affecting membranes'®**,
Consequently, vitrification provides the means to preserve biological specimens in a near-
native state instead. The method combining cryogenic fixation by vitrification and

subsequent analysis by electron microscopy while maintaining the sample at liquid nitrogen

temperature is referred to as electron cryo-microscopy (cryo-EM).
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1.4 Focused ion beam milling

For cryo-TEM imaging to be effective, the examined sample must be electron-transparent. In
a 300 kV instrument, this constraint restricts specimen thickness to approximately 300 nm,
which is significantly smaller than the dimensions of a typical average mammalian cell.
Therefore, cryo-TEM excels at visualizing inherently thin samples like purified proteins,
macromolecular complexes in solution or isolated viral particles for example. The need for
samples to be electron-transparent precludes the use of conventional cryo-TEM in studying
intricate biological processes, such as viral replication or organelle remodeling, in their
native cellular environment as a whole''’. In recent years, the utilization of focused ion beam
(FIB) milling for precise thinning of vitrified cellular specimens has been established as an
effective strategy to overcome this limitation in sample thickness'*?. Initially developed for
material science applications, the capability to manipulate material at nanometre resolution

made this technique indispensable for the production of semiconductors in particular.

In the field of structural biology, FIB-milling can be used to prepare vitrified cellular
specimens that are thin enough for cryo-TEM'®. By carefully ablating material surrounding
regions of interest, electron-transparent sections of the sample, called lamellae, are made.
This process relies on the transfer of momentum from the ions to the targeted area of the
sample causing the impacted atoms to be ejected through a process called sputtering. The
majority of conventional FIB instruments employ liquid metal ion sources, with gallium being
the most prevalent due to its favourable physical properties including a low melting point
(29.8 °C). To create the ion beam, an electric field is applied to a tungsten needle wetted
with liquid metal. Due to the resulting forces, the liquid metal is drawn into a distinctive
cusp, known as a Taylor cone. The intense electric field at the tiny tip of this cusp causes

ionization and field emission of the metal atoms**.
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More recently, there has been a growing interest in alternative ion sources, notably plasma-
based ion beams utilizing noble gases such as argon and xenon. In theory, the use of plasma
ion sources permits higher beam currents, facilitating efficient milling of large volumes and
permitting high-throughput sample preparation. Furthermore, the ability to utilize multiple
ion species is supposed to offer enhanced versatility, enabling tailored milling conditions for

a wide range of materials and applications'*.

The emitted ions are then accelerated and focused into a beam, allowing for site-specific
ablation of material at nanoscale precision. The electric current accelerating the ions can be
precisely adjusted, enabling fine-tuning of beam characteristics in real-time for specific
sample requirements throughout the milling process. High milling currents in the
nanoampere regime maximize sputtering yield, enabling rapid bulk ablation of material. Low
milling currents in the picoampere range restrict ion beam interaction, thereby achieving
nanometre resolution for delicate thinning at the end of the milling process, commonly

referred to as polishing'**°.

However, exposing inherently sensitive biological samples like vitrified cells to a beam of
high-energy ions also gives rise to the risk of radiation damage that can compromise the
structural integrity of the specimen. Furthermore, the ion beam can induce charging effects
in the sample, which is particularly crucial for non-conductive biological material.
Accumulation of electrostatic charges within the sample compromises subsequent TEM
imaging and deflects the ion beam during milling, causing erratic ablation of material*’. To
overcome these difficulties, a thin layer of conductive heavy metal, typically platinum, can be
applied through condensation of organometallic precursors using gas injection systems (GIS)
or physical vapour deposition of pure metal, commonly referred to as sputter coating'*®. This
treatment also normalizes the surface morphology of the sample, creating a more uniform
interaction with the ion beam. Since topographic variations of the sample surface lead to
local differences in the sputter rate, platinum coating also mitigates the formation of
corresponding artefacts referred to as curtaining effect. Ice contamination on the sample

surface can severely compromise the adherence and homogeneity of the platinum layer.
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Cryo-FIB instruments are often combined with scanning electron microscopes (SEM) in dual-
beam systems. By integrating SEM modalities, these cryo-FIB-SEM instruments enable real-
time monitoring and adjustment of the milling process, thereby providing precise control
over the sample preparation workflow. Since both ion beam imaging and SEM are limited to
visualizing the surface topology of the sample, they make it however difficult to distinguish
the biological specimen from surrounding materials such as the support film, grids bars or
ice. Consequently, identifying specific components of the sample based on biological
characteristics is therefore virtually impossible. It follows that the platinum coating further
exacerbates this problem. Accurately targeting the regions of interest in cells therefore
represents one of the most significant challenges here, driving the need to integrate cryo-

FIB-SEM with complementary labeling strategies within correlative approaches.

1.5 In-situ electron cryo-tomography

The specific advantage of cryo-EM lies in its capacity to visualize biological structures within
their cellular context at unprecedented molecular resolution and under near-native
conditions. By combining the principles of TEM with tomographic reconstruction, electron
cryo-tomography (cryo-ET) is able to analyse a three-dimensional volume of a given object or
region of interest inside cryogenically preserved samples™. The fundamental principle
behind cryo-ET involves acquiring projection images or micrographs of the sample while it is
physically tilted incrementally (i.e., every 3 degrees) around an axis perpendicular to the
electron beam. Following data collection, the resulting set or stack of two-dimensional
projection images of the specimen at multiple angles is commonly referred to as tilt series.
During processing, tomogram reconstruction requires that the images in the tilt series are
precisely aligned to correct for image distortion and movement of the sample during

acquisition.
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The alignment process typically relies on tracking distinctive features of known geometry
present in all images like gold nanoparticles added to the sample before vitrification. In the
absence of such fiducial markers, areas of the sample exhibiting pronounced structural
characteristics may be identified through pattern recognition and tracked to align the tilt
series. Through alignment, the three-dimensional coordinates of the tracked features in the
sample are mapped to their respective two-dimensional positions in every image of the tilt
series'”. Tomogram reconstruction of the aligned tilt series then provides a three-
dimensional representation of the original sample volume. Since most cellular specimens
exceed the limitation of sample thickness imposed by cryo-ET, gaining a comprehensive
insight into intracellular organization and macromolecular interactions there requires prior
thinning of the sample at the region of interest. Consequently, the combination of cryo-FIB-
SEM with cryo-ET applied to vitrified cells, commonly referred to as in-situ cryo-ET, enables

three-dimensional structural analysis of nearly unperturbed intracellular environments****?,

1.6 Thesis outline

The aim of my PhD is to provide new insights into viral assembly and the associated
organelle remodeling during HCMV infection directly in human fibroblast cells. The
synergistic capabilities and recent advancements of electron cryo-tomography (cryo-ET) and
cryo correlative light and electron microscopy (cryo-CLEM) approaches laid the foundation

to reach this goal during the preparation of this thesis work.

Upon infection, HCMV orchestrates substantial alterations to cellular architecture and
metabolic pathways of the infected host cell to facilitate production and dissemination of
viral progeny. Recent studies leveraging super resolution fluorescence microscopy to
investigate HCMV-induced organelle remodeling in live eukaryotic cells observed profound
structural changes in mitochondria, peroxisomes and the ER*>**, Moreover, findings from
such research revealed that viral manipulation of inter-organelle interactions through
rearrangement of membrane contact sites connecting these organelles appears to be

fundamentally important during HCMV infection.
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However, the extent to which organelle remodeling and the associated restructuring of
membrane contact sites contributes to viral replication during HCMV infection remains
elusive. Along this line, the insufficient structural characterization of these complex
mechanisms impedes our current ability to comprehend how HCMV-driven restructuring of

cellular architecture promotes production and dissemination of viral progeny.

Therefore, the initial objective of my doctoral research project was the structural
characterization of changes in organelle morphology occurring in the course of HCMV
infection of human fibroblast cells in culture. For this purpose, we employed electron cryo-
tomography (cryo-ET) in combination with focused ion beam (FIB) milling, enabling high-
resolution, three-dimensional visualization of subcellular structures in their near-native
state. At the beginning of my PhD, | focused on the HCMV-induced remodeling of
mitochondria and ER. This involved investigating the viral restructuring of membrane contact
sites between these organelles and the associated formation of mitochondria-ER

encapsulations (MENCs)®.

New findings from research conducted in the group of lleana Cristea (Princeton University,
NJ, USA) inspired me to subsequently shift the focus of my doctoral research towards
peroxisomes in the framework of a collaboration with them. Peroxisomes were
demonstrated to play a crucial role in efficient replication of enveloped viruses like HCMV
and HSV-1. Moreover, during infection of both HCMV and HSV-1, there is significant increase
in peroxisome biogenesis and induction of intriguing changes in peroxisome morphology

during late stages of infection in particular®,

Until now, research on peroxisomal morphology has predominantly focused on plant and
fungal systems using conventional electron microscopy approaches, creating a fundamental
gap of knowledge about the native morphology of peroxisomes in eukaryotic cells. To
address this, identification and characterization of peroxisomes in human fibroblasts using

cryo-ET was the goal pursued during the second part of my PhD.
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The approach used to tackle this challenge involved establishment of a specific workflow
integrating different imaging modalities such as cryo-FIB-SEM and cryo-ET with
complementary cryo fluorescence microscopy, enabling the visualization of fluorescently
labelled peroxisomes. The structure and composition of the vAC and the associated HCMV
replication processes was also a topic investigated during my doctoral research. Rather than
limiting our studies to high magnification tomograms of isolated elements within the vAC,
we introduced the novel application of complementary overview tomograms recorded at
lower magnification that allowed us to comprehensively analyse both individual components
as well as their spatial organization and interactions by keeping a larger part of the cellular

environment.

In summary, the work | conducted during my PhD takes advantage and highlights the value
of complementary imaging modalities with newly developed approaches and workflows
specifically applied. Throughout this thesis, the tailored pipelines were used to improve our
understanding of HCMV interactions with the host cell, providing new perspectives in the

intricate mechanisms underlying viral replication and associated organelle remodeling.
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2 HCMV-induced remodeling of mitochondria

2.1 Introduction

HCMV infection represents a paradigm for understanding how viruses remodel host cell
organelles to support the production of infectious progeny. Previous studies have
established that HCMV infection induces profound mitochondrial fragmentation
accompanied by enhanced respiration and inhibition of apoptosis'?*®“. In cells, mitochondria
exist as dynamic networks that undergo continuous cycles of fission and fusion, processes
that are fundamental to cellular energy homeostasis, stress responses and antiviral
signaling™*®*. During HCMV infection, the balance between these processes is disrupted
through the expression of viral proteins, particularly pUL37x1, which localizes to
mitochondria to promote fragmentation of the organelle®. Conventionally, mitochondrial
fragmentation is associated with decreased bioenergetic output, oxidative stress, and
targeting for autophagic degradation—conditions that would typically compromise viral
replication®*'?>. The fact that HCMV drives both mitochondrial fragmentation and enhanced
mitochondrial energy output therefore represents a striking paradox. The resolution of this
paradox emerged through the discovery of mitochondria-ER encapsulations (MENCs), a
novel type of membrane contact site (MCS) that forms preferentially around fragmented
mitochondria during HCMV infection. In general, MCSs are specialized zones where two
organelles maintain close proximity (typically 10-30 nm) without undergoing membrane

fusion, facilitating the exchange of lipids, ions, and signalling molecules'*®

. MENCs represent
a previously uncharacterized form of ER-mitochondria interaction, distinct from classical
mitochondria-ER contact sites (MERCs) in mammalian cells, typically involving dynamic
interactions mediated by protein tethers such as PTPIP51 and VAPB'?%1% These structures
form stable, asymmetric encapsulations where ER tubules wrap around individual
mitochondria in a cup-like manner. While classical MERCs have been extensively studied as
dynamic platforms for cellular homeostasis, the stable encapsulation structures formed
during viral infection represent a novel class of MCS with unique structural and functional

properties™%"!,
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The initial discovery of MENCs by the group of lleana Cristea (Princeton University, NJ, USA)
required integration of multiple complementary approaches, including live-cell super-
resolution microscopy, mass spectrometry-based proteomics, and functional metabolic
assays. To enable structural validation and characterization of these novel organelle
interactions, complementary in-situ cryo-ET analysis was performed by me as part of a

collaborative effort.

Based on:

Hofstadter, W. A., Cook, K. C., Tsopurashvili, E., Gebauer, R., Prazdk, V., Machala, E. A., Park,
J. W,, Griinewald, K., Quemin, E. R. J., & Cristea, |. M. (2024). Infection-induced peripheral
mitochondria fission drives ER encapsulations and inter-mitochondria contacts that rescue

bioenergetics. Nature communications, 15(1), 7352.%

2.2 Results and discussion

The primary objective of this study was to use in-situ cryo-ET to characterize the
ultrastructural organization of MERCs in HCMV-infected human fibroblast cells, with
particular focus on confirming the existence of MENCs and understanding their architecture
in three-dimension. The cryo-ET analysis of human fibroblast cells infected by HCMV at 72
hours post infection (hpi) revealed the presence of MERC structures that matched the MENC

morphology observed in previous live-cell fluorescence microscopy experiments.

Figure 2.1 a (corresponding to the left panel of Figure 3 Cin the published work) shows a
representative slice through a tomographic reconstruction containing such a MENC
structure. The three-dimensional segmentation of this MENC is depicted in Figure 2.1 b
(corresponding to the left panel of Figure 3 C in the published work). The ER membrane
(shown in orange) forms a stable cup-like structure around the mitochondrion (shown in
blue), with the ER membrane maintaining close proximity along extended regions of the

mitochondrial surface.
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Figure 2.1 Mitochondria-ER encapsulation (MENC) and inter-mitochondria contact (IMCs). (a) Representative slice through
tomogram reconstructed from cryo-TEM tilt-series of human fibroblast cell 72 hours post infection (hpi) with HCMV (scale bar
200 nm). (b) Three-dimensional segmentation of the MENC depicted in (a). The mitochondrial and ER membranes are outlined
in blue and orange, respectively. (c) Representative slice through tomogram reconstructed from cryo-TEM tilt-series of human
fibroblast cell 72 hours post infection (hpi) with HCMV showing IMCs (scale bar 200 nm).

These contacts were characterized by consistent intermembrane distances well within the
established criteria for functional MCSs (10-30 nm), suggesting the presence of protein
complexes mediating these interactions. This would be consistent with proteomic studies
showing enrichment of PTPIP51 and VAP-B at MENC sites'”. Unlike conventional MERCs,
which typically involve small, localized interaction sites, MENCs encompass large portions of
the mitochondrial surface. The asymmetric architecture of MENCs revealed by our cryo-ET
analysis provides important insights into their potential functional roles during HCMV
infection. The selective encapsulation of mitochondrial surfaces suggests that MENCs may
create specialized microenvironments that regulate specific aspects of mitochondrial

function while preserving others.

The extensive ER encapsulation observed in MENCs likely shields mitochondria from cellular
stress signals that would trigger their autophagosomal degradation, which would be
consistent with the observed suppression of mitophagy in HCMV-infected cells. The large
contact interface may contribute to a more efficient exchange of metabolites, calcium ions
and lipids between the two organelles, thereby facilitating the previously described increase

in mitochondrial respiration and energy output during HCMV infection®*.
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The results obtained through in-situ cryo-ET provide structural evidence for how HCMV-
induced organelle remodeling creates specialized microenvironments that support viral

replication.

In addition to MENCs, the cryo-ET analysis indicated the existence of inter-mitochondrial
contact sites (IMCs) where mitochondria come into close proximity without undergoing
fusion. These structures were consistent with the IMCs observed by live-cell fluorescence
imaging studies. Figure 2.1 c (corresponding to Figure 5F in the published work) shows a
representative example of an IMC observed in human fibroblast cells infected by HCMV at
72 hpi. The close proximity of the two outer mitochondrial membranes (OMMs) suggests the
presence of protein tethers mediating the contact. IMCs are suspected to facilitate
electrochemical coordination between fragmented mitochondria, thereby providing a
structural basis for their enhanced respiratory capacity during HCMV infection. The results of
the in-situ cryo-ET experiments presented here provide high-resolution ultrastructural
insight into the viral remodeling of host cell organelles and associated MCSs by which HCMV

increases cellular energy production to enable and maintain production of infectious viral

progeny.
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3 lIdentifying and characterizing organelles in cryo-ET

3.1 Introduction

3.1.1 Peroxisomes

Peroxisomes are found in almost every eukaryotic organism but exhibit great morphological
and functional diversity*****'** These single-membrane-bound organelles compartmentalize
enzymes, which catalyse numerous essential metabolic processes such as beta-oxidation of
fatty acids, detoxification of reactive oxygen species (ROS) such as hydrogen peroxide, and
synthesis of ether phospholipids like plasmalogens*****’. Recently, peroxisomes have been
found to serve as signalling node for host pathogen interactions and to play a crucial role in
non-metabolic functions like cellular stress, innate immune responses, and anti-viral or anti-

inflammatory signaling®®!3%1°,

The diverse functionality of peroxisomes partially stem from their collaborative relationship
with other subcellular compartments, such as mitochondria, lysosomes, lipid droplets, and
the ER. Peroxisomes dynamically engage in close physical interaction with other organelles
through membrane contact sites. Thereby, peroxisomes form a network to facilitate
metabolic cooperation and functional integration with other organelles'***'*2, Furthermore,
peroxisomes possess the remarkable ability to rapidly and effectively modulate a vast
number of cellular pathways in response to environmental or metabolic requirements. The
balance between peroxisome biogenesis and pexophagy, the recycling of peroxisomes
through autophagy, is a principal element of this. Peroxisomes also dynamically alter their
cellular abundance and distribution by altering the ratio of these two processes . In fact,
proteins encoded by the PEX gene family are responsible for orchestrating not only
peroxisome biogenesis but also peroxisomal membrane and matrix protein trafficking. These
proteins are referred to as peroxins and are conserved across eukaryotic organisms

employing peroxisomes™®,
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Dysregulation of the peroxisomal biogenesis and pexophagy pathways have been associated
with a range of clinical disorders in humans. Mutations in any of the 14 PEX genes found in
the human genome result in a clinically heterogeneous group of conditions collectively
known as Zellweger spectrum disorders (ZSD). The severity of the individual clinical
manifestation directly correlates with the degree of residual peroxisome activity. Complete
disruption of peroxisome formation or functions cause the most severe phenotypes****.

Thus, understanding the molecular mechanism underlying peroxisome biogenesis has the

potential to elucidate novel therapeutic approaches for ZSDs.

Under normal physiological conditions, peroxisome biogenesis is driven by two distinct
pathways, which are both regulated by peroxins. Formation of peroxisomes de novo involves
fusion of precursor structures derived from other organelles and called pre-peroxisomal
vesicles. In parallel, proliferation of peroxisomes can also result from an intricate multi-step

mechanism that regulates the growth and division of mature peroxisomes™*¥’,

De novo biogenesis of peroxisomes

New peroxisomes can be created through a process of de novo formation that begins with
budding of pre-peroxisomal vesicles from the mitochondria or the ER. Maturation of those
pre-peroxisomal vesicles requires interaction of the two membrane-bound early peroxins
PEX3 and PEX16. In this context, maturation refers to the process of a pre-peroxisomal
vesicle acquiring the peroxisomal matrix and membrane proteins necessary to transform it
into a fully functional peroxisome. This protein complex comprising PEX3 and PEX16, and
together with the cytosolic chaperone protein PEX19, is responsible for the targeting and
subsequent insertion of peroxisomal membrane proteins (PMPs). The components of this
PMP import machinery are divided between the two distinct types of pre-peroxisomal

vesicles depending on whether they are derived from mitochondria or ER.
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Figure 3.1 Schematic illustration of peroxisome biogenesis. De novo formation of peroxisomes is initiated by (a) formation
and release of pre-peroxisomal (PP) vesicles derived from mitochondria and the ER. (b) Fusion of these vesicles enables
peroxisomal membrane protein (PMP) insertion mediated by PEX3, PEX16 and PEX19. (c) Next, incorporation of the PMPs
PEX2, PEX10, PEX12 and PEX13 forms the matrix protein import machinery, facilitating the recruitment and translocation of
cytosolic peroxisomal matrix proteins (CPPM) trough interaction with PEX5 and PEX7, transforming the vesicle into an import
competent (IC) organelle. Maturation is completed by accumulation of catalytically active (CA) CPPMs. (d) Peroxisome
proliferation begins at membrane contact sites formed by interaction between peroxisomal ACBD5 and ER-resident VAPB.
Following (e) recruitment of VPS13D by MIRO1, transfer of lipids initiates peroxisomal growth. (f) MIRO1 and PEX11B drive
further membrane remodeling leading to the formation of a tubular protrusion. (g) Next, PEX11p recruits MFF and FIS1 to
anchor DRP1, which oligomerises and constricts the tubular protrusion through GTP hydrolysis, forming a beads-on-a-string
morphology. (h) Successful fission additionally requires interactions with the cytoskeleton mediated by membrane adapter
proteins like MIROL. (i) Newly formed peroxisomes must undergo maturation to become metabolically competent organelles.
Figure was created using BioRender.
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Maintaining these early peroxins in separate pre-peroxisomal vesicles plays a crucial role in
adjusting the rate of de novo peroxisome formation in response to the abundance of mature
peroxisomes. In practice, during the initial stage of de novo peroxisome formation, tubular
membrane protrusions emerge from the OMM and actively accumulate PEX3 and PEX14.
These OMM evaginations facilitate the formation and subsequent release of mitochondria
derived pre-peroxisomal vesicles, which carry early peroxins indispensable for peroxisome

biogenesis®.

ER-derived pre-peroxisomal vesicles are created through budding at peroxisome specific
membrane domains in the ER. These domains are enriched in certain PMPs, PEX16 in
particular. Therefore, ER-derived pre-peroxisomal vesicles are enriched in PEX16 and
required for the assembly of the peroxisomal membrane import machinery'*®*%*! (Figure
3.1 a). These ER-derived pre-peroxisomal vesicles also represent the primary source of lipids
for de novo peroxisome biogenesis. As a result, the peroxisomal membrane exhibits a lipid
composition similar to the ER characterized by phosphatidylcholine (PC) being the main

152
[

phospholipid presen

The fusion of a mitochondria-derived pre-peroxisomal vesicle and an ER-derived one leads to
the creation of a premature peroxisome. In the membrane of this peroxisome precursor,
PEX3 and PEX16 are able to form a complex. This membrane protein complex is capable of
leveraging cytosolic PEX19 to recruit and subsequently insert PMPs into the membrane of

the nascent peroxisome (Figure 3.1 b).

Premature peroxisomes use this PMP import machinery to acquire the membrane-bound
components of the peroxisomal matrix protein import machinery, namely PEX2, PEX10 and
PEX12 and PEX13. Proteins containing one of two peroxisomal targeting sequences PTS1 or
PTS2 are recruited to the PMP complex comprising PEX2, PEX10 and PEX12 and PEX13 by
cytosolic receptor peroxins, PEX5 or PEX7 respectively. This is followed by import of these
cargo-receptor complexes across the membrane and into the peroxisomal matrix through

interaction with the PMP PEX14.
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The peroxisomal matrix protein import machinery defies classical protein translocation
paradigms because of its ability to accommodate natively folded proteins and even
macromolecular complexes™******>% Following cargo delivery, the receptor peroxins
undergo ubiquitination by a PMP complex comprising PEX2, PEX10 and PEX12. The
ubiquitination triggers their membrane extraction and subsequent cytosolic recycling by

recruiting the cytosolic peroxins PEX1 and PEX6"""*® (Figure 3.1 c).

Once the import machinery for both membrane and matrix protein have been assembled,
full metabolic competence of the premature peroxisomes can be established. This is
achieved by populating the organelle interior with peroxisomal matrix proteins such as acyl-
CoA oxidases mediating peroxisomal B-oxidation. Completion of this process concludes
peroxisome maturation. Mature peroxisomes can further increase their cellular abundance
through a mechanism of growth and division, enabling ongoing organelle proliferation after

an initial pool of peroxisomes is established by de novo biogenesis as described hereinabove.

Peroxisome proliferation

Plants and fungi appear to continuously engage both generative (i.e., de novo) and
proliferative peroxisome biogenesis mechanisms simultaneously. However, mammalian cells
have been reported to primarily expand existing populations by division of mature
peroxisomes and initiate de novo formation almost exclusively upon peroxisomal

134,159

depletion

Peroxisome proliferation involves several sequential stages of extensive membrane
remodeling in mature spherical peroxisomes, such as elongation, constriction and final
fission. This process is initiated at membrane contact sites formed by the interaction of the
peroxisomal membrane protein Acyl-CoA Binding Domain containing protein 5 (ACBD5) and
ER-resident Vesicle-associated membrane protein (VAMP)-associated protein B (VAPB). The
interaction of ACBD5 and VAPB is a prerequisite for the remodeling of the peroxisomal

membrane®®?’ (Figure 3.1 d).
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At newly formed membrane contact sites between peroxisomes and the ER, Vacuolar
Protein Sorting 13 homolog D (VPS13D) is recruited by Mitochondrial Rho GTPase 1 (MIRO1)
to establish a hydrophobic channel. VPS13D facilitates lipid transfer between the two
tethered organelles thereby enabling peroxisomes to acquire phospholipids capable of
introducing membrane curvature from the ER, particularly phosphatidylethanolamine (PE)
and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)*! (Figure 3.1 e). Members of the
MIRO family of proteins primarily function as molecular adaptors linking membrane-bound
organelles to microtubule-associated motor proteins. They are not only key for short-range
mobility of peroxisomes but have also been proposed to have a major contribution in
membrane elongation and fission during peroxisome proliferation®. The Glycogen Synthase
Kinase 3 beta (GSK3pB) plays a crucial role in regulating the interaction of ACBD5 and VAPB at
these membrane contact sites. By directly phosphorylating ACBD5, GSK3p is able to inhibit
formation of such membrane contact sites between peroxisomes and the ER as ACBD5 in the

phosphorylated state is unable to bind VAPB*”.

Following initial membrane remodeling mediated by the aforementioned phospholipids, a
tubular membrane protrusion emerges from the peroxisome. Here, MIRO1 and PMPs
belonging to the PEX11 family directly link the membrane protrusion of peroxisomes to
motor proteins and the cytoskeleton. This process is thought to drive further membrane
deformation by generating additional membrane tension'®® (Figure 3.1 f). In this so-called
elongated state, peroxisomes exhibit remarkable preferential and asymmetric localization of
peroxins’. The spherical mature part of the elongated peroxisome appears to retain most
matrix and membrane proteins associated with its catalytic activity until the division process
is completed. PEX14, along with other early peroxins crucial for peroxisomal matrix and
membrane protein import, have a strong affinity for cholesterol-enriched lipid rafts. In
elongated peroxisomes, these lipid rafts are also found primarily in the tubular membrane

extension (Figure 3.1 f).
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The next stage in peroxisome proliferation involves the constriction of the membrane
protrusion. The peroxin PEX11p is pivotal in initiating this. Beyond its membrane remodeling
activity, PEX11pB is indeed indispensable for membrane constriction and subsequent
division'®>'®, The underlying mechanism involves the selective recruitment of the membrane
adaptor proteins mitochondrial fission factor (MFF) and mitochondrial fission 1 protein (FIS1)
by PEX11PB. Thereby, a scaffold is formed, which represents an integral component of the

87 MFF and FIS1 serve as membrane

molecular machinery that drives membrane fission
anchors for the GTPase Dynamin-Related Protein 1 (DRP1), which oligomerises into helical
filaments and forms rings around the tubular membrane protrusion®® (Figure 3.1 g). PEX11B
then triggers the GTPase activity of DRP1, which causes the circularized filamentous
structures to constrict. The resulting local contraction of the nascent peroxisomal membrane
gives rise to an intermediate morphology resembling beads on a string® (Figure 3.1 h).
However, DRP1-dependent constriction of membrane protrusion is necessary but not
sufficient to complete peroxisomal division. Successful membrane scission likely requires
simultaneous interaction between the premature peroxisomes and the cytoskeleton.
Following fission, the newly formed premature peroxisomes are indeed separated from the
mature organelle by microtubule-associated motor proteins****’ (Figure 3.1 k). The
membrane fission machinery facilitating organelle proliferation through division exhibits
striking similarity between peroxisomes and mitochondria. In particular, both organelles rely

on a conserved set of proteins including MFF, FIS1, DRP1 and MIRO1, while PEX11 emerges

as the only component of the machinery specific to peroxisomes.

Throughout the entire process of peroxisomal growth and division, the protrusion of the
peroxisome exhibits no significant metabolic activity, while the majority of corresponding
membrane and matrix proteins remain confined to the mature spherical parent structure.
Therefore, the newly formed peroxisomes will need to complete maturation using a process

similar to de novo biogenesis.
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3.1.2 Antiviral signalling and immune evasion

The collaborative role of mitochondria and peroxisomes extends beyond lipid metabolism to

include crucial antiviral defence mechanisms. These organelles can function as signalling

nodes for the initiation and regulation of cellular immune response®’®'"*,
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Figure 3.2 Schematic illustration of peroxisomal MAVS mediated antiviral signalling and its disruption by HCMV through
vMIA (pUL37x1). Cytosolic detection of viral RNA by the retinoic acid Inducible Gene | like receptors RIG-I and MDAS triggers
oligomerization of mitochondrial antiviral signalling proteins (MAVS) amplifying interferon (IFN) production and facilitating
induction of IFN-stimulated genes (ISGs). After exploiting PEX19 for insertion into the peroxisomal membrane, the viral
mitochondria-localized inhibitor of apoptosis (VMIA) is able to disrupt MAVS-mediated antiviral signalling by preventing MAVS
from undergoing oligomerization. Figure was created using BioRender.

Detection of viral entry

Following viral entry, the presence of viral nucleic acids in the cytosol of the host cell triggers
a signalling cascade resulting in the suppression of viral replication and dissemination as well
as activation of inflammatory responses'’?. To detect distinct components of viruses and
other intracellular pathogens, collectively known as Pathogen Associated Molecular Patterns
(PAMPs), host cells utilize specialized Pattern Recognition Receptors (PRRs)"*>'”*. Mammalian
cells employ cytoplasmic Retinoic acid Inducible Gene | like receptors such as RIG-I and
Melanoma Differentiation-Associated protein 5 (MDA5) as complementary PRRs to recognize

viral RNA in the cytoplasm'”*
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Upon binding to viral RNA, RIG-l and MDAGS stimulate innate immune responses by triggering
a cascade of antiviral signalling. This response is subsequently amplified through the

interaction of these PRRs with Mitochondrial Antiviral Signalling proteins (MAVSs).

Binding of viral RNA leads to the oligomerization of MAVS in different subcellular
compartments through interaction with the Caspase Activation and Recruitment Domain
(CARD) of corresponding PRRs. Activation of the MAVS signalling pathway leads to the
production of interferons (IFNs) and proinflammatory cytokines. Mammalian cells rely on
IFNs and their downstream induction of IFN-stimulated genes (ISGs) to establish an antiviral
state (Figure 3.2). ISGs encode numerous effector proteins crucial for disrupting viral

replication and enhancing innate immune responses.

The essential role of peroxisomes and mitochondria in mounting an effective defence against
viral infections is linked to MAVS being localized to their membranes. Peroxisome associated
MAVS contribute to this host defence mechanism by triggering immediate but transient
type-I-IFN-independent induction of ISGs upon detection of PAMPs. Complementary to the
rapid initiation of antiviral signalling through peroxisomal MAVS, mitochondria associated
MAVS mediate delayed stabilization and amplification of the immune response. This process
relies on sustained type-I-IFN-dependent expression of ISGs'’**>'7¢ This separation of the
MAVS driven antiviral response into two separate pathways exhibiting different kinetics

allows for precise and dynamic regulation of the corresponding immune signalling.

Antiviral defence mechanisms

Peroxisomes are involved in several other crucial aspects of innate immunity beyond their
critical role in antiviral signalling. One of these key aspects is the synthesis of
eicosapentaenoic acid (EPA) and docosapentaenoic acid (DPA), which is facilitated by the

peroxisomal fatty acid metabolism.
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These lipids are indispensable for the production of anti-inflammatory and
immunomodaulatory lipids and thus further contribute to the ability of mammalian cells to
effectively combat viral infections. For instance, EPA serves as precursor for the synthesis of
resolvins and protectins, which disrupt pro-inflammatory pathways by interfering with NF-kB

177,178

and MAPK signaling

The ability of peroxisomes to regulate ROS homeostasis represents another critical
component of the host cell immune response as ROS is integral to the elimination of
pathogens through phagocytosis'”®. Peroxisomal ROS production enhances phagocytic
efficiency by modulating actin polymerization at phagosome membranes. Furthermore, ROS
production enables pathogen clearance by creating a toxic oxidative microenvironment that
disrupts viral integrity. While ROS are used in these defence mechanisms, peroxisomal

antioxidant enzymes prevent host cell damage'®.

Viral immune evasion

Through their diverse contribution to host-pathogen interactions and antiviral defence
mechanisms, peroxisomes have emerged as critical organelles in mounting an effective host
defence against viruses. The significance of peroxisomes in cellular immune response is
further emphasized by the fact that viruses including HCMV have evolved intricate strategies
specifically aimed at evading and disrupting peroxisomal antiviral signalling. The mechanism
HCMV employs to prevent peroxisomes from provoking an immune response is enabled by

the IE gene encoding the predominant UL37 exon 1 protein (pUL37x1)18183,

This viral protein, which is also known as viral Mitochondrial-localized Inhibitor of Apoptosis
(vMIA) inserts itself into peroxisomal membranes by interacting with PEX19, the cytosolic
chaperone of the PMP import machinery. There, vMIA interferes with MAVS signalling and
induces fragmentation of the organelle. In mitochondria, HCMV relies on triggering
fragmentation of the organelle to inhibit the corresponding MAVS signaling™*'®>. However,
the ability of vMIA to induce fission and to disrupt MAVS-mediated antiviral response in

peroxisomes has been discovered to be governed by two independent mechanisms.
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vMIA prevents peroxisomes from propagating the antiviral signalling cascade originating
from RIG-1 and MDA?S by inhibiting oligomerization of peroxisomal MAVS (Figure 3.2). This
process has been found to require MFF*¥®, The increase in peroxisomal division observed
during HCMV infection is contingent on a functional membrane fission machinery. In the
absence of MFF or DRP1, peroxisomal division is disrupted, which was found to result in the
inability of vMIA to promote peroxisome proliferation'®’. Recently, a model for the role of
the DRP1-dependent fission machinery in HCMV-induced peroxisomal fragmentation has
been suggested by the group of lleana Cristea according to which vMIA promotes
recruitment of MFF to peroxisomes by activating PEX11p. This highlights another key
difference between the antiviral responses emanating from peroxisomes and mitochondria
as peroxisomal MAVS signalling apparently functions independently of changes in organelle

morphology through fusion or fission'®”18318¢,

Given the critical role of peroxisomes in antiviral signalling through MAVS oligomerization
and their susceptibility to vMIA-induced fragmentation, the structural characterization of
these organelles in their native cellular context becomes paramount for advancing our

understanding of innate immune mechanisms and how HCMV eludes these*%,

3.1.3 Cryo correlative light and electron microscopy

Correlative light and electron microscopy (CLEM) is a technique that integrates the labeling
specificity obtainable through fluorescence light microscopy (FM) with the high-resolution
structural information provided by electron microscopy (EM)*°'®. The principle of CLEM is
to localize molecules of interest using a fluorescence signal, making use, for example, of
fluorescent genetic tags, and then image using high-resolution EM. This way the structure
and identity of any molecule is available. The technique that employs this correlative
approach to study vitrified samples is called cryo-CLEM and offers significant advantage for
targeted structural biology research, as it allows biological specimens to be examined in a
near-native state. However, cryo-CLEM introduces a considerable number of additional

difficulties and limitations compared to its room temperature counterpart™'%,

59



A major source of the challenges associated with cryo-CLEM is the need to maintain the
samples at liquid nitrogen temperatures. For this purpose, vitrified samples generally remain
submerged in liquid nitrogen while being stored or handled. However, as a consequence of
their direct contact with liquid nitrogen, the samples are at risk of being contaminated with
crystalline ice. When exposed to air, ice crystals can form in the liquid nitrogen through
condensation of ambient humidity and adhere to the submerged specimen. Ice
contamination can cause significant problems during cryo-ET data acquisition. Smaller
crystals reduce the signal to noise ratio of acquired data, while larger crystals can completely
obscure the region interest'®'*!%*1% |n some instances, the contamination risk can be
mitigated by keeping the sample in the vapour phase, which refers to the layer of cold
nitrogen gas that forms above liquid nitrogen due to evaporation. For example, this method
is used in the STELLARIS 8 cryo confocal fluorescence microscope (Leica Microsystems) to

cool the sample.

Cooling through direct contact with liquid nitrogen or its vapour phase stands in contrast to
how temperature control is achieved in cryo-EM. In cryo-EM instruments, such as Aquilos,
Arctis (see chapter 1.4) and Krios (see chapter 1.3), the sample is introduced into the
vacuum of the electron column, which precludes the use of liquid nitrogen as coolant.
Instead, the metal stage holding the sample is passively cooled, allowing thermal energy
from the EM-grid to dissipate into the stage through conduction. As a result, ice

contamination of a sample on the stage is virtually impossible™®.

In cryo-FM, the need to maintain the sample at liquid nitrogen temperatures also limits the
radiant exposure that can be used to excite the fluorophores in vitrified biological
specimens'’. In this case, radiant exposure indicates the amount of energy that is delivered
by the light source to the surface of the sample. If the rate at which this energy is absorbed
by the specimen exceeds the rate at which it can dissipate through the cooling system, the

temperature of the sample rises.
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At temperatures exceeding approximately -135 °C the amorphous phase of the vitreous ice
transitions into a crystalline phase. This process is called devitrification and causes
irreversible structural damage in cryogenically preserved biological specimens. Since radiant
exposure is defined as the product of light intensity per surface area and the exposure time,
a safe range for the corresponding imaging parameters has to be determined and
maintained to prevent devitrification. Conversely, the objective in cryo-FM instruments has

to be kept at room temperature to maintain its structural integrity'%1*>1%,

Several considerations have to be taken into account when determining a strategy for
fluorescent labeling that is suitable for cryo-CLEM. The fact that cryogenic fixation is used to
preserve live cells in a near-native state greatly reduces the number of applicable labeling
approaches. For example, immunolabeling is generally considered to be incompatible with
cellular cryo-CLEM as immunolabeling of intracellular targets typically requires prior
chemical or physical permeabilization of the cell membrane. Because these treatments
compromise the native structure of the sample, they would defeat the purpose of
vitrification'®*'°. The most common compatible approach relies on the recombinant

expression of fluorescently labelled proteins or the use of live cell staining.

Another challenge in cryo-CLEM is correlating data from two fundamentally different
imaging modalities. Precise image registration is essential to achieve accurate spatial
correlation between the fluorescent signals observed in cryo-FM and the structural data
obtained through cryo-EM. In CLEM, image registration typically relies on the presence of
multiple features that are clearly visible in both microscopes to serve as fiducial markers. If
the position of these fiducial markers can be pinpointed with both cryo-EM and cryo-FM,
their coordinates can be mapped onto each other to align the corresponding images. For this
purpose, gold nanoparticles or polystyrene microspheres stained with fluorescent dyes can

be added to the sample just before vitrification to create artificial fiducial markers*®.

The limitations of cryo-CLEM are exacerbated when investigating structures inside vitrified
cells. To gain access to the intracellular space, site-specific thinning of the sample in a cryo-

FIB-SEM instrument is employed to produce electron-transparent lamellae®**?®,
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However, every examination or processing of the vitrified cells in a microscope entails
exposure of the sample to liquid nitrogen during loading and unloading. Consequently,
incorporating FIB-milling with cryo-CLEM further increases the risk of ice contamination. If
the sample was contaminated prior to being loaded into the cryo-FIB-SEM instrument, the
crystalline ice on its surface can also impede the milling process®'*?. Integrating FIB-milling
with cryo-CLEM also leads to most of the cell and consequently the majority of fluorophores
in the ROI being removed during the milling process. As a result, the fluorescent signal

emitted from a lamella represents only a fraction of the initially observed fluorescence®.

Due to the platinum layer that is applied to the sample during lamella preparation, the area
of the grid that has not been thinned by FIB-milling appears opaque in cryo-ET. As a result,
the requirements for a fiducial marker suitable for precise image registration are further
restricted, as anything outside the lamella sites, like fluorescent beads on the sample
surface, would be rendered invisible. For this reason, exploring alternative approaches to
overcome this issue and the various other challenges encountered in cryo-CLEM is of great

importance.

Our collaborative efforts with the group of lleana Cristea (Princeton University, NJ, USA)
inspired us to elucidate the effects of HCMV-induced organelle remodeling on peroxisomes
in the infected cells. For this purpose, we first sought to explore peroxisomes under
physiological conditions using in situ cryo-ET. However, our current understanding of the
morphology of mammalian peroxisomes in vitrified cells is very limited. To address this, | set
out to characterize the morphology of mammalian peroxisomes by integrating cryo-CLEM

with the conventional in situ cryo-ET workflow.
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3.2 Results

3.2.1 Integrating cryo-FM with in-situ cryo-ET

Before employing cryo-CLEM to identify and characterize mammalian peroxisomes in a near-
native state using cryo-ET, a suitable target for fluorescent labelling had to be identified. The
exclusive peroxisomal localization of most PEX proteins would make them obvious
candidates as specific peroxisome markers. However, each of these proteins typically
performs multiple critical functions in peroxisomes. Consequently, recombinant expression
of a fluorescently labelled PEX protein poses the inherent risk of interfering with peroxisome
biogenesis and function®®*"**, Instead, we employed a construct fusing peroxisomal targeting
sequence 1 (PTS1) with the fluorescent protein mCherry, which was kindly provided by the
group of lleana Cristea in the framework of our collaboration. PTS1 is a signalling peptide
that labels proteins for peroxisomal matrix import (see chapter 3.1.1). This allows PTS1-
mCherry to accumulate inside peroxisomes, which makes it a highly specific peroxisomal
marker. The recombinant expression of PTS1-mCherry was found to have no effect on the
native morphology and function of peroxisomes visible in FM. Since PTS1 solely facilitates
PEX5-mediated translocation of the fluorophore inside peroxisomes, PTS1-mCherry labelling
was also assumed to have negligible or no impact on the native structure and HCMV-induced

remodeling of peroxisomes.

Our approach to investigate viral remodeling of peroxisomes involved combining PTS1-
mCherry with a genetically engineered variant of HCMV, in which vMIA is labelled with GFP.
The viral protein vMIA enables HCMV to suppress antiviral responses of the host cell by
disrupting peroxisomal and mitochondrial MAVS signalling. Research conducted by in the
group of lleana Cristea (Princeton University, NJ, USA) indicates that the localization of vMIA
shifts as infection progresses. During the first 72h of infection, vMIA localizes to both
peroxisomal and outer mitochondrial membrane. As the infection progresses further, vMIA

transitions to predominant mitochondrial association.
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Figure 3.3 Representative examples illustrating different challenges in cryo-CLEM targeting mammalian peroxisomes. (a)
Human fibroblast cells were transfected with PTS1-mCherry and subsequently infected with HCMV expressing vMIA-GFP.
The sample was fixed with paraformaldehyde at 120 hours post-infection (hpi) and imaged using confocal fluorescence
microscopy. All three panels depict the same cell imaged at different z-stack layers, with the left and middle panels
representing the same slice and the right panel a different and slightly magnified one (scale bar 10 um). (b) Lamella observed
in cryo-FIB-SEM before (left) and after (middle, right) cryo-FM imaging. (c) Cryo-TEM micrograph recorded at 26000x
magnification showing a polished lamella covered with ice contamination originating from cryo-FM imaging. (d) Fluorescent
TetraSpeck microspheres used for image registration as seen in cryo-FIB-SEM (left) and in the cryo-CLEM data integrating
cryo-FIB-SEM with cryo-FM of PTS1-mCherry (right). White arrows indicate beads, which were visible in cryo-SEM and thus,
could be used for image registration. In (b) and (d), lamella serves as a scale bar (width 10 um).
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To be able to use PTS1-mCherry and vMIA-GFP as fluorescent markers, protocols for the
corresponding transfection and infections had to be integrated with the conventional cryo-
ET sample preparation workflow. First, we implemented a protocol for the transient
transfection of PTS1-mCherry into primary human fibroblasts and optimized the transfection
efficiency and cytotoxicity. For this purpose, we screened different combinations of
parameters including, the incubation time, number of cells to be transfected and the
amount of plasmid DNA and transfection reagent used, which were subsequently evaluated
by FM. The protocol was then tested for its compatibility with HCMV infection and vMIA-GFP
expression. Peroxisomes were labelled in primary MRC-5 cells through transient
overexpression of PTS1-mCherry and subsequently infected with HCMV expressing vMIA-
GFP. The cells were then chemically fixed with PFA and examined using confocal
fluorescence microscopy. The PTS1-mCherry fluorescence observed during these preliminary
experiments match the expected morphology cellular distribution of peroxisomes (Figure 3.3
a). HCMV infection also seemed to promote localized clustering of peroxisomes in close
proximity to the nucleus. Furthermore, HCMV is known to induce mitochondrial
fragmentation, which is consistent with the morphology of the mitochondria visualized by

VMIA-GFP in the sample.

The next step was to integrate the protocol for transfection and subsequent infection with
cryo-ET sample preparation. For this purpose, primary human fibroblast cells were cultured
to confluency and seeded onto cryo-EM grids. After the cells were allowed to adhere to the
grids overnight, they were subjected to transfection and, depending on experimental setup,
subsequent infection with HCMV. Additionally, fluorescent beads were added to the grids
immediately before plunge-freezing to serve as fiducial markers for image registration

between the different imaging modalities.

The standard workflow for in-situ cryo-ET experiments involves stepwise progression
through specimen preparation, vitrification, FIB-milling, and cryo-ET. Two points at which
cryo-FM can be incorporated into this workflow were considered viable, specifically, before

and after lamella preparation.
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Initial testing of these two approaches quickly revealed that performing cryo-FM imaging
after FIB-milling is not feasible due to substantial ice contamination present on the polished
lamellae. The ice contamination was suspected to originate from two distinct sources, each
manifesting in different forms. We attributed the large crystals (Figure 3.3 b) to steps
involving transfer of specimens in nitrogen liquid or vapour, while the smaller (Figure 3.3 ¢)
crystals were assumed to originate from the incubation on the cryo-stage during cryo-FM

imaging.

In contrast, performing cryo-FM imaging prior to FIB-milling was found to be a promising
approach. Through this workflow, any ice contamination compromising ROls would be
removed during FIB-milling (see Chapter 3.2.2). Additionally, the fluorescence data allows for
a targeted approach when selecting potential lamella sites. Selecting ROls based on cryo-FM

data improves the yield of lamellae containing the fluorescently labelled target.

The fact that most of the sample material at the ROl is ablated during lamella preparation
presented a considerable disadvantage. This makes it inherently difficult to reliably
determine whether the source of the original fluorescent signal will be preserved in the
polished lamella or removed during FIB-milling. Our strategy to tackle this issue involved the
use of fluorescent beads as fiducial markers. In theory, these would facilitate three
dimension image registration between cryo-FM and cryo-FIB-SEM. Through this correlative
approach, the location of the fluorescent target within the sample volume could be

determined and the lamella placed accordingly.

That said, the use of fluorescent beads as fiducial markers was not without its own
challenges. One limitation was the compromised visibility of the beads in the cryo-FIB-SEM
instrument due to their tendency to be covered by the ice contamination acquired during
cryo-FM imaging (Figure 3.3 d). The intense brightness and broad emission spectrum of the
fluorescent beads also posed the risk of overwhelming the detection of PTS1-mCherry and

vMIA-GFP.
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Still, fluorescent beads may serve as effective fiducial markers to enable image registration
between cryo-FM and cryo-FIB-SEM. They are however incompatible with correlative
approaches integrating cryo-FM with in-situ cryo-ET here. This is because the platinum
deposition during FIB-milling renders the sample opaque in cryo-EM, except in the areas that

have been thinned by FIB-milling.

3.2.2 Implementing novel cryo-CLEM workflow

To leverage cryo-CLEM for the identification and characterization of peroxisomes through in-
situ cryo-ET, the problems outlined in the previous paragraph had to be addressed. For this
purpose, we devised an innovative workflow, drawing inspiration from an idea of my dear
colleague Dr. Ulrike Laugks. The basic concept of this approach centres on introducing a
strategic interruption of the FIB-milling process. The lamella preparation workflow was
divided into two distinct stages, namely rough milling followed by polishing, so that cryo-FM

imaging could be carried out between these steps.

After the initial rough milling, lamellae of approximately 500 nm in thickness are produced
and the FIB-milling process was halted. The grids were then transferred to the cryo-FM
instrument to visualize fluorescently labelled structures in the thinned areas of the vitrified
cells., The grids were then transferred back to the cryo-FIB-SEM instrument to polish the
lamellae containing the structure of interest to a final thickness of 150 — 200 nm (Figure 3.4).
To facilitate the implementation of this specific workflow, we used a specialized sample
holder that is compatible with both the cryo-FIB-SEM and the cryo-FM instrument. Mounting
the grids in this so-called CLEM-shuttle eliminated the need to directly handle them during
each transfer between the two microscopes and the associated increased risk of physically

damaging the sample.
Accordingly, the optimized workflow starts with the grids being mounted into the CLEM-

shuttle, which is then loaded into the cryo-FM instrument. Here, wide-field fluorescence

imaging was employed to acquire an overview map of the whole grid (Figure 3.4 b).
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Figure 3.4 Schematic overview of cryo-CLEM workflow integrating cryo-FM and two-step FIB-milling with cryo-ET. Part one.
Grids are vitrified by plunge freezing and subsequently mapped using wide-field cryo-FM. Next, cryo-FIB-SEM guided by the
fluorescence map produces rough milled lamellae. Part two of the workflow is illustrated in Figure 3.5. (a) SEM overview image
of vitrified human fibroblast cells on EM-grid. (b) Wide-field cryo-FM overview image of the same grid showing PTS1-mCherry
fluorescence. (c) Shown is the same area of the vitrified sample imaged at milling angle, before (top) and after (middle) rough
milling. The bottom panel is a top view SEM image of the lamella in the middle panel.
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Figure 3.5 Schematic overview of cryo-CLEM workflow integrating cryo-FM and two-step FIB-milling with cryo-ET. Part two.
After rough milling, fluorescently labelled structures in the lamellae are visualized by confocal cryo-FM. Next, FIB-milling is
used to remove ice contamination from and subsequently polish lamellae exhibiting discernible fluorescence. Correlation of
confocal cryo-FM images with cryo-TEM micrographs enables targeted cryo-ET data acquisition. (d) Confocal cryo-FM top view
images of the same lamella visualizing PTS1-mCherry fluorescence (top) and reflected light (middle). The bottom panel shows
the superposition of the two previous panels created for cryo-CLEM. (e) Shown is the same lamella imaged at milling angle
(top) and from the top (middle) after transfer from cryo-FM to the cryo-FIB-SEM instrument. The bottom panel shows a top
view of the same lamella after polishing. (f) Image registration correlating cryo-FM image with cryo-TEM micrograph of the
lamella (top) enables targeted cryo-ET data acquisition and provides cryo-CLEM composite visualizing colocalization of
membrane-bound structures with fluorescent signal. The bottom panel shows a slice through a reconstructed tomogram
containing multiple peroxisomes.
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After transferring the shuttle to the cryo-FIB-SEM instrument, viable lamella sites were
selected using the fluorescent map to identify ROIs. The sample was then thinned at these
locations using FIB-milling to approximately 500 nm in thickness (Figure 3.4 c). Following
this, up to six rectangular perforations were milled perpendicularly to the sample surface
next to each lamella. These perforations served as fiducial markers that are discernible in
both cryo-FM and cryo-ET, thereby facilitating precise image registration between these two
imaging modalities. Subsequently, the shuttle was reloaded into the cryo-FM instrument,
where confocal fluorescence imaging was used to investigate the presence of fluorescently
labelled structures in the rough milled lamellae (Figure 3.4 d). After transferring the shuttle
back to the cryo-FIB-SEM instrument, the FIB-milling process of lamellae exhibiting
discernible fluorescence of the labelled structure was continued. Successful completion of

the FIB-milling process yielded a lamella polished to a final thickness of 150 - 200 nm.

Here, the key advantage of this workflow is evident. Any ice contamination present on the
rough milled lamellae, can now be eradicated by FIB-milling before starting the polishing
process (Figure 3.4 e). In doing so, we are able to examine the rough milled lamellae by cryo-
FM while virtually eliminating the negative impact on the associated ice contamination on
the cryo-ET data acquisition. This represents a significant improvement over the
conventional cryo-CLEM workflow involving cryo-FM imaging prior to FIB-milling. During
polishing, rough milled lamellae, exhibiting a thickness of approximately 500 nm, are thinned
to 150 - 200 nm. Given that membrane-bound organelles in eukaryotic cells generally exceed
100 nm in diameter, fluorescently labelled structures in rough milled lamella that produce a

pronounced signal are likely to persist after polishing.

The workflow was named Pia’s protocol.
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3.2.3 Identifying and characterizing peroxisomes

We leveraged Pia’s protocol to identify and characterize peroxisomes in vitrified human
fibroblasts using in-situ cryo-ET. For this, primary MRC-5 cells were seeded onto gold grids
overlaid with holey silicon dioxide film (from Quantifoil) and transfected with PTS1-mCherry.
A subset of grids was plunge-frozen 24h after the transfection was initiated to serve as
uninfected “mock” samples. At this point, the remaining grids were infected with HCMV
expressing vMIA fused to GFP and subsequently incubated for a period of 3 - 5 days before
plunge-freezing. The lamellae, produced by applying Pia’s protocol to these samples, were
examined in a cryo-TEM microscope operated at 300 kV. The results illustrated in Figure 3.5
were obtained by applying Pia’s protocol to MRC-5 cells expressing PTS1-mCherry, which
were vitrified 72 hours post infection (hpi) with HCMV carrying vMIA-GFP.

First, micrographs were acquired at 3600x magnification (low-mag) to create an overview
map for each lamella. Here, micrograph refers to a single two-dimensional image captured
by cryo-TEM. These were then correlated to the corresponding confocal cryo-FM images. To
achieve this, the rectangular holes next to each lamella, which were created during rough
milling, were used as fiducial markers for image registration (Figure 3.5 a). Based on the
generated cryo-CLEM composite, structures in the overview maps that coincide with
fluorescent spots were selected for subsequent cryo-ET data acquisition. Tilt-series of these

structures were then recorded at 26000x magnification (high-mag).

In the low-mag micrograph of the lamella (Figure 3.5 b), a population of spherical
membrane-bound structures lacking any conspicuous luminal structures were visible
(examples indicated with red stars). These vesicles had relatively uniform dimensions. The
majority of mitochondria (examples indicated with green hexagons) had a similarly small and
spherical morphology, contrasting the large, tubular mitochondria typically observed in
uninfected cells (Figure 3.7 c). The difference in ultrastructure is consistent with existing

evidence of HCMV infection inducing mitochondrial fragmentation in the host cell®™®.
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Figure 3.6 Identification and characterization of mammalian peroxisomes through cryo-CLEM and in-situ cryo-ET. Results
illustrated in this figure were obtained from primary MRC-5 cells transfected with PTS1-mCherry and infected with HCMV
vMIA-GFP, which were vitrified 72 hpi. (a) Coarse cryo-CLEM image created on-the-fly at the beginning of cryo-ET session to
enable targeted data acquisition. An overview of the lamella was stitched together from multiple low-mag cryo-TEM
micrographs and correlated with the corresponding confocal cryo-FM image of PTS1-mCherry fluorescence. The centre of
the milled fiducial markers (rectangles perpendicular to the stress relieve cuts) were approximated (red crosses) and used
for image registration (scale bar 2 um).(b-d) shows a single low-mag cryo-TEM micrograph of the sample (scale bar 500 nm).
Putative peroxisomes were marked with red stars. Green hexagons denote examples of mitochondria. (c) cryo-CLEM image
visualizing PTS1-mCherry fluorescence in lamella. (d) cryo-CLEM image visualizing superposition of PTS1-mCherry and vMIA-
GFP fluorescence in lamella.

Correlation of the low-mag micrograph with the corresponding cryo-FM data revealed that
the inconspicuous vesicles coincided with the red fluorescence signal (Figure 3.5 c). Given
that PTS1-mCherry can be assumed to specifically label the peroxisome matrix, this
observation suggests that these vesicles are in fact peroxisomes. The vMIA-GFP signal in the

cryo-CLEM data provides further evidence to substantiate this conclusion (Figure 3.5 d).
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The fluorescent signal of vMIA-GFP appears to colocalize with both the putative peroxisomes
and the mitochondria. This aligns with previous research showing that vMIA localizes to both
organelles in host infected cells 72 hpi’®'®¢. However, the micrograph also shows signs
indicating that the lamella is not fully vitreous. The black and white spots visible in the upper
left quadrant of the micrograph are called Bragg reflections and occur due to the presence of
crystalline ice. While this indicates that Pia’s protocol requires further methodological
refinement, it also suggests that conclusions from these high-mag tomograms should be
approached with care, as some features may arise from crystallization artefacts rather than

representing native cellular structures

3.2.4 Integrating plasma-FIB milling and iFLM with cryo-CLEM

As mentioned above, the utilization of a cryo-FIB-SEM instrument outfitted with an iFLM
module offers substantial benefits for workflows integrating cryo-CLEM with in-situ cryo-ET.
For this reason, we sought to reproduce the findings achieved with Pia’s protocol by
employing a plasma cryo-FIB-SEM instrument (Arctis, Thermo Fisher Scientific). The
significant advantage of this approach is that the objective of the iFLM module is directly
integrated with the cryo-FIB-SEM vacuum chamber, therefore fluorescence and FIB-SEM can
be achieved without transfer between instruments. This dramatically reduces the risk of ice
contamination, devitrification and mechanical damage compared to cryo-CLEM workflows
such as Pia’s protocol where the sample must be shuttled multiple times between
microscopes. To bridge the gap between low-mag micrographs and high-mag tomogrames,
we also implemented a script that would allow us to acquire a tilt-series of the lamella at
low-mag (see chapter 4.1). The tomograms reconstructed from these tilt-series (here
referred to as overview tomograms) (Figure 3.6 e) were used to add spatial context to the
high-mag tomograms. The images displayed in Figure 3.6 represent the outcome of

employing Arctis to examine uninfected MRC-5 cells expressing PTS1-mCherry.
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Figure 3.7 Cryo-CLEM analysis of mammalian peroxisomes in uninfected cells using plasma cryo-FIB-SEM and iFLM. Wide-
field cryo-FM imaged of lamella after rough milling showing (a) reflected light and (b) fluorescence at 550 nm excitation
indicating PTS1-mCherry localization (scale bar 10 um). (c) Low-mag cryo-TEM micrograph of polished lamella (scale bar 1 um).
(d) Cryo-CLEM correlating cryo-TEM with cryo-FM at 550 nm excitation (scale bar 1 um). (e) Slice through overview tomogram
of lamella reconstructed from low-mag tilt-series (scale bar 500 nm). (f) Slice through tomogram of peroxisomes reconstructed
from high-mag tilt-series (scale bar 200 nm).
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After the samples were loaded into Arctis, they were processed following the same
procedure outlined in Pia’s protocol. The only deviation resulted from the fact that, unlike
the STELLARIS 8 microscope used for Pia’s protocol, the iFLM module of Arctis is limited to
wide-field cryo-FM. Therefore, the procedure for cryo-FM imaging of lamellae in Arctis had
to be modified. After rough milling, each lamella was examined using a channel for reflected

light (Figure 3.6 a) and a channel for fluorescence at 550 nm excitation (Figure 3.6 b).

Despite the anticipated reduction in ice contamination when using a cryo-FIB-SEM
instrument equipped with iFLM hardware, substantial ice build-up in the lamellae was still
common. Ice crystals, such as those visible in the low-mag cryo-TEM micrograph of the
lamella (Figure 3.6 c). Contrary to the common assumption that storage is a primary cause of
ice contamination, we concluded that the ice build-up was most likely the result of the

transfer to the cryo-TEM instrument.

The micrograph reveals the presence of roughly spherical vesicles lacking any large luminal
structures, similar to those observed in our experiment employing Pia’s protocol (Figure 3.5
b). The cryo-CLEM data correlating the cryo-TEM image with the fluorescence at 550 nm
(Figure 3.6 d) shows that these structures colocalize with spots of discernible PTS1-mCherry
fluorescence. Consistent with our previous results, these findings further substantiate our

identification of these vesicles as peroxisomes.

Given that the lamella examined here was prepared from an uninfected cell, the
mitochondrial morphology warrants particular attention. Here, mitochondria appear larger
and more tubular compared to those previously observed in infected cells (Figure 3.7 c),

which is consistent with HCMV-induced organelle remodeling.

Two peroxisomes are visible in the lower half of the high-mag tomogram (Figure 3.6 f) and
exhibit close correlation with strong PTS1-mCherry fluorescence. While the lowermost and
the uppermost peroxisome in the tomogram appear similar in diameter, the intensity of the
fluorescence emitted by the peroxisome in the upper half of the tomogram is faint

compared to the peroxisomes in the lower half.
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There are two possible explanations to this. Either there is a difference in the concentration
of PTS1-mCherry, or this could be a geometrical consequence of slight differences in
sectioning through spheres. Small changes in the distance from the vesicle equator can
result in relatively large changes in fluorescence. The poor contrast in the reconstructed
overview tomogram (Figure 3.6 e) and high-mag tomogram (Figure 3.6 f) can be explained by
the thickness of the lamella being close to 300 nm impeding alignment during
reconstruction. Poor alignment of the ion beam, caused by technical issues we were
unaware of at the time, resulted in lamellae being damaged or destroyed during polishing
before the intended final thickness of 150 — 200 nm could be achieved. As a result, the
thickness of successfully polished lamellae was typically at the borderline of cryo-TEM

compatibility.

3.3 Discussion

Our research was focused on identifying and characterizing mammalian peroxisomes in their
native cellular environment as well as their remodeling during HCMV infection. For this
purpose, we developed Pia’s protocol — a cryo-CLEM workflow integrating cryo-FM and cryo-

FIB-SEM with cryo-ET.

One of the most significant findings from our experiments is that peroxisomes in human
fibroblasts seem to lack distinctive morphological features that would make them readily
distinguishable from other membrane-bound subcellular structures such as vesicles in cryo-
TEM. This observation suggests that a striking contrast exists between them and
peroxisomes found in other organisms, particularly fungi and plants. In these organisms,
peroxisomes often contain prominent paracrystalline core structures formed from
catalytically active matrix proteins®****%%, These crystalline inclusions can be so pronounced

that they influence the overall shape of the peroxisome?”’.
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The composition of these protein crystals is not always fixed and can vary depending on both
the organism and environmental conditions. For instance, in yeast, the identity of the
crystallized protein depends largely on the carbon source provided for growth?®, These
crystalline structures are thought to serve important regulatory functions within
peroxisomes. By compartmentalizing enzymes, they may facilitate metabolic channelling or

regulate enzyme activity through controlled solubilization®®.

The presence of these distinctive crystalline inclusions has historically made peroxisomes in
yeast and plant cells relatively easy to identify in electron microscopy studies. Our initial
strategy for identifying mammalian peroxisomes in cryo-ET was based on the assumption
that similar distinctive features would be present. Once confirmed using Pia’s protocol, this
would allow us to recognize peroxisomes by their morphological characteristics. Contrary to
our expectations, our findings revealed that mammalian peroxisomes do not have any

characteristic features and would be impossible to identify without a correlative approach.

Several factors may explain the absence of crystals in mammalian peroxisomes. Most
microscopic data on peroxisomes in plants and yeast was acquired using fixation methods
such as chemical fixation and freeze substitution?”’. Therefore, it is conceivable that the
formation of crystalline inclusions might be an artefact of sample preparation, which would
not be present in the near-native state preserved by vitrification. The absence of crystals
may also be specific to the human fibroblast cell line we examined. This suspicion is
substantiated by reports of crystalline inclusions in peroxisomes of certain human cell types,
like hepatocytes™®. Different cell types may exhibit varying degrees of peroxisome
specialization, reflecting their specific metabolic requirements. The crystallization of
peroxisomal matrix proteins may also be a response to specific metabolic conditions,
particularly starvation. Since our cell cultures were maintained under optimal growth
conditions with abundant nutrients, they may not have experienced the metabolic stress
that induces crystal formation. Whatever the case may be, the absence of distinctive
features in peroxisomes of vitrified human fibroblasts presents a challenge for their

identification through in-situ cryo-ET.
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Furthermore, the relevance of our initial findings was limited by problems during FIB-milling,
particularly polishing. The resulting excessive thickness of the polished lamellae in
combination with generally poor vitrification prevented useful analysis of the high-resolution

information obtained from the high-mag tomograms.

These aspects highlight the fact that our work only represents the first step in the
identification and characterization of peroxisomes through in-situ cryo-ET. Given the
challenges in identifying peroxisomes based on morphological criteria alone, alternative and

complementary labeling approaches will be essential for future studies.

HCMV infection induces profound structural and functional alterations in host cell
organelles. Research conducted by the group of lleana Cristea (Princeton University, NJ,
USA) using room temperature fluorescence microscopy suggested that HCMV gives rise to a
subpopulation of peroxisomes exhibiting an enlarged and flattened morphology during late
stages of infection. This phenotype is believed to facilitate enhanced metabolic output.
particularly for plasmalogen synthesis, due its increased surface area to volume ratio. This
would align with the understanding that plasmalogens are precursors for integral structural

components of HCMV virions, making them indispensable for viral replication®.

The aim of our research was to investigate these morphological changes in greater detail
using in-situ cryo-ET. To study alterations in peroxisome structure during HCMV infection, we
first needed to identify and characterize peroxisomes in uninfected cells to establish a
baseline. For this purpose, we developed Pia’s protocol. Using this bespoke cryo-CLEM
workflow, we combined PTS1-mCherry and vMIA-GFP to examine peroxisome morphology in
cells infected with HCMV. Initially, vMIA-GFP served mainly as a fluorescent label allowing us

to determine which cells are infected.

However, we were unable to confirm the existence of enlarged and flattened peroxisomes
in HCMV-infected cells. There are several possible explanations for this discrepancy that

should be considered.
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Given that in-situ cryo-ET allows us to examine only a tiny fraction of the intracellular
volume, and considering that the altered morphology is thought to occur in just a
subpopulation of peroxisomes, the simplest explanation is that we did not capture them in
our samples. The use of PTS1-mCherry as a peroxisome marker may have exacerbated this
issue. PTS1-mCherry requires a fully operational peroxisomal matrix protein import
machinery to accumulate in peroxisomes. Should this mechanism somehow be
compromised in the peroxisomes subpopulation affected by HCMV-induced remodeling,
these structures would be invisible to PTS1-mCherry labelling, biasing our targeting toward
unaffected peroxisomes. As a result, our analysis could have been skewed towards

unaffected peroxisomes, leading to a biased representation.

An alternative explanation for the previously reported morphological changes is that they
might represent peroxisomes at different stages of the proliferation process rather than
distinct subpopulations. During peroxisome proliferation, peroxisomes undergo elongation
before division, forming tubular protrusions that eventually separate to form new
peroxisomes. During this process, the distribution of peroxisomal membrane and matrix
proteins is polarized. The mature spherical part of the peroxisome retains most membrane
components of the peroxisomal matrix protein import machinery. Only after division do
premature peroxisomes acquire the necessary components to facilitate matrix protein
import*™**®°, Consequently, PTS1-mCherry would not accumulate in the elongated tubular

part of elongated peroxisomes and would only visualize spherical mature peroxisomes.

The group of lleana Cristea (Princeton University, NJ, USA) initially discovered the
remodeling of peroxisomes during HCMV infection by room temperature fluorescence
microscopy in fixed human fibroblast cells using immunolabeling of PEX14. However, there is
strong evidence suggesting that during peroxisome proliferation, PEX14 almost exclusively
localizes to the tubular membrane protrusion of the elongated peroxisome*"**, In addition
to visualizing mature peroxisomes, fluorescently labelled antibodies targeting PEX14 would

therefore be limited to detecting the tubular extension of elongated peroxisomes.
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Consequently, the enlarged and flattened peroxisome morphology observed in HCMV-
infected cells might actually be the tubular membrane protrusion of peroxisomes
undergoing proliferation. The fact that this labeling artefact was only apparent in infected
cells could be explained by the organelle remodeling during HCMV infection. As HCMV drives
peroxisome biogenesis, the proportion of peroxisomes undergoing proliferation at any given
time in infected cells would increase proportionally. The significant difference between
uninfected and infected cells may be attributed to HCMV further amplifying this effect
through its impact on the expression of host cell proteins that play a crucial role in
peroxisomal fission, such as PEX11B, MFF and DRP1. By causing erratic changes in the
expression of these proteins, HCMV could create an imbalance in the abundance of
components of the peroxisomal fission machinery. Through this process, HCMV could cause
peroxisomes undergoing proliferation to become trapped in an elongated intermediate
state. This would lead to an accumulation of tubular protrusions of peroxisomal membrane
that would be detectable by PEX14-based labeling. A simple approach to ascertain the
limitation of PTS1 and PEX14 based peroxisome markers is to explore alternative and
complementary labeling strategies. This would also facilitate further investigation of

morphological changes in peroxisomes during HCMV infection.

Despite our efforts, the existence of peroxisome populations exhibiting altered morphology
in HCMV-infected cells remains a mystery to be solved. However, HCMV-induced remodeling
of peroxisomes is recognized for its dual role in surpassing peroxisomal MAVS-mediated
antiviral signalling and promoting peroxisomal proliferation. The viral protein vMIA, encoded
by the UL37 gene, plays a crucial role in these processes. vMIA has been shown to localize to
peroxisomes and interact with components of the peroxisomal membrane fission machinery,
such as PEX11B and MFF to drive peroxisomal proliferation’®®*. Beyond its previous use as a
simple indicator for infection, utilization of vMIA-GPF would therefore allow us to study

these host-pathogen interactions in greater detail.
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To study these interactions in a feasible manner, we devised an approach that involves
trapping peroxisomes in different intermediate states of the proliferation process. For
instance, in the absence of DRP1, peroxisome proliferation has been shown to stop
immediately before fission, causing the peroxisomes to become trapped in an intermediate
morphology resembling beads on a string®*****. Furthermore, recombinant expression of a
specific PEX11B-YFP mutant has been shown to terminate peroxisomal proliferation after
formation of the tubular membrane protrusion®®®. Utilization of these and similar mutations
should be considered a promising approach to study the role of vMIA in the upregulation of

peroxisome proliferation during HCMV infection.

Our research has led to the development of a novel cryo-CLEM workflow named Pia’s
protocol, that integrates cryo-FM and cryo-FIB-SEM with cryo-ET. We demonstrated that this
integrated approach enables in-situ identification and characterization of subcellular
organelles in a near-native state. Even though we were unable to definitively identify
peroxisomes in human fibroblast cells, our research still provides proof of concept for Pia’s
protocol. Despite its potential, our cryo-CLEM workflow faced several technical challenges
that limited its effectiveness. One significant issue was ice contamination during wide-field
cryo-FM imaging, which had a substantial negative impact on FIB-milling. Fine-grained ice
settled onto the sample surface, forming a layer that compromised the adherence and
homogeneity of the platinum coating applied during sample preparation for FIB-milling. This
resulted in uneven surface topography and spatial variations in milling rates, manifesting as
parallel streaks on the polished lamella. Because these artefacts reflect irregular sample
thickness, they impede the ability to polish lamellae to a final thickness of 150 - 200 nm
without damaging or destroying them. Several approaches could be considered to mitigate

this issue.
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4 Secondary envelopment

4.1 Overview tomograms

Cryo-ET has emerged as an indispensable technique in structural biology to study proteins
and macromolecular complexes in a near-native state at nanometre resolution. When
combined with FIB-milling to produce electron-transparent lamellae from vitrified cells, cryo-
ET allows for an analysis of intracellular ultrastructure in its native environment. The high-
mag tomograms obtained through this in-situ cryo-ET approach provide exceptional details,
enabling the visualization of protein complexes, membrane structures and subcellular
organelles. However, high-mag data acquisition inherently constrains the field of view to a
small fraction of the available lamella surface. In conventional cryo-ET data acquisition,
target areas must be spaced far enough to avoid radiation damage due to double exposure.
Additionally, each tilt-series acquisition requires a similarly sized sacrificial area to be used
for focusing. Collectively, this can result in large areas of the lamella remaining unexplored.
This limitation becomes particularly problematic when attempting to investigate how local
molecular interactions contribute to large scale cellular processes or affect cellular

organization.

To address this limitation, | created a SerialEM script called tomoov that allows for
automated batch acquisition of low-mag tilt-series at view magnification, which for the
experiments presented in this work, was typically 3600x. By collecting and reconstructing
these overview tomogrames, it becomes possible to visualize most of the lamella volume
while still achieving sufficient resolution and contrast to identify and localize relatively small
structures such as viral capsids. This view of a lamella provides spatial, morphological and
contextual information that could otherwise remain inaccessible and may offer novel
insights that transform the interpretation of the corresponding high-mag tomograms.
Overview tomograms also have the potential to significantly improve workflow efficiency by
providing a comprehensive 3D map of the lamella, that can be used to identify optimal
targets for subsequent high-mag data acquisition based on cellular features, organelle

distribution, or the presence of specific structures of interest.
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Typically, the selection of areas for high-mag data acquisition is based on preliminary low-
dose low-mag micrographs that may not represent the full diversity of structures present
within the lamella, which can lead to systematic sampling bias. Integrating overview
tomograms with cryo-CLEM approaches has the potential to improve correlation precision
by bridging the gap between molecular localization of fluorescent markers and the broader
cellular ultrastructure. This enhanced correlation capability is valuable for studying dynamic
processes such as organelle biogenesis, protein transport, or stress responses, where

understanding the spatial relationships between different cellular components is essential.

For these reasons, overview tomograms represent a particularly powerful tool for
investigating viral assembly and the associated organelle remodeling during HCMV infection.
Elucidating the interaction and spatial relationship between different cellular and viral
compartments within the vAC is crucial for comprehending the complex processes governing
tegumentation and secondary envelopment of viral capsids. The spatial coverage of
overview tomograms has the potential to reveal how different regions of the vAC are

organized and whether there are distinct functional domains within the compartment.
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4.2 Results

The research presented in this chapter employed cryo-FM and in-situ cryo-ET to investigate
the morphology and function of the vAC in human fibroblast cells infected with HCMV. The
vAC is a complex perinuclear structure formed during HCMV infection through extensive
viral remodeling of the host secretory and endocytic pathways. It serves as the principal site

for tegumentation and secondary envelopment during HCMV assembly.

Figure 4.1 Overview tomograms. Results illustrated here were obtained through FIB-milling of vitrified human foreskin
fibroblast (HFF) cells, which have been infected with HCMV and plunge-frozen 120 hours post infection. (a) cryo-TEM
micrograph recorded at 3600x magnification (scale bar 1 um). (b) Slice through overview tomogram reconstructed from cryo-
TEM ftilt-series acquired at 3600x magnification (scale bar 1 um). (c) magnification of the area in panel (a) indicated by the pink
rectangle (scale bar 200 nm). (d) magnification of the area in panel (b) indicated by the pink rectangle (scale bar 200 nm). (e)
Slice through tomogram reconstructed from cryo-TEM tilt-series acquired at 26000x magnification (scale bar 200 nm).
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To investigate the morphology of the vAC during HCMV infection, human foreskin fibroblast
(HFF) cells were grown on EM-grids, infected with HCMV expressing gM fused to mScarlet
and incubated for five days. Because gM is the most abundant protein in the viral envelope
of HCMV, it provides a reliable marker for secondary envelopment and consequently for the
VvAC”?' The samples were vitrified by plunge-freezing at 120 hpi. By preserving cellular
ultrastructure in a near-native state, vitrification differs from with chemical fixation and
plastic embedding, which can introduce significant distortions in membrane structure and
organelle morphology. Following plunge-freezing, lamellae were prepared from vitrified cells
by FIB-milling using an Aquilos cryo-FIB-SEM outfitted with an iFLM module (Thermo Fisher

Scientific).

Due to the substantial size of the vAC, occupying a considerable portion of the intracellular
volume, the 20x objective (NA 0.7) of the iFLM module was sufficient to target the vVAC
during lamella placement based on gM-mScarlet fluorescence. After completing the FIB-
milling process, the polished lamellae were imaged using a cryo-TEM instrument operating
at 300 kV. Each lamella was first examined by recording a tilt-series at 3600x magnification
(low-mag), which was then reconstructed to create an overview tomogram, providing
comprehensive coverage of the cellular ultrastructure within the thinned section of the
sample. This was followed by the acquisition of tilt-series at 26000x magnification (high-mag)

targeting intracellular structures that matched prior descriptions of vAC characteristics.

In the overview tomograms (Figure 4.2, 4.4 and 4.5), the vAC appears as a dense collection
of membrane compartments and numerous vesicular structures of varying sizes and
morphologies. This organization is consistent with previous reports describing the vAC as an
accumulation of membrane-bound structures from different cellular origins, formed through
viral remodeling of the host secretory and endocytic pathways. Membranes derived from
the TGN appear fragmented and were prominently visible as flattened stacks of tubular and
vesicular structures (Figure 4.4 a, Figure 4.5 a). Multivesicular bodies (MVBs) are abundant
throughout only one of the vACs examined here, appearing as large vesicular structures

containing multiple intraluminal vesicles (Figure 4.4 b).
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Our data provides ultrastructural insight into the membrane dynamics governing secondary
envelopment during HCMV assembly. Budding events facilitating secondary envelopment
were captured at various stages, showing capsids in the process of acquiring their final
envelope through interaction with membrane compartments derived from different host cell
organelles, such as the Golgi-Apparatus and the ER (Figure 4.3). The identification of capsids
at various stages of secondary envelopment supports the model of coordinated membrane
wrapping driven by interaction between partially tegumented capsids and tegument
proteins associated with the viral envelope. The tegument layer appeared as an electron-
dense region between the capsid and the developing envelope. The traditional model of

HCMV secondary envelopment involves capsids individually budding into small vesicles.
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Figure 4.2 In-situ cryo-ET analysis of HCMV secondary envelopment in the viral assembly compartment (vAC). Slice through
overview tomogram of lamella reconstructed form cryo-TEM tilt-series acquired at 3600x magnification (scale bar 1 um).
Lamella was produced from vitrified human foreskin fibroblast (HFF) cells, plunge-frozen 120 hours post infection with HCMV.
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Figure 4.3 Different stages of HCMV secondary envelopment observed through In-situ cryo-ET. Each panel shows a slice
through a tomogram reconstructed from cryo-TEM filt-series acquired at 26000x magnification (scale bar 200 nm). Results
shown here were obtained from vitrified human foreskin fibroblast (HFF) cells plunge-frozen 120 hours post infection with
HCMV. (a) Naked capsids containing viral DNA (C-capsids). (b) Beginning of secondary envelopment facilitated by membrane
wrapping around C-capsid. (c) Secondary envelopment near completion evident from the small opening still present in the
envelope. (d) Successful completion of the secondary envelopment process concludes assembly of HCMV virions. (e) Errors
occurring during secondary envelopment can produce aberrant membrane-bound structures containing multiple capsids and
other cellular components.
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Figure 4.4 Structural characterization of the HCMV viral assembly compartment (vAC) using In-situ cryo-ET. Slice through
overview tomogram of lamella reconstructed form cryo-TEM tilt-series acquired at 3600x magnification (scale bar 1 um).
Lamella was produced from vitrified human foreskin fibroblast (HFF) cells, plunge-frozen 120 hours post infection with
HCMV. (a) Flattened stacks of fragmented Golgi-Apparatus. (b) Multivesicular body (MVB). (c) MVB containing cellular
components and virions, also known as multiviral bodies (MViBs).
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Figure 4.5 Structural characterization of the HCMV viral assembly compartment (vAC) using In-situ cryo-ET. Slice through
overview tomogram of lamella reconstructed form cryo-TEM tilt-series acquired at 3600x magnification (scale bar 1 um).
Lamella was produced from vitrified human foreskin fibroblast (HFF) cells, plunge-frozen 120 hours post infection with HCMV.
(a) Flattened stacks of fragmented Golgi-Apparatus. (b) Viral envelopes that contain tegument but lack a capsid, also known
as dense bodies.
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Our cryo-ET analysis provides structural validation for this pathway, showing numerous
examples of single enveloped virions inside a vesicle. We also found that capsids devoid of
viral genomes, containing only residual scaffold proteins, were able to undergo secondary
envelopment, suggesting that the molecular machinery involved in this process exhibits a
degree of non-selectivity (Figure 4.2). Furthermore, putative non-infectious dense bodies
were found throughout the vAC, appearing as spherical enveloped particles containing
electron-dense tegument but lacking a capsid (Figure 4.5 b). The presence of dense bodies in
different stages of envelopment suggests that they utilize the same assembly machinery as
infectious virions. A particularly striking observation was the presence of multiviral bodies
(MViBs) within the vAC. These structures represented a distinct population from
conventional transport vesicles, often containing multiple enveloped viral particles (Figure
4.4 c). The identification of MViBs represents a significant finding that supports emerging
models of alternative pathways for HCMV secondary envelopment, involving the budding of

capsid into the limiting endosomal membrane of MVBs.

4.3 Discussion

Viral assembly compartment

The present work contributes to our understanding of HCMV assembly by providing
structural insight into the complex architecture of the vAC and the processes that govern
tegumentation and secondary envelopment of viral capsids in infected human fibroblasts.
Unlike previous electron microscopy studies that relied on chemical fixation and freeze
substitution, our in-situ cryo-ET approach allowed us to preserve the cellular ultrastructure,
including the membrane structures composing the vAC, in a near-native state. Chemical
fixatives and heavy metal stains are well known to introduce significant distortions in
membrane architecture, particularly affecting complex structure, such as MVBs and

membrane contact sites*®>.
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Thus, maintaining the structural integrity of the sample by using cryo-EM to examine the
vitrified specimen is imperative when attempting to study the membrane dynamics and
vesicular morphologies in the vAC. The vAC appears as a dense accumulation of membrane
compartments and numerous vesicular structures of varying sizes and morphologies. Our
findings confirm the presence of multiple populations of membrane-bound structures
derived from different cellular origins, including endosomes, MVBs and stacks of TGN within
the vAC. The complexity of membrane identity within the vAC reflects the substantial viral
remodeling of the host secretory and endocytic pathways that enables vAC formation during
HCMV infection”’. This observation substantiates the concept of HCMV utilizing multiple
distinct membrane sources and corresponding pathways to facilitate secondary
envelopment, since the vAC serves as principal site, where tegumented capsids acquire their

viral envelope by budding into host-derived membranes®.

Secondary envelopment

The traditional model of HCMV secondary envelopment involves tegumented capsids

individually budding into small vesicles*

. Our cryo-ET data provides structural evidence for
this pathway, capturing capsids at various stages of secondary envelopment and showing
numerous examples of single enveloped virions inside vesicles, thereby elucidating the
membrane dynamics governing this process. The finding that HCMV exploits multiple host-
derived membrane sources for secondary envelopment has significant implications for
understanding viral tropism. Different membrane compartments exhibit distinct composition
of glycoprotein, host cell protein and lipid, which can be incorporated into the viral
envelope, potentially facilitating specific host-pathogen interactions*”*®*°, Notably, we
observed capsids devoid of viral genome undergoing secondary envelopment as well. This
phenomenon suggests that the molecular mechanisms governing secondary envelopment
exhibit a certain degree of non-selectivity regarding capsid content and may represent an

inherent inefficiency of HCMV assembly or contribute to other aspects of HCMV infection,

like immune modulation®®.
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Secretory pathway

Viral remodeling of the secretory pathway, particularly the TGN and associated Golgi-derived
membranes, serves as a major source of envelopment membranes for HCMV secondary
envelopment. The utilization of secretory pathway membranes for envelopment is
evidenced by the colocalization of viral glycoproteins with TGN markers®**. Viral
glycoproteins are transported through the secretory pathway and accumulate in TGN-
derived membranes within the vAC, where they become available for incorporation into
budding virions. Our observation of fragmented Golgi-derived membranes appearing as
stacks of tubular and vesicular structures aligns with extensive previous research on the
impact of HCMV-induced organelle remodeling on the Golgi-apparatus. The fragmentation
of the Golgi ribbon during HCMV infection has been shown to depend on phosphorylation of

the Grasp65 protein, which regulates Golgi membrane integrity®*.

Endocytic pathway

Recent research revealed that the endocytic pathway represents an equally important
membrane source for secondary envelopment during HCMV assembly’. This is corroborated
by our findings showing the presence of vesicular structures consistent with MVBs within the
vAC. The presence of MVBs throughout the vAC, appearing as large vesicular structures
containing multiple intraluminal vesicles, represents a critical observation for investigating
alternative pathways for HCVM secondary envelopment. The incorporation of MVB markers,
particularly CD63, into the viral envelope supports the notion that HCMV utilizes endocytic
membranes for secondary envelopment. CD63-positive vesicles containing HCMV virions
have been observed in both fibroblasts and endothelial cells**. Previous studies have found
evidence pointing towards a crucial role of MVBs in HCMV assembly, with some research
suggesting that these structures may serve as platforms for multiviral body (MViB)

formation?'®7%73,

94



Multiviral bodies

One of the most striking findings from our cryo-ET experiments is the visualization of MViBs
within vACs. MViBs appear as large multivesicular structures containing multiple enveloped
virions, dense bodies and other vesicular material. The identification of MViBs within the
VvAC represents a significant finding that supports emerging models of alternative HCMV
egress pathways, such as the intermittent bulk release described by Flomm et al.”. Live-cell
imaging studies demonstrated the transport of MViBs from the vAC to the plasma
membrane where they undergo fusion. This process results in the intermittent bulk release
of large numbers of virions, creating extracellular viral accumulations (EVAs) at the cell
surface. The intermittent nature of this egress pathway may have implications for viral
pathogenesis and spread. Rather than continuous low-level virus release, this mechanism
allows for the synchronized release of large numbers of viral particles, potentially
overwhelming local immune responses or facilitating more efficient infection of
neighbouring cells***”. The differential abundance of MViBs observed between different
vACs in this study may reflect the dynamic nature of membrane remodeling during HCMV

infection.

Conclusion

The vAC emerges as a complex non-classical organelle that concentrates all the necessary
components for efficient HCMV assembly while maintaining spatial organization that
facilitates the sequential steps of tegumentation and secondary envelopment. The existence
of multiple viral egress pathways facilitating HCMV replication, including individual virion
release and bulk release through MViBs, raises important questions about the factors that
determine which pathway is utilized in different circumstances. The strategy of leveraging
multiple pathways may provide multiple advantages, including ensuring sustained virion
production even when individual egress mechanisms are compromised and enabling the
production of virions with diverse membrane compositions and other functional properties.
This remarkable complexity likely reflects the evolutionary pressure on HCMV to maximize

its reproductive success in the face of sophisticated host defences.
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5 Conclusion and Perspective

This thesis has significantly advanced our understanding of HCMV pathogenesis by providing
high-resolution structural characterization of virus-induced organelle remodeling in human
cells. The development of Pia's protocol represents a significant methodological
advancement, enabling the structural characterization of mammalian peroxisomes in their
near-native state and revealing their morphology in human fibroblast cells using in-situ cryo-
ET. However, future research must expand beyond the PTS1-mCherry labeling to employ
alternative live-cell peroxisome markers, such as fluorescent fatty acid probes®”. The
investigation of peroxisome morphology and dynamics should also extend to diverse cell
types. Cell type-specific investigations are paramount, as peroxisome abundance,
morphology, and protein composition vary dramatically across different tissues, from the
crystalline core containing peroxisomes in hepatocytes to the metabolically distinct
populations in muscle cells and neurons. Furthermore, the study of herpesvirus-induced
peroxisome remodeling should encompass more members of the human herpesvirus group,
as emerging evidence suggests that peroxisome manipulation is a conserved viral strategy
for metabolic reprogramming and immune evasion®'®. These investigations will provide
crucial insights into the fundamental principles governing peroxisome biology and their role
in virus-host interactions. The comprehensive analysis of the vVAC through overview
tomograms has represented a first step towards elucidating the complex membrane
dynamics governing secondary envelopment and provided structural evidence for MViB
formation during HCMV infection. Looking forward, these methodological innovations open
new avenues for investigating host-pathogen interactions at the structural level, while the
fundamental insights into organelle remodeling may inform therapeutic strategies targeting
viral manipulation of cellular architecture. Future research should focus on expanding these
correlative approaches to investigate how other viruses exploit their host for production and

dissemination of infectious progeny.
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6 Material and methods

6.1 Cell culture

Primary MRC-5 human fibroblast cells (ATCC CCL-171) at passage 19 (p19) were retrieved
from vapour phase storage and immediately resuspended in 5 mL of warm (heated to ~37
°C) Dulbecco's Modified Eagle Medium (DMEM). In order to separate the cells from the
DMSO present in the solution they were stored in, the cell suspension was centrifuged for 3
min at 300 rcf and then, the supernatant was carefully aspirated. After resuspending the cell
pellet in 5 mL of warm DMEM containing 10% FBS and 1x GlutaMAX, the cell suspension was
transferred into a T25 cell culture flask and incubated overnight at 37 °Cin a 5% CO2
environment. Upon confluency of the cells reaching 70-80%, the cell culture medium was
aspirated and the cells washed once with warm Phosphate-buffered saline (PBS) before
dissociating the cells by incubating them for 3-5 in 1 mL TrypLE. After adding 1 mL DMEM
containing 10% FBS and 1x GlutaMAX and carefully resuspending the cells, the cell
suspension was centrifuged for 3 min at 300 rcf. The supernatant was aspirated to remove
the trypsin-containing media and the cell pellet resuspended in 12 mL of warm DMEM
containing 10% FBS and 1x GlutaMAX. Finally, the cell suspension was transferred into a T75
cell culture flask and incubated at 37 °Cin a 5% CO2 environment until confluency of the

cells again reached 70-80%.

6.2 Grid preparation

Initially, 300 mesh holey gold film on R 1.2/1.3 gold grids (Quantifoil) were used. Following
reassessment of grid types for best cell seeding and grid handling, 200 mesh holey SiO2 film
on R 2/2 gold grids were selected as the most robust for experiments involving FIB-milling
and cryo-CLEM. Grids were typically glow discharged in a GloQube (Quorum) for 60 s at
negative electrode polarity and 25 mA plasma current. Grids were transferred into p-slide 2

well co-culture chambered coverslips (ibidi), hereinafter simply referred to as ibidi dish.
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To allow for cell adhesion, grids were coated with fibronectin by applying 50 pL of solution
(50 pg/mL fibronectin in 20 mM HEPES) on top of each grid and incubating those in the
corresponding ibidi slide for 2h at 37 °C. Before proceeding with cell seeding, grids were

washed with 50 uL PBS at 37 °C.

6.3 Cell seeding

Seeding of cells on EM grids was performed by dissociating cultured cells once a confluency
of 70-80% was reached. Briefly, the cells were washed in PBS, dissociated with TrypLE for 5
min at 37 °C, carefully resuspended in DMEM containing 10% FBS and 1x GlutaMAX, and
centrifuged for 3 min at 300 rcf. In the end, the cell pellet was resuspended in DMEM
containing 10% FBS and 1x GlutaMAX and the cell count determined through manual
counting using a Neubauer chamber. For grids designed as negative control, also referred to
as mock grids, 6000 cells were seeded per grid. Grids intended for subsequent transfection
and/or infection were seeded with a higher density of 8000 — 10000 cells per grid to
compensate for attrition resulting from these procedures. Seeding density was examined
using a DM IL LED (Leica) microscope and additional cells added if necessary to achieve the
desired density on the grid. Afterwards, ibidi dishes were incubated overnight at 37 °Cin a

5% CO2 environment to allow the cells to adhere to the grids.

6.4 Transfection

Transient transfection of primary MRC-5 or HFF cells was typically performed following cell
seeding and subsequent adherence overnight, with the grids remaining in the ibidi dish
throughout the process. The transfection mix was prepared in serum-free OptiMEM using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The transfection reaction was optimized to deliver 5 ng of
plasmid DNA, in 20 nL Lipofectamine 3000 and 10 nL P3000 per 1000 cells, with the final

volume administered to each grid not exceeding 50 pL.
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After washing the grids with 50 puL 37 °C PBS each and subsequently adding the transfection
mix, the reaction was incubated for 24h at 37 °Cin a 5% CO2 environment after which the
grids were washed twice with 50 uL PBS at 37 °C and then maintained in FluoroBrite medium

containing 10% FBS and 1x GlutaMAX at 37 °C in a 5% CO2 environment.

6.5 Infection

Primary MRC-5 or HFF cells were infected with HCMV AD169-pUL37x1-GFP or TB40E gM-
mScarlet respectively, directly after cell seeding or transfection, with the grids remaining in
the ibidi dish for the entire duration of the procedure. The infection was performed at a
Multiplicity Of Infection (MOI) of 5 for transfected cells and an MOI of 3 for untransfected
cells. The virus was diluted in serum-free DMEM and applied to the grids, ensuring that no
more than 50 pL was added to each grid. After incubating the infection reaction for 1h at 37
°Cin a 5% CO2 environment, the grids were washed twice with 50 uL 37 °C PBS each. Finally,
the grids were incubated in FluoroBrite medium containing 10% FBS and 1x GlutaMAX until

desired time point after infection was reached.

6.6 Plunge-freezing

Cells cultured on gold EM grids were vitrified by plunge-freezing in a mixture of liquid ethane
and propane at -180 °C using an EM GP2 Automatic Plunge Freezer (Leica Microsystems).
Immediately prior to plunge-freezing, grids were washed with 50 pL serum-free FluoroBrite
at 37 °C. Each grid was transferred individually from the ibidi dish to an 8 uL drop of serum-
free FluoroBrite medium on Parafilm to facilitate grid handling. After using the GP2 tweezers
to pick up the grid, 4 uL of serum-free FluoroBrite medium containing 1 um TetraSpeck
Microspheres were pipetted onto the grid before loading the tweezer into the device.
Plunge-freezing was performed with the environmental chamber set to 37 °C and 80%
humidity using a blotting time of 7-8 s. Following plunge-freezing, the vitrified grids were

stored in liquid nitrogen until further examination.
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6.7 FIB-milling

Precise thinning of vitrified cellular specimens through gallium FIB-milling to create electron-
transparent lamellae at the region of interest was performed using an Aquilos 2 Cryo-FIB-
SEM instrument (Thermo Fisher Scientific). MAPS Software 3.2 (Thermo Fisher Scientific) was
used to identify and prepare potential lamella sites. After mapping the grids, a combination
of sputter and GIS coating was employed as follows to apply a thin layer of platinum to the
sample surface: (1) sputter coating for 10 s at 0.1 mbar and 30 mA, (2) GIS coating for 70 s
and (3) sputter coating for 5 s at 0.1 mbar and 7 mA. Potential lamella sites were selected
manually and eucentric height for each determined individually using the corresponding
feature in the MAPS software. Using serialFIB, the following milling procedure was
automated, employing a fixed milling angle of 8 degrees and the stepwise protocol detailed

in the table below?®.

In cases where FIB-milling was performed as part of a correlative pipeline, holes made with
a rectangular shape and serving as fiducial markers for image registration were milled next
to every suitable lamella at a milling angle of 90 degree. Typically, six rectangular holes
(three on each side), each measuring 3 um by 1 um and intersecting with the stress relief

cuts, were milled using an ion beam current of 0.1 nA.

Finally, thinning of the rough milled lamellae to a final thickness of 150 — 250 nm, a process
commonly referred to as “polishing”, was performed manually at ion beam currents of 50 —
10 pA using beam shift to precisely control the ablation of material from the lamellae.
Finally, sputter coating of the sample for 5 s at 0.1 mbar and 7 mA was performed to

mitigate charging of the polished lamellae during TEM data acquisition.

Step lon beam current Duration Lamella thickness Pattern thickness
1 0.5nA 600s 3.0 um 6.0 um
2 0.5nA 300s 2.0 um 3.0 um
3 0.3nA 300s 1.5 um 1.5 um
4 0.1nA 180s 0.8 um 1.0 um
5 0.1nA 180s 0.8 um 1.0 um
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When using the Arctis Cryo Plasma-FIB (Thermo Fisher Scientific) to produce lamellae, the
same workflow established for the Aquilos was attempted to follow. While this plasma FIB
instrument shows great potential to significantly increase throughput, sample preparation
proved very challenging due to the inadequate state of the proprietary WebUI software at

the time.

6.8 Cryo fluorescence microscopy

Cryo fluorescence microscopy of vitrified cells on grids was employed for two distinct
purposes, both of which were accomplished using a STELLARIS 8 confocal microscope (Leica).
Samples loaded prior to FIB-milling were imaged using the wide field mode to map the
fluorescence across the grid to facilitate a targeted approach for subsequent FIB-milling.
While signals from a GFP and an mCherry channel were recorded to visualize vMIA-GFP and
PTS1-mCherry, respectively, imaging using transmitted light (bright field) enabled correlation
of observed fluorescence with the position of cells on the grid. In order to survey the whole
grid, a tile set consisting of eight rows and eight columns, covering an area of 1772 um by
1777 um was acquired. Prior to recording a tile set, a corresponding focus map was created

to compensate for deformation of the grid.

Typically, wide field imaging of grids was performed as part of a cryo-CLEM workflow (Figure
3.4) involving subsequent preparation of rough milled lamellae (300 - 500 nm thick) at the

identified regions of interest using an Aquilos 2 cryo-FIB-SEM instrument (see 5.7).

In order to enable direct transfer of samples between the STELLARIS and the Aquilos, the
grids were loaded into a custom shuttle designed for compatibility between both
instruments. By employing this bespoke sample holder referred to as CLEM-shuttle, the risk
of damaging the sample was greatly reduced, as manual handling of the individual grids
during transfer was no longer necessary. In addition, utilization of the CLEM-shuttle secured
the grids against rotation inside the shuttle when transferring the sample between
STELLARIS and Aquilos, thereby maintaining grid orientation. To verify the presence of
fluorescently labelled features within the rough milled lamellae, the STELLARIS 8 was

operated in confocal mode.
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For every good lamella (based on visual inspection after milling), a set of sequential images
was recorded at 50x magnification over a distance of 5-6 um along the z-axis, with the gap
between two images being set to 300 nm. The purpose of these so-called z-stacks is to
overcome the limited depth of field by capturing a series of images at different focal planes,
providing a composite of a sample volume with greater depth of field. Each z-stacks was
acquired in three channels: GFP and mCherry channel were recorded to visualize vMIA-GFP
and PTS1-mCherry, respectively, and a channel capturing reflected light provided
complementary information about the surface topography of the sample. The raw image
data was subsequently analysed and processed using Fiji**°. It should be emphasized that the
practice of filtering the liquid nitrogen through a Kimwipe (Kimtech Science) before using it
to cool down the transfer station minimized both the likelihood and the extent of ice

contamination.

6.9 Electron cryo-tomography - data collection

Tilt series were collected on the polished lamellae using a Titan Krios G3 (Thermo Fisher
Scientific) operated at 300 kV and equipped with a BioQuantum energy filter (Gatan) as well
as a K3 direct electron detector (Gatan). SerialEM was used to operate the microscope,

manage data acquisition and align frames of collected tilt series.

Microscope settings and acquisition parameters of the low-dose mode used for record were
optimized to achieve approximately 15 electron per pixel per second on the detector at
26,000x magnification, corresponding to a pixel size of 3.356 A, with the K3 in counting
mode, an energy slit with of 20 eV and an C2 aperture of 70 um. Tilt series were collected
using a dose-symmetric scheme from 68° to -52° and 3° increment steps with a target
defocus ranging from -5 um to -7um and a total dose of 140 — 180 e-/A? per tilt series.
Moreover, for each lamella, a “low mag” tilt series was acquired in low-dose mode view at
4,800x magnification collected bi-directionally from 0° to +51° using 3° increment steps, an
exposure time of 2s per tilt and a defocus offset of -150 um. The total electron dose per low-

mag tilt series was typically below 2 e-/A2.
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6.10 Electron cryo-tomography - data processing

For tomogram reconstruction, initial marker-free alignment of the tilt series was performed
using AreTomo or the patch tracking module of IMOD. Parameters for AreTomo alignment
were screened and optimized using a bespoke python script. Given the presence of suitable
features like specks of platinum, alignment of selected tomograms was subsequently refined
by manually seeding and tracking a corresponding fiducial model using the Beadtracker
module of Etomo in IMOD. After applying dose weighting using IMOD mtffilter, tomograms
were reconstructed utilizing the tilt module of IMOD Etomo with radial filtering set to SIRT-
like filter equivalent to seven iterations for display purposes®”*?®, Volume rendering by

segmentation was done manually using IMOD.

6.11 Chemicals

Name Supplier

Dulbecco's Modified Eagle Medium Gibco

Fetal Bovine Serum (FBS) Sigma-Aldrich Co.
Fibronectin Sigma-Aldrich Co.
FluoroBrite medium Thermo Fisher Scientific
GlutaMAX Thermo Fisher Scientific
Lipofectamine 3000 Thermo Fisher Scientific
Opti-MEM Sigma-Aldrich Co.

PBS Sigma-Aldrich Co.
TryplLE Thermo Fisher Scientific

6.12 Viral strains

HCMV strain Fusion protein Source

kindly provided to us by lleana Cristae
(Princeton University, NJ, USA)

kindly provided to us by Jens Bosse
(CSSB Hamburg, Germany)

AD169 pUL37x1-GFP

TB40OE gM-mScarlet
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6.13 Consumables

Name Supplier

1 um TetraSpeck Microspheres Thermo Fisher Scientific

300 mesh holey gold on R 1.2/1.3 gold grids Quantifoil Micro Tools GmbH
200 mesh holey SiO, film on R 2/2 gold grids Quantifoil Micro Tools GmbH
Flasks for cell culture (T25, T75) Thermo Fisher Scientific

18 well p-Slide (chambered coverslip) ibidi GmbH

Parafilm Carl Roth

Kimwipes Kimtech Science
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