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I. Autophagy

Autophagy is best known as an intracellular degradation system that is essential in cell
survival and host defense [1-3] (Figure 1). During degradative autophagy, intracellular cargo
is enveloped by a characteristic double-membrane vesicles studded with the host protein
microtubule associated protein 1 light chain 3 (LC3), and ranging from 500 to 1500 nm in
size in mammalian cells; these vesicles are known as autophagosomes [4,5].
Autophagosomes subsequently fuse with lysosomes resulting in the degradation of
enveloped contents [6]. In regards to cellular homeostasis, degradative autophagy is an
essential catabolic process that supports cell survival during stress conditions. Degradative
autophagy facilitates the breakdown of cytoplasmic material including macromolecules,
damaged organelles, misfolded proteins, and intracellular pathogens such as viruses, in
order to clear the cytoplasm of potentially dangerous material as well as mobilizing
bioavailability of essential metabolic precursors such as amino acids and free fatty acids
[7,8]. On the other hand — during secretory autophagy - autophagosomes can also be re-
routed to accomplish the non-conventional secretion of cytoplasmic materials into the
extracellular milieu, including the pro-inflammatory cytokine interleukin-1p (IL-1B) [9—-11]
and the antibacterial molecule lysozyme [12] (Figure 1).

At steady-state, both degradative and secretory autophagy are key pathways underpinning
the maintenance of intestinal homeostasis, and ensuring appropriate responses to infection
or inflammation in the gut [3,13]. In intestinal epithelial cells, autophagy is necessary for
the regulation of tight junction function during cellular stress or infection, and thereby
supports the essential barrier function of the intestine [14,15]. In addition, autophagy
proteins are required for the secretory function of specialised intestinal epithelial cells such
as goblet and Paneth cells [12,13]. The dysregulation of autophagy has been implicated in
the severity of chronic inflammatory diseases of the bowel such as Crohn’s disease, further
underlining the multifactorial roles of autophagy in the maintenance of healthy gut mucosal
tissue [3,16].

Notably, degradative autophagy additionally functions as an important innate immune
antiviral mechanism, by efficiently eliminating invading pathogens such as viruses from the
intracellular environment [2,17]. Upon cellular invasion, intracellular pathogens can be
selectively targeted for lysosomal degradation via autophagy [2,18-20], although many
viruses have evolved strategies to evade or subvert host autophagy mechanisms [20-25].
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Figure 1. Functions of Autophagy. Both degradative and secretory autophagy play important functions in
cellular homeostasis and cell survival. Degradative autophagy targets cytoplasmic material for lysosomal
degradation, resulting in provision of nutrients necessary for cell growth and survival and elimination of
pathogens from the cytoplasm. Secretory autophagy results in release of cytoplasmic cargo into the
extracellular environment, and has been implicated in release of inflammatory output and viral
dissemination.

Molecular regulation of Autophagy

The process of degradative autophagy can be divided into a series of contiguous and tightly
controlled steps: i) initiation, ii) nucleation, iii) elongation, iv) maturation and closure, v)
fusion with lysosome to form autolysosomes, and vi) cargo degradation [26,27] (Fig. 2).

Initation of the canonical autophagy pathway is regulated by upstream signalling by the
ULK1 complex (composed of host molecules ULK1, FIP200, and ATG13), the mammalian
target of rapamycin (mTOR) complex (mTORC), and 5’ adenosine monophosphate-activated
protein kinase (AMPK). Both mTOR and AMPK regulate autophagy induction through
coordinated ULK1 phosphorylation, resulting in either mTOR-dependent ULK1 inactivation
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or AMPK-dependent ULK1 activation [26,28]. As a result, mTOR and AMPK respectively
prevent or promote ULK1-mediated induction of autophagy initiation (Figure 2).
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Fig 2. Autophagy is a tightly controlled host lysosomal degradation pathway. The process of
degradative autophagy can be divided into sequential steps of initiation, nucleation, elongation,
maturation and closure. Thereafter, mature autophagosomes fuse with lysosomes to accomplish
degradation of enclosed material. Host molecules tightly regulate each of these steps.

The ULK1 and Beclinl complexes then cooperate to control the next stage of autophagy,
namely nucleation. The ULK complex phosphorylates Beclinl, which must dissociate from
B-cell lymphoma/leukemia-2 (Bcl-2) in order to associate with ATG14L and the
VSP15/VSP35-containing phosphatidylinositol 3-kinase class Ill (Ptdins3KC3) complex to
trigger the nucleation of autophagosomes [26,29,30]. Formation of the Beclin1-PtdIns3KC3-
ATG14L complex occurs at intracellular membranes that can function as phagophore
assembly sites, such as endoplasmic reticulum membranes, lipid droplets, the nucleus, or
the Golgi[31-33]. WD-repeat domain phosphoinositide-interacting (WIPI) proteins,
together with ATG9 and ATG2, can then bind PtdIns3KC3 and induce rearrangements of
existing membranes to allow for autophagosome formation [34,35] (Figure 2).

The following two steps of autophagosome formation, namely elongation and closure, are
directed by the ATG conjugation system [34]. Here, the ATG12-ATG5-ATG16L1 complex is
recruited to the pre-autophagosomal structure, and via interactions with ATG3 and ATG7,
promotes conjugation of cytosolic LC3-I to phosphatidylethanolamine (PE), thereby
converting free LC3-l to the membrane-bound LC3-II [36—39]. This lipidated form of LC3,
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termed LC3-Il, is widely accepted as a canonical marker for autophagosomes and is
implicated in the control of autophagosome elongation and closure steps, as well as being
essential for the recruitment of cargo to autophagosomes during selective autophagy
processes [4,40,41].

Selective autophagy is a process by which cargo is recruited to the autophagosome via
specific autophagy receptors such as p62, NDP52, optineurin, or tripartite motif (TRIM)-
family proteins [28,42]. Such selective autophagy receptors bind to both tagged cargo as
well as membrane-bound LC3-Il to drive sequestration of materials within
autophagosomes. Selective autophagy thus permits the precise targeting of material such
as organelles, protein aggregates, or pathogens, for autophagic degradation [43,44].

Notably, TRIM family proteins are able to execute an even more precise form of selective
autophagy, termed precision autophagy. Precision autophagy can be carried out even in the
absence of cargo ubiquitination, and underlies the ability of TRIM family proteins to act as
both autophagy receptors and directly bind their cognate cargo as well as serve as platforms
for assembly of core autophagy regulators such as ATG16L1, and thereby precisely target
cargo for autophagic destruction [28].

Finally, mature (closed) autophagosomes fuse with lysosomes, forming autolysosomes [6]
(Figure 3). This process is controlled by SNARE and syntaxin proteins, namely SNAP29 and
STX17, that mediate membrane fusion of the two organelles, and is negatively regulated by
host proteins such as BNIP3 [45]. Fusion of autophagosomes with lysosomes permits the
spill over of the acidic, protease-rich lysosomal contents into the autophagosome resulting
in acidification of the autolysosomes lumen and thereby degradation of the sequestered
cargo. Lysosomal acidification is dependent on the V-ATPase lysosomal protein pump, the
function of which can be blocked by treatment with bafilomycin A1, a classical control
molecule used in autophagy assays [46,47]. Bafilomycin Al blocks autophagy flux, i.e. the
degradative activity of autophagy, both by inhibiting V-ATPase functioning and by disrupting
autophagosome-lysosome fusion [46,47] (Figure 3).

Secretory autophagy: An alternative fate for autophagy vesicles
Recent research has identified a novel and alternative fate for material sequestered within

autophagosomes was discovered: rather than targeting cytosolic cargo for degradation,
secretory autophagy contrastingly results in the extracellular release of intracellular
material such as IL-1B [9-11] and lysozyme [12] (Figure 1). In the case of autophagy-
dependent extracellular release of a subset of unconventionally secreted leaderless
cytosolic proteins such as IL-1f3, cargo is sequestered into LC3-ll-positive autophagosomal
membranes by a system of proteins including tripartite motif-containing 16 (TRIM16) and
R-SNAP receptor (SNARE) Sec22B [11]. Plasma membrane syntaxins and synaptosomal-
associated proteins (SNAPs) then facilitate the fusion of the cytoplasmic autophagosome
with the plasma membrane, leading to cargo release [11] (Figure 4). Studies of
unconventional secretion of fatty acid binding protein 4 (FAB4) and mucin (MUC5AC) by
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human cells have further demonstrated that early autophagic genes including ULK1/2,
FIP200, and Beclin 1, as well as ATG5 and ATG16L1 contribute to secretory autophagy [48—
50]. Key studies have also highlighted a role for the membrane trafficking protein Rab8 in
directing autophagy vesicles carrying leaderless peptides destined for secretion towards the
plasma membrane [12,48,51].

Lysosome

Autophagosome

'é ———————— Autolysosome

BNIP3 )
Vi
\Q}//

Fig 3. Autophagosome-lysosome fusion is regulated by host SNARE and syntaxin proteins. The
host syntaxin molecule STX17 associates with lysosomal VAMPS, via adaptor molecule SNAP29, to
promote fusion of autophagosomal and lysosomal membranes. BNIP3 is a host regulatory molecule
that competes with SNAP29 binding to STX17, thereby blocking the association of STX17 and
VAMP8 and negatively regulating autophagy flux. Autophagy flux can also be inhibited by exposure
to bafilomycin Al, an exogenous molecule that inhibits both V-ATPase function and
autophagosome-lysosome fusion.
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Recent reports have underlined the crosstalk between autophagy mechanisms and
extracellular vesicle (EV) biogenesis as reviewed in [52,53]. EVs exert their biological
functions by promoting intercellular communication to both neighbouring and to distal cells
during immune responses by delivering a wide range of cargo including nucleic acids and

metabolites, and have been implicated in the pathogenesis of a wide range of diseases
including cancer, neurodegenerative diseases, and infectious diseases [52,54—62]. Previous
studies have demonstrated the presence of extracellular vesicles co-expressing LC3
together with canonical EV markers CD9 or CD63 [58,63]. Recently, a subset of EVs derived
from human cancer cell lines were also demonstrated to enclose autophagy receptor p62
[56]. In addition, LC3, together with ATG7 and ATG12, components of the ATG conjugation
machinery responsible for LC3 lipidation, has been demonstrated to facilitate EV loading
with RNA and RNA-binding proteins [63]. In addition, LC3 alongside ATG5, ATG7, ATG12,
and ATG16L1 have been shown to promote secretion of EVs and in particular exosomes, a
sub-population of small EVs that are released following fusion of intracellular multivesicular
bodies (MVBs) with the plasma membrane [63,64]. Similarly, studies in mouse embryonic
fibroblasts and the human HEK293T cell line demonstrated that ATG12 and ATG3 regulate
late endosome trafficking and exosome biogenesis via interactions with the well-

established exosome marker ALG-2-interacting protein X (ALIX; also known as PDCD6IP)
[65,66].

 STX3/4 g

SNAP23/29 i

Autophagosome Cargo release

Fig 4. Secretory autophagy facilitates unconventional secretion of autophagosome-targeted leaderless
peptides such as IL-1B into the extracellular milieu. Leaderless peptides destined for autophagy-mediated
secretion — the best studied of which is IL-1B — are targeted to nascent LC3-studded autophagosome
membranes in a TRIM16/Sec22b-dependent mechanism. Plasma membrane-bound SNAPs 23 and 29, and
syntaxins 3 and 4 then facilitate fusion of autophagosome membranes with the plasma membrane,
resulting in release of cargo into the extracellular matrix.
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Although seminal papers have elucidated mechanisms of secretory autophagy machinery
during sterile inflammation [9,11,51] or bacterial infection [12], and shed light on the
autophagy proteins that facilitate secretion of autophagy-associated EVs in the absence of
intracellular pathogens [56,63,64], the mechanisms of secretory autophagy and
characterization of extracellular autophagy vesicles in the context of human viral diseases
and virus dissemination remains understudied.

Il. Human Viral Infectious Diseases

Many different viruses of contemporary pandemic and epidemic importance, including
amongst others HIV-1, SARS-CoV-2, and dengue virus, have evolved to circumvent or hijack
host autophagy. In order to lay the foundation for the development of future antiviral
therapeutics, it is relevant to understand the many ways in which these viruses engage in
an intimate interplay with host autophagy pathways and vesicles — a pursuit which begins
with an understanding of not only autophagy but also of the viruses themselves.

HIV-1

In 1983, only two years after the first diagnosis of acquired immunodeficiency syndrome
(AIDS), the Montagnier group at the Pasteur Institute in Paris isolated HIV-1 from T cells
derived from a patient lymph node biopsy [67]. The isolate was identified as a retrovirus
similar to the recently discovered human T-cell leukemia viruses (HTLV), and the study
further demonstrated that T cells were a primary target of the newly discovered virus —
findings that would later earn group leader Luc Montagnier and lead author Frangoise
Barré-Sinoussi the 2008 Nobel Prize in physiology or medicine to. Shortly thereafter, in
1984, the causal link between AIDS and HIV-1 was further strengthened by the group of
Robert Gallo at the USA National Cancer Institute in the USA [68].

Presently, HIV-1 continues to be a major global health concern, with an estimated 38.4
million people living with HIV (PLWH) as of 2021, including 1.5 million newly infected that
year alone [69]. HIV-1 transmission primarily occurs across mucosal tissues including vaginal
tissue and intestinal tissue, via hetero- or homosexual contact or during mother-to-child
transmission [70-73]. At epithelial tissues — both vaginal and gut epithelia — HIV-1 virions
encounter not only CD4+ T cells, their primary target cells, but also dendritic cell (DC)
subsets and macrophages. Seminal studies have demonstrated that DCs expressing the C-
type lectin surface receptors DC-SIGN or Siglec 1 are used as Trojan horses by HIV-1 in order
to promote HIV-1 transport to lymphatic tissue, where the virus is efficiently transmitted to
CD4+ T cells [20,21,74-77]. Additionally, EVs derived from infected cells have been
demonstrated to promote infection of human lymphoid tissue and CD4+ T cells, and to carry
HIV-1 Env and Nef [59,62,78,79]. Several studies have also indicated that EVs released
during HIV-1 infection have pro-inflammatory characteristics, as reviewed in [59],
suggesting that EVs play a role in establishment and maintenance of the chronic
inflammation and immune activation that is characteristic of HIV-1 infection [59].
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As well as functioning as a primary entry site, the gastrointestinal tract — and in particular
gut associated lymphoid tissue (GALT) — can also act as an important HIV-1 reservoir
wherein residual viral replication occurs even under antiretroviral therapy (ART) [80-82].
There are several possible pathways by which HIV-1 may transmit across human intestinal

mucosal barrier tissues, the cells of which it does not productively infect, in order to reach
target cells within lymphoid tissue. The three leading hypotheses are: (1) the occurrence of
damage to gut epithelial tissue, permitting HIV-1 access to subepithelial CD4+ T cells and
DCs, (2) direct HIV-1 sampling by subepithelial DCs or (3) traversing of HIV-1 across gut
epithelial barrier [83]. In actuality, several or all of these transmission mechanisms may
simultaneously occur.

Since the identification of HIV-1 in the 1980s, remarkable process has been made in the
development of ART. Therapeutic combination antiretroviral therapy (cART) is highly
effective and has transformed the lives of PLWH by prolonging both quality of life and life
expectancy, as well as decreasing viral burden and thereby likelihood of transmission. In
addition, pre-exposure prophylaxis (PrEP) therapy represents an excellent preventative
measure against HIV-1 infection of mucosal DCs and T cells. However, cART is not a cure,
and even treated HIV-1 patients experience severe comorbidities and residual viral
replication within reservoirs such as GALT [80,81,84,85]. Furthermore, recent studies
suggest that local inflammation may undermine the efficacy of PrEP [86,87]. Thus, the battle
against HIV-1 is by no means over, and novel therapeutic and prophylactic strategies to
enhance anti-HIV-1 immunity, and limit HIV-1 replication and transmission, are urgently
needed.

Box 1. HIV-1 genome, structure, and replication cycle. The HIV-1 genome includes
multiple open reading frames, three of which encode the Gag, Pol, and Env polyproteins
that are subsequently cleaved into individual proteins [125,156]. In addition to these,
the HIV-1 genome encodes several accessory proteins, some of which are packaged
within viral particles (Vif, Vpr, Nef) and some of which perform gene regulatory
functions (Tat, Rev) or assist in virion assembly (Vpu) [125,156]. Upon meeting a target
cell, HIV-1 first attaches to cell-specific host-receptors such as CD4 and co-receptor
CCR5 (CD4+ T cells); DC-SIGN or Siglecl (DCs); or Langerin (Langerhans cells, LCs)
[20,73,74,77,157]. Following viral fusion with host cell membranes and release of the
viral genome, reverse transcription of the ssRNA HIV-1 genome into DNA occurs within
the cytoplasm. Thereafter, viral DNA can be transported into the nucleus and integrated
into the host genome. Transcription of the provirus is driven under the promoter within
the 5’ long terminal repeat (LTR) to generate genomic-length RNA molecules for
transport to the cytoplasm, where they undergo translation or packaging. The
immature virion then begins to bud from the cell surface. Proteolytic cleavage of the
Gag polyprotein results in maturation of the budding virion to produce a virus particle
that can go on to enter and replicate in a new host cell [156,158].




Chapter 1 | 14

HIV-1 genome

HIV-1 virion

pol
PR (protease)

RT (reverse transcriptase)

IN (integrase)

vif, vpr, vpu, nef

Host cell receptors
N

4
Langerin Siglec 1DC-SIGN

Viral RNA

SU (surface, GP120)
TM (transmembrane, GP41)

gag
MA (matrix)
NC (nucleocapsid)
CA (capsid, p24)

@ Release &

Maturation

k@ Reverse transcription

YRR I
Viral DNA “ ‘ \

\
\




Chapter 1 | 15
SARS-CoV-2

Since December 2019, when the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) was first isolated in Wuhan, China, SARS-CoV-2 has taken the world by storm. As
with the SARS variant, which caused the 2003 coronavirus outbreak, patients infected with
SARS-CoV-2 typically present with respiratory symptoms that could progress to severe and
life-threatening respiratory pathology [88-90]. Early on, this observation pinpointed
respiratory epithelial cells as the most likely primary target cells of SARS-COV-2, and indeed
SARS-CoV-2 was soon found to readily transmit via exposure to virus-containing respiratory
fluids [89,91]. However, although COVID-19, the disease caused by SARS-CoV-2, was first
characterized as primarily a respiratory infection, it is now understood to be a multi-organ
disease that causes not only respiratory distress and failure, but also a wide range of
extrapulmonary symptoms including neurological complications [92,93] and
gastrointestinal manifestations [94,95].

Like respiratory epithelial cells, intestinal epithelial cells express the SARS-CoV-2 host cell
receptor angiotensin converting enzyme 2 (ACE-2) and are productively infected with the
virus [96,97]. By 2020, several laboratories had already reported viral RNA and infectious
SARS-CoV-2 virus in the stool of infected patients [94,98] as well as in wastewater [99,100].
Presently, gastrointestinal symptoms are understood to be not only a symptom of acute
infection of SARS-CoV-2 [101], but also a clinical manifestation of so-called “long COVID”,
i.e. debilitating disease with persistent residual health problems that approximately 10% of
patients experience following acute infection with SARS-CoV-2 [95,102,103]. In addition,
SARS-CoV-2 RNA and nucleocapsid (N) protein have been detected in the gastrointestinal
tract up several months after the onset of acute COVID-19 symptoms [104,105], suggesting
that as in the case of HIV-1 [80,106], the gut may act as a viral reservoir during SARS-CoV-2
infection. Gut dysbiosis, i.e. a disruption of the normal gut microbiota composition, has also
been associated with post-acute and long-COVID [107,108]. Taken together, these findings
underline potentially important roles for the gastrointestinal tract not only in SARS-CoV-2
transmission, but also in the pathogenesis of long COVID syndrome. Despite these
developments, there remains a dearth of research examining the pathogenesis of and host
immune response to intestinal SARS-CoV-2 infection and persistence.
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Box 2. SARS-CoV-2 genome, structure, and replication cycle. The SARS-CoV-2 +ssRNA
genome encodes four structural proteins, namely spike (S), envelope (E), membrane (M),
and nucleocapsid (N), as well as two open reading frames that can be translated into two
replicase polyproteins termed ppla and pplab [89,159]. Together, these polyproteins
proteins encode 16 nonstructural proteins, which combine to form complexes that
orchestrate viral replication. SARS-CoV-2 is capable of entering target cells via either
angiotensin converting enzyme 2 (ACE2)/transmembrane serine protease 2 (TMPRSS2)
route or via an endosomal route [139][140,141]. The former receptor-mediated entry
route relies on attachment to ACE2 followed by cleavage of the viral S protein by the host
cell protease TMPRSS2 in order to reveal and prime the S protein fusion loop. The latter
endosomal entry route relies on activation of the S fusion loop by endosomal cathepsins
and an acidic intravesicular environment, to drive viral fusion with host membranes. Both
routes result in release of the viral genome, after which translation and processing of the
viral polyproteins occurs within the cytoplasm [89,159]. Thereafter, synthesis of the viral
genome, as well as subgenomic viral RNA encoding viral structural and accessory proteins,
occurs within virus-induced double-membrane vesicles (DMVs) and via a dsRNA
intermediate [89,159]. Assembly of new virions is accomplished by the coating of genomic
RNA with nucleocapsid proteins and budding into the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC), after which egress is accomplished by trafficking
within de-acidified lysosomes, rather than the conventional secretory pathway [136].

In regards to producing safe and effective vaccines, however, the scientific community
moved rapidly. The near-immediate, highly collaborative, and international scientific
response to the COVID-19 pandemic rapidly produced efficacious vaccines that are now the
cornerstone of the SARS-CoV-2 public health strategy. However, a steadily emerging parade
of variants of concern (VOCs) that evade humoral responses [109-111] and are less
susceptible to clinically-approved monoclonal antibody treatments [112] have challenged
their effectiveness. Furthermore, the impact of vaccination, as well as re-infection, on the
incidence and severity of long COVID remains unclear [103]. Therefore, additional research
into novel preventative and post-infection therapies that are not only protective against
currently circulating variants, but will remain efficacious as future VOCs emerge, is highly
pertinent.

Dengue virus

It is difficult to pinpoint dengue virus (DENV) as the causative agent of illness in historical
records since the majority of cases are asymptomatic, with only 20% of patients
demonstrating symptoms that range widely from a flu-like iliness to potentially lethal severe
dengue [113,114]. However, it is clear that by the 1700s dengue virus had been introduced
to the Americas, and that sporadic outbreaks have occurred since then [114]. As of 2023,
dengue virus is considered endemic in over 100 countries and approximately half of the



Chapter 1 | 18

world’s population is at risk for infection [113,115]. Due to its geographic spread, as well as
the increasing frequency and magnitude of reported outbreaks, dengue virus is now
classified as a major public health concern by the World Health Organization [113,115].

Dengue virus is a vector borne flavivirus, of which there are four serotypes enumerated
DENV-1 through DENV-4, and is primarily transmitted to humans by infected female Ades
aegypti or Aedes albopictus mosquitos [113,116,117]. When a mosquito feeds on a DENV-
infected human, the virus is ejected from the mosquito’s salivary glands through the
epidermis and into the dermis of its new human host [116,118]. There, DENV meets multiple
different initial target cells residing within human skin, including dermal DCs and
macrophages [118]. In addition, it has been demonstrated in mice models that recruitment
of monocytes to the local infection site, followed by differentiation of these skin-infiltrating
monocytes into DCs, is exploited by DENV in that this immune cell recruitment provides an
influx of new target cells at the site of the inoculum [119]. Thereafter, dengue virus
disseminates to infect additional target cells, including endothelial cells, the infection of
which likely plays an important role in the pathogenesis of severe dengue [120].
Additionally, both mosquito cell-derived EVs and human immune cell-derived EVs have
been implicated in dengue virus transmission and dissemination [117,121,122]. Notably, a
recent study found that DENV antigens, infectious DENV RNA, together with lipid droplets,
was present in secretory autophagy vesicles released by human Huh-7 cells lines, indicating,

Box 3. Dengue virus genome, structure, and replication cycle. The Dengue virus +ssRNA
genome encodes a capsid protein (C), two envelope proteins (E and prM), and several
non-structural (NS) proteins that orchestrate viral replication. Detection of NS proteins
thereby indicates productive infection and active replication. Flaviviridae, including
dengue virus, enter host cells via receptor-mediated endocytosis and rely on
acidification of endosomes by fusion with lysosomes to trigger viral envelope fusion and
subsequent uncoating of the genome [160,161]. The acidification of vesicles triggers
conformational changes in the E protein to expose a fusion loop which drives release of
the nucleocapsid into the cytoplasm. Viral RNA is then trafficked to the endoplasmic
reticulum (ER), where replication of the virus occurs within highly organized cytoplasmic
viral replication factories, with the viral genome acting as mRNA for direct translation of
the viral polyprotein [160,161]. The polyprotein is processed by both host and viral
proteases, and once the viral replication complex forms, replication of the viral RNA
genome is accomplished via a dsRNA intermediate [162]. To support viral replication,
dengue virus triggers extensive reorganization of host membranes. Both the ER and lipid
droplets are used as assembly platforms for progeny virions, after which viruses bud
into the ER lumen and mature — a process driven by furin cleavage of the viral prM
protein —as they are transported through the host canonical ER-Golgi secretory pathway
towards the cell surface for viral release [162].
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for the first time, secretory autophagy as a potential mechanism for DENV transmission by
human cell lines [122].

For many years, the Aedes aegypti mosquito eradication initiative was the cornerstone of
the anti-DENV public health response [114]. Recently, however, great progress has been
made in prevention of dengue virus, namely in the production of two preventative live
attenuated vaccines, namely Dengvaxia® (CYD-TDV, Sanofi Pasteur), and Qdenga (Takeda)
[115,123,124]. However, we still lack specific antiviral therapies to manage infections in
unvaccinated patients or in patients for whom vaccination raises insufficient immune
protection. Currently, the non-specific approach of fluid management remains the
foundation of post-infection care [113,123]. Considering the extraordinary rise in incidence
of dengue-associated disease over the last fifty years [113,115], it is imperative to develop
novel antiviral therapies to protect the global population at risk for dengue virus infection.
Acquiring deeper and broader understanding of the mechanisms underlying the
establishment of dengue virus entry, replication, and dissemination in human cells is a first
step on the path towards development of therapeutic antivirals.

lll. Autophagy-Virus interplay
HIV-1 restriction by autophagy

HIV-1 has a complex relationship with autophagy, as demonstrated with the extensive
interplay between HIV-1 structural and accessory proteins with different stages in the host
autophagy pathway, and across a variety of different host cell types from glial cells and
neurons to CD4+ T cells and DC subsets [125]. As the HIV-1 capsid is recognizable by
autophagy receptors [20,21,126,127], the virus has evolved multiple and overlapping
strategies to avoid being targeted to autophagy for degradation, and in both DCs and
macrophages HIV-1 actively blocks autophagy initiation as reviewed in [21,125].

As always in science, we must stand on the shoulders of the giants who came before us. The
origins of my own research line lie in Dr. Carla Ribeiro’s discovery that TRIM5a, a member
of the TRIM protein family, is able to act as a precision autophagy receptor for HIV-1, and
can restrict HIV-1 infection in Langerhans cells (LCs), a subset of DCs, via autophagy [20].
Upon sensing of the HIV-1 capsid, TRIM5a facilitates autophagosome formation and
targeting of HIV-1 components into degradative autophagosomes in LCs, in complex with
key autophagy regulators ATG16L1 and ATG5 [20]. Thus, direct recognition and selective
targeting of HIV-1 capsid by TRIM5a ultimately results in inhibition of HIV-1 infection and
transmission [20]. Indeed, TRIM5a can act as a so-called TRIMosome, functioning both as
HIV-1-targeting autophagy receptor and as a platform for the assembly of autophagy-
orchestrating molecules, thereby driving human cell-specific restriction of HIV-1 [20,21,28].
This finding represented a change in the dogma regarding HIV-1 restriction — formerly it had
been believed that while old world monkey immune cells could accomplish proteasome-
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mediated HIV-1 restriction via a TRIM5a-driven mechanism [127,128], human TRIM5a was
ineffective against HIV-1. Now, accumulating evidence from our own and others’ follow-up
studies has confirmed the HIV-1 restrictive action of human TRIM5a, and indicates that the
antiviral functioning of human TRIM5a in regards to HIV-1 is cell-specific, and is dictated by
the host cell surface receptor that HIV-1 utilizes for entry alongside the subcellular
localization of TRIM5a [20].

Hijacking of autophagy by coronaviruses and flaviviruses

HIV-1 is by no means the only epidemic virus that interacts with host autophagy during its
replication cycle. It is well established that positive-sense single-stranded RNA viruses -
including members of the Flaviviridae and Coronavirus viral families, both of which
encompass viruses that have become highly societally relevant in recent years - extensively
manipulate host autophagy during their replication cycles.

The leading theory regarding the role of autophagy in the pathogenesis of two closely
related, mosquito-transmitted flaviviruses, Dengue virus (DENV) and Zika virus (ZIKV), has
primarily centered around lipophagy, or the autophagic degradation of lipid droplets
[129,130]. Lipophagy is responsible for the release of free fatty acids for the purposes of
energy mobilization, quality control of LD-targeted proteins and lipid homeostasis [131].
During DENV or ZIKV infection, initial upregulation of LD biogenesis is followed by lipophagy
induction, resulting in increased release of fatty acids that undergo B-oxidation in the
mitochondria, thereby liberating energy for viral replication and assembly [129,130,132].
However, contemporary data suggests that autophagy has a more multifactorial role during
flavivirus infections than was previously suspected. Notably, a recent study found that DENV
antigens, infectious DENV RNA, and lipid droplets were present in secreted LC3+ EVs
released by the human Huh-7 cell line, indicating for the first time that autophagy-
associated vesicles could be a potential mechanism for extracellular transport of DENV
components [122]. Interestingly, there are indications that the closely related flavivirus ZIKV
may also use autophagy pathways during transmission through the placental barrier from
mother to child [133]. Taken together, these findings suggest that although DENV may
initially upregulate lipophagy to generate ATP, subsequently in the viral lifecycle the virus
may specifically upregulate and hijack autophagy pathways for viral dissemination.

Likewise, coronaviruses are able to extensively manipulate autophagy pathways throughout
their life cycle [134-138]. Notably, SARS-CoV-2 was recently demonstrated to hijack de-
acidified lysosomes for its own egress [136]. In addition, autophagy machinery has been
implicated in the cellular entry of SARS-CoV-2. While early SARS-COV-2 variants primarily
use the classical ACE2/TMPRSS2-driven cell-surface entry route, subsequent variants of
concern evolved to also utilize an alternative endosomal virus entry route that intersects
with autophagy mechanisms. The endosomal virus entry route relies on an acidic
intravesicular environment and cleavage by cathepsins to drive fusion with host
intracellular membranes and thereafter permit viral escape into the cytoplasm [110,139—
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142]. Thus, complex interconnections and interplay between SARS-CoV-2 and autophagy
mechanisms exist across the entirety of the viral replication cycle.

IV Autophagy-modulating therapeutics

Autophagy-based therapies have been developed and approved for a variety of diseases
spanning from cancer to transplantation to neuroinflammation [143-149], illustrating their
broad applicability and acceptable safety. In the case of viruses, host-directed antivirals,
including as those targeting autophagy, have a clear advantage as opposed to direct-acting
antivirals. While direct-acting antivirals directly target virus components essential for
replication, host-directed therapies tweak our own immune responses, resulting in not only
a high barrier to antiviral resistance development but also the potential to be broadly active
across different emerging viral strains, or even against viruses belonging to different
families [135,150-155]. In this regard, there exists a marked therapeutic potential for
targeting autophagy machinery either to boost autophagy-mediated degradation and
enhanced clearance of invading viruses sequestered within autophagosomes, or to block
acidification of autophagosomes in order to limit exploitation of autophagy for the purpose
of viral entry or replication (Figure 5).

Release of
" A viral genome
Viral fusion J

Autophagosome

Lysosome

Autophagosome
& lysosome fusion

Virus degradation

Fig 5. Potential for host-directed autophagy-targeting antiviral therapeutics. Pharmaceutically
blocking acidification of intracellular (autophagy) vesicles holds potential to limit exploitation of this
acidification for viruses for escape into the host cytoplasm. Alternatively, boosting autophagy flux
using autophagy-enhancing drugs holds potential to divert intracellular viral pathogens for autophagy-
mediated clearance and limit viral dissemination.
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V. Thesis outline

The use of host-directed, autophagy-targeting therapies may be a pertinent strategy for
treatment of a wide range of currently epidemic and pandemic viruses. Host-directed
therapy holds great potential for not only its efficacy for intervening in viral replication, but
also in that it limits the likelihood for the development of viral resistance mutations.

In this thesis, we have aimed to elucidate the autophagy molecular machinery that viruses
use or misuse during their life cycles, and furthermore to translate this knowledge into
investigations of autophagy-targeting drugs which hold promise for intervening in viral
entry or ongoing replication.

In Chapter 2 of this thesis, we provide a summary of current research on TRIM5a. Herein,
we propose a novel conceptualisation of human TRIM5a as a cell-specific HIV-1 restriction
factor that exerts antiviral functions including sensing incoming virus components, directing
antiviral signalling, and orchestrating autophagy-mediated HIV-1 degradation in different
target cells. Next, Chapter 3 presents our advanced ex vivo human skin model for the first
time. Using this model, as well as vaginal and gut tissue experimental models, we
demonstrate that clinically-approved autophagy-modulating pharmaceuticals are not only
able to block HIV-1 entry, but can also suppress ongoing replication in multiple relevant
tissue-derived immune cell types. In particular, we highlight the prophylactic and
therapeutic potential for repurposed autophagy-enhancing drugs to suppress HIV-1
infection in tissue-derived DC subsets and CD4* T cells. With COVID-19 pandemic came
Chapter 4, in which we utilized a human 2D intestinal epithelial monolayer model to
perform pre-clinical drug screening against SARS-CoV-2. This model, which mimics in vivo
gut epithelial architecture, permitted investigation of antiviral immune mechanisms on
intestinal SARS-CoV-2 transmission as well as virus-induced gut barrier dysfunction.
Excitingly, we highlight that berbamine dihydrochloride (BBM), an autophagy-blocking
molecule derived from traditional Chinese medicinal herbs utilised for their anti-tumour
properties, displayed pan-SARS-CoV-2 antiviral activity with nanomolar potency via a BNIP3-
dependent mechanism, and could both suppress intestinal SARS-CoV-2 infection and SARS-
CoV-2-mediated disruption to intestinal epithelial integrity. In Chapter 5, we build upon the
research presented in Chapters 3 and 4, and present a unique human-relevant model
incorporating epithelial tissue and the immune cell compartment for studying mechanisms
underlying HIV-1 transmission across the human intestine. Using this primary human 2D
gut-epithelial DC co-culture organoid model, we probed the mechanisms underlying HIV-1
invasion of the intestinal mucosa, and uncovered an LBPA-dependent transcellular pathway
by which HIV-1 traverses intestinal epithelial cells to access basolateral target cells. In
Chapter 6, we investigated the molecular mechanisms underlying DENV replication in
primary human DCs, and found that DENV concomitantly exploits the early stages of
autophagy and institutes a block in the late stages of autophagy to promote viral replication.
We observed that DENV components are targeted into LC3+ autophagosomes, and that
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increased autophagosome formation is associated with higher rates of DENV infection in
DCs. Finally, we delved into the role of secretory pathways in DENV dissemination by DCs,
and confirmed that DC-derived EVs facilitate dengue virus dissemination, and that primary
human DCs release EVs that co-express LC3 alongside classical EV markers. In Chapter 7, we
discuss the pro- and antiviral roles and cell-specific functioning of autophagy pathways, with
a particular focus on immune cells and intestinal epithelial cells. We additionally consider
intersections of autophagy with other intracellular and extracellular vesicular pathways.
Finally, we discuss the potential for innovative host-directed antivirals that target
autophagy machinery to combat epidemic, pandemic, emerging and re-emerging human
viral infectious diseases, and highlight the role that animal-free, human-relevant models can
play in such drug development.



Chapter 1 | 25

Acknowledgments: Figures were constructed using BioRender.com. Dr Carla Ribeiro and Dr
Renée Schreurs provided dedicated supervision and valuable input during the construction
of this chapter.




Chapter 1 | 26

References

[1]
(2]

(3]
(4]

(5]
(6]

(7]

(8]
(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Mizushima N. A brief history of autophagy from cell biology to physiology and disease. Nat
Cell Biol. Nature Publishing Group; 2018. p. 521-527.

Choi AMK, Ryter SW, Levine B. Autophagy in human health and disease. New England
Journal of Medicine [Internet]. 2013;368:651-662. Available from:
http://www.nejm.org/doi/10.1056/NEJMra1205406.

Haq S, Grondin J, Banskota S, et al. Autophagy: roles in intestinal mucosal homeostasis and
inflammation. J Biomed Sci. 2019;26:19.

Tanida I, Ueno T, Kominami E. LC3 and Autophagy. In: Deretic V, editor. Autophagosome
and Phagosome [Internet]. Totowa, NJ: Humana Press; 2008. p. 77-88. Available from:
https://doi.org/10.1007/978-1-59745-157-4_4.

Mizushima N, Ohsumi Y, Yoshimori T. Autophagosome Formation in Mammalian Cells. Cell
Struct Funct. 2002;27:421-429.

Klionsky DJ, Eskelinen EL, Deretic V. Autophagosomes, phagosomes, autolysosomes,
phagolysosomes, autophagolysosomes... Wait, I'm confused. Autophagy [Internet].
2014;10:549-551. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/24657946%0Ahttp://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=PMC4091142.

Deretic V, Saitoh T, Akira S. Autophagy in infection, inflammation and immunity. Nat Rev
Immunol [Internet]. 2013;13:722—737. Available from:
https://europepmc.org/articles/PMC5340150.

Kaur J, Debnath J. Autophagy at the crossroads of catabolism and anabolism. Nat Rev Mol
Cell Biol [Internet]. 2015;16:461-472. Available from: https://doi.org/10.1038/nrm4024.
Dupont N, Jiang S, Pilli M, et al. Autophagy-based unconventional secretory pathway for
extracellular delivery of IL-1B. EMBO J [Internet]. 2011;30:4701-4711. Available from:
http://dx.doi.org/10.1038/emb0j.2011.398.

Kimura T, Jia J, Claude-taupin A, et al. Cellular and molecular mechanism for secretory
autophagy. Autophagy [Internet]. 2017;13:1084-1085. Available from:
https://doi.org/10.1080/15548627.2017.1307486.

Kimura T, Jia J, Kumar S, et al. Dedicated SNAREs and specialized TRIM cargo receptors
mediate secretory autophagy. EMBO Journal. 2017;36:42-60.

Delorme-Axford E, Klionsky DJ. Secretory autophagy holds the key to lysozyme secretion
during bacterial infection of the intestine. Autophagy [Internet]. 2018;8627:1-3. Available
from: https://doi.org/10.1080/15548627.2017.1401425.

Patel KK, Miyoshi H, Beatty WL, et al. Autophagy proteins control goblet cell function by
potentiating reactive oxygen species production. EMBO J. 2013;32:3130-3144.

Nighot PK, Hu C-AA, Ma TY. Autophagy Enhances Intestinal Epithelial Tight Junction Barrier
Function by Targeting Claudin-2 Protein Degradation. Journal of Biological Chemistry.
2015;290:7234-7246.

Yang, Li W, Sun Y, et al. Amino acid deprivation disrupts barrier function and induces
protective autophagy in intestinal porcine epithelial cells. Amino Acids. 2015;47:2177—-
2184.

Hampe J, Franke A, Rosenstiel P, et al. A genome-wide association scan of nonsynonymous
SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. Nat Genet.
2007;39:207-211.

Ahmad L, Mostowy S, Sancho-Shimizu V. Autophagy-Virus Interplay: From Cell Biology to
Human Disease. Front Cell Dev Biol [Internet]. 2018;6. Available from:
https://www.frontiersin.org/articles/10.3389/fcell.2018.00155.

Thurston TLM, Wandel MP, von Muhlinen N, et al. Galectin 8 targets damaged vesicles for
autophagy to defend cells against bacterial invasion. Nature. 2012;482:414-418.



(19]
(20]
(21]
(22]

(23]

(24]

(25]

(26]
(27]
(28]
(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Chapter 1 | 27

Lennemann NJ, Coyne CB. Catch me if you can: The link between autophagy and viruses.
PLoS Pathog. 2015;11:1-6.

Ribeiro CMS, Sarrami-Forooshani R, Setiawan LC, et al. Receptor usage dictates HIV-1
restriction by human TRIM5a in dendritic cell subsets. Nature. 2016;540:448-452.
Cloherty APM, Rader AG, Compeer B, et al. Human TRIM5a: Autophagy connects cell-
intrinsic HIV-1 restriction and innate immune sensor functioning. Viruses. MDPI; 2021.
Zhang Y, Sun H, Pei R, et al. The SARS-CoV-2 protein ORF3a inhibits fusion of
autophagosomes with lysosomes. Cell Discov. 2021;7.

Metz P, Chiramel A, Chatel-Chaix L, et al. Dengue virus inhibition of autophagic flux and
dependency of viral replication on proteasomal degradation of the autophagy receptor
p62.J Virol. 2015;89:8026-8041.

Klein KA, Jackson WT. Picornavirus subversion of the autophagy pathway. Viruses. 2011. p.
1549-1561.

Reggiori F, Monastyrska I, Verheije MH, et al. Coronaviruses Hijack the LC3-I-Positive
EDEMosomes, ER-Derived Vesicles Exporting Short-Lived ERAD Regulators, for Replication.
Cell Host Microbe. 2010;7:500-508.

Menon MB, Dhamija S. Beclin 1 phosphorylation - at the center of autophagy regulation.
Front Cell Dev Biol. Frontiers Media S.A.; 2018.

Levine B, Deretic V. Unveiling the roles of autophagy in innate and adaptive immunity. Nat
Rev Immunol. 2007. p. 767-777.

Mandell MA, Jain A, Arko-Mensah J, et al. TRIM Proteins Regulate Autophagy and Can
Target Autophagic Substrates by Direct Recognition. Dev Cell. 2014;30:394-409.

Meijer AJ, Klionsky DJ. Vps34 is a phosphatidylinositol 3-kinase, not a phosphoinositide 3-
kinase. Autophagy. Taylor and Francis Inc.; 2011. p. 563-564.

lershov A, Nemazanyy |, Alkhoury C, et al. The class 3 PI3K coordinates autophagy and
mitochondrial lipid catabolism by controlling nuclear receptor PPARa. Nat Commun
[Internet]. 2019;10:1566. Available from: https://doi.org/10.1038/s41467-019-09598-9.
Biazik J, Yla-Anttila P, Vihinen H, et al. Ultrastructural relationship of the phagophore with
surrounding organelles. Autophagy [Internet]. 2015;11:439-451. Available from:
https://doi.org/10.1080/15548627.2015.1017178.

Lamb CA, Yoshimori T, Tooze SA. The autophagosome: origins unknown, biogenesis
complex. Nat Rev Mol Cell Biol [Internet]. 2013;14:759-774. Available from:
https://doi.org/10.1038/nrm3696.

Deretic V. Autophagosomes and lipid droplets: no longer just chewing the fat. EMBO J
[Internet]. 2015;34:2111-2113. Available from:
https://doi.org/10.15252/emb;j.201592087.

Dooley HC, Razi M, Polson HEJ, et al. WIPI2 links LC3 conjugation with PI3P,
autophagosome formation, and pathogen clearance by recruiting Atg12 — 5-16L1. Mol Cell
[Internet]. 2014;55:238-252. Available from:
http://dx.doi.org/10.1016/j.molcel.2014.05.021.

Puri C, Vicinanza M, Ashkenazi A, et al. The RAB11A-Positive Compartment Is a Primary
Platform for Autophagosome Assembly Mediated by WIPI2 Recognition of PI3P-RAB11A.
Dev Cell [Internet]. 2018;45:114-131.e8. Available from:
https://doi.org/10.1016/j.devcel.2018.03.008.

Walczak M, Martens S. Dissecting the role of the Atg12—Atg5-Atg16 complex during
autophagosome formation. Landes Bioscience. 2013;9:424—-425.

Noda NN, Fujioka Y, Hanada T, et al. Structure of the Atg12-Atg5 conjugate reveals a
platform for stimulating Atg8-PE conjugation. EMBO Rep. 2013;14:206-211.

Hanada T, Noda NN, Satomi Y, et al. The Atg12-Atg5 conjugate has a novel E3-like activity
for protein lipidation in autophagy. Journal of Biological Chemistry. 2007;282:37298—
37302.




Chapter 1 | 28

(39]
(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

Sakoh-Nakatogawa M, Matoba K, Asai E, et al. Atg12 — Atg5 conjugate enhances E2 activity
of Atg3 by rearranging its catalytic site. Nat Struct Mol Biol. 2013;20:433-439.

Melia TJ, Lystad AH, Simonsen A. Autophagosome biogenesis: From membrane growth to
closure. Journal of Cell Biology. Rockefeller University Press; 2020.

Pugsley HR. Quantifying autophagy: Measuring LC3 puncta and autolysosome formation in
cells using multispectral imaging flow cytometry. Methods [Internet]. 2017;112:147-156.
Available from: http://dx.doi.org/10.1016/j.ymeth.2016.05.022.

Stolz A, Ernst A, Dikic I. Cargo recognition and trafficking in selective autophagy. Nat Cell
Biol. Nature Publishing Group; 2014. p. 495-501.

Gomes LC, Dikic I. Autophagy in antimicrobial immunity. Mol Cell [Internet]. 2014;54:224—
233. Available from:
http://www.sciencedirect.com/science/article/pii/51097276514002147.

Stolz A, Ernst A, Dikic I. Cargo recognition and trafficking in selective autophagy. Nat Cell
Biol [Internet]. 2014;16:495-501. Available from: http://dx.doi.org/10.1038/ncb2979.

Fu R, Deng Q, Zhang H, et al. A novel autophagy inhibitor berbamine blocks SNARE-
mediated autophagosome-lysosome fusion through upregulation of BNIP3. Cell Death Dis.
2018;9:243.

Mauvezin C, Neufeld TP. Bafilomycin Al disrupts autophagic flux by inhibiting both V-
ATPase-dependent acidification and Ca-P60A/SERCA-dependent autophagosome-
lysosome fusion. Autophagy [Internet]. 2015;11:1437-1438. Available from:
https://doi.org/10.1080/15548627.2015.1066957.

Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, et al. Guidelines for the use and interpretation of
assays for monitoring autophagy (4th edition). Autophagy. 2021;17:1-382.

Padmanabhan S, Manjithaya R. Facets of Autophagy Based Unconventional Protein
Secretion—The Road Less Traveled. Front Mol Biosci. Frontiers Media S.A.; 2020.
Josephrajan A, Hertzel AV, Bohm EK, et al. Unconventional Secretion of Adipocyte Fatty
Acid Binding Protein 4 Is Mediated By Autophagic Proteins in a Sirtuin-1-Dependent
Manner. Diabetes [Internet]. 2019;68:1767—-1777. Available from:
https://doi.org/10.2337/db18-1367.

Dickinson JD, Alevy Y, Malvin NP, et al. IL13 activates autophagy to regulate secretion in
airway epithelial cells. Autophagy [Internet]. 2016;12:397—-409. Available from:
https://doi.org/10.1080/15548627.2015.1056967.

Ejlerskov P, Rasmussen |, Nielsen TT, et al. Tubulin Polymerization-promoting Protein
(TPPP/p25a) Promotes Unconventional Secretion of a-Synuclein through Exophagy by
Impairing Autophagosome-Lysosome Fusion. Journal of Biological Chemistry [Internet].
2013;288:17313-17335. Available from: https://doi.org/10.1074/jbc.M112.401174.
Salimi L, Akbari A, Jabbari N, et al. Synergies in exosomes and autophagy pathways for
cellular homeostasis and metastasis of tumor cells. Cell Biosci. BioMed Central Ltd.; 2020.
Xu J, Camfield R, Gorski SM. The interplay between exosomes and autophagy — partners in
crime. J Cell Sci [Internet]. 2018;131:jcs215210. Available from:
https://doi.org/10.1242/jcs.215210.

Wei W, PanY, Yang X, et al. The Emerging Role of the Interaction of Extracellular Vesicle
and Autophagy—Novel Insights into Neurological Disorders. J Inflamm Res. Dove Medical
Press Ltd; 2022. p. 3395-3407.

Colletti M, Ceglie D, Di Giannatale A, et al. Autophagy and Exosomes Relationship in
Cancer: Friends or Foes? Front Cell Dev Biol. Frontiers Media S.A.; 2021.

Hanelova K, Raudenska M, Kratochvilova M, et al. Autophagy modulators influence the
content of important signalling molecules in PS-positive extracellular vesicles. Cell
Communication and Signaling. 2023;21.

van der Grein SG, Nolte-'t Hoen ENM. “Small talk” in the innate immune system via RNA-
containing extracellular vesicles. Front Immunol. 2014;5:1-8.



(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]
(70]

(71]

(72]

(73]

(74]

(75]

Chapter 1 | 29

van der Grein SG, Defourny KAY, Rabouw HH, et al. The encephalomyocarditis virus Leader
promotes the release of virions inside extracellular vesicles via the induction of secretory
autophagy. Nat Commun [Internet]. 2022;13:3625. Available from:
https://doi.org/10.1038/s41467-022-31181-y.

Pérez PS, Romaniuk MA, Duette GA, et al. Extracellular vesicles and chronic inflammation
during HIV infection. J Extracell Vesicles [Internet]. 2019;8. Available from:
https://doi.org/10.1080/20013078.2019.1687275.

Nolte-‘t Hoen E, Cremer T, Gallo RC, et al. Extracellular vesicles and viruses: Are they close
relatives? Proceedings of the National Academy of Sciences [Internet]. 2016;113:9155—
9161. Available from: http://www.pnas.org/lookup/doi/10.1073/pnas.1605146113.

Xia B, Pan X, Luo RH, et al. Extracellular vesicles mediate antibody-resistant transmission of
SARS-CoV-2. Cell Discov. 2023;9.

Arakelyan A, Fitzgerald W, Zicari S, et al. Extracellular vesicles carry HIV Env and facilitate
HIV infection of human lymphoid tissue. Sci Rep [Internet]. 2017;7. Available from:
http://dx.doi.org/10.1038/s41598-017-01739-8.

Leidal AM, Huang HH, Marsh T, et al. The LC3-conjugation machinery specifies the loading
of RNA-binding proteins into extracellular vesicles. Nat Cell Biol [Internet]. 2020;22:187—-
199. Available from: https://doi.org/10.1038/s41556-019-0450-y.

Guo H, Chitiprolu M, Roncevic L, et al. Atg5 Disassociates the V1V0-ATPase to Promote
Exosome Production and Tumor Metastasis Independent of Canonical Macroautophagy.
Dev Cell [Internet]. 2017;43:716-730.e7. Available from:
https://doi.org/10.1016/j.devcel.2017.11.018.

Larios J, Mercier V, Roux A, et al. ALIX- and ESCRT-lll-dependent sorting of tetraspanins to
exosomes. Journal of Cell Biology [Internet]. 2020;219. Available from:
https://doi.org/10.1083/jcb.201904113.

Murrow L, Malhotra R, Debnath J. ATG12—-ATG3 interacts with Alix to promote basal
autophagic flux and late endosome function. Nat Cell Biol [Internet]. 2015;17:300-310.
Available from: https://doi.org/10.1038/ncb3112.

Barré-Sinoussi F, Chermann JC, Rey F, et al. Isolation of a T-Lymphotropic Retrovirus from a
Patient at Risk for Acquired Immune Deficiency Syndrome (AIDS). Science (1979)
[Internet)]. 1983;220:868-871. Available from: https://doi.org/10.1126/science.6189183.
Gallo RC, Salahuddin SZ, Popovic M, et al. Frequent Detection and Isolation of Cytopathic
Retroviruses (HTLV-III) from Patients with AIDS and at Risk for AIDS. Science (1979)
[Internet]. 1984;224:500-503. Available from: https://doi.org/10.1126/science.6200936.
UNAIDS. Global HIV & AIDS statistics — Fact sheet. 2021.

Saba E, Grivel J-C, Vanpouille C, et al. HIV-1 sexual transmission: early events of HIV-1
infection of human cervico-vaginal tissue in an optimized ex vivo model. Mucosal Immunol
[Internet]. 2010;3:280-290. Available from: https://doi.org/10.1038/mi.2010.2.

Tugizov SM, Herrera R, Veluppillai P, et al. Differential Transmission of HIV Traversing Fetal
Oral/Intestinal Epithelia and Adult Oral Epithelia. J Virol [Internet]. 2012;86:2556—2570.
Available from: https://doi.org/10.1128/JV1.06578-11.

Tebit DM, Ndembi N, Weinberg A, et al. Mucosal transmission of human
immunodeficiency virus. Curr HIV Res. 2012;10:3-8.

Bunders MJ, van der Loos CM, Klarenbeek PL, et al. Memory CD4(+)CCR5(+) T cells are
abundantly present in the gut of newborn infants to facilitate mother-to-child
transmission of HIV-1. Blood. 2012;120:4383-4390.

Geijtenbeek TBH, Kwon DS, Torensma R, et al. DC-SIGN, a dendritic cell-specific HIV-1-
binding protein that enhances trans-infection of T cells. Cell. 2000;100:587-597.

Hladik F, Sakchalathorn P, Ballweber L, et al. Initial events in establishing vaginal entry and
infection by human immunodeficiency virus type-1. Immunity [Internet]. 2007;26:257—
270. Available from: http://dx.doi.org/10.1016/j.immuni.2007.01.007.




Chapter 1 | 30

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]
(88]

(89]

(90]

(91]

(92]

(93]

Hertoghs N, Geijtenbeek TBH, Ribeiro CMS. Interplay between HIV-1 innate sensing and
restriction in mucosal dendritic cells: balancing defense and viral transmission. Curr Opin
Virol [Internet]. 2017;22:112—-119. Available from:
http://www.sciencedirect.com/science/article/pii/S1879625717300020.

Perez-Zsolt D, Cantero-Pérez J, Erkizia |, et al. Dendritic cells from the cervical mucosa
capture and transfer HIV-1 via Siglec-1. Front Immunol. 2019;10:825.

Okoye |, Xu L, Oyegbami O, et al. Plasma Extracellular Vesicles Enhance HIV-1 Infection of
Activated CD4+ T Cells and Promote the Activation of Latently Infected J-Lat10.6 Cells via
miR-139-5p Transfer. Front Immunol. 2021;12.

Lenassi M, Cagney G, Liao M, et al. HIV Nef is Secreted in Exosomes and Triggers Apoptosis
in Bystander CD4+ T Cells. Traffic [Internet]. 2010;11:110-122. Available from:
https://doi.org/10.1111/j.1600-0854.2009.01006.x.

Moron-Lopez S, Puertas MC, Galvez C, et al. Sensitive quantification of the HIV-1 reservoir
in gut-associated lymphoid tissue. PLoS One. 2017;12:e0175899.

Chun T-W, Nickle DC, Justement JS, et al. Persistence of HIV in gut-associated lymphoid
tissue despite long-term antiretroviral therapy. J Infect Dis [Internet]. 2008;197:714-720.
Available from: https://doi.org/10.1086/527324.

Hatano H, Somsouk M, Sinclair E, et al. Comparison of HIV DNA and RNA in gut-associated
lymphoid tissue of HIV-infected controllers and noncontrollers. Aids. 2013;27:2255-2260.
Cavarelli M, Foglieni C, Rescigno M, et al. R5 HIV-1 envelope attracts dendritic cells to
cross the human intestinal epithelium and sample luminal virions via engagement of the
CCR5. EMBO Mol Med [Internet]. 2013;5:776—794. Available from:
https://doi.org/10.1002/emmm.201202232.

Maciel RA, Kliick HM, Durand M, et al. Comorbidity is more common and occurs earlier in
persons living with HIV than in HIV-uninfected matched controls, aged 50 years and older:
A cross-sectional study. International Journal of Infectious Diseases [Internet].
2018;70:30-35. Available from: https://doi.org/10.1016/j.ijid.2018.02.009.

Brew BJ, Chan P. Update on HIV dementia and HIV-associated neurocognitive disorders.
Curr Neurol Neurosci Rep. 2014;14:468.

McKinnon LR, Liebenberg LJ, Yende-Zuma N, et al. Genital inflammation undermines the
effectiveness of tenofovir gel in preventing HIV acquisition in women. Nat Med.
2018;24:491-496.

Klatt NR, Cheu R, Birse K, et al. Vaginal bacteria modify HIV tenofovir microbicide efficacy
in African women. Science. 2017;356:938-945.

Wang W, Xu Y, Gao R, et al. Detection of SARS-CoV-2 in Different Types of Clinical
Specimens. JAMA. 2020;323:1843-1844.

V’kovski P, Kratzel A, Steiner S, et al. Coronavirus biology and replication: implications for
SARS-CoV-2. Nat Rev Microbiol [Internet]. 2021;19:155-170. Available from:
https://doi.org/10.1038/s41579-020-00468-6.

Baker RE, Mahmud AS, Miller IF, et al. Infectious disease in an era of global change. Nat
Rev Microbiol. Nature Research; 2022. p. 193-205.

Karimzadeh S, Bhopal R, Nguyen Tien H. Review of infective dose, routes of transmission
and outcome of COVID-19 caused by the SARS-COV-2: Comparison with other respiratory
viruses. Epidemiol Infect. Cambridge University Press; 2021. p. 1-8.

Paterson RW, Brown RL, Benjamin L, et al. The emerging spectrum of COVID-19 neurology:
clinical, radiological and laboratory findings. Brain [Internet]. 2020;143:3104-3120.
Available from: https://doi.org/10.1093/brain/awaa240.

Varatharaj A, Thomas N, Ellul MA, et al. Neurological and neuropsychiatric complications
of COVID-19 in 153 patients: a UK-wide surveillance study. Lancet Psychiatry [Internet].
2020/06/25. 2020;7:875-882. Available from:
https://pubmed.ncbi.nlm.nih.gov/32593341.



(94]

(95]
(96]
(97]
(98]

(99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Chapter 1 | 31

Xiao F, Tang M, Zheng X, et al. Evidence for Gastrointestinal Infection of SARS-CoV-2.
Gastroenterology [Internet]. 2020;158:1831-1833.e3. Available from:
https://doi.org/10.1053/j.gastro.2020.02.055.

Meringer H, Mehandru S. Gastrointestinal post-acute COVID-19 syndrome. Nat Rev
Gastroenterol Hepatol. Nature Research; 2022. p. 345-346.

Zhou J, Li C, Liu X, et al. Infection of bat and human intestinal organoids by SARS-CoV-2.
Nat Med. 2020;26:1077-1083.

Lamers MM, Beumer J, van der Vaart J, et al. SARS-CoV-2 productively infects human gut
enterocytes. Science (1979). 2020;369:50-54.

Natarajan A, Zlitni S, Brooks EF, et al. Gastrointestinal symptoms and fecal shedding of
SARS-CoV-2 RNA suggest prolonged gastrointestinal infection. Med. 2022;3:371-387.e9.
Lodder W, de Roda Husman AM. SARS-CoV-2 in wastewater: potential health risk, but also
data source. Lancet Gastroenterol Hepatol [Internet]. 2020;5:533-534. Available from:
https://doi.org/10.1016/52468-1253(20)30087-X.

Peccia J, Zulli A, Brackney DE, et al. Measurement of SARS-CoV-2 RNA in wastewater tracks
community infection dynamics. Nat Biotechnol [Internet]. 2020;38:1164-1167. Available
from: https://doi.org/10.1038/s41587-020-0684-z.

Livanos AE, Jha D, Cossarini F, et al. Intestinal Host Response to SARS-CoV-2 Infection and
COVID-19 Outcomes in Patients With Gastrointestinal Symptoms. Gastroenterology.
2021;160:2435-2450.e34.

Lai C-C, Hsu C-K, Yen M-Y, et al. Long COVID: An inevitable sequela of SARS-CoV-2
infection. Journal of Microbiology, Immunology and Infection [Internet]. 2023;56:1-9.
Available from: https://www.sciencedirect.com/science/article/pii/S1684118222001864.
Davis HE, McCorkell L, Vogel JM, et al. Long COVID: major findings, mechanisms and
recommendations. Nat Rev Microbiol. Nature Research; 2023. p. 133-146.

Gaebler C, Wang Z, Lorenzi JCC, et al. Evolution of antibody immunity to SARS-CoV-2.
Nature. 2021;591:639-644.

Zollner A, Koch R, Jukic A, et al. Postacute COVID-19 is Characterized by Gut Viral Antigen
Persistence in Inflammatory Bowel Diseases. Gastroenterology [Internet]. 2022;163:495-
506.e8. Available from: https://doi.org/10.1053/j.gastro.2022.04.037.

Bruner KM, Hosmane NN, Siliciano RF. Towards an HIV-1 cure: Measuring the latent
reservoir. Trends Microbiol. 2015;23:192-203.

ChenY, GuS, ChenY, et al. Six-month follow-up of gut microbiota richness in patients with
COVID-19. Gut [Internet]. 2022;71:222. Available from:
http://gut.bmj.com/content/71/1/222.abstract.

Su Q, Lau R, Liu Q, et al. Post-acute COVID-19 syndrome and gut dysbiosis linger beyond 1
year after SARS-CoV-2 clearance. Gut [Internet]. 2023;72:1230. Available from:
http://gut.bmj.com/content/72/6/1230.abstract.

Caniels TG, Bontjer I, van der Straten K, et al. Emerging SARS-CoV-2 variants of concern
evade humoral immune responses from infection and vaccination. Sci Adv [Internet].
2021/09/03. 2021;7:eabj5365—eabj5365. Available from:
https://pubmed.ncbi.nlm.nih.gov/34516917.

Aggarwal A, Akerman A, Milogiannakis V, et al. SARS-CoV-2 Omicron BA.5: Evolving
tropism and evasion of potent humoral responses and resistance to clinical
immunotherapeutics relative to viral variants of concern. EBioMedicine. 2022;84.

Zhang L, Li Q, Liang Z, et al. The significant immune escape of pseudotyped SARS-CoV-2
variant Omicron. Emerg Microbes Infect [Internet]. 2022;11:1-5. Available from:
https://doi.org/10.1080/22221751.2021.2017757.

Iketani S, Liu L, Guo Y, et al. Antibody evasion properties of SARS-CoV-2 Omicron
sublineages. Nature. 2022;604:553-556.




Chapter 1 | 32

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]
[129]

[130]

World Health Organization. Dengue and severe dengue factsheet [Internet]. 2022 [cited
2023 Mar 2]. Available from: https://www.who.int/news-room/fact-sheets/detail/dengue-
and-severe-dengue.

Brathwaite Dick O, San Martin JL, Montoya RH, et al. The History of Dengue Outbreaks in
the Americas. The American Society of Tropical Medicine and Hygiene [Internet].
2012;87:584-593. Available from:
https://www.ajtmh.org/view/journals/tpmd/87/4/article-p584.xml.

Dengue vaccine. WHO position paper, September 2018 - recommendations. [Internet].
2018 [cited 2023 Mar 2]. Available from: https://www.who.int/publications/i/item/who-
wer9335-457-476.

Nguyen NM, Kien DTH, Tuan TV, et al. Host and viral features of human dengue cases
shape the population of infected and infectious Aedes aegypti mosquitoes. Proc Natl Acad
Sci U S A. 2013;110:9072-9077.

Reyes-Ruiz JM, Osuna-Ramos JF, De Jesus-Gonzalez LA, et al. Isolation and characterization
of exosomes released from mosquito cells infected with dengue virus. Virus Res [Internet].
2019;266:1-14. Available from:
https://www.sciencedirect.com/science/article/pii/S0168170218305902.

Rathore APS, St John AL. Immune responses to dengue virus in the skin. Open Biol. Royal
Society Publishing; 2018.

Schmid MA, Harris E. Monocyte Recruitment to the Dermis and Differentiation to Dendritic
Cells Increases the Targets for Dengue Virus Replication. PLoS Pathog [Internet].
2014;10:1004541-. Available from: https://doi.org/10.1371/journal.ppat.1004541.
Nadine D, R ME. Productive Dengue Virus Infection of Human Endothelial Cells Is Directed
by Heparan Sulfate-Containing Proteoglycan Receptors. J Virol [Internet]. 2011;85:9478—
9485. Available from: https://doi.org/10.1128/jvi.05008-11.

Martins S de T, Kuczera D, L6tvall J, et al. Characterization of dendritic cell-derived
extracellular vesicles during dengue virus infection. Front Microbiol. 2018;9.

Wu'Y, Mettling C, Wu' S, et al. Autophagy-associated dengue vesicles promote viral
transmission avoiding antibody neutralization. Nature Publishing Group [Internet].
2016;32243. Available from: http://dx.doi.org/10.1038/srep32243.

Tayal A, Kabra SK, Lodha R. Management of Dengue: An Updated Review. Indian J Pediatr
[Internet]. 2023;90:168—177. Available from: https://doi.org/10.1007/s12098-022-04394-
8.

Biswal S, Reynales H, Saez-Llorens X, et al. Efficacy of a Tetravalent Dengue Vaccine in
Healthy Children and Adolescents. New England Journal of Medicine [Internet].
2019;381:2009-2019. Available from: https://doi.org/10.1056/NEJM0a1903869.

Nardacci R, Ciccosanti F, Marsella C, et al. Role of autophagy in HIV infection and
pathogenesis. J Intern Med. 2017;281:422-432.

Perez-Caballero D, Hatziioannou T, Zhang F, et al. Restriction of human immunodeficiency
virus type 1 by TRIM-CypA occurs with rapid kinetics and independently of cytoplasmic
bodies, ubiquitin, and proteasome activity. J Virol. 2005;79:15567—-15572.

Newman RM, Hall L, Kirmaier A, et al. Evolution of a TRIM5-CypA splice isoform in old
world monkeys. PLoS Pathog [Internet]. 2008;4:e1000003—-e1000003. Available from:
https://pubmed.ncbi.nlm.nih.gov/18389077.

Stremlau M, Owens CM, Perron MJ, et al. The cytoplasmic body component TRIM5alpha
restricts HIV-1 infection in Old World monkeys. Nature. 2004;427:848-853.

ZhangJ, Lan Y, Li MY, et al. Flaviviruses exploit the lipid droplet protein AUP1 to trigger
lipophagy and drive virus production. Cell Host Microbe. 2018;23:819-831.

Heaton NS, Randall G. Dengue virus induced autophagy regulates lipid metabolism. Cell
Host Microbe [Internet]. 2010;8:422—-432. Available from:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3026642/.



[131]

[132]

[133]

[134]

[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Chapter 1 | 33

Garcia EJ, Vevea JD, Pon LA. Lipid droplet autophagy during energy mobilization, lipid
homeostasis and protein quality control. Front Biosci (Landmark Ed). 2018;23:1552—-1563.
Paul D, Madan V, Bartenschlager R. Hepatitis C virus RNA replication and assembly: Living
on the fat of the land. Cell Host Microbe [Internet]. 2014;16:569-579. Available from:
http://dx.doi.org/10.1016/j.chom.2014.10.008.

Zhang Z-W, Li Z-L, Yuan S. The role of secretory autophagy in Zika virus transfer through
the placental barrier. Front Cell Infect Microbiol [Internet]. 2017;6:1-6. Available from:
http://journal.frontiersin.org/article/10.3389/fcimb.2016.00206/full.

Singh K, Chen YC, Hassanzadeh S, et al. Network Analysis and Transcriptome Profiling
Identify Autophagic and Mitochondrial Dysfunctions in SARS-CoV-2 Infection. Front Genet.
2021;12.

Gassen NC, Papies J, Bajaj T, et al. SARS-CoV-2-mediated dysregulation of metabolism and
autophagy uncovers host-targeting antivirals. Nat Commun. 2021;12.

Ghosh S, Dellibovi-Ragheb TA, Kerviel A, et al. Beta-Coronaviruses Use Lysosomes for
Egress Instead of the Biosynthetic Secretory Pathway. Cell. 2020;183:1520-1535.e14.
Wong HH, Sanyal S. Manipulation of autophagy by (+) RNA viruses. Semin Cell Dev Biol.
2020;101:3-11.

Maity S, Saha A. Therapeutic Potential of Exploiting Autophagy Cascade Against
Coronavirus Infection. Front Microbiol. Frontiers Media S.A.; 2021.

Pia L, Rowland-Jones S. Omicron entry route. Nat Rev Immunol. 2022;22:144.

Zhao H, Lu L, Peng Z, et al. SARS-CoV-2 Omicron variant shows less efficient replication and
fusion activity when compared with Delta variant in TMPRSS2-expressed cells. Emerg
Microbes Infect. 2022;11:277-283.

Willett BJ, Grove J, MacLean OA, et al. SARS-CoV-2 Omicron is an immune escape variant
with an altered cell entry pathway. Nat Microbiol. 2022;7:1161-1179.

Birgisdottir AB, Johansen T. Autophagy and endocytosis — interconnections and
interdependencies. J Cell Sci. 2020;133:jcs228114.

Zhang L, Wang L, Wang R, et al. Evaluating the effectiveness of GTM-1, rapamycin, and
carbamazepine on autophagy and Alzheimer disease. Medical Science Monitor [Internet].
2017;23:801-808. Available from:
http://www.medscimonit.com/abstract/index/idArt/898679.

Yang M-T, Lin Y-C, Ho W-H, et al. Everolimus is better than rapamycin in attenuating
neuroinflammation in kainic acid-induced seizures. J Neuroinflammation. 2017;14:15.

Di Benedetto F, Di Sandro S, De Ruvo N, et al. First report on a series of HIV patients
undergoing rapamycin monotherapy after liver transplantation. Transplantation [Internet].
2010;89. Available from:
https://journals.lww.com/transplantjournal/Fulltext/2010/03270/First_Report_on_a_Seri
es_of_HIV_Patients.17.aspx.

Klawitter J, Nashan B, Christians U. Everolimus and sirolimus in transplantation-related but
different. Expert Opin Drug Saf [Internet]. 2015/04/26. 2015;14:1055-1070. Available
from: https://pubmed.ncbi.nlm.nih.gov/25912929.

Lui A, New J, Ogony J, et al. Everolimus downregulates estrogen receptor and induces
autophagy in aromatase inhibitor-resistant breast cancer cells. BMC Cancer [Internet].
2016;16:487. Available from: https://pubmed.ncbi.nim.nih.gov/27421652.

Mou L, Liang B, Liu G, et al. Berbamine exerts anticancer effects on human colon cancer
cells via induction of autophagy and apoptosis, inhibition of cell migration and MEK/ERK
signalling pathway. JBUON. 2019;24:1870-1875.

Yamanaka K, Petrulionis M, Lin S, et al. Therapeutic potential and adverse events of
everolimus for treatment of hepatocellular carcinoma - systematic review and meta-
analysis. Cancer Med. 2013;2:862-871.




Chapter 1 | 34

[150]

[151]

[152]

[153]
[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Zeisel MB, Lupberger J, Fofana |, et al. Host-targeting agents for prevention and treatment
of chronic hepatitis C — Perspectives and challenges. J Hepatol [Internet]. 2013;58:375—
384. Available from:
http://www.sciencedirect.com/science/article/pii/S0168827812007532.

Kaufmann SHE, Dorhoi A, Hotchkiss RS, et al. Host-directed therapies for bacterial and viral
infections. Nat Rev Drug Discov. 2018;17:35-56.

Estrin MA, Hussein ITM, Puryear WB, et al. Host-directed combinatorial RNAi improves
inhibition of diverse strains of influenza A virus in human respiratory epithelial cells. PLoS
One [Internet]. 2018;13:e0197246. Available from:
https://doi.org/10.1371/journal.pone.0197246.

Plummer E, Buck MD, Sanchez M, et al. Dengue virus evolution under a host-targeted
antiviral. J Virol. 2015;89:5592-5601.

Shapira T, Monreal IA, Dion SP, et al. A TMPRSS2 inhibitor acts as a pan-SARS-CoV-2
prophylactic and therapeutic. Nature. 2022;605:340-348.

Olmstead AD, Knecht W, Lazarov |, et al. Human subtilase SKI-1/S1P is a master regulator
of the HCV lifecycle and a potential host cell target for developing indirect-acting antiviral
agents. PLoS Pathog. 2012;8.

Frankel AD, Young JAT. HIV-1: Fifteen Proteins and an RNA [Internet]. Annu. Rev. Biochem.
1998. Available from: www.annualreviews.org.

van den Berg LM, Ribeiro CMS, Zijlstra-Willems EM, et al. Caveolin-1 mediated uptake via
langerin restricts HIV-1 infection in human Langerhans cells. Retrovirology [Internet].
2014;11:123. Available from: https://doi.org/10.1186/s12977-014-0123-7.

Sundquist WI, Krausslich HG. HIV-1 assembly, budding, and maturation. Cold Spring Harb
Perspect Med. Cold Spring Harbor Laboratory Press; 2012.

Malone B, Urakova N, Snijder EJ, et al. Structures and functions of coronavirus replication—
transcription complexes and their relevance for SARS-CoV-2 drug design. Nat Rev Mol Cell
Biol. Nature Research; 2022. p. 21-39.

Mukhopadhyay S, Kuhn RJ, Rossmann MG. A structural perspective of the flavivirus life
cycle. Nat Rev Microbiol [Internet]. 2005;3:13. Available from:
http://dx.doi.org/10.1038/nrmicro1067.

Paul D, Bartenschlager R. Flaviviridae replication organelles: Oh, what a tangled web we
weave. Annu Rev Virol. 2015;2:289-310.

Screaton G, Mongkolsapaya J, Yacoub S, et al. New insights into the immunopathology and
control of dengue virus infection. Nat Rev Immunol. Nature Publishing Group; 2015. p.
745-759.



