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Abstract

Oncolytic viruses (OVs) are emerging therapeutics that selectively replicate in cancer cells, either
naturally or following genetic engineering. OVs also elicit an immune response against cancer and
are therefore an immunotherapeutic tool. Furthermore, OVs can be modified to express therapeutic
genes. An OV based on an attenuated herpes simplex virus type 1 (HSV-1), talimogene
laherparepvec (T-VEC), has been approved in the US in 2015 and in the EU in 2016 for the treatment
of advanced-stage malignant melanoma. T-VEC has deletions in the neurovirulence y34.5 gene and
Usl2 gene (Ay34.5/AUs12) and is further armed with human granulocyte-monocyte colony
stimulating factor (hnGM-CSF) gene. Our research group developed several oncolytic HSV-1 (oHSV1s)
with a Ay34.5/AUs12 backbone, armed with an array of immunotherapeutic genes other than GM-
CSF. During this PhD project, we focused on developing a systemic delivery system by means of
carrier cells, to achieve a pre-clinical optimization of oncolytic HSV-1. Monocytes were chosen
because 1)they have an inherent tropism for tumors, being the precursors of tumor associated
macrophages (TAMs), 2)they are capable of migrating into most compartments of the body,
including the central nervous system, 3)autologous monocytes can be easily recovered in large
amount from peripheral blood. Using the human monocytic cell line THP-1, we demonstrated that
monocytic cells can migrate towards human breast cancer cells and transmit oHSV1 infection. These
findings were confirmed with primary human monocytes. THP-1 cells also delivered oHSV1 to
human head-and-neck UM-SC-11B cancer cells growing on the chorioallantoic membrane (CAM) of
embryonated chicken eggs, following intravascular injection. Finally, we developed a new miRNA-

based neuroattenuation system for oHSV1 to enhance safety following intravenous injection.
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| virus oncolitici (OV) sono agenti terapeutici emergenti che si replicano selettivamente nelle cellule
tumorali, o naturalmente o in seguito a modificazioni genetiche. Gli OV provocano anche una
risposta immunitaria antitumorale e pertanto hanno anche un effetto immunoterapeutico. Inoltre,
i virus oncolitici possono anche essere modificati per esprimere geni terapeutici. Un OV basato sul
virus herpes simplex di tipo 1 (HSV1), il talimogene laherparepvec (T-VEC), & stato approvato negli
Stati Uniti nel 2015 e nell’Unione Europea nel 2016 per il trattamento del melanoma in stadio
avanzato. T-VEC ha una delezione del gene della neurovirulenza y34.5 e del gene Us12
(Ay34.5/AUs12), inoltre & armato col gene dello human granulocyte-monocyte colony stimulating
factor (hGM-CSF). Il nostro gruppo di ricerca ha sviluppato diversi HSV-1 oncolitici (oHSV1) basati su
un backbone Ay34.5/AUs12, armati con diversi geni immunoterapeutici diversi da GM-CSF. Durante
guesto progetto di dottorato, il focus e stato spostato sullo sviluppo di un sistema di
somministrazione sistemico basato su cellule carrier al fine di raggiungere un’ottimizzazione
preclinica di oHSV1. | monociti sono stati scelti perché 1)hanno un tropismo intrinseco per i tumori,
essendo i precursori dei macrofagi associati a tumore (TAMs), 2)sono in grado di migrare nella
maggior parte dei distretti corporei, incluso il sistema nervoso centrale, 3)i monociti autologhi

possono essere recuperati in grande quantita con un semplice prelievo di sangue periferico.

Usando la linea cellulare monocitaria umana THP-1, abbiamo dimostrato che i monociti possono
migrare verso cellule di carcinoma mammario umano e trasmettere I'infezione da oHSV1. Queste
osservazioni sono state confermate usando monociti umani primari. Le cellule THP-1 infettate sono
state in grado anche di trasmettere I'infezione a cellule umane di carcinoma squamoso testa-collo
(UM-SC-11B) che crescono sulla membrana corioallantoica di uova embrionate di pollo, in seguito a
iniezione intravascolare. Infine, abbiamo sviluppato un nuovo sistema di neuroattenuazione basato
su miRNA per oHSV1 per aumentare ulteriormente la sicurezza in seguito a somministrazione

sistemica.
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Summary

Oncolytic viruses (OVs) are attenuated viruses that exploit defects in antiviral pathways in cancer
cells, and they are promising tools for the treatment of tumors poorly responsive to current
therapies[1]. An oncolytic herpes simplex virus type 1 (oHSV-1), talimogene laherparepvec (T-Vec),
has been approved in the US and the EU for the treatment of unresectable melanomal2]. It has been
acknowledged that, besides causing the death of cancer cells, OVs also elicit an antitumoral immune
response and modulate the immunologic features of the tumor microenvironment (TME)[3]. The
most investigated delivery method for OVs is intratumoral injection, to avoid neutralization of the

viruses by the immune system in the bloodstream

Our research group previously developed several oncolytic HSV-1 vectors with immunotherapeutic
genes which were inserted in the UL55-UL56 intergenic by bacterial artificial chromosome (BAC)
mutagenesis. Genes included interleukin 12 (IL-12) and a single chain antibody against chemokine
receptor CCR4. During this PhD project, more oHSV-1s with genes FMS-like tyrosine kinase 3 ligand

(FIt3L) and soluble programmed cell death 1 (sPD1) were generated.

However, even intratumoral injection of an oncolytic virus armed with multiple therapeutic genes
is only partially effective to achieve a systemic antitumoral immunotherapeutic effect [4].
Therefore, a refinement of the approach towards a clinically appealing strategy should involve a

form of systemic delivery that allows targeting of both the primary tumor and metastases.

In this setting, the possibility of using carrier cells has emerged as a promising method to achieve a
systemic delivery of OVs[5]. Carrier cells can be infected ex vivo and then injected intravenously,

and it has been demonstrated in animal models that they can effectively shield OVs from antibody-
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mediated neutralization. Still, the research in this specific field is in a relatively early phase compared

to intratumorally delivered OVs, both in basic and clinical research.

In particular, most researchers working with OVs delivered by carrier cells focused on mesenchymal
stem cells (MSCs), due to their tropism for tumors and interestingly, also for their
immunosuppressive properties [6]. This feature protects the OVs from being cleared by the immune
system, however it can easily become a double-edged sword considering that therapeutic efficacy
of OVs is also due to the immune system. Furthermore, MSCs have biodistribution problems
following intravenous injection, probably because of their relatively large size [7] (Krutzke et al,

unpublished observations).

Until now, some studies considered other cells as candidate carriers, including neural stem cells, T
lymphocytes [8], and different myeloid cell lineages. We became particularly interested in

monocytes, due to several favorable characteristics:

1)Circulating monocytes are the precursors of tumor associated macrophages (TAMs), at least in
several clinically important cancers [9] [10]. TAMs are fundamental for the survival and growth of
many tumors and also for the establishment of metastases, thus they are actively recruited by

cancer cells, providing monocytes a strong tropism for malignant tissues.

2)Monocytes make up approximately 10% of circulating leukocytes in healthy humans, which means
that recovery of autologous monocytes from cancer patients potentially involves only peripheral

blood sampling, without the biopsy and in vitro amplification steps required by MSCs.

3)Monocytes are cells that naturally evolved to migrate from the bloodstream into tissues to
differentiate into macrophages, also in body compartments which are difficult to reach, such as the

central nervous system (CNS) [11]
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Therefore, we hypothesized that autologous monocytes are ideal carrier cells for OVs, due to their
inherent tropism for the microenvironment of solid tumors and to the possibility of easily recovering
large numbers of autologous cells from peripheral venipuncture. We initially employed a human
monocytic cell line (THP-1), which was susceptible to infection with our backbone oHSV-1 expressing
enhanced green fluorescent protein (0HSV1-GFP) but less permissive than epithelial cell lines, as
indicated by reduced viral titres and very high cell viability 24 hours post-infection. THP-1 cells
infected with a multiplicity of infection (MOI) of 3 plaque forming units (PFU)/cell could transmit
oHSV-1 infection to human breast cancer MDA-MB-231 cells in a coculture assay and could migrate
towards breast cancer cell supernatants in Boyden chambers. Importantly, these findings could be

confirmed with primary human monocytes purified from buffy coats of blood donors.

We then sought a more biologically relevant model to evaluate trafficking of monocytes towards
human tumors, before moving to an in vivo model. For this purpose, we started a collaboration with
Dr. Lea Krutzke and Prof. Stefan Kochanek from the Department of Gene Therapy of the University
of Ulm (Germany), who established a model in which human head-and-neck squamous cancer cells
(UM-SC-11B) grow on the chorioallantoic membrane (CAM) of embryonated chicken eggs[12].
Chicken embryos at a relatively early stage of development are easy to handle and inexpensive. At
the same time they have a defined circulatory system and internal organs, and it is possible to treat
them by intravascular injection. Following injection of oHSV-1-infected THP-1 cells in this CAM
model, monocytes and most importantly oHSV-1 could be detected in UM-SC-11B tumors, but not
in the liver and kidneys of chicken embryos, by immunohistochemistry (IHC) and real time PCR. UM-
SC-11B cells were highly susceptible to infection and lysis by oHSV1-GFP in vitro. Thus, human
monocytes infected with oHSV1-GFP could migrate throughout the complex vasculature of a

developing organism to specifically reach a tumor.
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Foreseeing the use of immunocompetent mice as an optimal in vivo model, we also assessed the
behavior of oHSV-1 in a murine monocyte/macrophage cell line with Balb/c genetic background
(J774a.1). Interestingly, while these cells are indeed permissive to oHSV1-GFP infection, virion
production and reporter gene expression were high 24 hours post infection but rapidly declined to
become non-detectable 72 hours post infection. We hypothesize this may be due to a combination
of a strong interferon-mediated response by J744a.1 cells and a cross-species barrier effect.
Therefore, we will also test if in vitro treatment with inhibitors of the interferon pathway extends
the timespan during which mouse monocytes allow oHSV-1 replication. Further investigation,
propedeutical to the use of these carrier cells in the mouse model, will include testing of viral

replication in primary mouse monocytes.

A very interesting characteristic of monocytes is their capability of migrating into body
compartments that are notoriously difficult to reach for intravenously administered drugs, such as
the central nervous system (CNS). On the one hand, this feature is very attractive, as it enables the
intravenous treatment of intracranial tumors by oncolytic virotherapy. On the other hand, it raises
safety concerns, considering that herpetic encephalitis is the most severe infection caused by HSV-
1 in immunocompetent patients. While our oHSV-1 has a deletion of the so-called “neurovirulence
gene” y34.5, we noticed that there are no reports of use of this specific backbone (Ay34.5/AUs12)
to treat intracranial tumors in humans. Furthermore, in our hands (Vitiello 2018, PhD thesis)
Ay34.5/AUs12-0HSV-1 could replicate and show cytopathic effect in human induced pluripotent
stem cells (iPSCs)-derived neurons. Therefore, we added a further layer of neuroattenuation by
performing BAC mutagenesis to insert several copies of the target sequence of a neuron-specific
microRNA, mir124, at the 3’ of UL29, a viral gene essential for the HSV-1 life cycle due to its role in
viral DNA replication. oHSV1-UL29mir124 was severely attenuated in 293T cells which exogenously

express mirl24, compared to the parental oncolytic virus. To further validate this finding, we

9
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infected human embryonic stem cells (hESCs)-derived brain organoids which were kindly provided
by Dr. Veronica Krenn from the Knoblich Lab of the University of Vienna (Austria). Brain organoids
expressed mirl24 as evaluated by reverse transcriptase real time PCR. We confirmed reduced
replication of oHSV1-UL29mir124 compared to parental virus and attenuation of both compared to
wild-type strain 17+ HSV-1. Finally, both in 293T cells and brain organoids, the selective

downregulation of UL29 mRNA was measured by reverse transcriptase real time PCR.

In conclusion, our data obtained in vitro and in a more relevant in ovo model show that human
monocytes can act as effective carriers for the systemic administration of an oncolytic HSV-1
expressing a reporter gene (EGFP), which can be considered as a proxy for the other oHSV-1 viruses
encoding therapeutic genes already produced by our research group. Preliminary data indicate that

potentially, mouse monocytes can also be used as carrier cells to develop an in vivo model.

Finally, we also developed a novel neuroattenuation system by downregulation of an essential HSV-
1 gene with neuron-specific miRNA target sequences, thus paving the way for an intravenous

oncolytic virotherapy strategy with clinical potential.

10
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| virus oncolitici (OV) sono virus attenuati che sfruttano difetti nelle vie di segnalazioni antivirali
presenti nelle cellule tumorali, e sono strumenti promettenti per il trattamento di tumori con una
scarsa risposta alle attuali terapie[1]. Un virus herpes simplex di tipo 1 oncolitico (oHSV-1), il
talimogene laherparepvec (T-VEC), e stato approvato negli Stati Uniti e nell’Unione Europea per il
trattamento del melanoma non resecabile chirurgicamente[2]. E' ormai riconosciuto che, oltre a
causare la morte delle cellule trasformate, i virus oncolitici favoriscono anche una risposta
immunitaria antitumorale e modulano le caratteristiche immunologiche del microambiente[3]. La
via di somministrazione che é stata maggiormente studiata € I'iniezione intratumorale, per evitare

che i virus siano neutralizzati dal sistema immunitario nel torrente circolatorio.

Il nostro gruppo di ricerca ha gia sviluppato diversi vettori HSV-1 oncolitici con geni
immunoterapeutici inseriti nella regione intergenica UL55-UL56 tramite mutagenesi in cromosoma
batterico artificiale (BAC). | geniincludevano interleuchina 12 (IL-12) umana e murina e un anticorpo
single chain contro il recettore delle chemochine CCR4, espresso sui linfociti T regolatori. Durante
guesto progetto di dottorato, sono stati generati ulteriori HSV-1 oncolitici armati coi geni Flt3L e

sPD1.

In ogni caso, anche l'iniezione intratumorale di un virus oncolitico armato con molteplici geni
terapeutici € solo parzialmente efficace per ottenere una risposta antitumorale sistemica[4].
Pertanto, un miglioramento dell’approccio nella direzione di una strategia clinicamente efficace
deve coinvolgere una forma di somministrazione sistemica, che permetta di colpire sia il tumore
primario che le metastasi. In questo contesto, la possibilita di usare cellule carrier € emersa come
un metodo promettente. Le cellule carrier possono essere infettate ex vivo e poi iniettate in vena,
ed e stato dimostrato in modelli animali che possono proteggere efficacemente gli OV dalla
neutralizzazione mediata da anticorpi. Tuttavia, la ricerca in questo specifico settore & ancora in una

fase precoce rispetto alla somministrazione intratumorale, sia nella ricerca di base che clinica.
11
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In particolare, la maggior parte dei ricercatori che studiano I'associazione tra cellule carrier e virus
oncolitici si sono concentrati sulle cellule staminali mesenchimali (MSC), a causa del loro tropismo
per i tumori e delle loro proprieta immunosoppressive. Questa caratteristica protegge gli OV dalla
rimozione da parte del sistema immunitario, ma puo diventare facilmente un’arma a doppio taglio,
considerando che I'efficacia terapeutica dei virus oncolitici & anche dovuta al sistema immunitario
stesso. Inoltre, le MSC hanno dei problemi di biodistribuzione in seguito all’iniezione intravenosa,

probabilmente a causa delle loro dimensioni.

Finora, alcuni studi hanno considerato altre cellule come carrier, incluse le cellule staminali neurali,
i linfociti T e diverse classi di cellule mieloidi. Ci siamo interessati particolarmente ai monociti a causa

delle loro caratteristiche favorevoli:

1)l monociti circolanti sono i precursori dei macrofagi associati a tumore (TAMSs) in diverse neoplasie
clinicamente importanti. | TAM sono fondamentali per la sopravvivenza e la crescita di molti tumori
e anche delle metastasi. Per questo motivo sono attivamente reclutati dalle cellule tumorali,

conferendo ai monociti un forte tropismo per i tessuti neoplastici.

2)l monociti costituiscono circa il 10% dei leucociti circolanti negli umani sani, il che significa che
potenzialmente, I'isolamento di monociti autologhi da pazienti malati di cancro comporta solo un
prelievo di sangue periferico, senza i prelievi bioptici e i passaggi di amplificazione in vitro richiesti

dalle MSC.

3)l monociti si sono evoluti naturalmente per migrare dal torrente circolatorio ai tessuti per
differenziarsi a macrofagi, anche in compartimenti del corpo che sono difficili da raggiungere, come

il sistema nervoso centrale (CNS).

Pertanto, abbiamo ipotizzato che i monociti autologhi siano cellule carrier ideali per gli OV, per via

del loro tropismo intrinseco per il microambiente dei tumori solidi e della possibilita di recuperare

12
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grandi quantita di cellule da sangue periferico. Inizialmente abbiamo impiegato una linea cellulare
monocitaria umana (THP-1), che si & dimostrata suscettibile all’'infezione da parte di un virus oHSV-
1 “backbone” che esprime il gene reporter enhanced green fluorescent protein (oHSV1-GFP),
sebbene sia meno permissiva delle linee cellulari epiteliali, come indicato da titoli virali ridotti e
vitalita cellulare molto elevata 24 ore post infezione. Le cellule THP-1 infettate con una molteplicita
di infezione (MOI) di 3 unita formanti placca (PFU)/cellula sono state in grado di trasmettere oHSV-
1 a cellule umane di carcinoma mammario (MDA-MB-231) in un saggio di cocoltura e di migrare
verso surnatanti di cellule di carcinoma mammario in camere di Boyden. Questi dati sono stati

confermati con monociti primari purificati da buffy coat di donatori di sangue.

Abbiamo poi cercato un modello con maggiore rilevanza biologica per valutare la migrazione dei
monociti verso tumori umani, prima di utilizzare un modello in vivo. A questo scopo, abbiamo
avviato una collaborazione con la dott.ssa Lea Krutzke e il prof Stefan Kochanek del Department of
Gene Therapy dell’Universita di Ulm (Germania), che hanno creato un modello sperimentale in cui
cellule umane di carcinoma squamoso testa-collo (UM-SC-11B) crescono sulla membrana

corioallantoica (CAM) di uova embrionate di pollo.

Gli embrioni di pollo a uno stadio di sviluppo relativamente precoce sono semplici da manipolare e
poco costosi. Allo stesso tempo hanno un sistema circolatorio ben definito e organi interni, ed &
possibile trattarli tramite iniezioni intravascolari. In seguito all’iniezione di cellule THP-1 infettate
con oHSV-1, i monociti e soprattutto il virus oncolitico erano rilevabili nei tumori ma non nel fegato
e nei reni degli embrioni, tramite immunoistochimica e real time PCR. Le cellule UM-SC-11B sono
molto suscettibili a infezione e lisi da parte di oHSV1-GFP in vitro. Pertanto, monociti umani infettati
da un HSV-1 oncolitico sono in grado di migrare attraverso il sistema vascolare complesso di un

organismo in via di sviluppo per raggiungere un tumore in modo specifico.

13
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Prevedendo 'uso di topi immunocompetenti come modello in vivo, abbiamo anche valutato il
comportamento di oHSV-1 in una linea murina di monociti/macrofagi originata da topi di ceppo
Balb/c (J774a.1). Tali cellule possono essere infettate da oHSV1-GFP, tuttavia la produzione di
particelle virali e I'espressione del gene reporter sono alti 24 ore dopo l'infezione ma calano
rapidamente fino a diventare non rilevabili a 72 ore dall’infezione. lpotizziamo che questo
comportamento possa essere dovuto alla combinazione di una forte risposta interferonica da parte
delle cellule J774a.1 e di un effetto di barriera di specie. Pertanto, controlleremo anche se il
trattamento in vitro con inibitori della via di segnalazione dell'interferone estenda la finestra
temporale durante la quale i monociti di topo permettono la replicazione di oHSV-1. Un’ulteriore
indagine propedeutica all’'uso delle cellule carrier nel modello animale, includera lo studio della

replicazione virale in monociti primari di topo.

Una caratteristica molto interessante dei monociti € la loro capacita di migrare in compartimenti
che sono notoriamente difficili da raggiungere per i farmaci somministrati per via endovenosa, come
ad esempio il sistema nervoso centrale. Da un lato questa proprieta puo essere molto utile, poiché
permette il trattamento intravenoso di tumori intracranici con viroterapia oncolitica. D’altra parte,
solleva dei timori riguardo alla sicurezza, considerando che I'encefalite erpetica € |la patologia piu
grave causata da HSV-1 nei pazienti immunocompetenti. Anche se il nostro oHSV-1 ha una delezione
del cosiddetto “gene della neurovirulenza” y34.5, abbiamo notato che non ci sono dati riguardo
alluso di questo specifico backbone virale (Ay34.5/AUs12) per trattare tumori intracranici
nell’'uomo. Inoltre, nella nostra esperienza (Vitiello 2018, tesi di dottorato) Ay34.5/AUs12-o0HSV-1 é
in grado di replicarsi e causare effetto citopatico in neuroni derivati da cellule staminali pluripotenti
indotte umane (iPS). Percido abbiamo aggiunto un ulteriore livello di neuroattenuazione inserendo,
tramite BAC mutagenesi, diverse copie della sequenza target di un microRNA neurone-specifico

(mir124)al 3’ di UL29, un gene essenziale per il ciclo vitale di HSV-1 per il suo ruolo nella replicazione

14
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del genoma virale. oHSV1-UL29mir124 era fortemente attenuato in cellule 293T con espressione
esogena di mirl24, se paragonato al virus oncolitico parentale. Per validare questo risultato,
abbiamo infettato organoidi di cervello umani derivati da cellule staminali embrionali (hESC) che ci
sono stati gentilmente forniti dalla dott.ssa Veronica Krenn del Knoblich Lab dell’Universita di
Vienna (Austria). Gli organoidi cerebrali esprimono mirl24, come dimostrato tramite reverse
transcriptase real time PCR. Abbiamo confermato una ridotta replicazione di oHSV1-UL29mir124
rispetto al virus parentale e attenuazione di entrambi rispetto a HSV-1 wild type ceppo 17+. Infine,
abbiamo misurato la soppressione selettiva del mRNA UL29 tramite reverse transcriptase real time

PCR sia nelle 293T che negli organoidi cerebrali.

In conclusione, i nostri dati, ottenuti sia in vitro che in un modello in ovo, mostrano che i monociti
umani possono fungere efficacemente da cellule carrier per la somministrazione sistemica di un
HSV-1 oncolitico esprimente un gene reporter (EGFP), che puo essere considerato un modello anche
per gli altri HSV-1 oncolitici esprimenti geni terapeutici, gia prodotti dal nostro gruppo di ricerca.
Dati preliminari indicano che potenzialmente, anche i monociti di topo possono essere utilizzati

nello sviluppo di un modello in vivo.

Infine, abbiamo anche sviluppato un nuovo modello di neuroattenuazione, basato sulla
soppressione di un gene essenziale di HSV-1 per mezzo di sequenze target di un miRNA neurone-
specifico, aprendo la strada per un approccio viroterapeutico per via endovenosa con potenziale di

applicazione clinica.
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Introduction

1.Epidemiology and prognosis of the most frequent solid tumors

According to data collected in 2020 for the GLOBOCAN estimates produced by the International
Agency for Research on Cancer, lung and prostate carcinomas were the most frequent tumors in
males, whereas breast cancer was the most frequent tumor in females [13]. Lung cancer also caused
the highest number of deaths in males while it was the second cause of cancer-associated death in

women, after breast cancer. [Figure 1]

Incidanca Mortafity

dan B3W

10,1 million 5.5 million

NEwW CIsas deaths
c Females

Incidanca Mortality

9.2 million 4.4 miliion
new casas deaths

Figure 1 Incidence and mortality of different cancers by gender. Modified from Sung et al (2021)
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The situation, however, is quite complex and the epidemiologic pattern is different in so-called
economically “transitioned” countries compared to “transitioning” ones. In general, for most types

of cancer, incidence is higher in wealthier countries but mortality is lower [13].

However, some tumors, particularly those associated with infectious diseases, are more prevalent
in “transitioning” countries. For example, cervix uteri carcinoma, which is caused by high-risk human
papillomaviruses (HPV) declined steeply in countries which employ cancer screening and HPV
vaccines, but remains the most frequent female tumor throughout Subsaharan Africa[14]. Kaposi
sarcoma, which is caused by human herpesvirus 8 (HHV8) and is often associated with uncontrolled
human immunodeficiency virus (HIV) infection and AIDS, has a very low incidence in many countries,

but is the most frequent male tumor in Mozambico, Malawi and Uganda[15].

On the whole, the fifteen most common types of cancer in men are: lung, prostate, colorectal,
stomach, liver, esophagus, bladder, lip and oral cavity carcinoma, non-Hodgkin lymphoma,

leukemia, kidney, pancreas, larynx carcinoma, brain and nervous system tumors, and melanoma.

The picture is different in women due to the presence of gender-specific tumors, which produce the
following list: breast, cervix uteri, colorectal, lung, thyroid, corpus uteri, ovary, stomach, liver
carcinoma, leukemia, non-Hodgkin lymphoma, esophagus, pancreas carcinoma, brain and nervous

system tumors, lip and oral cavity carcinoma (Figure 2).

Some tumors can be effective targets for primary (vaccines, lifestyle modifications) or secondary
prevention (screening programs). This is usually reflected by decreased mortality, especially in high
income countries, as can be seen in the case of breast carcinoma, colorectum, cervix uteri and

prostate cancer.

|II

As mentioned before, cervix uteri cancer is “special” because of its association with a viral infection,

and thus it is preventable by a vaccine[16]. In the case of breast and prostate cancer, one should
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not mistakenly conclude that prevention will completely solve the therapeutic problem. In fact,
prognosis varies, depending on the different subtypes of tumors and the stage at the moment of
diagnosis [17][18]. For example, triple negative breast cancer (TNBC) doesn’t express the molecules
enabling targeted therapies in breast cancer (estrogen or progesterone receptors, HER2
overexpression) [19]. Therefore, it has a significantly worse prognosis than other subtypes,
especially in case of relapse after surgery and/or dissemination. Investigational drugs are being
tested against TNBC, while a small subset of TNBC patients may also be responsive to
immunotherapy with immune checkpoint inhibitors (see following paragraph)[20]. The anti-PD-L1
antibody atezolizumab in combination with nab-paclitaxel was granted an emergency approval by
the FDA for the treatment of advanced or metastatic TNBC, but in August 2021 it was withdrawn by
the producer itself for this specific indication, after the drug combination did not meet its primary

endpoint criteria in PD-L1 positive TNBC in the IMpassion131 Trial[21].
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Figure 2 Incidence and mortality of the most common types of cancer, divided by High (HDI) and Low (LDI) Development Index of

countries. Above: male tumors Below: female tumors. Modlified from Sung et al (2021)
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As it can be seen in Figure 2, there are also tumors for which incidence and mortality are almost
identical, for example in the case of liver, esophagus, pancreas and brain tumors. This feature is
explained by different characteristics: these malignancies are usually diagnosed when surgical
resection is not possible, due to absence of early symptoms and early metastatization (pancreas) or
local invasion (glioblastoma). Furthermore, resistance to chemo- and radiotherapy contributes to
the unfavorable prognosis [22][23]. As a result, 5-year survival rate of patients with a diagnosis of
glioblastoma or pancreatic adenocarcinoma is <5% [24] [24]. In pancreatic adenocarcinoma, the

final figure (around 4%) mainly results from longer survival in surgically resected patients.

Overall, these data underline the necessity of finding innovative therapeutic approaches for

different types of solid tumors.
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2.Innovative therapeutic approaches

2.1 Signaling pathway inhibitors

Tumor cells depend on aberrant signaling pathways for growth and survival. Some crucial signaling
proteins were discovered because of their role in oncogenesis, for example Ras[26]. Therefore,
pharmaceutical researchers looking for cancer-specific therapeutics focused on finding small-

molecule inhibitors of these pathways.

Tyrosine kinase proteins are the targets of some of the most successful, clinically approved
molecules, such as gefitinib and erlotinib for mutated epidermal growth factor receptors (EGFR) in
lung cancer, or lapatinib and neratinib for HER2 in breast cancer [27]. Hematologic malignancies,
like chronic myeloid leukemia (CML), were the first to be treated with the tyrosine kinase inhibitor
imatinib, an early “success story” due to the dependence of CML on the Philadelphia chromosome

and aberrant fusion BCR-ABL1 tyrosine kinase[28].

Other pathways and proteins which were targeted include vascular endothelial growth factor
(VEGF)[29], Fibroblast Growth Factor (FGF), Wnt/beta-catenin [29], PI3K/Akt/mTOR[31], Hippo [32]

and RAS itself, which was once considered “undruggable” [33].

Many of these pathways are intertwined. However, cascades consist of many different steps and
actors (Figure 3), which allow cancer cells to exploit multiple possibilities of escaping the therapeutic

action of inhibitors.
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Figure 3 KRAS signaling pathway. Created with biorender.com

In clinical practice, tumors usually develop resistance to tyrosine kinase inhibitors (TKls) after an
initial response. This happens in the treatment of lung cancer [34][35], cholangiocarcinoma [36] and

breast cancer [37], among the others.

In the past decades, angiogenesis inhibitors, including both monoclonal antibodies and small

molecules, were investigated in several in vivo studies and clinical trials, which also resulted in
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approval for the treatment of some tumors in association with other therapeutics [38].
Nevertheless, tumors usually develop resistance and in some cases become more aggressive after

angiogenesis blockade[39].

“Classical” protumoral pathways do not only play a role in aberrant cell growth and survival, but are
also involved in other crucial characteristics, such as the formation of an immunosuppressive TME.
For example, activation of Epidermal Growth Factor family receptors like ErbB dampen the efficacy
of immunotherapy[40], and Yes associated Protein (YAP), which is part of the Hippo signaling
pathway, also has animmunosuppressive role [41]. Therefore, inhibitors of signaling pathways could

be used not just in association with chemotherapy, but also with immunotherapy([42].

2.2 Immunotherapy

Cancer immunotherapy takes advantage of the capacity of the immune system to recognize
antigens that are either specific for or preferentially associated with tumor cells [43]. Tumor
associated antigens (TAAs) are self-proteins that are overexpressed in cancer cells, due to genetic
or posttranslational mechanisms. They can be further divided into overexpressed antigens,

differentiation/ lineage-specific antigens and cancer-testis (germline) antigens [44].

Traditionally, cancer immunotherapy focused on the use of cytokines that activate the immune
system, such as interleukin 2 (IL-2)[45], or therapeutic cancer vaccines to elicit an antitumoral
immune response[46]. High-dose, recombinant IL-2 was mainly effective in a subset of melanoma

and kidney cancer patients. Despite limited efficacy and safety issues, it marked a milestone in the
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history of cancer immunotherapy, since it provided the first demonstration that it could be clinically

effective[45].

Many different cancer vaccines have been devised and tested, both in animal models and in clinical
trials. Overexpressed TAAs have been a popular choice and include mucinl (MUC1), a glycoprotein
overexpressed in cancers originating from glandular tissues (breast and pancreas for example) [47],
HER2/neu (EGFR family receptor, mainly overexpressed in a subset of breast cancer but also in other
tumors)[48] and human Telomerase Reverse Transcriptase (hTERT, overexpressed by many

tumors)[49].

Differentiation and germline antigens have higher specificity for neoplastic tissues compared to
overexpressed ones. Differentiation antigens include gp100 or melanocyte protein PMEL (often
expressed in malignant melanoma) and prostatic acid phosphatase (PAP) (prostate
carcinoma)[50][51]. Germline or cancer-testis antigens are expressed in some tumors and in
germline tissues, for example Melanoma-Associated Antigen 3 (MAGE-3) and New York Esophageal

Squamous Cell Carcinoma 1 (NY-ESO1)[52][53].

Neoantigens, instead, result from mutations in proteins that generate new epitopes and are thus
also called Tumor Specific Antigens (TSA). Theoretically, targeting neoantigens offers many
advantages, including specificity and the absence of previous immune tolerance against self
proteins. Unfortunately, only a limited amount of TSA have immunogenic potential and a
personalized validation process is necessary [54]. In spite of many clinical trials with different
vaccine formulations, the efficacy of antitumoral therapeutic vaccines is limited, and the only

product that has been approved for clinical use is Sipuleucel-T, which targets PAP [55].

A turning point in cancer immunotherapy arrived with the acknowledgement that previous

strategies were not effective not because of defective stimulation, but because of highly efficient,
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in situ immunosuppression by cancer cells or other cells in the TME. A mechanism recent research
focused on is centered on immune checkpoint molecules, especially Cytotoxic T Lymphocyte
Antigen 4 (CTLA-4) and Programmed cell Death 1 (PD-1)[56] [57]. These molecules are negative
regulators of the activity of T lymphocytes and are part of the mechanisms of peripheral immune

tolerance (Figure 4).

Subsequently, monoclonal antibodies were developed to block the interaction of CTLA-4 and PD-1
with their ligands, which are respectively CD80/CD86 and PD ligand 1 (PD-L1) and less frequently
PD-L2. Blocking these inhibitory pathways exploited by cancer cells to evade the immune response
results in objective therapeutic responses in different tumors including melanoma, non-small-cell
lung cancer (NSCLC), renal cell carcinoma among others. Other checkpoint molecules have also been

studied (e.g TIGIT [58] or Tim-3 [59]).

The discovery of immune checkpoint molecules and their inhibitors resulted in the Nobel prize for

medicine and physiology which was awarded to Tasuku Honjo and James Allison in 2018[60].

Tumors, however, also exploit other immunosuppressive mechanisms. The tumor
microenvironment (TME) is a complex system including several types of cells, many of which (cancer
associated fibroblasts, tumor associated macrophages, myeloid derived suppressor cells, regulatory
T cells) can modulate the adaptive immune response. In some solid tumors with a particularly
negative prognosis, such as pancreatic adenocarcinoma and glioblastoma (see §Epidemiology and
prognosis of the most frequent solid tumors), the TME excludes cytotoxic T lymphocytes, creating a

so-called “immunologic desert” and making checkpoint inhibitors intrinsically ineffective[61].
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Figure 4 The mechanism of action of immune checkpoint inhibitors, in lymph nodes (priming phase) and in peripheral

tissue (effector phase). Created with biorender.com

Finally, acquired resistance to checkpoint inhibitors has been described. This phenomenon can be

due to loss of neoantigens, mutations in the interferon pathway or changes in the TME [62].

To enhance the infiltration of T lymphocytes in immunologically “cold” tumors different strategies
have been proposed, which are based on the introduction of proinflammatory stimuli in the TME,
such as agonists of the innate immunity, bacterial toxins, bacterial cells, or oncolytic viruses (see

below).
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3.Herpes Simplex Virus type 1

Herpes simplex virus type 1 (HSV-1) is a member of the Alphaherpesvirus subfamily of the
Herpesviridae family, and it is one of the most ancient and well-adapted human viruses. It causes an
acute infection of skin and mucosae of the orolabial region (herpes labialis) or more rarely of the

genital mucosa (herpes genitalis). [63]

Traditionally, the closely related HSV-2 was responsible for most cases of genital herpes, but the
epidemiology is changing[64]. The seroprevalence of HSV-1 in the general population was
traditionally very high, however it changes according to the socioeconomical condition, ranging

from less than 50% in high-income countries [65] to more than 90% in low-income countries [62,63].

The most striking biological characteristic of HSV-1 is its capacity to undergo latency in neurons from
peripheral sensory ganglia, which enables the viral genome to persist in episomal form for the entire
lifespan of the host and spread by periodic reactivation following stimuli such as physical/ emotional
stress, UV ray exposure and immunosuppression. The biology of HSV-1 latency is still a matter of

intense investigation[68].

In most individuals, primary HSV-1 infection involves the orolabial region. This self-limited infection

can be followed by localized reactivations (cold sores) [63].

However, different severe infections are also possible. The most severe clinical manifestation in
immunocompetent patient is herpetic encephalitis, which is the most frequent cause of sporadic
viral encephalitis and can also trigger autoimmune encephalitis [69]. Although its prognosis became
significantly better after the introduction of inhibitors of viral DNA polymerase (mainly acyclovir),

herpetic encephalitis remains a severe disease with possible long-term sequelae[70] .

27



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

The virus can produce disseminated infections in individuals with a defective immune system, such
as the newborn (neonatal herpes) or immunocompromised patients. Many organs are potentially,
albeit rarely, susceptible to HSV-1 infection, including lungs (herpetic pneumonia) [71] and liver

(herpetic hepatitis) [72].

3.1 Virion structure and viral genome

HSV-1 virions are roughly spherical particles with an average diameter ~185nm without considering
spike proteins. Structurally, the HSV-1 virion can be divided in 4 parts: a lipidic envelope with proteic
spikes, a loosely structured proteinaceous layer called the tegument, an icosahedral capsid, and an

electron-opaque core, which contains the viral genome.

The envelope is a lipid bilayer with as many as 13 distinct embedded viral glycoproteins. The virion
envelope glycoproteins include gB (UL27 gene), gC (UL44), gD (US6), gE (US8), gG (US4), gH (UL22),
gl (US7), gK (UL53), gL (UL1) and gM (UL11). The presence of gJ (US5) and gN (UL49.5) in virions has
not been demonstrated. Envelopes also contain at least two nonglycosylated intrinsic membrane

proteins (UL20 and US9)[73].

The most notable of the proteins associated with the tegument are the VP16 virion transactivator

protein (also known as a-trans—inducing factor or aTIF, encoded by the UL48 ORF), the virion host

shutoff (VHS) protein (UL41), VP22 (UL49), which was reported to have the ability to spread cell to
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cell, and a very large protein (VP1-2; UL36), which plays a role in DNA release at the nuclear pore
during viral entry [74].

The capsid has 162 capsomers, including 140 hexons, 11 pentons, and one portal, arrangedina T =
16 icosahedral symmetry. The outer shell of the capsid is composed of four viral proteins, VP5
(UL19), VP26 (UL35), VP23 (UL18), and VP19C (UL38). VP5, the major capsid protein, is present in
five copies in each penton capsomere and six copies in each hexon capsomere in this icosahedral
shell. VP26 is present in a ring of six copies on each hexon, on top of the VP5 subunits.

Adjacent capsomeres are linked by triplexes made up of one VP19C molecule and two VP23
molecules. The capsid also contains the UL6 protein, which forms a dodecamer thought to form a
portal through which viral DNA is packaged, and VP24 (UL26), a protease that aids in processing the
scaffolding during DNA encapsidation [75].

The core contains the double-strand (ds) DNA genome wrapped as a toroid in a liquid crystalline
state. A small fraction of the virion DNA may be circular[76].

The HSV-1 genome is approximately 150kb long, depending on the viral strain. It is composed of two
unique long and short regions (U, and Us) and inverted terminal and internal, long and short
repeated regions (TRy, TRs, IR, and IRs respectively) (Figure 5). As a result, genes encoded by the

repeated regions are present in two copies in the HSV-1 genome [76]

TR: IR IRs TRs

oriS o

Figure 5 Representation of the HSV-1 genome in linear form, from Elbadawy et al (2012)
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3.2 Viral life cycle

To initiate infection, the virus must attach to cell surface receptors. Fusion of the envelope with the
plasma membrane or an internal membrane (following endocytosis) rapidly follows the initial

attachment [77,78].

The HSV-1 entry is a complex process that involves at least five glycoproteins. Glycoproteins C (gC)
and gB interact with glucosaminoglycanes (GAGs) on the cell surface, whereas gD is fundamental
for interaction with the specific viral receptors, which are nectin-1, herpes virus entry mediator
(HVEM, a member of the tumor necrosis factor receptor family) and 3-O-sulfated heparansulfate (3-
OS HS). Binding of gD to one of its receptors triggers fusion by gB with the mediation of

heterodimeric gH/gL proteins [79].

The de-enveloped tegument-capsid structure is then transported to the nuclear pores, where DNA
is released into the nucleus. Transcription of the viral genome, replication of viral DNA, and assembly
of new capsids take place in the nucleus. Viral DNA is transcribed throughout productive infection
by host RNA pol Il, but with the participation of viral factors at all stages of infection. The synthesis
of viral gene products is tightly regulated: Viral gene expression is regulated and sequentially

ordered in a cascade fashion [80].

The gene products studied to date form at least five kinetic groups (o, B1, B2, y1, and y2) as a result
of both transcriptional and posttranscriptional regulation. The a or immediate-early genes are
expressed first and are, by definition, transcribed in the absence of de novo viral protein synthesis.
The o gene products are involved in activating expression of the 3 or delayed early genes. Several
of these genes products are enzymes and DNA-binding proteins involved in viral DNA replication in

nuclear replication compartments (e.g the viral DNA polymerase). [80]
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Viral DNA is synthesized by a rolling circle mechanism, producing concatemers that are cleaved into
monomers during the process of nucleocapsid assembly. The y or late genes are then transcribed
efficiently following viral DNA replication, and these gene products are often involved in the
assembly of progeny virions[81].

Assembly occurs in several stages. After packaging of DNA into preassembled capsids, the filled
capsid or nucleocapsid matures into a virion and acquires infectivity by budding through the inner

lamella of the nuclear membrane [82].

The transit of virions from the space between the inner and outer nuclear membranes to the
subcellular space is less well defined. It has been suggested that the virion envelope is processed by
transit through Golgi stacks, by being de-enveloped and then re-enveloped at the trans Golgi
network, or by the nucleocapsid exiting the nucleus through nuclear pores and then budding into
the Golgi apparatus. In fully permissive tissue culture cells, the entire process takes approximately
18 to 20 hours. HSV-1 causes an extensive reorganization of cell structure, with nuclear changes
including margination of chromatin, enlargement of the cell nucleus, formation of replication
compartments, disruption of the nuclear lamina and nucleoli, and cytoplasmic changes including
disruption of the Golgi apparatus and microtubules. It was recently discovered that HSV infection
alters cellular metabolism, in part by diverting the central carbon metabolism toward the

production of pyrimidine nucleotide components [83].
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3.3 Functions of ICP34.5, ICP47 and ICP8

The HSV-1 y34.5 gene encodes the Infected Cell Protein 34.5 (ICP34.5), known mainly as a
neurovirulence factor, although it plays a critical role in contrasting the host antiviral response in a
broader way . As depicted in Figure 6, ICP34.5 interferes with several host defense mechanisms by
binding to proteins that are involved in cell autophagy, translational-arrest, and type | interferon
response to viral infection. The y34.5 gene is classified as a late gene and it is present in two copies

>

mapping within the inverted repeat sequencesabandb’ a’ which flank the Unique Long segment

of the viral genome.

ICP34.5 is able to block the shutoff of protein synthesis induced by the protein kinase activated by
dsRNA (PKR), interacting with the protein phosphatase 1 (PP1) and redirecting its activity to mediate
de-phosphorylation of Ser51 in the a-subunit of elF-2. This results in a continued viral protein

synthesis even in the presence of an active PKR. [84]

Interestingly, the conserved carboxyl (C)-terminal domain of ICP34.5, which is responsible for
blocking accumulation of phosphorylated elF-2a, shares sequence similarity with the cellular
Growth Arrest and DNA Damage34 (GADD34) protein [85]. Another function of ICP34.5 involves
inhibition of autophagy by binding Beclinl with its aminoterminal region[86]. This portion of the
viral protein also interacts with TANK-binding kinase 1 (TBK1), thus potentially interfering with the

activation of the interferon-regulatory factor 3 (IRF-3), which is a TBK1 substrate [87].

Us12 is an immediate early gene and encodes the ICP47 protein, which prevents MHC-I-mediated
antigen presentation by binding the cellular TAP (transporter associated with antigen
presentation)[88]. The deletion of Us12 found in talimogene laherparepvec does not only enhance

antigen presentation on infected cells, but also shifts the kinetics of expression of the Us11 gene
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from late to immediate early. Us11 encodes a RNA-binding protein which partially complements the

activity of ICP34.5, but does not compromise safety[89].

Infected cell protein (ICP)8 is the product of UL29, an early (B) gene. It is the main single-stranded
DNA binding protein and is essential for the replication of the HSV-1 genome [90], though several
other activities have been ascribed to it [91,92]. It has also been used as a therapeutic target for

short interfering RNA antiviral therapies [93].

4.0ncolytic virotherapy

4.1 General overview

Oncolytic viruses (OVs) are defined as viruses able to selectively replicate in and kill cancer cells[1].
The history of OVs is quite long, since already at the beginning of the twentieth century physicians
observed that cancer patients experienced partial disease remissions after natural infections[94]. It
was, therefore, hypothesized that cancer cells were somehow more vulnerable to viral infections,
and that attenuated viral strains could be used in cancer therapy. However, many factors, including
safety concerns, the development of cytotoxic chemotherapy, and the lack of tools to manipulate
viruses, hindered research in this field. In recent years OV studies were revived by better knowledge
of viral gene function and advancements in molecular biology, which allow precise modifications of

viral genomes to maximize both efficacy and safety.
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Over the last years, a new paradigm emerged according to which OVs might also function as a form
of immunotherapy [95]. Indeed, it has been shown that the proinflammatory stimuli provided by
viruses can overcome the TME immunosuppression and, thereby, elicit a systemic antitumoral
immune response. Such a response was observed also when OVs were injected locally (intratumoral
injection), rather than systemically[96]. It was demonstrated that the first OV approved for cancer
treatment in North America and Europe, the HSV-1 based talimogene laherparepvec (T-VEC), has an
immunological mechanism of action, which also causes the regression of uninjected and uninfected

metastases [97].

Nevertheless, OVs are still not powerful enough, especially for scarcely immunogenic or
immunosuppressive solid tumors, which unfortunately are quite frequent in the population, like

pancreatic adenocarcinoma, triple negative breast cancer, hepatocellular carcinoma [98-100].

This lack of efficacy is somehow unexpected, as OVs should make the TME significantly more
immunogenic due to inflammation and the presence of viral antigens. Such a consideration fuels

the feeling that major improvements in the OV therapy field are at hand. [3]
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4.2 Oncolytic viruses and gene therapy

Thanks to advanced molecular biology techniques, the genome of most OVs can be manipulated to
“arm” viruses with therapeutic genes, apart from few exceptions, such as the H-1 rat parvovirus

which has a 5kb genome and does not allow insertion of sequences longer than ~200bp[101].

Many OVs, including RNA viruses, can accommodate single therapeutic genes, such as measles virus
[102] and vesicular stomatitis virus (VSV) [103]. However, large dsDNA viruses such as HSV-1 can

contain much larger cassettes[4].

In general, therapeutic genes expressed by OVs can be roughly divided into two major categories:

1)Genes that enhance cancer cell death. Those are either oncosuppressor genes, such as wild-type
p53 and PTEN, which were included in the genome of an oncolytic VSV and HSV-1 vector,
respectively[104,105], or genes that make infected cells susceptible to an approved drug, for
example an enzyme which confers susceptibility to 5-fluorocytosine, as in the case of the oncolytic
vaccinia virus TG6002[106]. The most important objection to this strategy is that, when using
replication-competent, cytopathic viruses, the emphasis should not be placed on killing infected

cells, but rather other cells that have not been reached by the virus.

2)immunotherapeutic genes. This class includes numerous cytokines, such as IL-2, TNF-a, IL-12 and
others, with the general idea of activating the immune system in close proximity to the infected
cancer cells[107,108]. Other possibilities are genes encoding chemokines to recruit a “desirable” (i.e
antitumoral) type of immune infiltrate into the TME, but most importantly immune checkpoint

inhibitors, usually in the form of single-chain antibodies.
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4.3 Carrier cells for the delivery of OVs

Despite advancements in OV development over the years[109], the most appropriate delivery mode
for OVs is still a matter of debate. In theory, intravenous injection of antitumoral drugs seems to be
ideal in order to target the primary tumor, metastases and micrometastases which are below the
limit of detection of current diagnostic techniques. However, apart from safety issues, there are
many drawbacks to systemic injection of OVs, the most important being the effect of the immune

system which threatens to remove attenuated OVs before they reach the tumor[110].

This effect was observed with different viruses including HSV-1[111] and adenoviruses [112] in
preclinical models, in which most of the injected virus was sequestered in the liver and spleen[113].
While this pattern of accumulation does not exclude intravenous treatment of hepatic tumors [114]

, it negatively affects the treatment of other deep-seated tumors.

Neutralization of virions in the bloodstream is particularly relevant in the case of viruses with a high
seroprevalence in the population, such as HSV-1[115]. Therefore, intratumoral injection has become
the method of choice for OV delivery, especially since the immunologic mechanism of action was
widely accepted. The problem of targeting metastases was addressed relying on the “in situ vaccine”

effect[116].

According to this hypothesis, the lytic effect of the virus is limited to the primary tumor in which it
is injected, but the immune response against tumor associated antigens (TAAs) will also be effective
against uninjected masses. Indeed, such a response was observed in clinical trials of T-Vec against
melanoma but only in a limited number of cases (9% response in visceral metastases in the Optim

trial)[117], which led to the investigation of synergism with ICls.
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In this setting, the possibility of using carrier cells has emerged as a promising method to achieve

systemic delivery of OVs[6].

Carrier cells can be infected ex vivo and then injected intravenously, and it has been demonstrated
in animal models that they can effectively shield OVs from antibody-mediated neutralization and
nonspecific uptake. This would greatly improve the biodistribution and potentially enhance safety,
since lower systemic doses would be needed in order to achieve a sufficient amount of virus
delivered to the tumor. Still, the research in this specific field is in a relatively early phase compared
to intratumorally delivered OVs, both in basic and clinical research. This review will focus on the
different cell types that have been proposed as OV carriers and the many unresolved issues in the
intricate interplay between carrier cells, the host immune system, and the tumor
microenvironment. Until now, the cells that were by far the most investigated as carriers for OVs

were mesenchymal stem cells (MSCs)[7,118].

Without neglecting the potential of MSCs, we think that there are good reasons to also consider
other candidates. In an earlier phase of OV research, it was assumed that an antiviral immune
response should be considered as a negative factor because it induces viral clearance before all
cancer cells within the mass have been killed[3]. This is also a factor in the choice of MSCs, which
have immunosuppressive properties, in many studies on carrier cells and OVs. However, as a
consensus was reached that oncolytic virotherapy is actually a form of immunotherapy, this

approach may need to be revisited.

MSCs were also shown to have pharmacokinetic problems, accumulating mainly in the lungs of
experimental animals following intravenous injection, probably due to their dimensions. These

problems resulted in some research groups trying to use MSCs for intratumoral delivery, which is
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Materials and methods

Cell lines

THP-1 (ATCC TIB-202™) is a human monocytic cell line originally derived from a patient with acute
monocytic leukemia. It was already available in our laboratory. THP-1 cells are maintained in RPMI
medium supplemented with 10% fetal bovine serum (FBS, Gibco #10270106) and 1%

penicillin/streptomycin (Gibco, #15140122).

J774A.1 (ATCC TIB-67™) is a murine monocyte/macrophage cell line with Balb/c genetic
background, derived from ascites in a female animal with sarcoma. It was kindly provided by Dr.Lea
Krutzke from the Department of Gene Therapy, University of Ulm. J774a.1 cells are maintained in
Dulbecco’s modified Eagle Medium (DMEM, high glucose, pyruvate, Gibco #41966029)

supplemented with 10% FBS and 1% penicillin/streptomycin.

MDA-MB-231 (ATCC HTB-26 ™) is a human triple negative breast cancer (TNBC) cell line, originally
isolated from a 51-year-old patient with neoplastic pleural effusion. MDA-MB-231 cells form poorly
differentiated adenocarcinoma in nude mice. These cells were kindly provided by prof. Stefano
Piccolo from the University of Padova. MDA-MB-231 cells are maintained in DMEM medium

supplemented with 10% FBS and 1% penicillin/streptomycin.

MCF-7 (ATCC HTB-22 ™) is a human, estrogen receptor-positive breast cancer cell line, originally
isolated from a 69-year-old patient with pleural effusion. These cells were kindly provided by prof.
Stefano Piccolo from the University of Padova. MCF-7 cells are maintained in DMEM medium

supplemented with 10% FBS and 1% penicillin/streptomycin.
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UM-SC-11B (RRID:CVCL_7716) is a human head-and-neck squamous cell (larynx) carcinoma. It was
kindly provided by Dr.Lea Krutzke from the Department of Gene Therapy, University of Ulm. UM-
SC-11B cells are maintained in DMEM medium supplemented with 10% FBS and 1%

penicillin/streptomycin.

293T (ATCC CRL-3216™) is a human embryonic kidney cell line, a highly transfectable derivative of
the 293 cell line. It was already available in our laboratory. 293T cells are maintained in DMEM

medium supplemented with 10% FBS and 1% penicillin/streptomycin.

Vero (ATCC CCL-81™) is an African green monkey kidney cell line. It was already available in our
laboratory. Vero cells are maintained in DMEM medium supplemented with 10% FBS and 1%

penicillin/streptomycin.
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Viral infections and plaque titration

The protocol for cell infection was different for cells growing in adhesion and in suspension.

In the case of adherent cells, complete medium was removed, cells were washed once with
phosphate buffer saline (PBS) 1X and infected with the desired amount of virus in serum-free
medium for 1h at 37°C in a 5% CO2 atmosphere. Serum-free medium was then replaced with

complete medium and cells were incubated for further analysis.

Cells growing in suspension were pelleted down, washed once with PBS1X and resuspended in 1 or
2mL of serum-free medium containing the desired amount of virus, for 1h at 37°C in a 5% CO;
atmosphere. Thereafter, cells were pelleted, resuspended in complete medium and incubated for

further analysis.

Viral plagque titration was performed on Vero cells in 24-well plates (organoid supernatants) or in
48-well plates (other supernatants). Briefly, supernatants of infected cells were serially diluted in
serum-free medium (DMEM) and used to infect Vero cells for 1h at 37°C in 5% CO; atmosphere in a
volume of 250uL (24-well plates) or 125uL (48-well plates). Dilutions were adjusted according to the
order of magnitude of produced virions. In each titration, two wells were infected with each dilution.
After incubation, the supernatant dilutions were removed, Vero cells were washed with PBS1X and

overlaid with DMEM, 2% FBS, 0.75% carboxymethylcellulose to allow formation of discrete plaques.
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Plaques were counted 72 hours post infection following fixation with 5% formaldehyde (10 minutes,
room temperature) and staining with a 0.1% crystal violet solution. To determine the titer using the

number of plaques, the following formula was employed:

PFU) _average plaques * dilution

pier (
teer mlL

Infection volume

Dilutions which resulted in an average number of plaques 20<n<100 were considered suitable for

counting.

Immunofluorescence

Immunofluorescence was performed on primary human monocytes to assess their purity after
purification by adhesion and removal of cells remaining in suspension, and to evaluate the infection

rate with oHSV-1.

In both cases, cells were cultivated on round tissue culture-treated (TC-treated) coverslips with a
12mm diameter inserted in a 24-well plate. Cell culture medium was removed and after washing

with cold (4°C) PBS 1X cells were fixed and permeabilized with -20°C 100% methanol for 5 minutes.

Aspecific sites were blocked with a 30 minutes incubation in PBS-5% BSA (Bovine Serum Albumin)

at room temperature, followed by washing with cold PBS and incubation with primary antibodies.
The primary antibodies were:

e Mouse anti-CD14 (reactivity: human), Abcam (ab181470). CD14 is part of the
lipopolysaccharide (LPS) receptor and is strongly expressed on the surface of primary

monocytes. Ab181470 was diluted 1:100 in PBS-0.1% BSA prior to use.
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e Mouse anti-ICP4, Abcam (ab6514). ICP4 (Infected cell protein 4) is an immediate early gene
of HSV-1, which is essential for the activation of viral gene expression and is itself often
expressed even during abortive infections[119]. Ab6514 was diluted 1:100 in PBS-0.1% BSA

prior to use.

Cells were incubated overnight with primary antibodies at 4°C.

They were then washed three times with cold (4°C) PBS 1X (5 minutes for each washing) and

incubated at room temperature for 1 hour in the dark with the following secondary antibody:

e Goat anti-mouse IgG H&L, conjugated with Alexa Fluor® 488, Abcam (ab150113). Alexa
Fluor® 488 has an excitation wavelength of 495nm and an emission wavelength of 519nm.

The antibody was diluted 1:500 in PBS-0.1% BSA prior to use.

Cells were washed three times with cold PBS1X in the dark (5 minutes for each washing). Finally,
cells stained with the anti-ICP4 antibody were counterstained with DRAQ5™ Fluorescent Probe

Solution (ThermoFisher Scientific) for 20 minutes at room temperature in the dark.

Imaging was performed with a Nikon Ti Eclipse confocal microscope.
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Immunohistochemistry

Immunohistochemistry (IHC) was performed by Dr. Massimiliano Cadamuro using the
aforementioned primary antibodies (anti-CD14 ab181470 and anti-ICP4 ab6514) and a secondary

goat anti-mouse antibody conjugated with horseradish peroxidase.

Embryonated chicken eggs

All experiments on the CAM model were performed by Dr.Lea Krutzke at the Department of Gene
Therapy of the University of Ulm (Germany), using THP-1 cells and the EGFP-oHSV1 virus provided

by us. UM-SC-11B tumors were established as previously described [12].

11 embryonated eggs were treated by intravascular injection, while 1 embryonated egg with UM-
SC-11B tumor was used as a negative control. On day 11, 5x10° THP-1 cells were infected with EGFP-
oHSV1 (MOI 3) for 1h, washed three times in PBS 1X, resuspended in PBS1X and injected
intravascularly. On day 15, tumors, livers and kidneys were harvested, fixed in a paraformaldehyde

(PFA) 4% solution, embedded in Tissue-Tek© and frozen prior to shipping in dry ice.

Primary monocytes isolation

Buffy coats (50 mL) from HIV, HBV and HCV-negative blood donors were provided by the Padova
University Hospital. Concentrated blood was diluted 1:2 with sterile PBS. 25mL of PBS diluted blood

were overlaid with 20 mL of Ficoll® Paque Plus solution (Sigma-Aldrich) and centrifuged at room
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temperature in a Heraeus Megafuge 1.0R centrifuge at 760g (1900rpm) for 20 minutes without

brakes.

The PBMC layer was collected with a disposable transfer pipet and moved to a new 50 mL tube,
which was filled with PBS 1X. PBMCs were centrifuged at 350g (1300rpm) for 8 minutes with brakes.
This washing step was repeated for three more times. The last washing was performed at 200g for

10 minutes to remove platelets.

Finally, PBMCs were counted in a Blirker chamber and diluted in RPMI medium supplemented with
10% FBS to achieve a final concentration of about 1x107 cells/mL (of which approximately 10% are

expected to be monocytes).

PBMCs were allowed to adhere overnight to tissue culture vessels. Floating cells were removed and
adherent cells (including monocytes) were washed once with PBS 1x and incubated with RPMI 10%
FBS. A small aliquot of PBMCs was allowed to adhere by the same procedure on 12mm round

coverslips for immunofluorescence (as described above) to evaluate the amount of CD14+ cells.

The average fraction of CD14+ cells (monocytic) counted over 4 representative 10x microscopic

fields was 0.67 (sample standard deviation 0.04).
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Figure 6 Left: percentage of CD14+ adherent PBMCs. Right: representative 10x brightfield and fluorescence microscopy
picture of adherent PBMCs stained with primary mouse anti-CD14 antibody and secondary goat anti-mouse Alexa Fluor 488-
conjugated antibody

918

919

920 Oligonucleotides

921  We employed the following oligonucleotides:

922  mirl24For_NEW
923 TTACACACATTCCCCGCCCCGCCCTAGGTTCCCCCACCCCCCAACCCCTATACACCTTCGCACATAACAGGATGACGACGATAAGTA

924 GGG

925 mirl24_Rev

926  GGGAGGGGCCCCCCGACAAAAAGGGAGACCTGACGTTGGATATGCTGTGAATAGGGCCCTCTAGATGCAT
927  UL29RealTimeFor

928  AAGAGCCGCGTGTTGTTC

929 UL29 RealTimeRev
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GTCCGAGGAGGATGTCCA

UL29 Tagman Probe (5" FAM dye, 3’ NFQ quencher)

CCTACCAGAAGCCCGACAAGC

Bacterial strains

DH5a (chromosomal genotype: fhuA2 lac(del)U169 phoA ginVv44 ® 80' lacZ(del)M15 gyrA96 recAl
relAl endAl thi-1 hsdR17) were the standard E.Coli strain employed for cloning of non-BAC

plasmids.

GS1783 (chromosomal genotype: DH10B | cI857 A (cro-bioA)<>araC-PBADIscel) is an E.Coli strain,
characterized by a chromosomal encoded inducible Red and I-Scel-expression and was employed
for the Lambda Red en passant mutagenesis, as already described [120]. Briefly, it derives from the
DH10B strain of E. coli and it is characterized by a temperature inducible promoter, driving the
expression of the Red recombinase genes, while an arabinose-inducible promoter drives the
expression of the homing endonuclease I-Scel from Saccharomyces cerevisiae. The enzyme has an
18 bp recognition site that is rarely present in other bacterial sequences. It was used for BAC

propagation and BAC mutagenesis.
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Brain organoids

Brain organoids (40 days old) were kindly provided by Dr. Veronica Krenn from the Knoblich
Laboratory of the University of Vienna[121]. Organoids were maintained in sterile, non tissue
culture-treated 90mm dishes, in 10 mL organoid medium and were divided in two batches, one of

approximately 50 and one of approximately 200 organoids.

The first batch was divided in 5 sterile, non tissue culture-treated 90mm dishes (around 10
organoids per plate). These organoids were infected with multiplicity of infection (MOI) 0.1 and 1
Plaque Forming Units (PFU)/cell EGFP-oHSV1 in order to determine the optimal MOI and the spatial

pattern of infection, thanks to the fluorescent reporter gene.

According to previous calculations by Dr. Krenn on a large number of organoids, MOI 0.1

corresponded to 4.5x10% PFU/organoid while MOI 1 corresponded to 4.5x10° PFU/organoid.

The second batch was divided in 10 dishes (around 20 organoids per plate). These organoids were
infected with MOI 0.1 FLuc-oHSV1 or Mir124-oHSV1. Supernatants were collected 1,2 and 3 weeks

post infection, as well as some organoids for RNA extraction.

All organoids were maintained in 10mL organoid medium supplied by Dr. Veronica Krenn, with the

following composition for 1 liter of medium:

e 500 ml DMEM/F12 (Invitrogen cat#11330-032)

e 500 ml Neurobasal (Invitrogen cat# 21103049)

e 5 ml N2 supplement (Invitrogen cat# 17502048)

e 20 ml B27 + vitamin A supplement (Invitrogen cat# 17504044)
e 250 ul insulin (Sigma cat# 19278-5ML)

e 350 ul 2-Mercaptoethanol 1:100 solution
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972 e 10 ml Glutamax supplement (Invitrogen cat#35050-038)

973 e 5 ml MEM-NEAA (Sigma cat#M7145)

974 e 1g NaHCO3 (Sigma-Aldrich, Cat#55761)

975 e 10 ml Vitamin C solution 40 mM (ascorbic acid, Sigma-Aldrich A4544-25G):

976 o 350 mgin 50 ml of DMEM/F12- store at +4C, light-protected

977 e 10 ml P/S (Sigma, cat#P0781)

978 o Filtered using 0.22 um filter bottle

979

980 . Medium was regularly changed at least once a week. Infections were performed by removing

981  approximately 9mL of medium, adding 9mL of medium containing the desired amount of virions
982 and incubating organoids overnight at 37°C in a 5% CO; atmosphere. The following day, as much

983  medium as possible was removed and replaced with fresh one.

984
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990
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992
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Plasmids and bacterial artificial chromosomes (BACs)

pSMPUW-miR-124-GFP-Puro is a plasmid which drives overexpression of mir-124 in
eukaryotic cells, encoded in a human beta-globin intron. It was purchased from the non-
profit repository Addgene (Addgene plasmid #117321 ; http://n2t.net/addgene:117321;
RRID:Addgene_117321) and originally developed by Volker Busskamp.

pUC57-3P+5P is a plasmid containing three repetitions of the target sequences of two
isoforms of mir124 (3P and 5P), flanked by an EcoRV and a Notl restriction site. It was
synthesized by BioFab Research S.r.L (Rome, Italy) following our instructions.

pEPkan-S2 (Addgene plasmid #61601) is a plasmid containing a kanamycin resistance
selection marker and a I-Scel restriction site and it is commonly used as a PCR template for
BAC mutagenesis. It was kindly provided by Prof. Jens von Einem (University of Ulm,
Germany)

pEP-KanS2-3P+5P was obtained by subcloning the 3P+5P sequence in pEPkan-S2 by EcoRV
and Notl digestion, followed by T4 ligase-mediated ligation. It was used as a PCR template
to amplify the cassette which was then used for the first recombination of the BAC

mutagenesis to generate pHSV1-Ay34.5/AUs12/FLucUL29mir124 (Figure 7).
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Figure 7 Map of the pEP-KanS2-3P+5P plasmid

pHSV1-Ay34.5/FLuc is a BAC containing the entire genome of strain 17+ HSV-1, with a
deletion of both copies of the y34.5 virulence gene, and a cassette encoding Firefly
Luciferase in the UL55-UL56 intergenic region. The BAC cassette includes a cloramphenicol
resistance gene and a Cre recombinase under the control of an eukaryotic promoter. Since
the BAC cassette is flanked by LoxP sites, it self-excides once the BAC is transfected in
eukaryotic cells to obtain the resulting virus. This BAC was kindly provided by Prof. Beate
Sodeik (Hannover University, Germany) and it was used as a starting backbone for all our

subsequent mutageneses (Figure 8).
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Figure 8 Schematic representation of pHSV1-Ay34.5/FLuc, with the BAC cassette (intergenic region UL22-UL23), y34.5 deletions, and

an expression cassette for the Firefly Luciferase gene in the UL55-UL56 intergenic region.

pHSV1-Ay34.5/AUs12/FLuc was previously obtained by BAC mutagenesis of pHSV1-
Ay34.5/FLuc, by a technique described elsewhere[120]. This BAC contains a deletion of the
Us12 gene analogous to the one found in talimogene laherparepvec (T-Vec).
pHSV1-Ay34.5/AUs12/EGFP was previously obtained by BAC mutagenesis of pHSV1-
Ay34.5/AUs12/FLuc, by substitution of the firefly luciferase gene with the enhanced green
fluorescent protein (EGFP) gene in the UL55-UL56 intergenic region.
pHSV1-Ay34.5/AUs12/FLucUL29mir124 was obtained by BAC mutagenesis of pHSV1-
Ay34.5/AUs12/FLuc. Briefly, a cassette containing the kanamycin resistance gene
aminoglucoside phosphotransferase (KanR) and the 3P+5P target sequence in the correct
orientation, was amplified by polymerase chain reaction (PCR) using the mirl124For NEW

and mir124_Rev primers at a 200nM final concentration, and the Phusion Hot Start || DNA
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polymerase (Thermo Fisher Scientific), using pEP-KanS2-3P+5P as a template. 50 nucleotide-
long homology sequences for the desired insertion site in the HSV-1 genome were included
in the primers. The PCR product was purified by extraction from an agarose gel (QiaQuick
Gel Extraction Kit, Qiagen), eluted in MilliQ water, and electroporated into electrocompetent
bacteria containing the Lambda-Red recombination system [120] and the pHSV1-
Ay34.5/AUs12/FLuc BAC. Clones containing the integrated cassette were selected on Luria
Bertani (LB) agar plates supplemented with kanamycin (50ug/mL) and chloramphenicol
(34pg/mL). Second recombination was then performed to remove the KanR gene. The final
BAC construct was verified by Sanger sequencing (performed by BMR genomics, Padova,

Italy).

Transfection

Transfections were carried out in the highly transfectable 293T cell line, using the Invitrogen™
Lipofectamine™ 2000 reagent (ThermoFisher Scientific) following the manufacturer’s instructions.
Briefly, plasmid DNA was diluted in Opti-MEM™ reduced-serum medium (Gibco #31985070), mixed
1:1 with Lipofectamine reagent diluted in Opti-MEM medium and incubated for 5 minutes at room

temperature before being put in contact with the cells.

Transfections of the pSMPUW-miR-124-GFP-Puro plasmid were carried out in 6-well plates. For each
well, we mixed 1 mL of Opti-MEM medium containing approximately 2.5ug of plasmid DNA with

1mL of Opti-MEM medium containing 10uL of Lipofectamine reagent.

Successful transfection was assessed by fluorescence microscopy since pSMPUW-miR-124-GFP-

Puro also drives the expression of EGFP (data not shown).
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Virus reconstitution and amplification

Once a correct BAC clone was validated, high-scale DNA purification was obtained using the Qiagen
MIDIPrep Kit (Qiagen). Approximately 1ug of BAC DNA in Opti-MEM medium was transfected in
semi-confluent 293T cells in a 25cm? tissue culture flask, using lipofectamine 2000 (ThermoFisher
Scientific). After 5 hours of incubation, Opti-MEM™ was removed and 293T cells were incubated

with DMEM supplemented with 10% FBS.

After 72 hours, viral cytopathic effect could be seen. Infected cells were harvested by pipetting and
were transferred together with their supernatant into a 75cm?tissue culture flask in which confluent

Vero CCL81 cells were seeded the previous day and incubated for 72 hours.

After checking cells for visible cytopathic effects, the supernatant was used to infect five more
75cm? flasks seeded with confluent Vero cells. After 1 hour of infection, the supernatant was

replaced with DMEM 2% FBS 1% penicillin/streptomycin.

After three days, cells were harvested by scraping and pelleted. Intracellular virions were recovered
by three freeze-and-thaw cycles followed by a 3 minutes treatment in a sonicated bath. Cellular
debris was pelleted at >12000g in a tabletop microcentrifuge and the supernatant containing

concentrated virions was aliquoted for subsequent titration and infections.
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Viruses

Ay34.5/AUs12/FLuc-oHSV1 (FLuc-oHSV1) was previously obtained by reconstitution of pHSV1-
Ay34.5/AUs12/FLuc and leads to the expression of Firefly Luciferase under the control of the

immediate early cytomegalovirus (CMV) promoter.

Ay34.5/AUs12/EGFP-oHSV1 (EGFP-oHSV1) was obtained by reconstitution of pHSV1-
Ay34.5/AUs12/EGFP and leads to the expression of the Enhanced Green Fluorescent Protein (EGFP)

under the control of the immediate early cytomegalovirus (CMV) promoter

Ay34.5/AUs12/FLucUL29mir124-oHSV1 (Mir124-oHSV1) results from the reconstitution of pHSV1-
Ay34.5/AUs12/FLucUL29mir124 and contains three repeats of the target sequences of two isoforms

of the neuron-specific mir124 (3P and 5P) downstream of the UL29 gene.

Real time PCR

Real time PCR was performed on DNA extracted from 20um-thick sections of tumors grown on CAM
using the DNEasy Blood&Tissue Kit (Qiagen), using the TagMan™ Universal PCR Master Mix
(ThermoFisher Scientific), the UL29RealtimeFor and UL29RealtimeRev primers and the Tagman
probe UL29 (5 FAM dye and 3’ NFQ quencher). Results were analyzed with the QuantStudio™

Design&Analysis Software v1.5.2.
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Cell viability assay

The employed cell viability assay was the Cell Proliferation Kit | (MTT) (Roche #11465007001) used

according to the manufacturer’s instructions.

Monocyte migration assays

The assays employed to evaluate the migration of monocytic cells towards cancer cell supernatants

in vitro were the following:

THP-1 cells: we employed the InnoCyte™ Monocyte Cell Migration Assay (CBA098, Calbiochem), in
which 10° cells, resuspended in 100uL of Opti-MEM medium, were allowed to migrate overnight.
Briefly, the insert was removed and the migrated cells were transferred into a black 96-well plate
and labeled with a calcein solution. Each supernatant was tested in six replicates. Emission was
measured using a fluorescence plate reader set at an excitation wavelength of ~485 nm and an

emission wavelength of ~520 nm.

Primary monocytes: infected cells were stained with CellTracker™ Red CMTPX Dye 1:2000 for 30
minutes at room temperature, washed in PBS1x, then 10° cells, resuspended in 100uL of Opti-MEM
medium, were allowed to migrate in Corning” Transwell® polycarbonate membrane cell culture
inserts with 5.0 um pore polycarbonate membrane insert (Corning) for 3hours at 37°Cin a 5% CO3
atmosphere. 600uL of supernatant of cancer cells cultured in Opti-MEM medium or Opti-MEM
medium alone were left in the lower chamber. Each supernatant was tested in three replicates. The
inserts were removed and migrated cells were imaged with the help of a Nikon Ti Eclipse confocal

microscope.
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Cell cocultures

THP-1 cells were infected with an MOI of 1 PFU/cell, whereas primary monocytes were infected with
an MOI of 5 PFU/cell. Following 1hour of infection, cells were washed three times in PBS1x before
being resuspended in RPMI 10% FBS, 1% penicillin streptomycin and being cocultured with confluent
MDA-MB-231 cells seeded in a 6 well-plate. The carrier cell to cancer cell ratio was 1:1 (5x10° cells).
PBS 1x from the last washing was titrated on Vero cells to ensure that no free virions were present.
Primary monocytes were also stained with CellTracker™ Red CMTPX Dye 1:2000 for 30 minutes at

room temperature (as above), before coculture.
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Results

1.THP-1 monocytes are permissive to Ay34.5/AUs12/EGFP-oHSV1 replication

THP-1 oHSV1-EGFP
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1,00E+04
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1,00E+00

MOI 1 MOI 3 MOI 5
Multiplicity of infection

Plague forming units (PFU)/mL

H24h m48h m72h

Figure 9 Plaque titration assay on the supernatants of human monocytic THP-1 cells infected with oHSV1-Ay34.5/AUs12/EGFP at
MOI 1, 3 and 5. Logarithmic scale. Experiments were performed in three biological replicates. Error bars reflect the sample standard

deviation.

Following infection with oHSV1-Ay34.5/AUs12/EGFP at three different MOlIs, infectious virions
could be detected in the supernatant of THP-1 cells 24 hours post infection. Titres steadily increased
at 48hours and at 72hours post infection, with all the MOls. Since THP-1 cells grow partially in
adhesion and partially in suspension, at each time point the supernatant was completely removed,
cells in suspension were spinned down, resuspended in fresh medium and added back to the

corresponding well. Thus, the measured titres reflect newly produced viral particles.
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1157 2.THP-1 monocytes maintain high viability after Ay34.5/AUs12/EGFP-oHSV1

1158 infection

1159
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1160
1161 Figure 10 MITT assay of THP-1 cells infected with EGFP-oHSV1 24 hours post infection. Each experiment was performed in three
1162 replicates.
1163

1164 There was no statistically significant difference between the growth control and each of the

1165 employed MOlIs (p>0.05), as assessed by the Mann-Whitney U test.

1166

1167

1168

1169

1170
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1171 Primary human monocytes allow infection and limited replication of

1172 Ay34.5/AUs12/EGFP-oHSV1

Primary monocytes HSV-1-AA-GFP
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1173

1174

1175 Figure 11 Above: Plaque titration assay on the supernatants of primary human monocytes, infected with MOI 5 and MOI 10
1176 Ay34.5/AUs12/EGFP-oHSV1. Y axis in logarithmic scale. Below: brightfield and fluorescence microscopic image of primary human
1177 monocytes infected with MOI 10 Ay34.5/AUs12/EGFP-oHSV1. Image representative of multiple 10x fields.
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Considering that infectious virions were detectable only 24 hours post infection, when also very
limited GFP-positivity could be observed (1-4 positive cells in a well in which 10° MOI 10-infected
cells were seeded), we infected primary monocytes with FLuc-oHSV1 (which does not express any
fluorescent green protein) and performed immunofluorescence with a primary anti-ICP4 antibody.

ICP4 is an immediate early viral gene which is usually expressed also in abortive infections[119].

Figure 12 Immunofluorescence of primary human monocytes infected with FLuc-oHSV1, MOI 5. 24 hours post infection cells were
stained with a mouse primary anti-ICP4 antibody and a secondary goat anti-mouse Alexa Fluor 488-conjugated secondary antibody.
Cells were also counterstained with DRAQ5 (here artificially visualized as blue)
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Even after infection with MOI 5, ICP4 was present in ~50% of primary monocytes, indicating that
probably the viral life cycle is restricted at a later stage. It is possible to hypothesize that an

activation of the interferon pathway contributes to this effect.

62



1210 3. Mouse monocytic J774A.1 cells are permissive to Ay34.5/AUs12/EGFP-oHSV1

1211 replication

1212
J774A.1 oHSV1-Ay34.5/AUs12/EGFP
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1213
1214 Figure 13 Plaque titration assay on the supernatants of mouse monocytic J774A.1 cells infected with oHSV1-Ay34.5/AUs12/EGFP

1215 (EGFP-0HSV1) at MOI 1, 3 and 5. Logarithmic scale. Experiments were performed in three biological replicates. Error bars reflect the

1216 sample standard deviation.

1217

1218  Following infection with oHSV1-Ay34.5/AUs12/EGFP at three different MOls, infectious virions
1219  could be detected in the supernatant of J774A.1 cells 24 hours post infection. Titres rapidly declined
1220  at 48hours and at 72hours were totally undetectable in MOI 3 and 5-infected cells. The supernatant
1221  was completely removed and replaced with fresh medium at each time point, thus the measured

1222  titres reflect newly produced viral particles.

1223 Titration data correspond to expression of the EGFP reporter gene (present at 24hours post

1224  infection but not at 72 hours post infection), assessed by fluorescence microscopy (data not shown).

1225
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1226 4.THP-1 cells and primary human monocytes migrate towards

1227 breast cancer cell supernatants

1228
Migrated THP-1 cells
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Cells
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1230 Figure 14 Fluorescence of calcein-labeled, migrated THP-1 cells after overnight incubation in a 96-well plate. THP-1 Opti-MEM™:
1231 migration towards serum-free medium alone THP-1 HSV MDA: migration of oHSV1-infected THP-1 cells towards MDA-MB-231
1232 supernatants. THP-1 HSV MCF7: migration of oHSV1-infected THP-1 cells towards MCF7 cell supernatants. Each migration assay was

1233 repeated in six different wells with the InnoCyte™ Monocyte Cell Migration Assay

1234

1235  As assessed by the InnoCyte™ Monocyte Cell Migration Assay (see “Methods” section), THP-1 cells
1236  infected with oHSV1-EGFP migrated towards serum-free medium supernatants of breast cancer cell
1237  lines (MDA-MB-231 and MCF7) more than towards serum-free medium alone. This suggests that

1238 indeed breast cancer cells release soluble factors that are chemotactic for monocytes.
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1239  To confirm this finding with primary cells, we performed a similar Boyden chamber migration assay
1240  with primary monocytes, marked with CellTracker™ Red CMTPX Dye (see “Methods” section)

1241  migrating towards the same cancer cell supernatants or Opti-MEM™ medium alone.

1242
Migrated primary monocytes
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1243
1244 Figure 15 Average cell number in four 10x microscopic fields in a Boyden chamber after 3 hours of migration of oHSV-1-infected
1245 primary human monocytes towards supernatants of cancer cells cultivated in serum-free medium or towards serum-free medium
1246 (Opti-MEM™)
1247

1248  Despite a remarkable difference in the amount of primary monocytes that migrated towards MDA-
1249  MB-231 and MCF7 supernatants (which was not observed with THP-1 cells), in both cases there was

1250 a significant increase in chemotaxis compared to serum-free medium alone.
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Ay34.5/AUs12/EGFP-oHSV1-infected THP-1 cells and primary
human monocytes transmit the infection to MDA-MB-231 breast

cancer cells in coculture

Figure 16 Infected THP-1 cells and MDA-MB-231 cells at 24 (left), 48 (middle) and 96 hours (right) post-infection. 10x brightfield and

fluorescence microscopy pictures. Images are representative of multiple 10x fields.

In infected-THP-1/MDA-MB-231 cell cocultures (MOI 1, cell ratio 1:1) only some foci of EGFP+ cells
are visible 24 hours post infection, however green fluorescence spreads progressively and involves
most cells by 96 hours (5 days) post infection. At 5 days post infection, rounding of spindle-shaped

cancer cells indicating cytopathic effect is visible (Figure 16).
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Figure 17 Plaque titration assay of 1:1 cocultures of oHSV1-infected THP-1 cells (MOI 3) and MDA-MB-231 cells. Y axis in

logarithmic scale.

Plaque titration assays indicated a remarkably constant viral production (Figure 17), with higher

titres than those observed in the infection of THP-1 cells alone.

These experiments were carried out either once or in two replicates. The second and third replicates

will be performed to allow a statistical analysis.

Figure 18 1:1 coculture of infected primary monocytes (MOI 5) marked with cell tracker Red and MDA-MB-231 cells 24 hours (left) and
48 hours (right) post infection. 10x brightfield and multi-channel fluorescence microscopy pictures, representative of multiple 10x fields.
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Figure 19 1:1 coculture of infected primary monocytes (MOI 5) marked with cell tracker Red and MDA-MB-231 cells 6 days post
infection. 10x brightfield and multi-channel fluorescence microscopy picture, representative of multiple 10x fields.

Thanks to the red fluorescent cell tracker applied to primary monocytes, in these pictures it is
possible to distinguish monocytes not expressing viral EGFP (red), monocytes expressing viral EGFP

(yellow) and infected cancer cells (green).

At the early time points (24 and 48 hours post infection, Figure 18) clusters of green cells can be
observed in close contact with red or yellow cells, indicating transmission of the infection from
carrier monocytes. At the later time point (6 days post infection, Figure 19), widespread green

fluorescence and rounding of normally spindle-shaped MDA-MB-231 cells is seen.
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It is interesting to notice that in these pictures, yellow cells (EGFP-expressing monocytes) are much
more represented than EGFP+ cells in infected primary monocytes monoculture (Figure 11), in spite
of alower MOI (MOI 5 in the coculture assay vs MOI 10 in Figure 11). This observation has fascinating
implications that will be further described in the “Discussion” section, however, it has to be

confirmed employing different and possibly more quantitative methods.

Since plaque titration assay in infected-THP-1/MDA-MB-231 cocultures had shown that viral titres
remained stable in the time range 48h-96h, we decided to shift the time points for supernatant
collection to 48hours, 5 days (96h) and 8 days post infection in infected primary monocytes/MDA-

MB-231 cocultures.

Infected primary monocytes and MDA-MB-231
cells
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Figure 20 Plaque titration assay of 1:1 cocultures of oHSV1-infected primary human monocytes (MOI 5) and MDA-MB-231 cells. Y

axis in logarithmic scale. Experiments were performed in three biological replicates. Error bars represent sample standard deviation.
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Titration assays confirm that indeed there is prolonged production of infectious virions and also a
striking difference in comparison with infected primary monocytes monoculture (Figure 11). The
amount of infectious viral particles peaked 5 days post infection and declined slightly 8 days post

infection, probably due to viral-induced death of cancer cells.

As reported in the “Methods” section, in all coculture assays we were especially careful to exclude
a carryover of free virions by washing monocytes 3 times in PBS 1x and titrating undiluted PBS from

the last washing.
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5.THP-1 cells infected with Ay34.5/AUs12/EGFP-oHSV1 migrate

selectively into human tumors growing in chicken embryos

12 embryonated eggs were inoculated intravascularly with 5x10°> THP-1 cells infected with
Ay34.5/AUs12/EGFP-oHSV1. Tumors and livers were harvested for further analysis. By
immunohistochemistry (IHC) CD14+ and ICP4+ (virally infected) cells could be detected in the 5

embryos analyzed so far but not in the negative (uninjected) control (Figure 21)

Figure 21 10x immunohistochemistry pictures of UM-SC-11B tumors growing on the CAM of embryonated chicken
eggs, stained with anti-CD14 primary antibody (left) and anti-ICP4 primary antibody (right). Top row: egg injected
with oHSV1-infected THP-1 cells. Bottom row: uninjected egg (negative control)
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On the other hand, only few CD14 and ICP4 positive cells could be found in the liver of treated eggs,

and those appeared to be circulating in blood vessels (Figure 22)

Figure 22 10x immunohistochemistry pictures of livers of chicken embryos with UM-SC-11B tumors growing on the
CAM, stained with anti-CD14 primary antibody (left) and anti-ICP4 primary antibody (right). Top row: egg injected
with oHSV1-infected THP-1 cells. Bottom row: uninjected egg (negative control)

We further confirmed the presence of the HSV-1 genome in 4 out of 11 tumors by real time PCR

using published primers and probes specific for the viral UL29 gene[122].
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1367 5. Human brain organoids are permissive to Ay34.5/AUs12/EGFP-

1368 OHSV1 infection

1369

a . .
1370
1371 Figure 23 Fluorescence microscopy pictures of brain organoids 2 days after infection with Panel a)MOI! 0.1 Panel b)MOI 1
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C . .
Figure 24 Fluorescence microscopy pictures of brain organoids 5 days after infection with Panel c)MOI 0.1 Panel d)MOI 1

Viral infection, as indicated by GFP fluorescence, spread progressively from the superficial layers of
organoids (48 hours post infection) (Figure 23) to the inner layers 5 days post infection (Figure 24).

The organoids were completely infected 7 days post infection (Figure 25).
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Figure 25 Fluorescence microscopy pictures of brain organoids 7 days after infection with Panel e)MOI 0.1 Panel f)MOI 1

Since in this first round of experiments we did not observe striking differences in the pattern of
infection employing MOI 0.1 and MOI 1, we chose to perform the subsequent infections with the

lower MOI (0.1), which in our opinion mimics a more realistic in vivo scenario.
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1389 7. Ay34.5/AUs12/FLucUL29mir124-oHSV1 is attenuated in 293T

1390 cells overexpressing mirl24
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Figure 26 Replication of Ay34.5/AUs12/FLucUL29mir124-oHSV1 (MOI 0.1) compared to parental Ay34.5/AUs12/FLuc-oHSV1 in 293T
cells transfected with pSMPUW-miR-124-GFP-Puro plasmid (a) and replication of Ay34.5/AUs12/FLucUL29mir124-0HSV1 in

transfected vs non-transfected 293T cells

Ay34.5/AUs12/FLucUL29mir124-oHSV1 (AAmir124) virus replicates to lower titres than its parental
Ay34.5/AUs12/FLuc-oHSV1 virus in 293T cells transfected with a plasmid causing the expression of

human mir124 (Figure 26a).

To confirm that this finding was not due to an aspecific attenuation of AAmir124 we tested its
replicative capacity in non-transfected 293T cells and found that infectious virions strongly

increased 3 and 5 days post infection (Figure 26b).

These experiments were carried out either once or in two replicates. The second and third replicates

will be performed to allow a statistical analysis.
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1408 8.Ay34.5/AUs12/FLucUL29mir124-oHSV1 is attenuated in human

1400 brain organoids compared to Ay34.5/AUs12/FLuc-oHSV1
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1412 Figure 27 Plaque titration assay on the supernatants of organoid dishes (approximately 20 organoids/dish) 1 week after infection with

1413 the two indicated viruses (MOI 0.1 PFU/cell). Y axis in logarithmic scale. Experiments performed in three replicates.

1414

1415  Ay34.5/AUs12/FLucUL29mir124-0HSV1 replication was tested in a more relevant biological model,
1416 i.e. in human brain organoids. In this setting, HSV1-AAmir124 replicated to lower titres than HSV1-

1417 AAFLuc.

1418
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Discussion

This study contributes to devising a strategy for the systemic delivery of oncolytic viruses (OVs).
Preclinical and clinical studies tested several strategies, including intravenous viral injection and use
of carrier cells, which are infected ex vivo with the OV and have a tropism for tumors. The most
frequently employed carrier cells for OV delivery have been mesenchymal stem cells (MSCs),
however MSCs face two main problems that hinder their clinical development: 1)autologous MSCs
need to be recovered by biopsy and cultured ex vivo, which makes the manufacturing process more
time-consuming and difficult, 2)most importantly, MSCs have biodistribution problems, probably

due to their large dimensions.

Other studies focused on autologous immune cells that naturally infiltrate the tumor
microenvironment (TME). Circulating monocytes are the precursors of tumor associated
macrophages (TAMs), and thus they are natural candidates to be used as carrier cells, as detailed in
the introduction. Nevertheless, so far only few studies investigated circulating monocytes or
monocyte-derived macrophages as carrier cells for an oncolytic adenovirus and oncolytic measles

virus [123][124].

The presented results indicate for the first time that blood monocytes can be used as carriers for
the delivery of Ay34.5/AUs12 oncolytic HSV-1 (oHSV-1), which has been the most successful
oncolytic virus so far, gaining clinical approval in the USA and the EU for malignant melanoma,
althoguh using intratumoral injection as a route of administration. Finding an efficient way of
delivering oHSV-1 systemically is the key to use this powerful OV for the treatment of deep-seated

or metastatic tumors, which are not as easily accessible as melanoma.

Interestingly, during natural infection, circulating monocytes are not a primary target for HSV-1,

which can replicate in more differentiated myeloid cells, such as macrophages and dendritic cells
79



1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

[125]. However, we could demonstrate that our oHSV-1 infects both monocytic cell lines and
primary monocytes in vitro, both by detecting viral replication (much more prominent in cell lines)
and expression of the immediate early ICP4 viral protein. Although it was possible to expect that
this oncolytic virus would have been severely restricted in monocytes, this was not the case, raising
interesting questions about the role of the HSV-1 virulence factor y34.5 in the infection of myeloid

cells.

Furthermore, the fluorescence microscopy images we collected using CellTracker™ Red CMTPX Dye-
marked primary human monocytes infected with oHSV1-EGFP, in a coculture with human breast
cancer MDA-MB-231 cells, compared with the microscopic images of oHSV1-EGFP-infected primary

monocytes alone, suggest that coculture conditions enhance viral gene expression in carrier cells.

In fact, after infection of primary monocytes in monoculture with the oncolytic virus, we could
demonstrate that >50% of cells were actually infected, by performing immunofluorescence using an
anti-ICP4 primary antibody. However, very few GFP+ cells could be observed by fluorescence
microscopy (around 1 or 2 cells in each well of a 24-multiwell plate, in which 10° primary monocytes
infected with an MOI 5 or 10 were seeded). Correspondingly, low viral titres could be detected, and
only up to 24 hours post infection. These findings may point at an interruption of the viral replication
cycle at a very early stage in most infected cells. On the other hand, in the coculture conditions,
numerous clusters of CellTracker™ +/GFP+ cells (presumably, infected monocytes expressing EGFP)
could be visualized 24 hours and 48 hours post infection, often in close proximity to infected (GFP+)
cancer cells. At later time points, the widespread EGFP-positivity of cancer cells made pictures
difficult to interpret. We hypothesize that differentiation of monocytes triggered by cancer cells, a
phenomenon which was already described, boosts the replication of the oncolytic virus during

coculture, compared to monocyte monoculture.
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This would be a very interesting finding, since it would mean that the oncolytic virus remains
relatively “silent” in carrier cells until it reaches its target (the TME), where it undergoes enhanced
replication. We will perform further experiments to confirm this hypothesis, taking into account
different possible underlying mechanisms. If viral replication is enhanced by soluble factors released
by MDA-MB-231 cells, a simple but effective experiment would be to culture infected primary
monocytes in cell-free MDA-MB-231 cells supernatant and describe the output, in terms of EGFP-

positivity and infectious viral particles.

If the mechanism is not due to soluble factors but to cell-associated factors or cell-to-cell contact,
more subtle strategies would be required, for example immunofluorescence with a primary
antibody against a late HSV-1 gene (expressed only when the viral replication cycle is completed) or
other types of single-cell analysis. Performing the coculture assay, we were aware of the risk of a
carryover of free virions along with the infected cells. However, while this possibility seems to be
not very relevant considering the much higher viral titres obtained in cocultures compared to
monocultures, we tried to exclude it by washing cells three times in PBS 1X before coculture, and

titrating viral infectious particles in PBS from the third washing.

Infected THP-1 cells and primary monocytes could migrate towards the supernatants of MDA-MB-
231 cells and of another breast cancer cell line (MCF-7), as measured by Boyden chamber migration
in comparison with serum-free medium alone. Beyond such simple in vitro assays, which have
obvious limitations, it is challenging to find complex systems that can mimic trafficking of human
carrier cells through a vascular system. While the animal model recapitulates most features of “real”
human tumors, the use of animals is expensive and relatively slow, thus making them suboptimal
for initial screening studies. We therefore established a collaboration with Prof. Dr Stefan Kochanek

and Dr. Lea Krutzke at the Department of Gene Therapy of the University of Ulm (Germany), to

exploit the chorioallantoic membrane (CAM) model, in which human cancer cells grow as a small
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mass on the CAM of embryonated chicken eggs. The established model used human squamous
laryngeal carcinoma UM-SC-11B cells, which were suitable for our purposes due to the broad

tropism of HSV-1, especially for cells of epithelial origin.

Embryonated chicken eggs at an early stage of developments are not legally considered living
animals and do not have a functional immune system, however they have a developed circulatory
system, allowing intravascular administration of therapeutics[12]. Therefore, we hypothesized that
the CAM model was optimal to assess the capacity of monocytic cells infected with oHSV-1 to
migrate selectively through a complex vasculature to reach tumor masses. Indeed, 5 days after
intravascular injection of human THP-1 cells infected with a multiplicity of infection (MOI) 3 PFU/cell,
we could detect clusters of carrier cells (staining positive for CD14) and clusters of infected cells
(staining positive for ICP4) in tumors by immunohistochemistry (IHC). The pattern of IHC positivity
suggests that a perivascular accumulation of carrier cells occurs. On the other hand, in other organs
from the chicken embryos which were large enough to be isolated (liver and kidney) we found either

no positive cells or sparse positive cells, probably circulating in the vasculature.

To further confirm this finding, we used a part of the formalin-fixed and TissueTek-embedded
samples for DNA extraction and subsequent amplification of a small segment of the viral UL29 gene
by real time PCR. Despite many limitations (small sample size with low DNA yield, non-homogeneous
distribution of infected cells in the samples, and possible formalin contamination), the tumors from
4 eggs tested positive. Our results indicate that infected carrier cells migrate efficiently in a vascular
system and have a tropism for tumors. Nevertheless, this system can be maintained only for a
limited time span, does not allow an evaluation of the therapeutic effect and has no active immune
system. Therefore, we regard it as a preliminary step, which establishes that monocytes are suitable

carriers for further studies in an animal model.
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Finally, a successful systemic distribution by carrier cells offers opportunities but also poses
challenges. For example, circulating monocytes can migrate into the central nervous system (CNS)
and this is particularly relevant for us for two reasons, i.e. 1)HSV-1 is a neurotropic virus and a cause
of viral encephalitis, 2)on the other hand this delivery system can be used also to treat intracranial

tumors.

The Ay34.5 deletion has been consistently reported to be neuroattenuating, not only in preclinical
animal studies, but also in clinical trials[126]. However, as explained elsewhere (Summary and
Introduction), AUs12 partially rescues the replicative capacity of Ay34.5. To the best of our
knowledge, Ay34.5/AUs12-0HSV1s were never used for intracranial injection in clinical trials.
Therefore, we decided to further neuroattenuate the virus by inserting multiple target sequences
of the neuron-specific mir124 miRNA downstream of UL29, which is essential for the replication of
the viral genome and is also a novel target for miRNA-based attenuation of oncolytic HSV-1[92]. We
compared the replication of Ay34.5/ AUs12-FLuc HSV-1 (AAFluc, parental virus) to Ay34.5/ AUs12-
UL29mir124 HSV-1 (AAmirl124) in an artificial system (293T cells overexpressing mir124) and a more
natural system (brain organoids). In both systems, the replication of AAmir124 was significantly

inferior, as measured by plaque titration assay.

More experiments are ongoing to measure the diffusion of different viruses in the 3D structure of
the organoids (by IHC) and downregulation of the UL29 mRNA in both 293T cells and brain

organoids, by reverse transcriptase real time PCR.

In conclusion, the data obtained with human monocytes, either from a cell line or as primary cells,
confirm that they can be further evaluated as carriers for an oncolytic HSV-1. It is also possible that
biological changes in monocytes after close contact with cancer cells enhance viral replication,

which will be the focus of future experiments.
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In a first step towards the animal model, we also evaluated replication and transgene expression in
a mouse monocyte/macrophage cell line with Balb/c genetic background (J774A.1). Interestingly,
while viral replication could be detected 24 hours post infection, it rapidly declined and no newly
produced virions were detectable 72 hours post infection. This pattern suggests that J774A.1 cells
are not intrinsically refractory to HSV-1 replication, but rather that some inducible mechanism is
involved. The most straightforward hypothesis is that the interferon signaling pathway is involved.
A previous study reported that OV-infected macrophages migrated to tumors within a few hours in
mice [124], therefore the production of virions up to 24 hours post infection should provide a

sufficient window of opportunity.

However, in order to evaluate the mechanism which restricts oHSV-1 replication at later time points
and to extend this window of opportunity, we plan to treat cells with an inhibitor of the interferon
JAK-STAT pathway and measure its effect on viral production and cell survival. This experiment is
also functional to the next step of the project, in which we will test oHSV-1 replication in primary

mouse monocytes.

Many different solid tumors could be treated with this approach. In the selection of an appropriate
animal model, we will focus on immunocompetent animal models with either metastatic or deep-
seated orthotopic tumors. Possible candidates include glioblastoma (which exploits the capacity of
monocytes to migrate into the CNS and our new neuroattenuation system), metastatic triple
negative breast carcinoma (the spontaneously metastatic 4T1 Balb/c model), or other cancers with

a very negative prognosis, such as pancreatic carcinoma or hepatocellular hepatocarcinoma.
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1903 Final remark

1904 Se le cellule carrier sono dei “cavalli di Troia” che permettono ai virus oncolitici di entrare nel
1905 microambiente tumorale, ci aiutera certamente leggere come il poeta descriveva la costruzione

1906  dell’originale:
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1908  [...JFracti bello fatisque repulsi

1909 ductores Danaum, tot iam labentibus annis,
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Abstract

USA and Europe.

Tumor microenvironment

Background: With few exceptions, current chemotherapy and radiotherapy protocols only obtain a slightly prolonged
survival with severe adverse effects in patients with advanced solid tumors. In particular, most solid malignancies not
amenable to radical surgery still carry a dismal prognosis, which unfortunately is also the case for relapsing disease after
surgery. Even though targeted therapies obtained good results, clinical experience showed that tumors eventually
develop resistance. On the other hand, earlier attempts of cancer immunotherapy failed to show consistent efficacy.
More recently, a deeper knowledge of immunosuppression in the tumor microenvironment (TME) allowed the
development of effective drugs: in particular, monoclonal antibodies targeting the so-called immune checkpoint
molecules yielded striking and lasting effects in some tumors. Unfortunately, these monoclonal antibodies are not
effective in a majority of patients and are ineffective in several solid malignancies. Furthermore, due to their
mechanism of action, checkpoint inhibitors often elicit autoimmune-like disease.

Main body: The use of viruses as oncolytic agents (OVs) was considered in the past, while only recently OVs revealed a
connection with immunotherapy. However, their antitumoral potential has remained largely unexplored, due to safety
concerns and some limitations in the techniques to manipulate viruses. OV research was recently revived by a better
knowledge of viral/cancer biology and advances in the methodologies to delete virulence/immune-escape related
genes from even complex viral genomes or “to arm” OVs with appropriate transgenes. Recently, the first oncolytic virus,
the HSV-1 based Talimogene Laherparepvec (T-VEC), was approved for the treatment of non-resectable melanoma in

Conclusion: OVs have the potential to become powerful agents of cancer immune and gene therapy. Indeed, in
addition to their selective killing activity, they can act as versatile gene expression platforms for the delivery of
therapeutic genes. This is particularly true for viruses with a large DNA genome, that can be manipulated to address
the multiple immunosuppressive features of the TME. This review will focus on the open issues, on the most promising
lines of research in the OV field and, more in general, on how OVs could be improved to achieve real clinical
breakthroughs in cancers that are usually difficult to treat by immunotherapy.

Keywords: Oncolytic virus, Oncolytic virotherapy, Cancer immunotherapy, Cancer gene therapy, Oncolytic HSV-1,

Background

The pharmacological therapy of cancer represents one of
the greatest challenges for contemporary medicine.
State-of-the-art chemotherapy and radiotherapy protocols
can be curative in some hematologic malignancies, such
as Hodgkin lymphoma and acute lymphoid leukemia
(ALL), and can be successfully combined with other thera-
peutic solutions like autologous stem cell transplantation

* Correspondence: giorgio.palu@unipd.it
Department of Molecular Medicine, University of Padua, Via A. Gabelli, 63,
35121 Padua, Italy

B BMC

[1, 2]. Targeted therapies have also emerged that changed
the natural course of diseases like chronic myeloid
leukemia or promyelocytic myeloid leukemia [3, 4]. Even
for ALL resistant to current therapies, the use of chimeric
antigen receptor (CAR)-T cellular therapy provided a
major breakthrough [5].

The situation is much bleaker for non-hematologic neo-
plasms. With very few exceptions, in this case, the hope of
a cure rests mainly on the possibility of a radical surgical
excision at the moment of diagnosis. If this is not possible,
due to extensive local invasion or metastatic dissemination,
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prognosis remains dismal [6, 7]. Great expectations were
associated with targeted therapies, such as small molecule
tyrosine kinase inhibitors (TKIs) or monoclonal antibodies
directed against receptors overexpressed by cancer cells.
Even though these approaches obtained good results in se-
lected patients, in terms of prolonged survival, with a good
toxicity profile, it soon became evident that tumors usually
develop resistance [8, 9].

Another possible therapeutic strategy is immunother-
apy. Although it has been known for quite a long time
that the immune system can recognize and kill cancer
cells, previous attempts of immunotherapy based on the
administration of recombinant cytokines, anti-cancer
vaccines or in vitro expanded tumor infiltrating lympho-
cytes (TILs) did not provide enough efficacy [10, 11].
Still, there were some remarkable exceptions, as a small
subset of metastatic melanoma and of clear cell renal
carcinoma patients showed long-term remissions after
treatment with high doses of recombinant interleukin 2
(rIL-2) [12]. In recent years, new light was shed on
mechanisms involved in cancer immunology, and, espe-
cially, on the immunosuppressive features of the tumor
microenvironment (TME), which mediate escape from
tumoricidal immune responses. In particular, cancer has
the ability to exploit mechanisms involved in the main-
tenance of immune peripheral tolerance, either i) dir-
ectly, by expressing immune checkpoint molecule
ligands which dampen the activity of cytotoxic T cells,
such as Programmed Death Ligand-1 (PDL-1), or ii) in-
directly, by recruiting immune cells with immunosup-
pressive features, such as CD4+ CD25+ Foxp3+ T
regulatory cells (Tregs), immature myeloid-derived sup-
pressor cells (MDSCs), or M2 macrophages [13, 14].
These cells usually express checkpoint molecule ligands
and secrete soluble cytokines (e.g. IL-10) or enzymes (ar-
ginase and IDO) that hinder cytotoxic T responses.
These and other actors, like cancer associated fibroblasts
and downregulation of MHC class I molecules by cancer
cells, are probably playing a role in TME immunosup-
pression. Based on these considerations, new cancer im-
munotherapies were developed, based on checkpoint
inhibition by means of monoclonal antibodies directed
against Cytotoxic T Lymphocyte Antigen 4 (CTLA-4),
Programmed Death-1 (PD-1), or its ligands PDL-1 and
PDL-2 [15]. Anti-CTLA-4 humanized antibodies, as ipili-
mumab, were the first to show therapeutic efficacy against
melanoma [16]. On the other hand, anti-PD1 and
anti-PDL1 mAbs seem to have a broader spectrum of
action (including NSCLC and possibly small subsets of
pancreatic and breast cancer), while triggering less auto-
immune toxicity [17]. However, also in cancer types con-
sidered susceptible to checkpoint inhibitors, more than
50% of patients fail to respond to treatment. In this con-
text, the combination of different checkpoint inhibitors
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(anti-CTLA-4 and anti-PD1 Abs) yielded better results in
melanoma patients, but with increased toxicity [18].

Oncolytic viruses (OVs) are defined as viruses able to
selectively replicate in and kill cancer cells [19]. The his-
tory of OVs is quite long, since already at the beginning
of the twentieth century physicians observed that cancer
patients experienced partial disease remissions after nat-
ural infections [20]. It was, therefore, hypothesized that
cancer cells were somehow more vulnerable to viral in-
fections, and that attenuated viral strains could be used
in cancer therapy. However, many factors, including
safety concerns, the development of cytotoxic chemo-
therapy, and the lack of tools to manipulate viruses, hin-
dered research in this field. In recent years OV studies
were revived by better knowledge of viral gene function
and advancements in molecular biology, which allow
precise modifications of viral genomes to maximize both
efficacy and safety. Over the last years a new paradigm
emerged according to which OVs might also function as
a form of immunotherapy [21]. Indeed, it has been
shown that the proinflammatory stimuli provided by vi-
ruses can overcome the TME immunosuppression and,
thereby, elicit a systemic antitumoral immune response.
Such a response was observed also when OVs were
injected locally (intratumoral injection), rather than sys-
temically [22]. It was demonstrated that the first OV ap-
proved for cancer treatment in North America and
Europe, the HSV-1 based talimogene laherparepvec
(T-VEC), has an immunological mechanism of action,
which also causes the regression of uninjected and unin-
fected metastases [23].

Nevertheless, OVs are still not powerful enough, espe-
cially for scarcely immunogenic or immunosuppressive
solid tumors, which unfortunately are quite frequent in
the population, like pancreatic adenocarcinoma, triple
negative breast cancer, hepatocellular carcinoma [24-26].
This lack of efficacy is somehow unexpected, as OVs
should make the TME significantly more immunogenic
due to inflammation and the presence of viral antigens.
Such a consideration fuels the feeling that major improve-
ments in the OV therapy field are at hand.

This review will focus on open issues regarding OVs,
and especially their interaction with the TME and the
host immune system. The answer to these questions
will probably be crucial to fully exploit the therapeutic
potential of OVs.

Main text

As explained above, OVs are emerging as a new, promis-
ing form of immunotherapy. In recent years a remarkable
array of different OVs has been tested in preclinical cancer
models or in phase I/II clinical trials [27]. This plethora of
viruses includes, among the others, attenuated strains of
human pathogens, such as adenoviruses (AdVs) [28],
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herpes simplex type 1 (HSV-1) [29], vaccinia virus
(VACV) [30], measles [31], mumps virus [32] and influ-
enza A virus [33], or viruses that are naturally poorly
pathogenic for humans, including the orthoreovirus strain
T3D [34], Newcastle Disease Virus (NDV) [35], vesicular
stomatitis virus (VSV) [36], Maraba Virus [37], the rodent
H-1 parvovirus [38] and the picornavirus Mengovirus
[39], a long list far from being complete [Table 1]. Perhaps
the most striking common feature of these heterogeneous
OVs is their outstanding safety profile. Indeed, severe
adverse effects were very rare and it was unusual that
therapy had to be discontinued due to toxicity [40]. Un-
fortunately, safety was not always matched by efficacy,
and so far only the HSV-1 based talimogene laherpar-
epvec was effective enough to be authorized for routine
clinical use. Also, efficacy was markedly higher in im-
munogenic tumors such as melanoma [41].

Therefore, despite the fact that OVs hold great thera-
peutic potential, it is clear that they need to be further
improved. A better understanding of their in vivo mech-
anisms of action and pharmacokinetics, as well as a
clearer picture of the complex interplay between viruses
and host are some of the crucial aspects to be further
elucidated to design safer and more effective OVs. Under
this respect, different questions remain to be addressed:

1. How “attenuated” should an attenuated OV be? The
question may sound trivial, the answer being
“attenuated enough to replicate only in cancer
cells”. However, the application of this
oversimplified principle can have dire
consequences, as it does not consider the real
complexity of tumors. Many OVs were designed to
be able to replicate only in actively dividing cells,
for example by deletion of specific genes (like HSV
or VACV thymidine kinase and ribonucleotide
reductase), according to the idea that cancer cells
are actively replicating while healthy cells are not
[42]. Unfortunately, many cancer cells within a
tumor mass are not undergoing replication. To
make things worse, many non-tumoral cells are
present in the TME (including macrophages, endo-
thelial cells, lymphocytes, fibroblasts, MDSCs). It
has been shown that these cells do not support the
replication of OVs designed according to the afore-
mentioned principle and can, therefore, protect ma-
lignant cells from viral diffusion [43]. Furthermore,
due to the well known cancer heterogeneity, it is
hazardous to assume that all cancer cells in all
patients will display the same specific molecular
characteristic, like mutations within certain onco-
suppressor genes and/or overexpression of single
pathways [44] and to assume that OV specificity to-
wards cancer cells could rely only on these features

2.
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[45, 46]. Indeed, evidence demonstrate that the in-
creased susceptibility of cancer cells towards viral
replication is the result of variable combinations
of alterations mainly in antiviral response and cell
cycle regulation pathways. Thus, a more sensible
approach for generating OVs, when starting from
well-known human pathogens, might be to attenu-
ate them in such a way that they cannot cause the
dangerous forms of disease they are associated
with (Table 1). In the case of HSV-1, in immuno-
competent adults nearly all severe morbidity and
mortality is caused by dissemination and replica-
tion in neurons, resulting in encephalitis. There-
fore, genome modifications that attenuate HSV-

1 virulence in neurons might be sufficient to gen-
erate a safe OV, despite the fact that the virus re-
tains, at least partially, its ability to replicate in
“healthy” fibroblasts or epithelial cells. This feature
might even be useful, as it enables the virus to be
more effective in the TME, as appears to be in the
case of T-VEC.

What defines a solid in vitro model to screen for
selectivity of OVs towards cancer cells? This
question persists despite the fact that, according to
what we have suggested above, the focus could be
shifted from “unable to replicate in nonmalignant
cells” to “unable to replicate in specific target cells
relevant for human disease” (neurons in the case of
HSV). The problem is associated with the definition
itself of “nonmalignant” applied to tissue culture
cells. Cell lines, even when incapable of forming
tumors once inoculated in immunosuppressed
mice, are often immortalized and have very
different features from their in vivo counterparts,
which can lead to OVs replication in these
“healthy” cells. Furthermore, cell lines (including
cancer cell lines) are often unpredictable in their
susceptibility to viral replication: even viruses with
broad cell tropism will occasionally produce very
low titers in some cell lines [unpublished
observations]. This raises the issue of finding a

real “healthy” cell line in which the OV under
evaluation is not replicating because the cell line
does not have malignant characteristics, rather
than because that cell line is characterized by
refractoriness to that virus. Primary cells, although
technically more demanding, could partially
overcome some of these difficulties. On the other
hand, organoids derived from malignant and
healthy tissue, that are becoming a widely employed
in vitro model for several types of studies, would
have the further advantage of letting cells grow in a
3D environment, more closely mimicking the in
vivo situation [47]. Thus, organoids might represent
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the best in vitro model to test OV specificity
towards cancer cells.

What is the most appropriate animal model to test
safety and efficacy of OVs? Most studies so far
relied on SCID or nude mice, which are a readily
available model in which murine or human cancer
cell lines can thrive because of immunosuppression
[48]. Still, this feature (especially the absence of a
competent T cell response) profoundly alters the
mechanism of action of OVs. In these models,
direct oncolysis by the virus could actually be the
main effector mechanism that prolongs survival

of the animals, which is probably not what happens
in human patients. On the other hand, the use of
immunocompetent mice could partially overcome
this difficulty. However, the differences between the
murine and human immune systems are still a
hurdle, especially when the ability of the OV of
influencing the immune response against cancer
cells is under evaluation. Humanized mice,
i.e.completely immunodeficient mice which receive
a human hematopoietic stem cells (HSC) transplant
plus human fetal thymus and liver tissue to
guarantee T cell maturation, could provide an
answer to this difficult problem [49].

What is the exact role of the host immune system/
OV interaction in determining the success of
virotherapy for tumors? Some investigators argue
that the immune system has a deleterious effect,
since it could wipe away the OV, especially if
deriving from a human pathogen widely present in
the population, before it can kill a sufficient number
of cancer cells. As a consequence, efforts were
spent on concealing the virus from the immune
system, or on using viruses for which a preexisting
immunity in the general population is unlikely [50].
However, this concept is clearly rooted in the

older paradigm of OVs directly killing cancer

cells rather than in the recent idea of OVs as tools
for immunotherapy. Indeed, recent data strongly
suggest that the release of danger signals and
inflammation due to OV replication, along with
immune system activation against infected cells,
account for an important part of the antitumoral
potential of the OV itself [51]. Furthermore, in the
case of T-VEC, no differences in therapeutic effects
were observed between HSV-1 seronegative and
seropositive patients. Recently, a study using a
mouse model of melanoma treated with the para-
myxovirus NDV showed enhanced antitumoral ac-
tivity in mice with preexisting immunity to NDV
[52]. Finally, after intratumoral treatment with T-
VEC, it was observed that uninjected lesions, in-
cluding some visceral metastases, underwent
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regression. In a recent clinical trial, regression was
heralded by activated CD8+ lymphocytes infiltration
and was enhanced by checkpoint inhibitors [53].
Such a pattern is consistent with an immune re-
sponse elicited by viral injection in multiple access-
ible lesions but effective also against uninjected
lesions in which the virus was not detectable.
What is the best route of administration for an
OV? It is often stated that an ideal OV should be
systemically injectable, for some good reasons:
essentially, the possibility to infect both primary
tumor and metastases, and the fact that this route
is relatively non-invasive and injections can be fre-
quently repeated [54]. However, although some
OVs (VACV, T3D orthoreovirus, H-1 parvovirus),
were administered intravenously to human patients
without severe side effects, the most used route is
the local (intratumoral) injection [55]. This is the
case also for the only approved OV, T-VEC. Intra-
tumoral delivery is usually chosen because of safety
concerns after intravenous injection, or, especially
in the case of HSV-1, to minimize the chance that
preexisting circulating antibodies might neutralize
the virus before it reaches its target, as discussed
above [56]. Nevertheless, as mentioned above, in
the case of T-VEC, despite the intratumoral injec-
tion, uninjected lesions and visceral metastases
displayed a regression, likely due to the immune
response elicited by the virus [41].

Viruses have an important feature, which makes
them particularly appealing as cancer therapeutics:
they are not just cancer cell killers or a
proinflammatory stimulus, but they can also serve
as platforms for the delivery/expression of
transgenes. This feature allows the development of
OVs “armed” with therapeutic genes, some of
which are already under evaluation in clinical trials.
One example is again T-VEC that, in addition to
specific mutations within viral genes, carries two
copies of the human granulocyte-monocyte colony
stimulating factor (hGM-CSF)

encoding sequence, under the transcriptional con-
trol of the human CMV immediate early promoter
[57]. However, most of these engineered viruses
only express a single immunostimulatory cytokine
or ligand [58, 59]. As a result, these OVs do not
exploit the wealth of information that was recently
accumulated on cancer immunology and the TME
[60], and may even be outdated. For instance, re-
cent comprehensive reviews cast a dubious light on
the usefulness of hGM-CSF in cancer immunother-
apy [61]. The issue with cancer immunotherapy is
not simply boosting a “sleeping” immune response,
but the fact that cancer cells actively use
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immunosuppressive mechanisms and recruit tol-
erogenic cells. OVs could be used to locally deliver
high and constant concentrations of single-chain
antibodies or other protein ligands that disrupt
those immunosuppressive features. Under this
respect, many different strategies can be devised,
including the expression of enzymes that degrade
the abundant extracellular matrix present in some
tumors (desmoplastic reaction) or of dominant
negative forms of immunosuppressive cytokines
(for example TGEF-B) [62].

More specifically, could there be space for
engineered OVs expressing checkpoint inhibitors,
as single chain antibodies, whole antibodies, or
proteins that may have the same function? Potent
immune checkpoint inhibitors (CKIs) which are
delivered systemically are already available, and
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OV reaches the TME, it should produce different
effects in different types of cells. Of course, it
should replicate in cancer cells and cause their
death while sparing surrounding normal tissue and/
or non causing severe diseases. However there
could be further nuances. For example, an OV
could be designed to specifically trigger a Thl
phenotype in infected macrophages or to replicate
also in cancer associated fibroblasts or endothelial
cells that might become a more persistent “factory”
of therapeutic gene products. Transgenes under the
transcriptional control of cell-specific promoter
might serve to this end. While “promoter retarget-
ing” has been explored to enhance viral replication
in cancer cells, such an approach to the diversity of
the TME has not been investigated yet, at least to
our knowledge.

most investigators are focusing on synergism

between existing checkpoint inhibitors and OVs Conclusions

[63]. However, CKIs expressed as therapeutic genes ~ Cancer immunotherapy is establishing new paradigms in

by OVs would probably have the advantage of a the treatment of advanced stage solid malignancies. To-

prolonged and localized delivery in the TME, which ~ gether with immune checkpoint inhibitors, OVs are in-

might, in principle, avoid the autoimmune side creasingly recognized as a promising therapeutic tool in

effects usually associated with systemic CKIs. this field. The use of OVs on patients has become a clin-
8. Is there the possibility of a more extensive cell- ical reality in the case of talimogene laherparepvec, also

specific reprogramming of viruses? Ideally, once an known as T-VEC, for metastatic melanoma, and recent
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Fig. 1 Schematic representation of cancer cells (cyan) in their immunosuppressive microenvironment, which they shape by secreting cytokines
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Infection of cancer cells by an oncolytic virus (OV, gray) disrupts the immunosuppressive features of the microenvironment by triggering
immunogenic cell death and releasing proinflammatory substances. OVs can also be armed with therapeutic genes targeting non malignant cells
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clinical trials strongly suggest that the combination of
talimogene with CKIs could be particularly effective in
this setting [23, 53]. Despite this successes, OV treatment
of cancers other than melanoma, which is usually consid-
ered a very immunogenic tumor, has given limited clinical
results [64, 65]. Several recent studies have been trying to
characterize the antitumoral immune response after OV
therapy both in mouse models and in patients enrolled in
clinical trials [53, 66]. However, current basic and transla-
tional research on OVs is mainly focused on safety
(which, however, has never been a real issue over de-
cades of clinical trials), on various combinations of OVs
with chemo and radiotherapy or CKlIs, and on the quest
for “exotic” non-human viruses, whose ability to infect
and lyse a significant number of human cancer cells in
vivo remains questionable [67].

The feeling that OVs are not being exploited to their
potential is increased by the lack of new ideas on the
use of OVs as platforms to express factors aimed at in-
creasing their killing ability and the immunomodula-
tory effect. Under this respect, there have not been
many novelties in the last years, at least to our know-
ledge. Indeed, in the field of OVs, viral engineering has
been mainly employed for the attenuation of the human
pathogen under evaluation, for its transcriptional [68]
or receptorial [69] retargeting, for the expression of sui-
cide genes or single immunostimulatory cytokines (as
in the case of talimogene). Thus, there is wide space for
the design of innovative OVs to better achieve, for in-
stance, TME modulation. The ideal candidate would be
a large dsDNA virus that can allow the insertion of
multiple transgenes within its genome, without losing
its ability to replicate in and kill cancer cells, and for
which “robust” gene editing techniques are available.

Finally, the big challenge that OVs are facing is the
therapy of immunologically “cold” tumors which are
usually failing to respond to checkpoint inhibitors due to
the absence of a lymphocyte infiltrate. The presence of a
virus (especially of a replication competent virus) can
profoundly alter the TME by enhancing the immune cell
infiltrate and generating proinflammatory cues. Is this
enough to make cold tumors sensitive to immune check-
point inhibition? It must be considered that these tumors
often display an immunosuppressive immune cell infiltrate
or a fibrotic microenvironment, which could protect ma-
lignant cells from the immunogenic stimuli provided by
the virus. Armed OVs might be once again the solution to
this problem. Indeed, therapeutic gene products, released
at high concentrations in situ by infected cells, could
synergize with OVs by killing immunosuppressive cells or
inhibiting their activity. Furthermore, OVs could be engi-
neered to express enzymes that degrade the fibrotic extra-
cellular matrix, thus helping to tackle very “difficult”
tumor microenvironments [Fig. 1].
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Oncolytic viruses (OVs) are an emerging class of antitumoral thera-
peutics, that combine selective cancer cell killing and an immunothera-
peutic effect, by facilitating the recognition of tumor antigens by the
immune system [1]. To the present day, only one replication-
competent OV, based on herpes simplex virus type 1 (HSV-1),
talimogene laherparepvec or T-VEC (IMLYGIC®, Amgen) has been ap-
proved for clinical use in the US and the EU by intralesional injection
against metastatic melanoma [2]. T-VEC is a genetically modified OV,
carrying deletions in the ICP 34.5 (y34.5) gene (attenuating virulence,
in particular in neurons), in the ICP47 (Us12) gene (enhancing, among
other effects, antigen presentation), and expressing a therapeutic gene
(the human granulocyte-monocyte colony stimulating factor, GM-
CSF) [3]. Recent “real world” clinical data confirm the efficacy of T-VEC
against melanoma beyond clinical trials [4]. Although T-VEC proved to
be quite safe [5], the main adverse effects being flu-like symptoms and
fatigue, concerns still remain about the pharmacokinetics of the recom-
binant virus and the possibility of its transmission to healthcare workers
and close contacts of the treated patient. In an article in EBioMedicine,
Andtbacka and colleagues report the results of a phase 2 clinical trial in-
vestigating biodistribution, shedding and transmissibility of T-VEC in 60
patients with melanoma [6]. Following administration, injected lesions
were covered with occlusive dressing according to the therapeutic pro-
tocol. Presence of viral DNA was assessed by a T-VEC specific quantita-
tive real time PCR in blood, urine, swabs from injected lesions, exterior
of dressings, oral and anogenital mucosa. Positive swabs were further
tested for the presence of infectious virus. Close contacts of patients
who developed suspect herpetic lesions were also tested. Interestingly,
T-VEC DNA was detectable in the blood of most patients and in 31.7%
urine samples during the first cycles of therapy, irrespective of previous
HSV-1 serological status, while only a minority of patients was positive
in oral (8.3%) and anogenital swabs (8%). During the following cycles of
treatments and safety follow-up controls T-VEC specific PCR became
rapidly negative. Of note and not surprisingly, the surface of the injected
lesions resulted positive for viral DNA in 100% of patients at least once
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during cycles 1 to 4, and in 14% of patients during safety follow-up visits.
Exterior of occlusive dressings was also positive in 80% of patients dur-
ing cycles 1 to 4. Finally, only a small percentage of swabs obtained from
the surface of injected lesions (7 out of 740 samples) was positive for in-
fectious virus.

Three patients had cutaneous herpetic lesions with detectable T-VEC
DNA from uninjected sites. Three close contacts had possible herpetic
lesions. One of them declined testing, while the other two resulted
PCR negative. One healthcare provider had a suspect lip lesion, which
was also negative for T-VEC. The Authors also report overall safety and
efficacy data. Most patients had adverse effects consisting mainly of
chills (65%) and fatigue (56.7%). Serious related adverse effects were re-
ported in 8 patients, and treatment was permanently discontinued in 3
patients.

The reported overall response rate (ORR) was 35%. Remarkably, 9
patients (15%) had a complete response, while 12 patients (20%) had
a partial response, consistent with data of previous clinical trials [7].

Overall the reported results confirm the safety profile of T-VEC and,
most importantly, the very low possibility of transmission to contacts
and healthcare workers, when recommended precautions and proto-
cols are applied. An issue that could require further inquiry is the pres-
ence of T-VEC DNA in the blood of most patients at the beginning of
treatment. Even though it seems unlikely that a transient presence of
DNA mirrors a real “viremia” with possible effects on metastases, this
possibility should be evaluated, together with other systemic effects of
the virus (for example, on the inflammatory response and modulation
of the immune system). A remaining open question involves the
in vivo kinetics of the expression of the T-VEC therapeutic gene (GM-
CSF), which could be interesting both for the evaluation of its effect
and for comparison with therapeutic genes expressed by other investi-
gational HSV-1 based OVs.

T-VEC indeed represents a valuable tool in the treatment of mela-
noma, and it has been shown to synergize with immune checkpoint in-
hibitors (ICIs) in clinical trials [8], in particular in those tumors with a
low baseline lymphocyte infiltrate that are poorly responsive to ICI
monotherapy. On the other hand, the full therapeutic potential of OVs
is probably still to be unleashed. Thus, the research goes on with differ-
ent aims, such as devising OVs (i) that can be delivered systemically [9],
(ii) that require an inferior number of injections, or (iii) that can extend
their immunotherapeutic potential beyond melanoma, to other

2352-3964/© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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malignancies with a dismal prognosis and a poor response to immuno-
therapy [10]. In this setting, OVs are very attractive as a possible trait
d'union between direct cancer cell lysis, immunotherapy and gene
therapy.
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Abstract: Intracellular organelles enwrapped in membranes along with a complex network of vesicles
trafficking in, out and inside the cellular environment are one of the main features of eukaryotic
cells. Given their central role in cell life, compartmentalization and mechanisms allowing their
maintenance despite continuous crosstalk among different organelles have been deeply investigated
over the past years. Here, we review the multiple functions exerted by the endosomal sorting
complex required for transport (ESCRT) machinery in driving membrane remodeling and fission,
as well as in repairing physiological and pathological membrane damages. In this way, ESCRT
machinery enables different fundamental cellular processes, such as cell cytokinesis, biogenesis of
organelles and vesicles, maintenance of nuclear—cytoplasmic compartmentalization, endolysosomal
activity. Furthermore, we discuss some examples of how viruses, as obligate intracellular parasites,
have evolved to hijack the ESCRT machinery or part of it to execute/optimize their replication
cycle/infection. A special emphasis is given to the herpes simplex virus type 1 (HSV-1) interaction
with the ESCRT proteins, considering the peculiarities of this interplay and the need for HSV-1 to cross
both the nuclear-cytoplasmic and the cytoplasmic-extracellular environment compartmentalization
to egress from infected cells.

Keywords: ESCRT; viruses; cellular membranes; extracellular vesicles; HSV-1

1. Introduction

Membrane-surrounded organelles characterize eukaryotic cells and guarantee the
compartmentalization of distinctive processes and functions. Intracellular membranes
not only maintain the integrity of these compartments but, thanks to finely tuned vesi-
cle trafficking, also play a pivotal role in the crosstalk between organelles themselves.
Dynamic, constant and controlled remodeling processes enable the exchange of signals,
information and materials between membranes that is crucial for the functioning of bio-
logical systems [1]. Two main types of membrane involutions can be formed. The first
type of vesicles excludes the cytosolic environment and occurs during “classical” bud-
ding events, such as endocytosis. The second type of vesicles, instead, originates from
a “reverse-topology” membrane scission which includes the cytosol and is mediated by
the endosomal sorting complex required for transport (ESCRT) machinery [2]. This net-
work of proteins is involved in different essential cellular processes, such as cytokinesis,
autophagy, multivesicular body (MVB) and extracellular vesicle (EV) biogenesis, plasma,
nuclear and endolysosomal membrane repair [2,3]. This list is far from being exhaustive,
but represents the pathways involving ESCRTs that are better characterized. Viruses, being
obligate intracellular parasites, have evolved to hijack highly conserved cellular pathways
throughout their replication cycle [4]. Thus, and not surprisingly, viruses exploit the host
intracellular membrane trafficking machinery to execute crucial steps of infection, such as
(i) entering the target cell; (ii) transporting their genomic materials to the site of replication;
(iii) if enveloped, acquiring their external lipid coating; (iv) exiting from infected cells. At
the same time, several enveloped and non-enveloped viruses induce profound membrane
remodeling/proliferation in infected cells to create specialized compartments where viral
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genome replication and /or new virion assembly occurs [5-7]. Interestingly, some insect
and plant viruses are able to modify mitochondrial and peroxisomal membranes for their
replication [7]. Finally, EVs play a broad-spectrum role in the pathogenesis of viral infection.
Indeed, viruses not only adopt exosomes to accomplish specific steps of their life cycle,
but also exploit these EVs to transfer both viral and cellular factors, such as proteins and
non-coding RNAs, outside the infected cells to promote infection and to escape from the
immune system [8].

Here, we review the similarities and differences of various ESCRT-dependent cellular
processes, including EV biogenesis, emphasizing mechanisms of ESCRT recruitment by
viruses. Furthermore, we focus on how the herpes simplex virus type 1 (HSV-1), a complex
DNA-enveloped virus, interacts with ESCRT proteins to cross the nuclear envelope and
egress from infected cells.

2. The ESCRT Machinery: An Overview

The ESCRT machinery and its associated factors include a network of different proteins
(roughly 20 in yeast and 30 in mammals) that are sequentially recruited to the inner surface
of the membrane necks of vesicles, mostly budding away from the cytosol (the so-called
“reverse topology” budding event). ESCRT proteins were originally identified in budding
yeasts in studies aimed at the identification of factors involved in the biogenesis of the
MVBs [9,10]. MVBs contain intraluminal vesicles (ILVs) that arise from the budding of
the limiting endosomal membrane into the lumen of the organelle. When MVBs fuse to
the lysosomes, the content of those ILVs is degraded [11]. This mechanism of degradation
has been well described in the case of both misfolded cell surface proteins and of G-
coupled proteins and tyrosine kinase receptors, channels and transporters, which need to
be downregulated after responding to specific stimuli [12]. The nascent ILVs are connected
to the limiting membrane by a narrow membrane neck, which must be cut to release
them into the lumen. In MVB biogenesis, the ESCRT machinery drives both budding and
scission of ILVs. In different pathways, proteins other than the ESCRTs are responsible for
the formation of the vesicle/membrane neck, while ESCRTs and associated factors drive
membrane scission. Although ESCRT machinery is the master player of reverse topology
budding events, some exceptions to this rule are reported in the literature. For instance, in
the peroxisome biogenesis of budding yeasts, one of the ESCRTs, namely ESCRT-III, which
is described in the next paragraph, is involved in a classical topology membrane scission
event. Indeed, it allows the scission of pre-peroxisomal vesicles from the endoplasmic
reticulum (ER) membrane into the cytosol [13].

The core of the ESCRT machinery consists of three complexes (ESCRT-I, ESCRT-II,
ESCRT-III), as well as of the associated protein Alix (BRO1 in yeast) and the AAA-type ATP-
ase, the vacuolar protein sorting (VPS) 4 [2,3,10]. ESCRT-1is a stalk-shaped heterotetrameric
complex of proteins encompassing tumor suppressor gene 101, TSG101 (Vps23 in yeast),
VPS28, VPS37 (from A to D), and UBAP1, MVBI12A, or MVBI12B [14-16]. ESCRT-II is
a Y-shaped complex constituted by VPS22 (also known as EAP30), VPS36 (also known
as EAP45), and two copies of VPS25 (also known as EAP20) [17]. ESCRT-III is formed
by the so-called charged multivesicular body (CHMP) proteins 1 to 7, i.e., CHMP1A/B
(Did2 in yeast); CHMP2A /B (Vps2 in yeast); CHMP3, (Vps24 in yeast); CHMP4A /B/C
(Snf7 in yeast); CHMP5 (Vps60 in yeast); CHMP6 (Vps20 in yeast) and CHMP7 (Chm?7
in yeast). Finally, increased sodium tolerance-1 (IST1) is also part of this complex [18].
While ESCRT-III is directly involved in remodeling and severing membranes, ESCRT-I
and ESCRT-II often function together as assembly factors for ESCRT-III. Indeed, those two
complexes cooperate to bring ESCRT-III to the site of the membranes where budding
events are going to take place [19]. On the other hand, Alix [20,21] can work as an
alternative way for the recruitment and activation of ESCRT-IIIL. Indeed, Alix, via its
Brol domain [22], can directly bind CHMP4. In some cases, the His domain-containing
protein tyrosine phosphatase HD-PTP, an Alix-like protein also bearing a Brol domain,
can replace Alix itself in recruiting CHMP4 [23,24]. An additional Brol containing protein,
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Brol domain/CAAX motif containing-protein (BROX), has been suggested to function in
an Alix-like manner [25]. ESCRT-III assembly at the side of vesicle budding and membrane
pinching off are dynamic processes. The AAA+ ATPase VPS4 [26] has a crucial role in
recycling ESCRT-III subunits by extracting ESCRT-IIIl monomers from the assembly. VPS4
functions as a hexamer and is characterized by an N-terminal microtubule interaction and
transport (MIT) domain [27], along with a catalytic domain [28]. The MIT domain can
bind to the MIT-interaction motifs (MIMs) that are present within ESCRT-III components.
In particular, VPS4 has been shown to strongly bind to the MIM containing ESCRT-III
proteins CHMP1, CHMP2, CHMPS6, and IST1 [29,30]. ESCRT-III and VPS4 are universally
involved in ESCRT-dependent membrane dynamic processes [31] that are reviewed in the
following sections. Thus, it is not surprising that both ESCRT-III and VPS4 have homologs
in archaea [32-36]. At the basis of most of the reverse topology fission events, indeed, are
sequential steps involving ESCRT-III (Figure 1).

ESCRT-0 =P | MVB biogenesis
= | Cytokinesis

LEMD2/CHMP7 =p | Nuclear envelope
maintenance/repair

1. COMPARTMENT- SPECIFIC

Targeting factors

IARGETING lSyntenin/syndecan |_> Exosomes [
= | Retroviral budding
IE' HSV-1/EBV exit
L = | from nucleus
—_— | 2. ASSEMBLY | => | ESCRT-I, ESCRT-II, Alix |
ESCRT-III
CHMP1A/B, CHMP2, CHMP3, | s | 3. NUCLEATION | —> | CHMP6, CHMP7, Alix |
CHMP4A/B/C, CHMPS,
CHMP6, CHMP7, IST1
— a. —> | CHMP2-4/ESCRT-lll and VPS4 |
POLIMERIZATION/
REMODELING

5. DISASSEMBLY/RECYCLING —p

Figure 1. Schematic representation of the sequential steps leading to ESCRT-III polymerization and functioning. The main

factors involved in each step are reported, along with the biological processes in which ESCRT-III plays a role based on its
compartment-specific recruitment (light orange rectangles).

First, ESCRT-III is targeted to the correct membrane/cell compartment. In most
cases, this occurs thanks to proteins that act as compartment-specific targeting factors
by forming molecular bridges for the recruitment of the ESCRT machinery (Figure 1).
Several of these factors have been characterized over the years, including the cellular
and viral proteins ESCRT-0, the centrosomal protein 55 (CEP55), syndecan/syntenin,
Gag, LEMD2 (LEM Domain 2 protein)-CHMP7, BFRF1 and UL31/34. Each of these
proteins contributes to the targeting of the ESCRT machinery towards a certain cellular
compartment and facilitates a specific function of this complex. For instance, and as better
detailed below, syndecan/syntenin are involved in the biogenesis of exosomes, CEP55 in
the ESCRT-III mediated cell abscission during cytokinesis, BERF1 and UL31/34 enable the
egress of two herpesviruses, Epstein—Barr virus (EBV) and the herpes simplex virus type 1
(HSV-1), respectively, from the inner nuclear membrane (INM) of infected cells. Usually,
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ESCRT-III does not directly interact with these proteins, but it needs the involvement
of assembly factors as the above-mentioned ESCRT-I/ESCRT-II, Alix and HD-PTP. In
particular, Alix and HD-PTP, by binding both ESCRT-III and ESCRT-I [37,38], function
as ESCRT-II alternatives. After assembly, nucleation and polymerization of ESCRT-III
take place. In these steps, ESCRT-III components, and in particular CHMP4, need to be
activated, a crucial process that can be mediated by both ESCRT-1/ESCRT-II or ESCRT-
0/ Alix [39,40]. ESCRT-III function relies on a finely tuned balance between the upstream
factors that allow filament nucleation and the downstream proteins, including VPS4, that
control filament polymerization rate [10]. If this balance is altered, the consequences for
the cell can be detrimental. CHMP4-containing ESCRT filaments, as well as filaments
composed of other ESCRT-III proteins (i.e., CHMP-2 and CHMP-3), are highly dynamic, a
feature essential to determine membrane remodeling and scission. Furthermore, CHMP4
interacts with CHMP3 leading to the sliding of polymers that contribute to the ability of
ESCRT-III filaments to change their architecture to adapt to the different phases of the
membrane fission [41]. Interestingly, there is evidence that also VP54 plays a role during
the ESCRT-III remodeling process, in addition to functioning as a recycling factor for the
proteins composing this complex [42].

3. ESCRT Machinery Functions in Fundamental Cellular Pathways

Membrane remodeling followed by reverse topology budding events and/or fission
enables different fundamental cellular processes, including biogenesis of MVBs; cytoki-
nesis; plasma and intracellular membrane maintenance/repair/reformation; micro- and
macroautophagy. The involvement of the ESCRT machinery in these pathways, with a
focus on results obtained in mammalian cells, is discussed in the next paragraphs and
summarized in Figure 2.
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Figure 2. Schematic representation of the better-characterized cellular and viral processes (highlighted by red rectangles)
that involve ESCRT-machinery or specific ESCRT factors. HAV stands for hepatitis A virus; HEV for hepatitis E virus;
HSV for herpes simplex virus; EBV for Epstein—-Barr virus; INM for inner nuclear membrane. The involvement of ESCRT

machinery in the viral replication cycles is discussed in the next paragraphs.
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3.1. ESCRTs Involvement in MV B Biogenesis

Historically, one of the first studied functions of ESCRTs was their central role in
the biogenesis of MVBs. Typically, MVBs are involved in protein trafficking throughout
the endosomal-lysosomal pathway [43]. Transmembrane proteins endocytosed from the
plasma membrane face two main fates: (i) they can be recycled back to the plasma mem-
brane or the Golgi apparatus (GA) or can be retained to the limiting membrane of the MVB
itself; (ii) they can be targeted to the ILVs and thus degraded, once mature MVBs fuse with
the lysosomes. The ESCRT machinery is involved in both protein sorting as well as in
ILV biogenesis and budding. MVBs display other important biological functions mostly
related to the release of EVs, which can significantly influence intercellular signaling as
well as the extracellular microenvironment [44—46]. Indeed, ILVs can give rise to exosomes
upon a fusion of MVBs with the plasma membrane [43,47]. In conclusion, intracellular
trafficking of MVBs, which is mainly regulated by Rab proteins, follows at least three dif-
ferent pathways: degradation (fusion with lysosomes), back-fusion (recycling of proteins)
and secretion (release of exosomes). Central to all is the biogenesis of ILVs, which begins
in early endosomes [48,49]. Proteins intended for degradation are usually marked by
ubiquitin. Ubiquitin is a highly conserved protein of 76 amino acids that can be covalently
linked to target proteins through a multistep process known as ubiquitylation [50]. Ubiqui-
tin plays a central role in the MVB biogenesis pathway. Indeed, mono-ubiquitylation is
necessary and sufficient to trigger the ESCRT-dependent endosomal sorting of membrane
proteins and their degradation through the MVB/lysosomal pathway [51,52]. Moreover,
ubiquitin plays a role in the recruitment and function of ESCRT components during the
ILVs formation. Endosomal proteins, typically marked by lysine-63-linked ubiquitin, enter
into the nascent ILVs by interacting with a ubiquitin-binding complex, known as ESCRT-0,
constituted by HRS and STAM (Vps27 and Hsel in budding yeast, respectively) [2,53].
ESCRT-0 is recruited to the early endosome limiting membrane by the interaction of an
HRS FYVE domain with phosphatidylinositol 3-phosphate [54,55], a lipid that enriches
this type of membrane. Once assembled as a heterotetrameric complex (two HRS and two
STAM subunits) [56], ESCRT-0 can efficiently bind ubiquitylated cargoes since it displays
several ubiquitin-binding domains (UBDs). Clathrin, along with ESCRT-0, concentrates
ubiquitylated proteins in specific patches where sorted cargoes are handed over to ESCRT-],
once again thanks to ubiquitin recognition. Indeed, TSG101 contains a ubiquitin E2 variant
(UEV) domain that binds ubiquitin. Furthermore, the mutually exclusive ESCRT-I com-
ponents MVB12 or UBAP1 can bind ubiquitin through the ubiquitin associated (UBA) or
the solenoid of overlapping UBA (SOUBA) domains, respectively. ESCRT-I then binds
ESCRT-II, which contains a GRAM-like ubiquitin-binding in Eap45 (GLUE) domain. Fi-
nally, ESCRT-III and VPS4 are recruited to the sites of the endosomal membranes where
cargo proteins have been concentrated, leading to membrane deformation, ILVs formation
and budding [42,57-59]. As protein ubiquitylation is crucial for ESCRT-mediated cargo
sorting into ILVs, and ESCRT components themselves (i.e., HRS, TSG101 and Alix) can
be ubiquitylated, it is not surprising that both ubiquitin ligases and de-ubiquitylating
enzymes are associated with the ESCRT machinery, with a key regulative role [60]. Of note,
ESCRT-IIT has no known UBDs, and cargo deubiquitylation, at least in budding yeast, takes
place prior to ILVs sorting, a process that contributes to maintaining the correct cytosolic
levels of free ubiquitin (Figure 2). Finally, in mammalian cells, ILVs biogenesis can occur
independently from ESCRT-0 and ESCRT-I. In this alternative pathway, Alix binds and
sorts cargo proteins irrespectively of their ubiquitylation state [61-63]. Interestingly, the
proteoglycan syndecan can recruit the ESCRT machinery via Alix along with syntenin-1,
which functions as a bridge between the first two factors [64]. The syndecan-syntenin-Alix
complex is, then, involved in the engagement of ESCRT-III during the biogenesis of ex-
osomes. Exosomes are the smallest subclass of EVs with a diameter ranging from 30 to
120 nm. In addition to the Alix-mediated mechanisms, also classical ESCRT-I1/ESCRT-II-
dependent engagement of ESCRT-III has been described in exosome formation, as well
as ESCRT machinery-independent processes [8]. Exosomes play a key role in cell-to-cell
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signaling and are emerging as important tools for diagnosis/treatment of diseases, cancer
included, and as prognostics markers. Indeed, their cargo, which encompasses not only
proteins but also lipids and nucleic acids, such as micro-ribonucleic acids (miRNAs) and
long non-coding RNAs (IncRNAs), as well as functional messenger RNAs (mRNAs), is
protected and can be delivered to target cells or quantified upon vesicle harvesting [8].

3.2. Role of ESCRT Machinery in Autophagy

Taking into account its role in the endolysosomal pathway, the involvement of the
ESCRT machinery in autophagy is not unexpected. Indeed, autophagy is a process central
for cell survival, as, among the best characterized of its functions, it mediates degrada-
tion of large intracellular materials (as organelles) by lysosomes. The autophagosome is
a double-membrane structure that can originate from a variety of cellular membranes,
including the ER, mitochondria and plasma membrane [65]. Autophagy is divided into
macroautophagy and microautophagy. In the first case, cytoplasmic content is surrounded
by a double membrane phagosome that can then fuse with lysosomes to degrade intralu-
minal substances. Macroautophagy plays a crucial role not only for cell catabolism, but
also as a defense against intracellular pathogens and for removing damaged organelles.
Microautophagy, instead, is based on the budding of ILVs from the endosome/lysosome
membranes for degradation of specific cytosolic cargoes. In this sense, although the process
closely resembles the MVB biogenesis, microautophagy is a distinct pathway with respect
to MVB formation, as it does not involve endocytosed proteins but cytosolic molecules.
ESCRT machinery plays a role in both types of autophagy [66-68]. This is not surprising in
the case of microautophagy due to the aforementioned similarities. However, ESCRT-III
and VPS4 are also recruited to the forming autophagosome, where they participate in
the sealing of the double membrane coating. Furthermore, when ESCRT functions are
blocked, cells accumulate autophagosomes, thus suggesting that ESCRTs are also part of
the machinery allowing the fusion of autophagosomes with lysosomes [69,70].

3.3. Role of the ESCRT Machinery in Cytokinesis

Over the years, different studies carried on both in vitro and in model organisms (i.e.,
the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans) have re-
vealed the involvement of specific ESCRT factors also in the final phases of cell cytokinesis,
the process is known as abscission [71-75]. Specifically, TSG101 and Alix play a pivotal
role in this context, as they are directly engaged to the midbody ring by interactions with
the centrosomal protein of 55 kDa (CEP55) [71,72,74,76,77]. Furthermore, TSG101 binds to
septin 9, one of the septin ring proteins [78]. TSG101 and Alix work in parallel, allowing
ESCRT-III nucleation and assembly at the midbody ring [79,80]. ESCRT-III is bound to the
membrane via the microtubule interacting and trafficking domain containing 1 (MITD1)
protein [81,82] and polymerizes in filaments that stretch out like arms from each side
of the midbody ring. VPS4 functions by continuously remodeling these arms [42,58,83].
In the late phases of abscission, part of ESCRT-III and VPS4 localizes at the level of a
secondary and thinner intracellular bridge between daughter cells that is generated by
actin cytoskeleton remodeling along with microtubule reorganization and fusion of en-
docytic vesicles to the plasma membrane. ESCRT-III recruits the AAA-ATPase spastin
that determines microtubule severing, followed by cell scission [75,84-86]. Interestingly,
ESCRT-III and VPS4 homologs have also been characterized in archaea [35,87], where they
work in concert with the cell division machinery (Cdv) to regulate abscission. Thus, it is
likely that ESCRT-III/ VPS4 involvement in the late phases of cytokinesis represents the
ancestral role of the ESCRT machinery. Finally, the ESCRT-III function is modulated by
abscission checkpoint regulators through different mechanisms [73,88,89]. In particular,
CHMPA4C plays a crucial role in this context. Indeed, it has been recently shown that a
CHMPA4C polymorphism (CHMP4CA232T), which disrupts the abscission checkpoint,
leads to genome instability and is associated with different types of cancer [90]. On the
other hand, and not surprisingly, failures in general of the process of abscission are con-
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nected with tumorigenesis [91]. This finding suggests that ESCRT-III components may be
connected to oncogenesis via the induction of non-checkpointed aneuploidy. On the other
hand, and not surprisingly, failures in the process of abscission, by leading to cells with an
unstable tetraploid content, are, in general, connected with tumorigenesis [91]. Under this
respect, different roles in cancer development are emerging for CEP55 [92]. Furthermore, it
has been reported that when full chromosomes or part of them do not properly segregate,
they can recruit their own nuclear membrane and form micronuclei (MN). Importantly,
due to protein distribution defects within the inner membrane, during interphase, a large
fraction of MN collapses. In this context, ruptures of the membrane are not repaired and
trigger MN disruption followed by massive DNA damage and genomic instability [93].
Recently, Vietri and coworkers have elegantly linked this process, known as catastrophic
nuclear envelope collapse, to the MN inability of limiting CHMP7-LEMD2 accumulation
to the site of lesions. The role of this complex in recruiting ESCRT-III/ VP4 to the site of
nuclear envelope ruptures is discussed in more detail in Section 3.4.2. As a consequence,
ESCRT-III over-accumulates, causing dramatic membrane distortion, DNA stress, and, in
the end, chromosome fragmentation [94]. This work, on one hand, further supports the
notion that ESCRT-III nucleation and polymerization need to be finely regulated in physi-
ological processes to keep cells healthy and alive. On the other hand, it clearly indicates
a role for ESCRT-III in genome instability and in tumorigenesis. Interestingly, different
ESCRT components have been linked to cancer development by mechanisms other than
defective cytokinesis. Among these mechanisms, which have been extensively reviewed
elsewhere [95-97], is the control of downregulation of tumor-related receptors by their
correct sorting into MVBs, as well as some of the functions displayed by ESCRT proteins in
the nucleus that are discussed later in this review.

3.4. Involvement of the ESCRT Machinery in Damage Repair of Cellular Membranes
3.4.1. Plasma Membrane Repair

Plasma membrane damages can occur in response to different pathophysiological
insults, pathogen-mediated ones included. These lesions compromise cell life, thus need
to be rapidly repaired. Recruitment of lysosomes to the plasma membrane triggered by
Ca?* influxes is one of the main repair mechanisms for lesions ranging from 200 to 500 nm
in size [98,99]. ESCRT machinery, by contrast, appears to be involved in repairing smaller
lesions (<100 nm) of the cell surface. In this case, Ca®* influx determines a rapid localization
of CHMP4B to the sites of damages. Additional ESCRT-III components along with VPS4
are then recruited to the sites of the lesions, although CHMP4B seems to play a major
role in injury resealing [99-101]. Interestingly, Alix and TSG101 are the main ESCRT-III
assembly factors in this context, while ESCRT-0 and ESCRT-II, as well as additional known
assembly cofactors (CHMP6), seem to be dispensable [101]. In particular, Alix interacts
with the plasma membrane where it binds TSG101 in a Ca2+ dependent manner [102].
Thus, ESCRT-III plays a crucial protective role in contrasting membrane lesion-mediated
types of cell death [103,104]. As an example, it has been shown that ESCRT-III can rescue
cells from early-stages of necroptosis, at least temporarily, by acting on the membrane
microdomains that are permeabilized by mixed lineage kinase domain-like pseudokinase
(MLKL), one of the necroptotic proteins functioning at the plasma membrane [104].

3.4.2. Nuclear Envelope Maintenance and Repair

ESCRT-III is a key player also in the safeguard of nuclear membrane integrity. The
nuclear envelope is responsible for the compartmentalization of the cell genome and, thus,
of all the nuclear activities. Therefore, its rupture is associated with diseases [105]. At
the structural level, the nuclear envelope is a double membrane encompassing the INM
and the outer nuclear membrane (ONM), as well as nuclear pore complexes (NPCs) that
are involved in controlling the trafficking of macromolecules in and out of the nucleus.
Nuclear envelope ruptures can be either a physiological or a pathological event. Indeed,
during a normal cell cycle, the nuclear membrane breaks down to allow the interaction
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between the mitotic spindle and chromosomes. Next, the nuclear envelope reassembles to
form the nuclei of the daughter cells [106]. ESCRT-III and VPS4 are involved in the late
steps of the reassembly process by executing membrane fission required for sealing the
nuclear envelope [107,108]. As seen in the cytokinesis abscission, ESCRT-III recruits the
AAA-ATPase spastin to accomplish microtubule severing, a step that is crucial for nuclear
compartmentalization [107-109]. Interestingly, in this case, recruitment of ESCRT-III does
not occur through the canonical ESCRT targeting /bridging factors. By contrast, it is medi-
ated by CHMP?, an accessory ESCRT-III protein [107] that works in concert with the nuclear
envelope protein LEMD2 and with additional regulator factors [109,110]. This fundamental
function of ESCRT-III appears to be evolutionarily conserved, thus further supporting the
notion that ESCRT-III is the central complex of ESCRT machinery [111]. In addition to the in-
volvement in nuclear membrane reconstitution upon mitosis, ESCRT-III core subunits and
VPS4 have been described to play a role in sealing the usually transient nuclear envelope
damages that occur during the interphase and under pathological conditions [105,112-114].
Interestingly it has been recently reported that also the barrier to autoantigen factor (BAF)
functions in nuclear envelope repair, most likely upstream of ESCRT-III [115]. Thus, BAF
may be involved in an alternative pathway to maintain/reconstitute nucleocytoplasmic
compartmentalization in cells lacking ESCRT-III. Finally, ESCRT-III appears to act also in
the NPC quality surveillance [116].

3.4.3. Endolysosomal Membrane Repair

Injuries in endolysosomal membranes can be caused by different chemical and bio-
logical stresses, as well as by pathogens. Recent evidence indicates that damages in these
membranes lead to the Ca?* and ESCRT-I-mediated recruitment of ESCRT-III. By contrast,
ESCRT-0is not required [117,118]. Interestingly, both TSG101 and Alix are engaged by dam-
aged lysosomal membranes and seem to cooperate in early events after injuries [117-119].
Data suggest that ESCRT-III represents the first line of intervention in lysosome repair.
Indeed, it does not require large ruptures to be activated in its sealing function [117]. The
role played by the ESCRT machinery in the repair of lysosome damages has been better
analyzed in the context of injuries caused by pathogens, e.g., intracellular bacteria that
exploit phagosomes for their survival. For instance, it has been reported that ESCRT-III
is localized to the phagolysosomes that contain replicating Coxiella burnetii, most likely
to repair membrane lesions induced by bacterial factors/proliferation [120]. Importantly,
replication of the bacterium is impaired by TSG101 depletion [118], indicating that ESCRT
machinery is crucial to maintain the integrity of the bacterium-colonized phagolysosomes
and, thus, to sustain bacterial replication. ESCRT-III is also engaged by Mycobacterium
tuberculosis-damaged phagolysosomes. In this way, bacterial virulence factors are pre-
vented from being released in the cytosol [121]. Overall, these findings point to the ESCRT
machinery as a potential target for antimicrobial drug design.

In conclusion, ESCRT machinery is involved in many fundamental cellular processes,
and when it is not correctly working or it is not finely regulated, it is linked to diseases, can-
cer included [97]. The importance of ESCRT machinery is further highlighted by the result
of knockout studies carried on in mice. Indeed, the loss of TSG101, VPS25, and CHMP5,
components of ESCRT-I, ESCRT-II, and ESCRT-III, respectively, is embryonically lethal in
mice [122-124]. By contrast, deletions of core ESCRT genes in the yeast Saccharomyces
cerevisiae are not lethal and enabled the study of ESCRTs in MVB biogenesis. In addition
to yeast, Drosophila [125,126] and Arabidopsis thaliana [127] have also been employed
as models to analyze the effects of the removal of specific ESCRTs on different cellular
pathways. Finally, works based on strategies (mainly small interfering RN As and more re-
cently CRISPR-Cas9 editing) aimed at silencing the expression of ESCRT factors/cofactors
in mammalian cells have been crucial to elucidate the key players in each process and their
interplay. Some of these studies, focused on the main cellular processes addressed in this
review, are summarized in Table 1.
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Table 1. Table reports the key players for the major processes in mammalian cells involving ESCRTs. The results of silencing studies supporting the role played by these key players are

also displayed.
Cellular Process Key Player/s Effect of Silencing References
ESCRT-0 (HRS) HRS depletion: enlarged MVBs with few ILVs TSG101 depletion: MVB formation strongly reduced
MYVB Biogenesis ESCRT-I (TSG101) ESCRT-III/ Vps24 depletion: smaller MVBs in clusters [53,128-130]
ESCRT-III/ VPS4 HRS TSG101, Vps22 and Vps24 co-depletion: MVBs and ILVs still formed
VPS37A depletion: accumulation of phagophores due to defects in autophagosome completion
ESCRT-I (VPS37A) CHMP2A depletion: accumulation of 1mmﬁture e;‘ut:pha%onsor;aiiitnﬁtiltlrez impairment of autophagic flux; inhibition of
Autophagy phagophore sealing during mitophagy [66,67]
ESCRT-IIT (CHMP24)/ VPS4 CHMP2A, CHMP3, CHMP? depletion: increase in immature autophagosomal membranes under starvation
CHMP2A, CHMP4B and VPS4 depletion: inhibition of mitophagy
Alix depletion: an increase in multinuclear cells; furrow regression; a failure in CHMP4C recruitment to the midbody;
ESCRT-I (TSG101)/ESCRT-II CHMP4B still recruited
Cytokinesis Alix TSG101 and Alix co-depletion: failure in CHMP4B recruitment to the midbody; multinucleation non aggravated [73,74,80,88,131]
ESCRT-I (CHMP-6,CHMP4B,CHMPAC) / VPS4 Alix, VPS22, and CHMP6 co-depletion: CHMP4B is not recruited to the intercellular bridge
CHMPA4C depletion: altered cytokinetic arrest in the presence of chromosomal problems; furrow regression and binucleation
ESCRT-I (TSG101) Alix, CHMP2B VPS4 depletion: failure of the repairing process followed by cell death (CHMP4B and VPS4 silencing)
Cell Membrane Repair Alix CHMP2A depletion: impairment of the repairing process [99,101]
ESCRT-III (CHMP4B)/ VPS4 CHMP3 depletion: no significant effect
Alix, HD-PTP, HRS, TSG101 depletion: no effects on CHMP4B recruitment to the site of ruptures
Nuclear Membrane Repair ESCRT-IIT (CHMP4B, CHMP7?)/VPS4 [107,108]
CHMP7depletion: failure of CHMP4B recruitment to the nuclear envelope
HRS depletion: no effect on CHMP4B recruitment to lysosomes
ESCRT-I (TSG101) TSG101 depletion: consistent delay in CHMP4B recruitment
CHMP2A depletion: increased accumulation of CHMP4B on damaged lysosomes
Lysosomal Membrane Repair Alix [118,119]

ESCRT-IIT (CHMP2A, CHMP4B)/ VPS4

Alix depletion: no detectable effect on CHM4B recruitment

TSG101 and Alix co-depletion: almost complete abrogation of CHMP4B recruitment;
failure of recovering of damaged lysosomes
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4. ESCRT Machinery and Viral Replication Cycle

Being obligate intracellular parasites, viruses have evolved to hijack fundamental and
highly conserved cellular pathways/machineries to execute each step of their replication.
This concept is true without any exception, and it is a feature shared among viruses
infecting both prokaryotic and eukaryotic cells. Taking into account the crucial functions
played by ESCRT proteins, and especially by ESCRT-III and VPS4, in cell life, it does not
come as a surprise that viruses can interfere with ESCRT-mediated processes or directly
exploit the ESCRT machinery to maximize their chances to establish a successful infection
in the host. The main steps of viral replication involving the entire ESCRT machinery or
some selected components are reported in Figure 2.

First, viruses have evolved to either antagonize or take advantage of ESCRT-driven
processes as autophagy and EV secretion. The interplay between autophagy and viruses
has been excellently reviewed elsewhere [132]. We mention the involvement of autophagy
in viral transmission later. As far as EVs are concerned, it is interesting to note that they
can act both as promoters or inhibitors of viral spreading and infection [8,133]. This dual
effect is well exemplified by EVs released from human immunodeficiency virus type 1
(HIV-1)-infected cells. On one hand, EVs can be loaded with HIV proteins that, once
transferred to neighboring cells, increase their susceptibility to viral infection. Among these
proteins, the accessory Nef can be recruited into EVs [134] and, upon delivery to latently
infected cells, it can activate viral replication [135]. Furthermore, Nef-containing EVs have
been described to exert several effects on CD4* T cells. For instance, it has been reported to
induce senescence and death or to suppress their cytotoxic activity [136,137]. At the same
time, Nef-positive EVs affect humoral immune response by inhibiting the production of IgA
and IgG by B-lymphocytes [138]. Interestingly, it has been reported that EVs released from
HIV-1 infected cells are capable of transferring viral co-receptors to recipient cells, thus
increasing their susceptibility to viral infection [139,140]. Finally, EVs have also been found
to carry the HIV transactivation response element (TAR) [141]. TAR is a stem-loop-shaped
sequence present at the 5" end of HIV transcripts that interacts with Tat, the main viral
transactivator protein, and upregulates viral RNA production. The TAR molecule delivered
by EVs could be processed into miRNAs that target a Bcl-2 interacting protein, resulting in
a block of apoptosis and thus supporting virus production [141]. On the other hand, it has
been shown that EVs produced by infected cells can contain APOBEC3G, one of the main
host anti-HIV proteins, while the viral protein Vif, which antagonizes APOBEC3G, is not
recruited into EVs [142]. APOBEC3G-loaded EVs would then render recipient cells more
resistant to infection. Another example of EVs carrying anti-HIV factors is the vesicles
containing the antiviral soluble host molecule cGAMP that acts through interferon and
innate immune responses [143]. In conclusion, the interplay between EVs and HIV appears
to be extremely complex and not fully disclosed yet [144]. Additional examples of viruses
adopting exosomes to facilitate their spreading are the hepatitis B virus [145], HTLV-1 [146]
as well as rhinovirus. In the latter case, virus infected cells secrete EVs that induce the
upregulation of viral receptors in monocytes, thus increasing the spectrum of cells that
can be infected by the virus [147]. Interestingly, it has been recently reported that also cells
infected with viruses belonging to the Coronaviridae family, coronaviruses, may produce
exosomes with different functions in the replication cycle, pathogenesis and cell response to
infection [148]. A coronavirus, the severe acute respiratory syndrome-coronavirus-2 (SARS-
CoV-2), is the virus causing the current pandemic. In this context, it has been shown that
exosomes can transfer the angiotensin-converting enzyme 2 (ACE2), the main receptor that
allows SARS-CoV-2 entry, to other cells rendering them susceptible to viral infection [149].
However, the same EVs might also work as a decoy for circulating SARS-CoV-2 [150], thus
suggesting a potential role as therapeutic agents. The idea of using exosomes to interfere
with viral infections is not novel [151], as well as the possibility to develop vaccination
strategies based on EVs loaded with viral antigens/nucleic acids to stimulate antiviral
immune responses, as it naturally occurs from infected cells. Finally, it must be mentioned
that EVs can also transfer different miRNAs and even long non-coding RNAs that can
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affect viral spreading/pathogenesis as well as the host immune system [152-154]. The role
of EVs in viral transmission is further discussed in Section 4.4 below.

On the other hand, viruses are able to exploit the ESCRT machinery to execute their
life cycle. Viral replication encompasses different steps that can be summarized as follows:
entry into target cells, uncoating of the viral genome, replication and transcription of the
viral genome, assembly of new viral progeny, egress from infected cells (Figure 3).
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Figure 3. Schematic representation of the main steps in a typical viral life cycle. The figure reports
the replication of HIV-1. Upon entry into target cells, mediated by fusion of the viral envelope
with the cell surface, the viral genome, which is single-stranded positive RNA (two molecules per
viral particle), is partially uncoated from the virion structural proteins, although it is shielded by
viral and cellular factors, not entirely known yet (pre-integration complex, PIC). PIC travels to the
nucleus and, at the same time, the viral RNA is retrotranscribed by one of the viral enzymes into
double-stranded DNA (provirus). Once entered the nucleus, the proviral DNA is integrated into the
cellular genome and becomes part of it. Indeed, it is the cellular RNA polymerase II that transcribes
the integrated provirus in mRNAs that are translated into the cytosol to give rise to the structural
proteins Gag-Pol and Env. The first one drives—in concert with cellular proteins—the assembly
and egress of the progeny virions. The latter enriches the viral envelope and is essential to bind
the cellular receptors during the next replication round. Regulatory and accessory proteins are also
translated. Furthermore, full-length genomic RNAs are also produced to be packaged into the novel
budding particles. Once released in the extracellular environment, the new virions terminate their
maturation, and they become infectious. Different viruses, due to the specific biological features
(in a particular type of genome and presence or absence of an envelope), might differently execute
the steps of their life cycle. However, the main steps remain the same: entry, uncoating, genome
replication and transcription, protein translation, assembly of progeny virions, egress from infected
cells. These stages may present certain differences in the different viral families, also due to the
different biological features that characterize each family itself (with the type of genomic nucleic
acids and presence or absence of a lipid envelope enwrapping the particle as the main ones in this
context). What remains a common trait is the necessity for the virus to interact with the cellular
apparatus throughout its replication. This is also the main reason why viruses can alter cell functions,
thus causing a disease, and are all pathogenic.
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Seminal studies aimed at dissecting the mechanisms allowing the egress of HIV-1 from
infected cells discovered the role played by the ESCRT machinery in the viral life cycle.
Some of these studies have also contributed, over the years, to our understanding of the
functioning of the machinery in fundamental cellular processes, despite its involvement
in viral replication. It is now clear that different viruses can exploit ESCRT proteins or
part of them to accomplish virtually all phases of their replication cycle. Interestingly,
the interaction between ESCRTs and viruses is of ancient origin, as it has been shown
that in Archaea, ESCRT-III components and VPS4 homologs support the replication of
the Sulfolobus-turreted icosahedral virus [2]. We summarize below some of the functions
of the ESCRT machinery in the viral life cycle with a special accent on the late steps of
HSV-1 replication.

Finally, supporting a pivotal role of the ESCRT machinery in the viral life cycle, the
host immune system evolved to target this pathway to control infections. In this context,
the interferon-stimulated gene 15 (ISG15) represents a key player as it targets the ESCRT
proteins in budding complexes to block the release of viruses [155,156]. Furthermore,
specific polymorphisms within the 5" sequence of TSG101 encoding gene (between the
—183 and +181 nucleotides with respect to the translation start codon) have been associated
with the acquired immunodeficiency syndrome (AIDS) progression, likely due to an
effect on plasma HIV-1 load [157]. Overall, these findings strongly suggest that ESCRT
proteins and TSG101, in particular, may be interesting targets for the development of
antiviral drugs. In this context, pump inhibitors of the prazole family, which interact with
TSG101, have been already tested and proved to efficiently inhibit a number of enveloped
viruses [158,159], as we further discuss later.

4.1. ESCRT Machinery and Viral Entry

To enter into animal cells, viruses must cross the plasma membrane. This non-trivial
process can be executed by two main routes: (1) fusion of the viral envelope (if present)
with the cellular membrane, a strategy that does not cause membrane injuries [160]; (2)
receptor-mediated endocytosis of viral particles that occurs for both enveloped and naked
viruses. Members belonging to Picornaviridae, a family encompassing small naked RNA
viruses, in most cases enter host cells by creating a pore within the endosomal membrane
to translocate their genome in the cytosol where it is replicated [161]. Viruses that exploit
the endolysosomal pathway need to escape from it to gain access to the cytosol before
undergoing degradation or recycling back to the plasma membrane [162]. In the case of
enveloped viruses, this step is carried out by fusion of their envelope with the endosomal
membrane, a process that, as mentioned above, should not determine ruptures of the
phospholipid bilayer. On the other hand, naked viruses usually cause lesions while crossing
the endosomal membranes. This process would result in the exposure of the organelle
content in the cytosol with toxic effects and triggering of inflammation. Although most of
the mechanisms facilitating this step and the network of cell/viral proteins playing a role
are still to be fully elucidated, evidence indicates that ESCRT machinery may play a role
in this context, especially when small injuries are involved. It must be mentioned that, at
least to our knowledge, this aspect has not been investigated yet. However, it is interesting
to note that several viruses display, within virion structural proteins, conserved and short
proline-rich motifs, known as late domains (L-domains) that are better described later and
that interact with ESCRT and ESCRT related factors [163]. These domains, when exposed
in entering viral particles, could act to recruit the ESCRT machinery, for instance, to control
membrane damage. Interestingly one of these L-domains, the PPxY motif, is present in the
adenoviral membrane lytic protein VI [164]. Adenoviruses are naked DNA viruses that
have been extensively studied also with respect to the mechanism of entry into target cells.
Upon receptor-mediated endocytosis, adenoviral particles undergo capsid perturbation
with the release of the protein VI. Protein VI displays membrane lytic activity [165], and
it is crucial for viral infectivity [166]. Membrane damages create pores large enough for
enabling viral particle access to the cytosol [167,168]. Protein VIis also known to counteract
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cellular autophagy, which is activated to remove damaged endosomes [169]. Currently,
it is not clear whether this process relies on the ESCRT machinery, although protein VI
can interact through a PPxY motif with the Nedd4 ubiquitin ligase, one of the E3 enzymes
playing a role in certain ESCRT-mediated processes, as better detailed below. It would be of
importance to investigate whether protein VI can also engage the ESCRT machinery prior
to exerting its control on autophagy by preventing the cell from repairing small endosomal
lesions. Indeed, this could represent a novel and additional mechanism of cell-intrinsic
response to a viral infection that may even go beyond the adenoviral entry.

As additional hints on the role that ESCRT components play in viral entry, it has been
demonstrated that Kaposi’s sarcoma herpesvirus (KHSV) hijacks the ESCRT machinery
for efficient entry in endothelial cells [170]. HRS and TSG101 are key factors in this
context. Interestingly, the involvement of TSG101 is common among viruses besides KHSV
that enter target cells by micropinocytosis. Indeed, this ESCRT-I component has been
shown to contribute to the entry of the Crimean-Congo hemorrhagic fever virus (CCHFV),
human papillomaviruses, and echovirus-1 [171-173]. Furthermore, in the case of KHSV,
TSG101 is also important for the correct trafficking of viral particles through the endosomal
pathway [170]. In the case of CCHFYV, a tick-borne bunyavirus that can cause a severe
clinical manifestation in humans, not only silencing of TSG101 but also depletion of Vps24,
VPS54 and Alix inhibits infection. Moreover, virions are trapped in the MVBs when cells are
treated with bafilomycin A. This finding suggests that these organelles are the site of virus-
endosome membrane fusion. In addition, the highly pathogenic Old World arenavirus
Lassa virus (LASV) and the prototypic arenavirus lymphocytic choriomeningitis virus
(LCMV) have been described to exploit HRS, Tsg101, ESCRT-III factors, as well as VP54 to
enter into cells [174]. Finally, a study adopting a genome-wide RNA-interference screening
has suggested a role for ESCRT components necessary for ILV formation in rotavirus cell
entry [175]

4.2. ESCRT Machinery Involvement in the Formation of Viral Replication/Assembly Compartments

Once they get access to the cell, several RNA and DNA viruses remodel cellular
membranes and exploit host proteins to build specialized compartments where viral
genome replication takes place. In these virus-induced “factories”, viral and cellular factors
involved in the process are concentrated and preserved from innate immune response
mechanisms. Replication compartments originate from different cell membranes, including
the plasma membrane, ER, GA, peroxisomes, mitochondria and endosomes [7]. Their
biogenesis resembles the ILVs formation process. However, in this case, a membrane fission
event does not take place. In addition to genome replication, these compartments can also
facilitate the assembly of viral progeny. Working as a shield towards antiviral defenses,
the replication compartments are especially useful for most RNA viruses. Indeed, during
replication of their genome, high copies of double-stranded RN As are produced that are the
main trigger of the interferon response. Interestingly, ESCRT components have been shown
to play a role in the formation of replication compartments of different plus-stranded
RNA plant viruses [176-179]. Flaviviridae, a family of single-stranded positive-sense
RNA viruses that include some human pathogens as dengue virus (DENV) and Japanese
encephalitis virus (JEV), induce remodeling of the ER membranes to form compartments
for genome replication and assembly of viral particles. An elegant study performed by
adopting a mass spectrometry approach has shown that several ESCRT factors are re-
localized to these compartments. In agreement with the functional relevance of this finding,
RNAI screening production of both DENV and JEV particles was significantly affected
by lack of TSG101 or of specific ESCRT-III components. However, it was unaffected
by depletion of VPS4, thus suggesting that a unique and specific set of ESCRT factors
contributes to the biogenesis of the flavivirus-induced replication compartment [180]. It
must be mentioned that, while in the case of plant viruses, the role of the ESCRT-machinery
is clearly linked to the formation of the replication compartments, in the case of other
viruses, flaviviruses included, it is very difficult to distinguish between a role in this process
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or purely in particle assembly. This is particularly true for certain large DNA viruses, as the
ones belonging to the Herpesviridae family, the herpesviruses, whose genome replication
and particle assembly occur in the nucleus and in the cytosol, respectively. For instance,
both VPS4 and CHMP1 have been reported to localize in the proximity of the human
cytomegalovirus (HCMV)-induced cytoplasmic assembly compartments [181]. However, it
is very difficult to understand whether these proteins participate in the biogenesis of these
specialized sites of viral maturation, to the process of viral morphogenesis or to both.

4.3. ESCRT Machinery and Viral Egress from Infected Cells

Enveloped viruses are enwrapped by host membranes and usually egress from in-
fected cells without necessarily causing cell death. Examples of enveloped viruses are
HIV, herpesviruses, influenza virus, flaviviruses and coronaviruses (SARS-CoV-2 included).
Naked viruses are not surrounded by host membranes and typically are released upon cell
lysis [65,182]. Examples of un-enveloped viruses are adenovirus, poliovirus, norovirus,
HAV. Enveloped viruses leave the cells through a complex process known as budding
that requires two main membrane modifications, (i) a deformation around the assembling
virions and (ii) fission, resulting in the detachment of the viral particles from the cellular
surface. Budding takes place not only at the plasma membrane but also into intracellular
organelles that then fuse with the plasma membrane, releasing viral particles in the external
environment [183]. Assembly of virions and budding is usually strictly linked processes.
As mentioned above, studies aimed at the dissection of the molecular mechanisms enabling
HIV-1 budding have been instrumental for understanding how enveloped viruses are re-
leased from infected cells and for unrevealing the viral/cellular protein network involved
in the process. In 1991, Goéttlinger and coworkers identified in the C-terminal p6 domain of
HIV-1 protein Gag, which encodes for the main structural components of the virion, i.e.,
matrix, nucleocapsid and capsid, a highly conserved PT/SAP motif playing a crucial role
in the detachment of budded virions from the cell surface [184]. Starting from this seminal
finding, additional research has led to the identification in the Gag protein of all known
retroviruses of short proline-rich sequences, named late assembly or L-domains [185],
functionally equivalent to the HIV-1 PT/SAP motif. To date, in addition to the PT/SAP
motif, typical of most lentiviruses, two further L-domains have been well characterized:
the PPXY-type L-domain present in the Gag proteins of oncoretroviruses, first, described
in [185], and the YPXnL-type motif, identified in the Gag protein of the equine infectious
anemia virus (EIAV) [186]. Besides retroviruses, L-domains and L-domain-like sequences
have been identified in the structural proteins of most RNA-enveloped viruses, such as
rhabdoviruses, filoviruses, arenaviruses, and paramyxoviruses [186], and in some DNA-
enveloped viruses [187-191]. Interesting exceptions have been reported. For instance,
neither the hepatitis C virus nor the influenza virus appears to have canonical L-domains
or L-domain-like sequences [192,193], while the Bluetongue virus (BTV) presents both a
PSAP and a PPXY motif, but at the level of the nonstructural protein NS3 [194]. Early
studies indicated that L-domains act independently from their position in the viral protein
and can be exchanged between unrelated viruses without losing their ability to mediate
budding [195-197]. Furthermore, different types of L-domains often occur in combination;
for instance, the HIV-1 p6 contains, in addition to its primary PTAP-type L-domain, an
auxiliary L-domain of the YPXnL type [20,197,198], and the Ebola virus has a PTAPPEY
domain which combines the PTAP and the PPXY types of L-domains [199]. Overall, these
features suggested that the L-domains may represent docking sites for a set of cellular
proteins belonging to a specific pathway exploited by retroviruses to execute budding
efficiently. The first indication on this pathway came from previous observations that
cellular proteins, such as the epithelial Na* channel, contained sequences overlapping
with the L-domains and that their endocytosis was dependent on these motifs [199,200]
and on ubiquitylation [201]. At the same time, studies were supporting the hypothesis
on the role of ubiquitin in the viral budding process [50]. In particular, we were able to
show that ubiquitin residues involved in retroviral budding were the ones known to play
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a role in endocytosis [202]. Importantly, in 2001, the Carter and Sundquist laboratories
discovered that the PT/SAP motif of HIV-1 p6 binds to TSG101 and that this interaction
is crucial for viral budding [203,204]. Later, we show that Alix also plays a role in this
context, and it is recruited to the site of budding through a YPXnL domain mapping in the
Gag-p6 [20]. Finally, the PPXY type of L-domains was found to bind Nedd4 like ubiquitin
ligases that facilitate ESCRT-machinery engagement [50,205]. Over the last two decades,
several studies aimed at dissecting the complex viral/cellular protein network that enables
most of the RNA-enveloped viruses to hijack the ESCRT-machinery. An updated review
on this topic focused on retroviruses was recently published by Rose and coworkers [206],
and several excellent and more general ones are available [12,18]. Thus, we do not further
describe these aspects here. However, taking inspiration mostly from studies focused on
retroviruses, we would like to point out some clear common traits among mechanisms
adopted by enveloped viruses to usurp ESCRT-machinery during egress from infected
cells: (1) ESCRT-III and VPS4 represent the master players in this process; (2) early data
suggested that, while Alix and ESCRT-I were sufficient to recruit ESCRT-III to the side of
HIV-1 budding, ESCRT-II was dispensable. By contrast, ESCRT-II is crucial for the exit of
the avian sarcoma leukemia virus (ASLV). ASLV Gag displays a PPxY type L-domain [207],
while, as already mentioned, HIV-1 Gag contains both a PT/SAP and a YPXnL L-domain.
Overall, these findings support the notion that different L domains connect retroviral
structural proteins with a different array of ESCRT proteins to execute budding; (3) on
the other hand, it has been shown that mutations affecting Alix engagement do not en-
tirely inhibit HIV-1 budding, suggesting a compensatory role for ESCRT-II [208,209] or
for additional BRO1 containing proteins in this process. Importantly, most retroviruses
have evolved redundant mechanisms to hijack ESCRT-III/ VPS4 to the site of budding, as
exemplified by HIV [210], and as we reported, for instance, in the case of the closely related
feline immunodeficiency virus (FIV) [211]. Strikingly, budding of HIV-1 and FIV devoid of
functional L-domains can be efficiently rescued by overexpression of Nedd4-like ubiquitin
ligases, although both lentiviruses lack a PPxY motif within their Gag [212-215]. Finally,
retroviruses have been shown to engage ESCRT components also through Gag ubiqui-
tylation [50,204,216], as well as through the Gag Nucleocapsid region [53,211,217-219];
(4) RNA-enveloped viruses that seem to egress independently from the ESCRT-machinery,
e.g., the influenza virus [220], encode proteins that might functionally replace ESCRT-
I [193]; (5) large DN A-enveloped viruses can adopt ESCRT factors to egress from infected
cells, but with some clear peculiarities that are discussed later in the case of HSV-1.

4.4. EVs and Autophagy in Viral Transmission

As the healthy counterpart, virus infected cells can secrete EVs that can exert different
functions as described above. These EVs can shed viral proteins, and nucleic acids and
either trigger immune responses or affect recipient cells, favoring viral spreading [8].
Interestingly, EVs and enveloped viral particles share common biogenesis machinery, and
in some cases, it is difficult to isolate EVs containing viral molecules from forms of defective
viral particles as they display similar density, size, and composition [8]. As mentioned
above, viruses are distinguished in enveloped and naked viruses. However, in 2013, this
concept was challenged by the finding of both types of particles in the supernatant of liver
cells infected with the hepatitis A virus (HAV), as well as in vivo [221,222]. A follow-up
study demonstrated that HAV enveloped particles could be found inside MVBs and ESCRT
depletion inhibited their release from infected cells, thus suggesting exosomes as an egress
pathway. Furthermore, these findings also indicate that the envelopment of HAV relies
on the same cellular machinery exploited by most of the known enveloped viruses [65].
Importantly, HAV-containing exosomes, named “quasi-enveloped” HAV (eHAV), are able
to protect viral particles from antibody-mediated neutralization. In addition to HAV, also
hepatitis E virus (HEV), another naked virus, could be found in MVB. The release of eHEV
particles is likely to occur via the exosomal pathway [223,224].
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Interestingly, exosomes seem to play a role also in the egress of HIV. Indeed, Gould and
coworkers demonstrated that EVs secreted by dendritic cells infected with HIV were able to
transfer the infectious virus to CD4+ T lymphocytes [225]. Similar results were reported for
hepatitis C virus (HCV). Exosomes loaded with HCV were indeed isolated from infected
liver cell lines [226]. In addition, hepatic exosomes allowed transmission of infectious
HCYV particles in vitro and were resistant to antibody neutralization, at least partially. In
agreement, HCV release was found to follow both an exosome-driven and an exosome-free
route, as in the case of HAV. Importantly, exosome-associated HCV particles were infectious
and resistant to neutralizing antibodies [227]. Furthermore, it was also demonstrated that
EVs could deliver HCV replication-competent subgenomic RNAs allowing infection of
recipient cells, even in the absence of infectious particles and independently from known
viral receptors [228]. This latter aspect is particularly relevant as it would shield the virus
from neutralization, an additional immune evasion strategy that may be exploited by
other viruses. In this respect, also EVs secreted from Zika virus (ZIKV) or foot and mouth
disease virus (FMDV) infected cells contain viral RNAs and proteins and can support
viral transmission as well as function as an escape strategy from neutralization [229,230].
Furthermore, infectious particles of severe fever with thrombocytopenia syndrome (SFTS)
virus, a tick-borne bunyavirus associated with hemorrhagic fever, were found in exosomes
and were shown to infect cells, bypassing the need of classical viral receptors [231]. Finally,
DEN V-infected insect cells produce EVs loaded with virus-like particles that are able to
infect other cells [232].

EVs can contribute to the spreading of infection also by increasing the spectrum of
cells susceptible to viral entry and/or viral infectivity. One of the mechanisms allowing
this EV-mediated activity is the delivery of viral receptors from the producing cell to the
recipient one, as described above. Moreover, in the case of HIV-1, it has been shown that
resting CD4+ T lymphocytes, which are usually refractory to infection, become permissive
to viral replication by the combined function of the TNF-converting enzyme ADAM17 and
Nef, delivered by exosomes [136]. Additionally, Nef-containing EVs can alter lipid rafts
on the cell surface, facilitating HIV entry by fusion and thus increasing infectivity [233]. It
must be noticed that certain viruses that acquire their envelope by budding into cellular
organelles, e.g., the HSV-1, can hijack the exosomes to facilitate their transmission, at
least from certain cell types [234,235]. We discuss HSV-1 egress from infected cells later in
this review.

Surprisingly, studies carried on with cells infected by certain members of the Picor-
naviridae family, e.g., poliovirus, revealed that also these viruses could egress from host
cells in vesicles before cell lysis [236]. However, these vesicles did not derive from MVBs,
but rather from autophagosomes [236,237]. As already mentioned, autophagosomes by
fusing with lysosomes display a pivotal role in different aspects of cell biology. How-
ever, it is known that these structures can also fuse with the plasma membrane to release
molecules and organelles in the extracellular environment, a process known as “secre-
tory autophagy” [237]. Thus, the above-mentioned viruses hijack this specialized type
of autophagy to egress from infected cells. Indeed, virus-containing autophagosomes,
which in the case of the poliovirus originate from the ER, do not fuse with lysosomes but
with the plasma membrane and release vesicles enwrapped in a single membrane and
loaded with viral particles [236]. By contrast, to exosome-mediated uptake of viruses,
autophagosome-derived vesicles drive viral entry into recipient cells via the respective
physiological receptors. This finding suggests that vesicles are disrupted upon binding
with the new host cell, releasing particles that need to bind to the surface receptors [236].
Furthermore, lipid recognition seems to play a role as well. Indeed, proteins able to bind
the phosphatidylserine, a lipid enriching the autophagosome-derived vesicles, inhibited
viral infection [236].

Overall, these findings indicate that vesicles can contribute to cell egress and trans-
mission of both naked and enveloped viruses. The emerging picture is complex, and the
impacts on the host immune response and viral pathogenicity urge further studies.
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5. The Travel of Herpes Simplex Virus Type 1 from the Nucleus to the Extracellular
Environment: Is There a Role for the ESCRT Machinery?

The Herpesviridae are large, enveloped DNA viruses that not only replicate their
genome within the nucleus, but also start the process of assembling progeny particles in
the same cellular compartment. Newly assembled nucleocapsids need to cross the nuclear
membranes to translocate into the cytoplasm. In the cytosol, nucleocapsids are enwrapped
in proteins that constitute what is known as tegument, an amorphous coat that is typical of
herpes viral particles. Next, tegument surrounded nucleocapsids bud into vesicles derived
from host organelles to acquire their envelope. Finally, these vesicles fuse with the plasma
membrane to release the mature viral progeny in the extracellular environment. Therefore,
the biogenesis of herpesviral particles is a multistep process involving at least two budding
and fusion events and complex traffic of nascent virions from inside the nucleus to outside
the cell. Notably, ESCRT components play a role along this complex process, although
with peculiar and distinct features with respect to the better-clarified strategies evolved
by retroviruses and several other families of enveloped RNA viruses to hijack the ESCRT
machinery during budding. One of the most striking peculiarities in the assembly and mat-
uration of herpesviral particles is the first budding from the nuclear envelope. If ESCRTs
are involved in this process, they need to be available within the nuclear environment.
This is indeed the case. When TSG101 was described as a key component of the cellular
machinery involved in HIV-1 budding, this finding came as a surprise as this factor was
mainly known for its nuclear functions, as also suggested by its name (tumor suppressor
gene 101). Indeed, TSG101 was initially characterized for its ability to inhibit not only the
transcriptional activity of the nuclear hormone receptor superfamily [238,239], but also
for its ability to suppress the activity of certain viral promoters and transcriptional activa-
tors [239]. As an example, TSGO1 can interact with Rta, a transactivator of EBV lytic genes,
and, as a consequence, it can be recruited to the viral promoters [240]. TSG101 improves
binding of Rta to these promoters and its transactivating activity. Furthermore, TSG101
is known to play a role in the p53 pathway [241]. Indeed, TSG101 inhibits ubiquitylation
and degradation of the mouse double minute 2 homolog (MDM2) protein. MDM2 is an E3
ubiquitin ligase, which targets p53 for degradation by recognizing its N-terminal transacti-
vation domain (TAD). Furthermore, MDM2 can also inhibit p53 transcriptional activation.
The effect of TSG101 on MDM2 stability results in p53 downregulation accompanied by a
stimulation of the cell cycle [242]. As in the case of TSG101, also ESCRT-II components were
first described as nuclear proteins. Indeed, the yeast orthologues of ESCRT-II subunits are
named ELL-associated proteins (EAPs). ELL binds to the RNA polymerase II, functioning
as an elongation factor. Interestingly, also in rats, ELL interacts with three factors belonging
to ESCRT-1I (EAP20/Vps25, EAP30/Vps22, and EAP45/hVps36), giving rise to a heterote-
trameric complex that enhances transcription elongation, at least in vitro [243,244]. Overall,
ESCRT-II appears to interfere with the expression of specific genes by regulating the rate
of promoter initiation of transcription. Finally, mammalian ESCRT-III subunits (CHMPs)
were initially studied for their functions in the nucleus as suggested by their initial name,
i.e. chromatin-modifying proteins, that was then changed into charged multivesicular body
proteins upon discovery of their cytoplasmic functions. These two names are currently
used interchangeably. In the context of CHMP nuclear activities, several studies focused on
CHMP1. This protein is characterized by a predicted bipartite nuclear localization signal,
and it is found both in the cytosol and in the nuclear matrix. Interestingly, nuclear CHMP1
appears to be post-translationally modified with respect to the cytosolic counterpart. This
modification may contribute to the regulation of CHMP1 compartmentalization or to the
reason for a different activity of the protein in the two cellular spaces. In the nucleus,
CHMP1 interacts with polycomb-like proteins that, along with the other components of the
polycomb group (PcG), enable chromatin condensation and gene silencing during develop-
ment. Furthermore, it has been suggested that CHMP1 might be involved in chromosome
condensation during mitosis [245]. Interestingly, in a screening aimed at the identification
of human CHMP interactors, 19 out of 45 novel-fished-out factors were nucleus-related



Cells 2021, 10, 483

18 of 31

proteins [246]. Finally, several CHMPs take part in nuclear sumoylation pathways. These
distinct functions of the nucleoplasmic ESCRT components with respect to the activity
displayed by the cytoplasmic counterpart are a striking example of the importance/role of
cell compartmentalization.

Interestingly, however, herpesviruses, at least HSV-1 and EBV that have been studied
under this respect exploit nucleoplasmic ESCRTs to facilitate nuclear inner membrane
remodeling and fission in the first envelopment step, as better explained below. Thus, in
this context, nuclear ESCRTs function as their cytoplasmic counterpart. HSV-1 belongs
to the Alphaherpesvirinae subfamily of the Herpesviridae, and it is a neurotropic virus
ubiquitous in the human population. HSV-1 usually causes localized mucocutaneous
lesions in the facial region. Primary infection often occurs after direct interpersonal contact
and precedes the retrograde transport of the virus to the sensory nerve ganglia, where it
establishes a lifelong latent infection with recurrent infections [247]. In fragile patients,
HSV-1 can systemically disseminate and cause fatal infections. In particular, HSV-1 can
cause acute encephalitis and severe neonatal infections. The process by which HSV-1
virions exit the nuclear and then the cytoplasmic membranes of infected cells is very
complex and not fully elucidated yet. Viral DNA replication and gene transcription take
place in the nucleus where, during productive (lytic) infection, nucleocapsids are also
assembled. Althoug a sufficient dilatation of nuclear pores to allow egress of viral capsids
was described [248], the most widely accepted and supported model postulates that HSV-1
capsids by budding from the INM acquire a lipid envelope, which then fuses with the
ONM [249]. A central role is played by the herpesviral nuclear egress complex (NEC)
that is composed of viral proteins encoded by the UL31 and UL34 genes. NEC forms
a hexagonal lattice on the inner surface of the nuclear membrane, and it is sufficient to
induce perinuclear vesicles in uninfected cells expressing alphaherpesviral NEC proteins
alone. Furthermore, HSV-1 NEC can mediate the budding of membrane vesicles in the
absence of endogenous cellular proteins and ATP [249]. The UL34 protein is likely the
real effector, but in the absence of the UL31 protein, it fails to localize to the nucleus, as it
lacks a nuclear import signal. It is noteworthy that HSV-1s bearing deletions or dominant-
negative mutations within the UL34 gene display highly reduced viral infectious titers
with a corresponding accumulation of intranuclear viral capsids; however, some infectious
virions can still be recovered. Different mechanisms may be activated in this case, including
nuclear pore enlargement (see above) or nuclear envelope breakdown, but the relevance
of such alternative pathways under physiological conditions is unclear. NEC-mediated
budding is also likely to have a quality control function, selecting mature, DN A-filled C-
capsids rather than type A and B capsids [250]. Conversely, budding is probably negatively
regulated to reduce the number of capsid-less vesicles, for example, by phosphorylation
of UL31 by the US3 viral kinase. Regulation of budding is even more complex and could
involve tegument proteins that localize to the nucleus, such as UL36, UL47, UL16, UL11
and UL21, along with nonstructural proteins like UL24 [251] and the neurovirulence factor
ICP34.5 [252]. De-envelopment of perinuclear enveloped virions (PEVs) is not as well
characterized as envelopment: NEC alone is not able to perform it efficiently, and viral
glycoproteins gB and gH play a role in the process; however, both proteins are dispensable
for it [249].

It has been recently shown that HSV-1 employs nucleoplasmic ESCRT proteins to
bud across the INM. In particular, UL34 can interact with Alix in infected cells, and
UL31/UL34 leads to the localization of CHMP4B to the nuclear envelope. At the same
time, virions accumulate in the perinuclear space of cells depleted of CHMP4A /B/C or
Alix, likely because scission at the INM is inhibited [253]. Overall, these data indicate that
HSV-1 NEC via Alix can recruit CHMP4 to the site of budding at the INM. However, a
dominant-negative version of VPS4 did not abrogate transit of nascent nucleocapsids to
the cytosol [253-256], suggesting no major nuclear egress defects. On the other hand, it
has been demonstrated that NEC alone is sufficient to drive membrane scission, at least
in vitro [257]. Furthermore, Alix does not appear to be essential for HSV-1 replication [258].
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Thus, CHMP4/VPS4 would be necessary to optimize the rate of HSV-1 budding into
the perinuclear space, but not strictly required. On the other hand, HSV-1 infection
has been shown to trigger autophagy at the nuclear membranes [259,260], leading to
degradation of lamins that constitute a barrier for HSV-1 nuclear egress [260,261]. Under
this respect, ESCRT-III/ VPS4 could facilitate HSV-1 budding from the INM by functioning
in the biogenesis of the autophagosome and thus in laminin destruction [66,262]. Finally,
ESCRT-III may be recruited to help the nuclear envelope stressed by HSV-1 budding
nucleocapsid to maintain its integrity, although, as described above, CHMP-7 and not
Alix is the factor recruiting CHMP4B at the INM during this process [263]. Of note,
as discussed below, TSG101 has been recently implicated in HSV-1 ability to cross the
nuclear envelope. Interestingly also the NEC of EBV, constituted by BFLF2 and BFRF1
proteins, has been described to interact with ESCRT components during EBV capsid nuclear
envelopment [264]. In this case, not only Alix, CHMP4B and VPS4 play a role, but also
the ubiquitin ligase Itch/AIP4 that belongs to the Nedd4 family of E3 enzymes. As in the
case of retroviral Gag, BFRF1, which interacts with Itch, is ubiquitylated at several lysine
residues [265]. Mutations of these residues affect the release of enveloped particles from
infected cells, likely due to an impairment of the EBV particle trafficking from the nucleus
to the cytosol [265]. Although some viral tegument proteins localize to the nucleus, as
mentioned above, most of them are acquired in the cytosol: subsequently, virions undergo
secondary envelopment by budding into cytoplasmic membranes. The exact nature of
this membrane is still under debate. HSV-1 capsids have been observed enveloping at
structures morphologically resembling the trans-Golgi network (TGN) [266]. This finding
would be consistent with the lipid composition of the final HSV-1 envelope [267]. An
alternative model identifies endocytic tubules deriving from the plasma membrane and
containing viral envelope proteins at the site of cytoplasmic envelopment [268]. Following
secondary envelopment, HSV-1 hijacks secretory pathways to exit the cell by exocytosis,
though at late-stages of infection, some virions are released following cell death and lysis.
Among tegument proteins, UL36 and UL37 are crucial for envelopment [269] as they
mediate both interactions with cytoskeleton proteins to transport virions towards the
Golgi apparatus and with envelope glycoproteins. Other tegument proteins are essential
(UL48) or auxiliary (e.g., UL51 and UL7?) for secondary envelopment [262]. The precise
identity of the compartment in which secondary envelopment takes place is still unknown,
though it surely involves post-Golgi membranes, which may include TGN or endosomes,
or possibly membranes of heterogeneous origin [262]. Viral glycoproteins are trafficked
to the same post-Golgi membranes via different mechanisms. In particular, while some
viral surface proteins have clear localization signals, others do not [188]. Knockdown of
Rab6A, involved in intracellular trafficking, inhibits viral secondary envelopment [268].
Enveloped virions then are translocated to the plasma membrane by a mechanism, which
is associated with proteins directly involved in the secretory pathway, such as Rab GTPases,
GAP-43, kinesin-1 and SNAP-2, as well as upstream regulators like protein kinase [247].
Since the discovery that the dominant-negative version of VP54 (VPS-EQ) affects HSV-1
cytoplasmic envelopment and replication [254], several studies have connected ESCRT
machinery also to this step of viral egress from infected cells. For instance, it has been
shown that dominant forms of different CHMPs can also inhibit HSV-1 replication [258].
In particular, electron microscopy studies suggested that in cells overexpressing VPS-EQ,
partially enveloped nucleocapsids of HSV-1 accumulate in the cytosol as the final step
of membrane fission into the lumen of a cytoplasmic organelle did not occur [256]. This
phenotype is reminiscent of the one found for HIV-1 in cells expressing the same dominant-
negative protein or in the case of mutation of the PT/SAP L-domain [20,184]. Importantly,
a number of HSV-1 proteins contain binding motifs for Alix as well as for TSG101 [258].
However, neither the dominant-negative version of these proteins nor their depletion
affects HSV-1 yield [258]. Interestingly, it has been reported that proton pump inhibitors
of the prazole family, by interfering with TSG101, affect not only the budding of HIV-1
but also of different enveloped viruses, EBV included [158,159], and, more recently, in
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a pre-print manuscript by Leis and coworkers, of HSV-1 and HSV-2 [270]. It must be
noted that the drugs appear to inhibit HSV-1 transit through the nuclear membrane and
not the final envelopment in the cytosol. In any case, these studies, on one hand, further
connect TSG101 to the egress of different viruses, including HSV-1, from infected cells. On
the other hand, they support the possibility of adopting ESCRT proteins as a target for
antiviral therapy. Despite the presence of a PPxY domain in HSV-1 UL56 protein, there is
no evidence that interaction with Nedd4 is involved in ubiquitin-mediated recruitment of
the ESCRT machinery to execute viral envelopment. In agreement, the viral RING finger
E3 ubiquitin ligase ICP0 does not seem to play a role in ESCRT engagement.

In conclusion, although TSG101 may play a role as suggested by the prazole-based
data, the mechanism adopted by HSV-1 to recruit ESCRT-III to the side of the final en-
velopment is still under evaluation. Interestingly, different studies have focused on the
viral tegument and envelope proteins as potential ESCRT-III recruiting factors/cofactors.
Under this respect, we were able to show that glycoprotein B (gB), one of the most highly
conserved glycoproteins across the Herpesviridae family, was sorted into MVB mem-
branes [188]. In cells expressing VPS4-EQ, the site of intracellular gB accumulation and
maturation was altered, indicating that gB traffic was dependent on a functional MVB path-
way. Interestingly, gB was ubiquitylated in both infected and transfected cells. A partial
deletion of the gB cytoplasmic tail resulted in a dramatic reduction of ubiquitination, as
well as of progeny virus assembly and release to the extracellular compartment. Our data
support the view that the sorting of gB to MVB membranes may represent a critical step in
HSV envelopment and egress [188]. On the other hand, the major and highly conserved
tegument protein UL36 appears to be a very promising candidate due to its essential role in
the final envelopment of HSV-1 particles. Supporting this hypothesis, UL36 encompasses
an amino-terminal functional deubiquitylase (DUB) domain [271,272] that would fit with
the role of ubiquitin in ESCRT-mediated viral budding described above. We were able to
show that HSV-1 UL36 regulates the ubiquitination of TSG101 [189]. However, as UL36
DUB activity is not essential for HSV-1 replication [258,273], we could not conclude that
this finding is relevant in the context of viral envelopment. Under this respect, an elegant
study carried on by adopting light and scanning electron microscopy strongly suggested a
role for UL36 in the recruitment of capsids to the site of ESCRT-III/Vps4 localization [256],
although this effect may be indirect. Finally, a recent study has demonstrated that the
tegument protein UL51 has an impressive structural similarity to the ESCRT-III subunit
CHMP4B, and can give rise to long ESCRT-III-like polymers in vitro [274]. Thus, UL51
could facilitate CHMP polymerization or may even functionally replace CHMPs originat-
ing ESCRT-III-like filaments. Conceivably, any envelope and tegument proteins involved
in cytoplasmic envelopment could facilitate the recruitment of ESCRT components as well
as the docking of nucleocapsid-containing vesicles at the assembly sites. Studies may also
be complicated by the redundant functions of different viral factors.

Opverall, although ESCRT components are clearly involved in HSV-1 final envelopment
and egress from infected cells, there are still several open questions to address before fully
understanding all the peculiar aspects of these complex late steps of viral replication.

6. Conclusions and Outlook

The ESCRT machinery is involved in many fundamental cellular pathways. In eukary-
otic cells, ESCRTs contribute to both maintenance of cell compartmentalization, as well
as to the biogenesis of vesicles and thus to the crosstalk among organelles and between
the cell and the extracellular environment. Over the past years, efforts have been made to
gain further insights into the molecular mechanisms enabling most of the ESCRT-mediated
pathways. However, there are still unmet questions that need to be addressed, including a
better understanding of the precise role of the individual interactions and steps allowing
the recruitment of the same set of proteins to different locations to facilitate or play key
roles in a variety of processes. Viruses interact with the ESCRT components in different
steps of their replication cycle and/or influence ESCRT-mediated actions to their advantage.
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Thus, the study of viral/ESCRT protein interplay might contribute to unraveling aspects
of the ESCRT machinery functions as well as of its regulation that are still under debate.
In this context, HSV-1 and herpesviruses, in general, might be of great interest as they
exploit ESCRT components in peculiar ways that differ from the ones that have been well
characterized for HIV-1 and most RNA-enveloped viruses. Particularly interesting is the
fact that HSV-1 uses both nuclear and cytoplasmic ESCRT factors to cross the nuclear and
plasma membrane barriers. Furthermore, nascent virions engage cytoskeleton elements as
well as secretory pathways to travel throughout the cell and exit in the extracellular envi-
ronment. Thus, studying the missing links of this travel may contribute to our knowledge
not only on the ESCRT machinery functions, but also on the molecular exchanges between
intracellular organelles and compartments.
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