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SUMMARY

Dendritic cells (DCs) play a key role in initiating specific adaptive immune responses against
viruses. They possess the unique capability to capture, process, and present viral antigens to
T lymphocytes, a critical step in the immune defence. However, these cells can also contribute
to the early stages of viral dissemination during some infections. This is due to the capacity of
Siglec-1/CD169 receptor expressed on DCs, which specifically recognizes sialylated
gangliosides present on the viral membrane of enveloped viruses such as HIV-1 or Ebola virus.
Curiously, Siglec-1 expression is significantly up-regulated when dendritic cells are stimulated
with immune-activating factors like interferon-alpha and lipopolysaccharide, both of which are

commonly found during different infectious processes.

Our group has previously shown that the recognition of HIV-1 by Siglec-1 leads to the
accumulation of viral particles within a sac-like virus-containing compartment (VCC), which
allows the virus to remain inside DCs and be transmitted to target CD4* T cells, which become
productively infected by this mechanism known as trans-infection. Previous studies have
shown that the interaction between Siglec-1 and HIV-1 relies on the recognition of syalilated
gangliosides such as GM1, which has been found in HIV-1 membranes, but also in the
membranes of other viruses such as Ebola virus (EBOV). Our group has shown that EBOV
viral-like particles (VLPs) were captured in a Siglec-1 dependent manner, leading to the
formation of a VCC that favour viral fusion. These results suggest that Siglec-1 might act as

an auxiliary receptor, facilitating viral entry and dissemination of distinct enveloped viruses.

Following this hypothesis, here we show that SARS-CoV-2, an enveloped virus responsible
for the COVID-19 global pandemic, contains GM1 gangliosides in their membrane and is
captured via Siglec-1 by DCs and macrophages. While DCs did not get productively infected,
SARS-CoV-2 followed a similar trans-infection mechanism as to that described for HIV-1. We
next studied the possible contribution of Siglec-1 to the capture of arenaviruses, which is
another family of enveloped viruses responsible for causing haemorrhagic fevers in humans.
We found that the capture of two different VLPs from the Junin and Lassa arenaviruses was
Siglec-1 dependent and led to the formation of a VCC in DCs. Given that DCs are the primary
target cells for arenavirus infection, Siglec-1 might act as an auxiliary receptor facilitating

arenaviruses fusion, as seen for EBOV.

These results prompted us to explore the possible role of Siglec-1 as a therapeutic target
against DC mediated dissemination of enveloped viruses. Following our previous work were

we have identified 5 distinct murine anti-Siglec-1 monoclonal antibodies (mAbs) abrogating
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Siglec-1 mediated viral uptake, we generated anti-Siglec-1 Fabs and humanized anti-Siglec-
m Abs in an attempt to develop a host-directed antiviral treatment. Overall, the activity of anti-
Siglec-1 Fabs and human mAbs inhibits the infection in cis (Ebola virus/Arenavirus) or trans
(HIV-1/SARS-CoV-2) mediated by Siglec-1 receptor on DCs and suggests their potential use
as broad-spectrum antivirals.
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RESUM

Les cél-lules dendritiques tenen un paper clau en l'inici de respostes immunitaries adaptatives
especifiques contra els virus. Posseeixen la capacitat Unica de capturar, processar i presentar
antigens virals als limfocits T, un pas critic en la defensa immunitaria. Tanmateix, aquestes
cél-lules també poden contribuir a les primeres etapes de la disseminacié viral durant algunes
infeccions. Aix0 es deu a la capacitat del receptor Siglec-1/CD169 expressat a la superficie
de les cél-lules dendritiques, que reconeix especificament gangliosids sialilats presents a la
membrana de virus embolcallats, com el VIH-1 o el virus de I'Ebola (EBOV). Curiosament,
I'expressioé de Siglec-1 es regula significativament quan les cél-lules dendritiques s'estimulen
amb factors d'activacié immune com l'interferé-alfa o el lipopolisacarid, els quals es troben

habitualment presents durant diferents processos infecciosos.

El nostre grup havia demostrat préviament que el reconeixement del VIH-1 per part de Siglec-
1 condueix a I'acumulacio de particules virals dins d'un compartiment que conté virus semblant
a un sac, que permet que el virus romangui intacte dins les cél-lules dendritiques i es transmeti
als limfocits T CD4+, la seva diana cel-lular final, els quals s'infecten productivament per
aquest mecanisme conegut com a trans-infeccid. Estudis anteriors han demostrat que la
interaccio entre Siglec-1 i VIH-1 es basa en el reconeixement de ganglidsids sialats com el
GM1, que s'ha trobat a les membranes del VIH-1, perd també a les membranes d'altres virus
com 'EBOV. El nostre grup ha demostrat que les particules pseudovirals de TEBOV també es
capturen de manera dependent de Siglec-1, donant lloc a la formacié de compartiments virals,
la qual cosa afavoreix la fusio viral. Aquests resultats suggereixen que Siglec-1 podria actuar

com a receptor auxiliar, facilitant I'entrada viral i la difusié d’altres virus embolcallats.

En linia amb aquesta hipotesi, aqui mostrem que el SARS-CoV-2, un virus embolcallat
responsable de la pandémia global de COVID-19, conté ganglidsids GM1 a la seva membrana
i és capturat mitjancant Siglec-1 per cél-lules dendritiques i macrofags. Tot i que les cél-lules
dendritiques no s’infecten productivament, el SARS-CoV-2 va seguir un mecanisme de trans-
infeccidé similar al descrit per al VIH-1. A continuacié, vam estudiar la possible contribucié de
Siglec-1 a la captura d'arenavirus, que és una altra familia de virus embolcallats responsables
de provocar febres hemorragiques en humans. Vam trobar que la captura de particules
pseudovirals dels arenavirus Junin i Lassa depenia de Siglec-1 i va provocar la formacio de
compartiment virals en les cél-lules dendritiques. Atés que les cél-lules dendritiques soén
cél-lules diana per a la infeccié dels arenavirus, Siglec-1 podria actuar com a receptor auxiliar

facilitant la seva fusié, com s'havia vist per TEBOV.
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Aquests resultats ens vam impulsar a explorar el possible paper de Siglec-1 com a diana
terapéutica contra la difusié de virus embolcallats mitjangant ceél-lules dendritiques. Després
del nostre treball anterior en el qual haviem identificat 5 anticossos monoclonals murins anti-
Siglec-1 que bloquegen la captura viral mitjancant Siglec-1, vam generar Fabs i anticossos
humanitzats anti-Siglec-1, en un intent de desenvolupar un tractament antiviral dirigit contra
molécules de I'hoste. Tant els Fabs com els anticossos humanitzats inhibeixen la infecci6 en
cis (EBOV/Arenavirus) o trans (VIH-1/SARS-CoV-2) mitjancant el receptor Siglec-1 en

cél-lules dendritiques, tot suggerint el seu potencial us com a antivirals d'ampli espectre.
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Chapter 1 — INTRODUCTION

Our organism lives in a constant battle with the threat of viral infections, and our remarkable
immune system stands as the determined defender of this endless battle. Yet, through years
of evolution, our immune defences have refined their skills to detect and combat these silent

invaders swiftly and efficiently.

As viruses penetrate our body barriers, our immune system jumps into action, orchestrating a
carefully organized defensive response restricting viral replication, impeding viral
dissemination, and setting the stage for the subsequent and more specialized adaptive
immune response. At the heart of this remarkable defence mechanism lie the antigen
presenting cells (APCs), the frontline of our immune response. These specialized cells are the
precursors of our immune response, preparing the way for the complex interplay between

viruses and immunity.

In this thesis we explore the role of Siglec-1 (CD169 or Sialoadhesin), a type | lectin receptor
expressed by APCs involved in viral recognition, that might contribute to the pathogenesis of
life-threatening viruses such as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) or arenaviruses. We investigate the interaction via Siglec-1 receptor between these
viruses and APCs. The potential role of Siglec-1 as an auxiliary receptor for SARS-CoV-2 and
arenaviruses holds significant implications. If confirmed, it would highlight the versatility of
Siglec-1 as a receptor for multiple enveloped viruses, increasing its relevance as a promising

target for antiviral therapies.
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1.1. Immune response against viral infections

Our organism is constantly exposed to the threat of viral infections, and our immune system is
the first line of defence. Viruses, ubiquitous and ever evolving, can invade our organism and
prompt a physio-pathological cascade of potentially devastating consequences. Yet, our
immune defences have evolved to efficiently detect and combat these invaders with precision

and efficacy.

Upon encountering a virus, the immune system has the capacity to mount two sequentially

differentiated immune responses: the innate and the adaptive immune responses.

1.2. The innate immune response

It is characterized by its rapid mobilization of effector cells to fight invading pathogens within
minutes to hours. Innate immunity plays a crucial role in limiting viral replication, preventing
viral dissemination, and defining the subsequent adaptive immune response. A key component
in this defence mechanism are the APCs, which serve as the inducers of the immune response,
initiating the intricate series of events that follows upon viral encounter. For example, at the
beginning of a viral infection, APCs will initiate the innate immune response after sensing the
virus through pattern recognition receptors (PRRs) to pathogen-associated molecular patterns
(PAMPs)'. These PRRs can be present in cell membranes (i.e., TLR7, TLR8 and TLR9) or
cytosolic (RIG-I like receptors)?. The interaction of these receptors with viral antigens will be
followed by the secretion of type | and type Il interferons (IFNs), along with a range of
proinflammatory cytokines and chemokines. These molecules will mobilize and activate
immune cells such as macrophages (M®s), NK cells and dendritic cells (DCs) to control virus

spread, in addition to activating and modulating the adaptive immune response’.

1.3. The adaptive immune response
Efficient activation of innate immunity plays a crucial role in restricting viral entry, translation,
replication, and assembly within the host cell. This mechanism helps identifying and eliminating

infected cells, while enabling a rapid development of adaptive immune responses.

After the innate immune response has activated, viral antigens go through the process of
phagocytosis and degradation inside APCs?. These antigens are processed into smaller
peptides, which are presented on the cell surface via major histocompatibility complex class-II
(MHC-II) present in APCs’ membranes. MHC-II expression in cells may be induced by

interferon-gamma (IFNy) and modulated by other factors, such as interleukin-4 (IL-4),
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interleukin-10 (IL-10), interferon- alpha/beta (IFN-a/B), tumour necrosis factor-alpha (TNFa),
and glucocorticoids secreted during the innate immune response?. CD4* T cells, recognize
these antigens presented through MHC-II, initiating their activation, progressing into
differentiation and proliferation®>. The activation of CD4* T-cells by APCs causes them to
differentiate into different subtypes with specific functions mediated by cytokine secretion and
cell-to-cell contact?. Activated T-cells can help B cell maturation by secreting IL-4 and through
CD40/CDA40L interaction, they can also help B memory cells and long-lived high-affinity
antibody-producing plasma cells maturation in germinal centres by interacting with them. Other
T-cells differentiate into memory T-helper cells that will remain in the lymph nodes ready to
build a quick specific response upon a second contact with the same pathogen, while another
subset will activate CD8" cytotoxic T-cells by simultaneously interacting with APCs. The CD8*
cytotoxic T-cells will cause killing of infected host cells infected. It has been reported that for
SARS-CoV-2, a well-built immune response in which all these elements coordinate, correlated
with mild COVID-19 development, while an uncoordinated response, more frequently observed
in immune-suppressed and elderly populations, was more frequent in patients that developed
severe disease®. Most COVID-19 vaccine efforts focus on stimulating these defence
mechanisms by triggering the generation of neutralizing antibodies, with an additional
activation of CD4* or CD8" T-cells®.The coordination of APCs in viral immune response, is
crucial for a quick innate response and the induction of the adaptive response. Each cell type
plays a key role in the complex interaction, from the moment they interact with the invading

virus to the induction of memory cells that will be ready for a second encounter.

1.4. APCs during viral infections

APCs are a diverse group of specialized immune cells that play a crucial role in the initiation
and organization of immune responses. APCs include B cells, monocytes, M®s, and DCs.
They are characterized for expressing a repertoire of PRRs that enable them to recognize and
respond to viral components known as PAMPs*. Different types of molecular structures can
act as PAMPs, such as lipopolysaccharide (LPS), endotoxins, peptidoglycan, flagellin,
lipoteichoic acid, double stranded RNA (dsRNA), single stranded RNA (ssRNA), DNA, CpG
DNA and nucleic acid motifs®. To detect such range of different molecules, APCs express a
variety of specialized PRRs. Among them we can find: Toll-like Receptors (TLRs), C-type and
I-type Lectin Receptors (CLRs and ILRs), RIG-I Like Receptors (RLRs), or NOD-Like Receptor

(NLRs). Upon infection, PRRs in APCs recognize viral PAMPs and initiate the innate immune
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response by producing proinflammatory cytokines, type | IFNs and antimicrobial proteins®”,

which will be followed by the adaptive immune response.

Among PRRs, TLRs present a wide range of different PAMP type recognition, and they can
be found in the cell surface, or intracellularly on endosomal and endo-lysosomal membranes®
(Figure 1.1). TLRs are usually expressed in M®s and DCs, but they are also present in B cells.
Despite their main role as mediators in the production of antigen-specific immunoglobulin (IgG)
directed against invasive pathogens, B cells can act as APCs presenting antigens to T-cells
via MHC-Il. For example, TLR2 expressed on B cells surface, is known to sense
cytomegalovirus (CMV) via viral envelope glycoprotein B and H, and Hepatitis C virus (HCV)
via core protein®®. Furthermore, TLR2 mediates innate immune response against Junin virus
(JUNV) in mice and plays a critical role in viral clearance of JUNV vaccine Candid 1'°. Another
example is TLR4, which has been reported to sense Ebola virus (EBOV) via glycoprotein™.
TLR4 has also been reported to modulate activation in human M®s after interacting with HIV-
1 envelope protein gp120™. It is worth noting that TLR2 and TLR4 expressed in APCs, not
only recognize viral antigens, but bacterial origin lipopolysaccharide (LPS), peptidoglycans and

lipoproteins as well™.

Apart from protein recognition, TLRs can recognize viral genetic material. For example, TLR3
recognizes viral dsRNA, small interfering RNAs (siRNAs), and self-RNAs derived from
damaged cells'. Examples of viral recognition via TLR3 include respiratory syncytial virus
(RSV), rhinovirus, reovirus, Epstein-Barr virus (EBV), and herpes simplex virus-2 (HSV2)"-18,
TLR7 and TLR8, which are highly expressed in plasmacytoid DCs (pDCs), are involved in
recognition of ssRNA viruses in a species-specific way'®. pDCs, which are known for secreting
large amounts of type | IFN, particularly IFNa, in response to viral infection, recognize multiple
viruses, such as: Influenza virus, VSV, HIV-1, Sendai virus (SeV), Coxsackievirus B (CBVs),
and HCV, via TLR7 and TLR8'%-%. Similar to TLR7 and TLR8, TLR9 is primarily expressed in
pDCs, and it has been described to recognize bacterial and viral DNA that is rich in
unmethylated 2’-deoxyribo (cytidine-phosphate- guanosine) CpG-DNA motifs'. Viral DNA
recognition via TLR9 has been described to induce IFN production in herpes viruses including
HSV-1, HSV-2, varicella zoster virus (VZV), cytomegalovirus (CMV), and EBV?+2°,

APCs also express Retinoic-acid inducible gene | (RIG-I)-like receptors or RLRs, which are
intracellular pattern recognition receptors to sense viral RNA in the cytoplasm via RNA binding
motifs'® (Figure 1.1). They possess a signalling domain that activates a cascade leading to the
production of type | IFNs, proinflammatory cytokines, and chemokines®3'. These receptors

have been found to be essential for the induction of type I IFN in DCs after infection with VSV32,
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Curiously, some viruses can halt IFN production by inhibiting the signalling mediated by RIG-
I. For example, SARS-CoV-2 M protein interaction with RIG-I impedes the phosphorylation and
nuclear translocation of IFN regulatory factor 3 (IRF3), inhibiting IFN production in infected

cells®3.

Other PRRs that can lead to type | IFN production after encountering viral PAMPs are C-type
lectin receptor or CLRs. CLRs include a large family of transmembrane and soluble receptors
that contain one or more conserved carbohydrate-recognition domain (CRDs) (Figure 1.1).
These CLRs bind carbohydrate moieties in a Ca2*-dependent or Ca2*-independent manner
using CRDs. CLRs have high affinity for their ligands and are known to be expressed on DCs
and M®s. Internalization via CLRs can lead to different outcomes such as degradation via
lysosome or autophagy3#%, production of type | IFNs, activation of NF-kB, activation of the
inflammasome, or antigen presentation on MHC molecules, promoting adaptive immune
responses®3’. Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN) is a CLR which can recognize mannose and fucose structure on the surface of
viruses such as HIV-1 and Dengue virus (DENV)®3° Lymph node-specific intercellular
adhesion molecule-3-grabbing integrin (L-SIGN, also known as DC-SIGNR) is another CLR
similar to DC-SIGN. Both L-SIGN and DC-SIGN have been identified to interact with various
viruses, such as EBOV, HBV, SARS-CoV, or Marburg virus (MARV)%*4°. DAP-12-associating
lectin (MDL-1, also known as CLEC5A), is a CLR found in M®s known to recognize DENV,

Influenza virus and Japanese encephalitis virus (JEV)*™=3,

Viral PRRs in APCs Siglec-1
PAMP %E; LPS Mannose DC-SIGN L-SIGN  MDL-1
Receptor
TLRS ‘
TLR6 TLR4
TLR7
* ssRNA
TLR8
* sSsSRNA
CLRs & ILRs
Endosome + Carbohydrate
moieties
TLR9 TLR3
+ dsDNA + dsRNA Cell cytoplasm

Figure 1.1. Relevant viral PRRs found in APCs. Dcs, M®s, monocytes and B cells express a variety of PRR to
recognize pathogens upon entry in the organism. TLRs present a up to 10 different molecules from which 9 of them
recognize multiple viruses, including their proteins or genetic material. RLRs are cytosolic PRRs recognizing viral
RNA. CLRs present in cell membrane recognize carbohydrate moieties in viral membranes. Image created using
BioRender (https://biorender.com/). PRR: Pattern Recognition Receptors; APCs: Antigen-Presenting Cells; DCs:
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Dendritics cells; M®s: Macrophages; TLRs: Toll-Like Receptors; RLRs: RIG-I-Like Receptors; CLRs: C-type Lectin
Receptors; ILRs: I-type Lectin Receptors.

The pro-inflammatory state promoted after the activation of APCs via the PRRs will be followed
by some cells like DCs travelling to the lymph nodes in order to present the processed antigens
to the T-cells via MHC-II (Figure 1.2). Interaction of DCs and T-cells via MHC-I| activates naive
T-cells, which will promote into T-helper cells that can activate memory B cells or memory
cytotoxic T-cells, plus secreting IL-4 to activate B-cells. Activated B-cells will then evolve into
plasma cells that will secrete specific antibodies against the virus or differentiate into memory

B-cells for long-term immunity.

DCs use sensing receptors to start the immune response, however, this interaction not always
helps controlling or fighting the infection. Several pathogens have evolved mechanisms to
impair DC function, either interfering with their sensing capacity, maturation program or
antigen-presenting function. Interactions between viral PAMPs and PRRs upon viral infection
leads to APC stimulation and production of IFNs which function in an autocrine and paracrine
fashion inducing an anti-viral state that is characterized by the expression of distinct interferon-
stimulated genes (ISGs)'™. Among the sensing receptors on APCs there is Siglec-1, also
known as CD169 or Sialoadhesin, a ILR which might play a versatile role in viral uptake. Siglec-
1 is an IFN-inducible receptor*, and consequently, immune activating signals present
throughout the course of viral infections increase the expression of Siglec-1 in myeloid cells*+-
46_Several viruses have been reported to take advantage of DCs function as a way to improve
their pathogenicity by interacting with Siglec-1. This is the case of HIV-1 and filoviruses such
as Ebola and Marburg. Studying the role of Siglec-1 expressed on DCs in viral infections might

help better understanding its relevance in the antiviral immune response.
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Figure 1.2. Immune response mediated by APCs during viral infections. After recognition of invading viruses
via PRRs, M®s and DCs will initiate the innate immune response by secreting pro-inflammatory cytokines and
recruiting more immune cells to control the infection. Pathogen recognition through PRRs will also activate DCs,
and after travelling to the lymph nodes they will interact with T cells and initiate the adaptive immune response,
specific for the invading pathogen. Image created using BioRender (https://biorender.com/). DCs: Dendritics cells;

M®s: Macrophages; PRR: Pattern Recognition Receptors.

1.5. CD169/Siglec-1 and viral infections

Siglec-1, the first member of the Siglec family, was identified by Paul Crocker and colleagues

in the early 90s*748

. It is the Siglec member with the longest extracellular part, which is

composed of 16 immunoglobulin-like domains and a terminal V-set domain (Figure 1.3). The

numerous Ig-like domains that separate the ligand-binding site from the membrane favour the

interaction in frans with external ligands, limiting the binding to cell-surface molecules in cis,

as it happens with shorter members of the Siglec family*. Its cytoplasmic domain lacks a

tyrosine containing motif and therefore does not trigger an intracellular signalling cascade*®

(Figure 1.3).
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Figure 1.3 Siglec-1 is a ILR. Siglec-1 contains an extracellular V-set domain that holds the sialic acid binding
pocket in its N-terminal region. This is followed by 16 C2 immunoglobulin domains that extend the distance from
the V-set domain all the way to the extracellular surface, forming the link to the transmembrane domain. It lacks a
tyrosine containing motif compared to other CLRs such as DC-SIGN and therefore it is currently thought that it does
not activate any intracellular signalling after viral encounter. Image created using BioRender
(https://biorender.com/). ILR: I-type Lectin Receptor; CLRs: C-type Lectin Receptor

Siglec-1 recognizes sialylated motives from lipids present in biological membranes*. Recent
studies have shown that the clustering of these sialylated motives can favour receptor avidity
and enhance its ligand interaction®. Siglec-1 can bind to multiple target cells in a sialic acid
dependent manner, including granulocytes, NK cells, B-cells and erythrocytes®'. It also exhibits
a CD43-dependent binding affinity for T-cells®?, participating in cell-to-cell signalling to
modulate cellular immune responses against viral infections*. The sialylated motives
recognized by Siglec-1 are present not only in human cells, but also in extra-cellular vesicles
(EV) secreted by cells containing these motives, bacteria, or enveloped viruses®. Immune
cells such as DCs, M®s and monocytes that can recognize pathogens such as bacteria or
viruses are known to express Siglec-1 on their surface*®, and it has been shown that they can

mediate viral uptake via Siglec-1 interaction with enveloped viruses®®.

Upon viral infection, activated immune cells release pro-inflammatory s including IFNs,
which upregulate Siglec-1 expression in myeloid cells, as observed in SARS-CoV-2 infected

individuals**#®. It has been reported that Siglec-1 expression was upregulated on APCs in
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SARS-CoV-2 infected individuals®. In addition, Siglec-1 expressing monocytes were found to
be more prominent in mild cases and the amount of Siglec-1 expression correlated with plasma
IFN levels®®. In RSV infections, Siglec-1 expressing alveolar M®s triggers an early innate
protection and recruitment of effector CD8* T cells to the lung after RSV infection®¢. Another
example showed that the absence of Siglec-1 expressing macrophages impedes antigen

uptake, leading to a decrease in the CD8* T-cell responses against VSV*'.

Despite the role of Siglec-1 mediating the immune response against viral infections®®*, viral
capture mediated by Siglec-1 in APCs does not always lead to an effective immune response.
Enveloped viruses that constitute a major threat to human health, such as HIV-1 or Ebola virus,
incorporate sialylated gangliosides on their membranes and by interacting with Siglec-1

(Figure 1.4), could evade the immune response and disseminate the infection within tissues
53,58
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Figure 1.4. HIV-1 and EBOV uptake via Siglec-1. Enveloped viruses such HIV-1 and Ebola virus present sialylated
gangliosides in their membrane that can be recognized by Siglec-1. HIV-1: Human Immunodeficiency Virus 1;

EBOV: Ebola Virus
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The first evidence of how Siglec-1 promotes viral infection of nearby target cells arose from
the field of cell-to-cell transmission of HIV-1. This retrovirus is responsible for the AIDS
pandemic and preferentially infects CD4* T lymphocytes expressing the CCR5 or CXCR4 co-
receptors®. Although Siglec-1-expressing myeloid cells are also susceptible to HIV-1
infection®%6!, several restriction factors limit productive viral replication®2%%, However, these
cells can trap HIV-1 particles, which display specific gangliosides such as GM1 or GM3 in their
envelope membranes®®, via Siglec-154%5, These virions are then trafficked by Siglec-1 to a
virus-containing compartment (VCC)® (Figure 1.5). In primary cervical tissues from HIV-1-
infected individuals, cell-associated viral accumulations have been identified in Siglec-1-
positive compartments, confirming the formation of VCCs in vivo®. Virions accumulated in
VCC are effectively transferred to interacting CD4* T-cells through the formation of an
infectious synapse®. This mechanism, known as frans-infection, was initially observed in vitro
67 but it took two additional decades to identify Siglec-1 as the key molecule mediating this
process®®®8, Moreover, this has been confirmed in vivo, using a murine model infected with
another retrovirus, the MLV, whose robust infection in lymph nodes and spleen required Siglec-

1 and trans-infection for viral spread®.

Other enveloped viruses, such as the highly pathogenic EBOV, bind to Siglec-1, but in this
particular case the interaction leads to the viral fusion in Siglec-1 expressing cells®, which can
support productive infection” (Figure 1.5). EBOV sporadic outbreaks are associated with high
mortality rates, and viral transmission occurs through contact with body fluids from infected
individuals”'. This results in the infection of a broad cell repertoire including hepatocytes,
fibroblasts and myeloid cells like DCs, macrophages and monocytes’. Given their patrolling
function at the viral entry sites, DCs are among the first cells to encounter EBOV, becoming
productively infected early during EBOV disease’®’2. Following their migration to lymphoid
tissues, DCs contribute to EBOV systemic dissemination™ playing a similar role to that

described for HIV-1 infection.

In addition to promoting EBOV dissemination, infected myeloid cells display a dysregulated
phenotype that impairs their capacity to mount innate and adaptive immune responses’?7"3.
EBOQOV entry into myeloid cells begins with viral attachment to the cell surface, which involves
different viral and host factors’™. C-type lectins such as DC-SIGN and LSECtin mediate EBOV
binding through recognition of the EBOV glycoprotein’>¢, while the TIM/TAM receptors act as
attachment factor through the recognition of phosphatidylserine on the viral membrane”.
Although the overall role of TIM/TAM receptors on EBOV entry has been confirmed, in primary

myeloid cells”’, the relative contribution of each family and their particular members on distinct

25



myeloid cells is not clearly delineated yet. After internalization, EBOV is directed to a late
endosome, where cathepsins cleave the viral glycoprotein and via Nieman Pick Receptor 1
(NPC-1), releases viral RNA into the cytoplasm leading to a productive infection. Intriguingly,
EBOV incorporate sialylated ganglioside GM1 when they bud from producing cells®, and
Siglec-1 acts as an attachment factor mediating viral entry into these cells through a
glycoprotein-independent mechanism®. Of note, Siglec-1-inducing factors such as LPS and
type | IFNs are present during the course of EBOV infection, especially in fatality cases of the
disease’®®, This, together with the fact that Siglec-1 allows viral entry into key target cells for
EBOV, suggests a role for this receptor in the progression EBOV infection. EBOV captured via
Siglec-1 is also directed towards a VCC that is associated with viral trans-infection® as
previously demonstrated for HIV-18'#2 (Figure 1.5). Whether or not this VCC also favours

EBOV trans-infection remains to be elucidated.

Bindin

o
2
Trans-infection

Figure 1.5. Siglec-1 trans- and cis-infection pathway. EBOV binds to nanoclusters of Siglec-1 molecules via
GM1, whereas HIV-1 binds via both GM1 and GM3. Viral binding is followed by accumulation in a virus containing
compartment (VCC) within dendritic cells. HIV-1 is subsequently transferred to target cells expressing CD4 and
CCRS5 (or CXCR4) receptors via trans-infection, whereas EBOV is directed to the late endosome, where cathepsins
cleave the viral glycoprotein and via Nieman Pick Receptor 1 (NPC-1), releases viral RNA into the cytoplasm leading
to the production of new EBOV via cis-infection in dendritic cells. Adapted from Ref 4°

Because Siglec-1 expressed in DCs interacts with sialic acids, which can be present in several
enveloped viruses, we believe it harnesses the potential to interact with other enveloped
viruses such as SARS-CoV-2 and pathogenic arenavirus family members Junin and Lassa

virus.
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1.6. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 is an enveloped virus which is responsible for causing the Coronavirus-Disease-
19 (COVID-19) global pandemic®. A vaccine was developed in a short period of time and
plenty of antiviral treatments were rapidly tested, causing severe cases to drop significantly®:.
Despite the efficacy and progress of vaccines and treatments against SARS-CoV-2, future viral
variants might overcome these strategies. SARS-CoV-2 variants reported so far have been
classified according to mutations in the Spike protein (S) that produced changes in
transmission and virulence®. Although the S protein is the canonical attachment receptor for
SARS-CoV-2%, other receptors and co-receptors might be involved in viral attachment and
entry®. Studying the role of these molecules, such as Siglec-1, that might be involved in SARS-

CoV-2 attachment and entry could help to improve current vaccines and treatments.

1.6.1. Classification and viral structure

SARS-Cov-2 virus belongs to the Coronaviridae family and along with other highly pathogenic
coronaviruses, to the Betacoronavirus genus, group 2. SARS-CoV-2 virus is enveloped,
positive-sense single-stranded RNA virus® and its genome has ~80% sequence similarity with
SARS-CoV virus and ~50% with MERS-CoV virus®®’. It is comprised by 14 open reading
frames (ORFs), which encode 16 non-structural proteins, 9 accessory proteins and 4 structural
proteins, including: the spike (S), envelope (E), membrane (M) and nucleocapsid (N) 868889
(Figure 1.6). The structural proteins, once assembled, form a virion that while budding from
the host cell, will incorporate a lipid bilayer completing an enveloped virus®. The incorporated
lipid bilayer will contain some molecules present in the host cell membrane along with the S

protein, which is the one mediating the viral entry into host cells®.
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Figure 1.6. SARS-CoV-2 structure. The severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2) virion
consists of the following structural proteins: spike protein (S), nucleocapsid protein (N), membrane protein (M) and
envelope protein (E). When budding, it incorporates the viral envelope containing gangliosides present in the cell
membrane from the host cell. Image created using BioRender (https://biorender.com/).

1.6.2. Epidemiology

The first cases of SARS-CoV-2 reported in humans occurred in late 2019 under the name
Coronavirus-Disease-19 (COVID-19)°'. It started as a contained outbreak in Wuhan city,
China®, but a rapid worldwide spread in early 2020 showed its efficient human to human
transmission, and in March 2020 the World Health Organization (WHO) declared COVID-19
as a new pandemic®®2, Contact tracing studies revealed high infectiousness at the time of
symptom onset, with frequent transmission from pre-symptomatic and mildly symptomatic
individuals and transmission also occurring from fully asymptomatic individuals °2-%4. Since no
vaccine or treatment was available, non-pharmaceutical interventions, such as lockdowns,
social distancing measures, and, eventually, the use of facemasks, were implemented to
contain the viral spread®?%. Despite these measures, it rapidly expanded worldwide, with only
a few countries managing to contain the initial spread. The capacity to slow down the virus
spread depended on the capacity to isolate infectious individuals, which depended on early
detection of infected individual through a rigorous surveillance and on the proportion of

asymptomatic or mildly symptomatic infections and their transmission potential®%9-%8

A quick development and approval of vaccines against SARS-CoV-2 was accelerated by
epidemiological factors such as high incidence of COVID-19 and limited acquired immunity to

the virus®2. The emergence of new variants of concern challenged SARS-CoV-2 vaccine
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efficacy, but studies have shown that vaccines still offer significant protection against severe
outcomes such as hospitalization and death®2. These new variants emerged as a result of a
few mutations of the spike that allowed immune evasion, better transmission capacity and

higher virulence®-1%,

1.6.3. Transmission and viral cycle

SARS-CoV-2 transmission occurs mainly through respiratory droplets and aerosols (Figure
1.7A). Although less relevant, direct contact with contaminated surfaces, and faecal-oral
transmission was also reported '°'-1%_ This transmission method is supported by SARS-CoV-
2 productively replicating mainly in the upper respiratory tract (URT) and lower respiratory tract
(LTR)®'1% (Figure 1.7A). In addition, opposite to SARS-CoV, SARS-CoV-2 was found to be

transmitted by non-symptomatic/pre-symptomatic individuals'%-"%,

After viral particles enter the host through the respiratory tract, SARS-CoV-2 first target are
likely to be multiciliated cells in the nasopharynx or trachea, or sustentacular cells in the nasal

olfactory mucosa'®-""1

(Figure 1.7B). SARS-CoV-2 primarily infects the respiratory system
and enters host cells through the interaction of the S protein with angiotensin-converting
enzyme 2 (ACE2) receptor''? (Figure 1.7B). The S protein is the main protein mediating the
entry of SARS-CoV-2 into the host cell'®. It has a receptor-binding domain (RBD) which
interacts with ACE2, and an S1/S2 polybasic cleavage site that is proteolytically cleaved by
cellular cathepsin L and distinct transmembrane serine proteases. Among these proteases,
transmembrane serine protease 2 (TMPRSS2) has been established as the most relevant,
although other proteases such as TMPRSS4, differentially expressed in squamous cell
carcinoma gene 1 (DESC1) or human airway trypsin-like protease (HAT), might also be

relevant in SARS-CoV-2 entry'4115,

Once the genome is released into the cytosol, the virus hijacks the host cell's machinery to
synthesize viral proteins and replicate its RNA genome'"®. Efficient replication will produce viral
proteins that will assemble the virion which exits the host cells incorporating a lipid bilayer in
the budding process. If virus is not cleared from the upper respiratory tract (URT), it can spread
to the lower respiratory tract (LRT), although sometimes the initial infection site can directly be
the LRT (Figure 1.7B). This can ultimately lead to the infection of the alveoli, causing
inflammation and limiting gas exchange . COVID-19 also causes epithelial damage, which
attracts immune cells to the affected area. Single- cell sequencing of post-mortem COVID-19
lung tissue indicates increased infiltration of monocytes and macrophages in comparison with

control lungs, and it was noted that monocyte-derived macrophages and alveolar
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macrophages were aberrantly activated''”. SARS-CoV-2 RNA, including the negative strand
replicative intermediate, was also found within inflammatory monocytes and macrophages,

suggesting that they may become infected, despite this infection is likely abortive'8119,

Although there is evidence of SARS-CoV-2 interacting with immune cells, it is worth noting that
most of these cells express low or no levels of SARS-CoV-2 receptor ACE2'"6. Studies have
suggested that myeloid cell interaction with alternative receptors might have implications
promoting immune hyperactivation'®. SARS-CoV-2 pathogenesis is characterized by
triggering an inflammatory response in the host, contributing to the symptoms and tissue
damage associated with COVID-19. Understanding the viral cycle of SARS-CoV-2 and the
immune response generated is crucial for developing better treatments and prevent severe

disease outcomes.

1.6.4. Treatment and prevention

The COVID-19 pandemic caused by the SARS-CoV-2 prompted significant research efforts to
develop effective treatments. Antiviral therapies targeting specific viral enzymes required for
the virus to replicate have been tested or developed, including: remdesivir, a nucleotide
analogue prodrug with broad-spectrum antiviral activity'?>'2!, molnupiravir that interacts with

22" and nirmatrelvir that inhibits the viral protease'®.

the RNA-dependent RNA polymerase
Likewise, plasma from convalescent patients and a variety of specifically developed SARS-
CoV-2 neutralizing mAbs, such as bamlanivimab+etesevimab, casirivimab+imdevimab,
sotrovimab, or bebtelovimab have been clinically used during the pandemic'?*-'%. However,
most of the antibody-based therapies have lost their efficacy due to the viral evolution towards
the dominant Omicron subvariants. In those cases of more severe infection which resulted in
a cytokine storm, antivirals treatment needed to be complemented with anti-inflammatory
therapies, mainly corticosteroids such as dexamethasone and hydrocortisone, tocilizumab
(anti-IL-6-receptor), or baricitinib (JAK inhibitor)'?’=12°. Often, heparin was also used as
anticoagulant specially in hospitalized patients'®. Of note, despite significant research efforts,
there is currently no approved treatment that targets the host cell molecules involved in the

pathogenesis of SARS-CoV-2 to halt or prevent infection.

Regardless of the efficacy demonstrated by the approved vaccines to protect against severe

131 and due

SARS-CoV-2 infection, they are not effective with immunocompromised individuals
to the possibility of new escape variants, ongoing clinical trials continue to evaluate the efficacy
of existing and novel treatments that could be useful preventing SARS-CoV-2 infection or

target key steps of viral pathogenesis. Studying the mechanisms that drive SARS-CoV-2
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dissemination and the cellular components involved, might help in the development of new

strategies to fight the infection.

2.5. Role of DCs in SARS-CoV-2 infection

DCs are one of the fist immune cells to encounter an invading pathogen and they are
distributed all over the organism, patrolling for the detection of new pathogens. Some viruses,
such as HIV-1 and Ebola virus, take advantage of DCs capability to travel through the organism

to disseminate faster®368,

DCs can be found in the respiratory system and are known to respond to inflammation of the
airways and lungs'2. Upon SARS-CoV-2 entry, M®s and DCs will initiate an antiviral immune
response stablishing a pro-inflammatory state''®. DCs will activate after recognition of the virus
via PRRs. This activation triggers a maturation process consisting of cytokine release and
upregulated expression of MHC complexes':. In addition, other studies have shown that
maturation of DCs can enhance the capture and transmission of HIV-1'34. After recognition,
DCs internalize and process the antigens, promoting the innate and adaptive response’?
(Figure 1.7C). DC-SIGN, a C-type lectin which is a highly expressed PRR in DCs, has been
proposed as one of the receptors able to recognize SARS-CoV-2%13%_ |t has also been
reported that SARS-CoV-2 cannot infect DCs, since virus entry into DCs resulted in an abortive
infection''®. Despite being abortive, the study showed that DCs produced multiple antiviral and
proinflammatory cytokines such as IFNa, IFNB, TNF and IL-6 or IL-10""® (Figure 1.7C).

Interestingly, HIV-1 is also internalized by DCs, but does not infect them?3¢.

Earlier studies have highlighted the important role of M®s and DCs, in mediating an antiviral
inflammatory response, which is exacerbated in severe COVID-19 cases'®’-40. A study found
that the RBD can trigger the maturation and activation of DCs'3. This activation increased
levels of MHC class | and class || molecules on the surface of DCs, as well as upregulation of
CD40, CD80, and CD86 expression'®3'41. These results suggest that maturation and activation
of DCs are due to recognition of the S proteins and RBD'®. In the context of SARS-CoV-2
infection, it has also been reported that DCs in lungs were depleted, while pDCs, which are
known for secreting pro-inflammatory cytokines, were increased'. The same study reported
that despite DCs were able to promote the innate immune response, they failed to present
SARS-CoV-2 via MHCII 1%,

Taken together, this data suggests that despite not being able to be infected by SARS-CoV-2,

the pro-inflammatory state generated by the infection, leads to DCs maturation, increasing viral
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capture and providing feedback for the inflammatory state by pDCs, suggesting a role for DCs

different from promoting the adaptive immune response.

Overall, our results show that DCs might play a key role in SARS CoV-2 infection, and while
factors governing coronavirus entry into DCs are not fully understood, identifying and targeting
them poses an interesting option to block early stages of coronavirus pathogenesis. Beyond
the unexpected epidemic emergency generated by SARS-CoV-2, other pathogenic
arenaviruses have also been reported to include DCs as important elements of their

pathogenesis as well.
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target cell membrane and activation of the Spike by TMPRSS2 to mediate virus entry into the cell and start the
replication cycle, multiplying in the host cell. From Ref'42143 €. DCs SARS-CoV-2 recognition via PRRs and
mediation of the immune response. Image created using BioRender (https://biorender.com/). IFN: Interferon; TNF;
Tumour Necrosing Factor; IL: Interleukin; ACE 2: Angiotensin-Converting Enzyme 2; TMPRSS 2: transmembrane
serine protease 2; URT: Upper Respiratory Tract; LRT; Lower Respiratory Tract.

1.7. Arenavirus

In this thesis we have focused on Junin (JUNV) and Lassa (LASV) arenaviruses, belonging to
the New World and Old-World group respectively. JUNV and LASV arenaviruses are highly
pathogenic viruses that cause severe haemorrhagic fevers in humans™. Infected individuals
can experience mild symptoms, but some percentage develops a severe form of the disease
that often requires hospitalization and can be fatal'*S. Despite the development of the Candid#1
vaccine for JUNV, there is no other vaccine approved for LASV or other arenaviruses, and
there are still no efficient antivirals approved against any of them, leaving populations
vulnerable to these deadly infections™8'47. JUNV and LASV viruses still pose a significant
challenge to public health due to their high pathogenicity and ability to evade host immune

responses.

1.7.1. Classification and viral structure

48 and are further classified into two main

Arenavirus family belongs to the order Bunyavirales
groups based on geographical distribution: Old World arenaviruses, primarily found in Africa
and Europe, and New World arenaviruses, prevalent in the Americas'®. Each group includes
several species and strains of viruses, some of which are known to cause severe diseases in
humans '€, Recent discoveries have found that arenavirus do not only infect traditional
mammal hosts, but also snakes and fish'#6, which contributed to increase the number of genera
within the Arenaviridae family from one, the original Mammarenavirus, to four, adding

Antennavirus, Hartmanivirus, and Reptarenavirus'.

The original and largest genus,
Mammarenavirus, has also added new viruses isolated from rodents captured in different
areas of the Americas, Africa, and Asia’®'™° This high genetic plasticity could facilitate
zoonotic spread and adaptation to new hosts, this finding has significant implications for

understanding the epidemiology of these viruses'®.

Arenaviruses have been classified as enveloped, negative, single-stranded RNA virus'%151,
Their genome consists of two or three single-stranded, usually ambisense RNA segments,
named small (S), medium (M) and large (L). The small RNA encodes the nucleoprotein (NP),
and in many cases, as it is in the case of Junin and Lassa viruses, the glycoprotein precursor

(GPC). The L RNA segment encodes de L protein, and, in some cases, as it is in the case of
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Junin and Lassa viruses, the zinc-finger matrix protein (Z). When viral proteins assemble,
spherical or pleomorphic shape, 40-200nm in diameter virions are formed. Virion budding
occurs from the cellular plasma membrane, thereby providing the virion envelope'° (Figure
1.8).

Viral Envelope

Glycoprotein

Complex (GPC)
Nucleoproteins
L RNA (NPs)
S RNA

Matrix (2)

Large (L)

Ribosome

Ganglioside

Figure 1.8. Arenavirus structure. The arenavirus virion consists of the following structural proteins: Glycoprotein
Complex (GPC), Nucleoproteins (NPs), and Matrix protein (Z). It also incorporates ribosomes, and the Small (S)
and Large (L) RNA segments. When budding, it incorporates the viral envelope that could contain gangliosides
present in the cell membrane from the host cell which can interact with Siglec-1. Image created using BioRender
(https://biorender.com/). RNA; Ribonucleic Acid.

1.7.2. Epidemiology

Argentine Haemorrhagic Fever (AHF), caused by JUNV, was first reported in the mid-1950s
and is an endemic disease from Argentina. AHF disease mainly affects rural workers from the
agricultural central east Argentina, with annual outbreaks from the end of summer until
midwinter, concurrent with the harvest of maize and with the increase in the population of wild
rodents'2. From its first description, annual outbreaks were reported to the point that almost
five million individuals were considered to be at risk'®®. After the live attenuated vaccine

Candid#1 was approved for endemic use, the incidence of AHF has been greatly reduced3.
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Contrary to AHF, Lassa fever caused by LASV remains a significant public health concern in
certain regions of West Africa, particularly in Nigeria, Sierra Leone, Guinea, and Liberia'54-1%.
Outbreaks of Lassa fever occur annually, and studies have estimated that as many as 500,000
cases and 5,000 deaths occur yearly in West Africa due to LASV infections’’. The mortality
rate associated with Lassa fever can be as high as 30%"5'%, making it a serious threat to
human health. Despite efforts to control the disease, including improved surveillance and
healthcare practices, Lassa outbreaks continue to occur'®'%°_In recent years, there have been
reports of Lassa fever cases in Europe, highlighting the potential for the virus to spread beyond
its endemic regions’®1%°, As Lassa fever outbreaks continue to threaten West Africa, efforts
are being made to strengthen surveillance systems, enhance diagnostic capabilities, and

improve prevention strategies'®.

Understanding the epidemiology of JUNV and LASV is crucial in elucidating how this virus
spreads in populations. Understanding this aspect is essential for comprehending the
transmission dynamics and viral life cycle, which together explain how the virus propagates

and interacts within its host organisms.

1.7.3. Transmission and viral cycle

The first steps of the viral cycle for Junin and Lassa viruses are very similar, and despite their
viral cycles’ progression differs, they both cause infection and spread within the human body
leading to haemorrhagic fever. The main mode of transmission for arenaviruses is through
persistently infected rodent species that serve as primary host for both Junin and Lassa
viruses'#:181.162 The viruses are carried by the Calomys musculinus mouse, the main host for
JUNV'¥ and the Mastomys natalensis rat in the case of LASV'®, Humans usually become
infected after close contact with infected rodents (cuts or bites), via inhalation of infectious
rodent urine or faeces, or by contaminated harvested grain™7:15*-1%¢ (Figure 1.9A). People who
encounter contaminated grain or inhale aerosolized particles are at risk of infection. In the case
of LASV, it has also been documented transmission through ingestion of contaminated food
and via person-to-person contact with bodily fluids, such as blood or urine of infected
individuals 146163167169 Thjs often occurs in healthcare settings or during close contact with an

infected person'67-1%9,

Although arenaviruses can enter the organism through different ways, the most common
transmission route is inhalation'®'7°, Primary targets in the entry site are URT and LRT

resident M®s and DCs (Figure 1.9B). After early viral replication infected cells will, via the
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bloodstream, reach the lymph nodes, spleen, and liver, where productive infection will be
stablished. Because DCs are APCs, arenaviruses can take advantage of DCs travelling to the
lymph nodes to initiate the immune response, infecting more cells and allowing the virus to

spread throughout the organism?"171.172,

JUNV can enter the body via the skin, respiratory tract, or gastrointestinal mucosa'’?. It has
been proposed that APCs, more specifically, M®s and DCs, are early targets for JUNV
infections 173174, Upon entry, Junin interacts with Transferrin Receptor 1 (hTfR1), which is the
main cellular receptor for this virus present in the cellular surface'®®'75-178  Additionally,
alternative non-canonical receptors have been also described for JUNV, as is the case of lectin
receptors such as DC-SIGN or L-SIGN. JUNV GPC is glycosylated in such a way as to allow
its interaction with DC-SIGN and L-SIGN, acting as a non-canonical primary receptor
enhancing JUNV infection independently of the canonical hTfR1'7°. The exact mechanism by
which DC-SIGN and L-SIGN interact with JUNV GPC has not been described yet, but it has
been demonstrated that this interaction not only acts as an attachment and entry receptor, but

it also increases the virus yield in infected cells expressing these lectins'’.

Interaction with hTfR1 triggers viral entry. In the case of JUNV, it has been described as a
clathrin-mediated endocytosis'®®'®° (Figure 1.9B). Electron microscopy revealed that JUNV
particles localize in plasma membrane invaginations and clathrin-coated pits, and inhibiting
clathrin-mediated endocytosis reduced virus internalization without affecting binding'e.
Additionally, studies confirmed the involvement of dynamin Il and epidermal growth factor
receptor substrate 15 (EPS15), which are associated with the clathrin-coated endocytic
pathway, in JUNV entry into host cells'®"182_ JUNV then travels along the endocytic pathway,
changing the acidity of the internalized endosome containing JUNV'®, Previous studies have
indicated that acidification of the endosomes is necessary for virus internalization'® (Figure
1.9B). Specifically, cell-cell fusion experiments have shown that an acidic pH of around 5 is
optimal for facilitating fusion between the JUNV envelope and the cellular membrane'®. The
viral fusion is mediated by viral protein GP2, which experiences conformational changes in low
pH environments, resulting in the exposure of a specific motif that facilitates viral fusion'8+-187,
Genome replication and transcription occur in the cytoplasm of the host cell and requires viral
proteins to combine with the viral RNA to form ribonucleoprotein (RNP) complexes'’2. After
viral proteins have been translated, GP precursor will be processed in the endoplasmic
reticulum (ER) and travel as GP1-GP2 protein complex to the be inserted in the cell
membrane'’?. The Z protein directs the budding process by interacting with the newly formed

nucleocapsid and shaping the membrane where the GP protein complex has been inserted'”
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(Figure 1.9B). Z protein has been described to play a major role in viral budding, but
additionally, it may also have a regulatory function in cell response'?. It has been
demonstrated that Z protein from JUNV, but not from LASV, binds to RIG-I, resulting in the

downregulation of IFNB response8é.

Curiously, LASV does share an identical replication mechanism, but it follows a different entry
pathway. LASV uses a-Dystroglycan (aDG) as primary receptor'®-'% (Figure 1.9B). aDG is
ubiquitously expressed in multiple cell types, helping link cells to the extracellular matrix'74.
Among these cells, endothelial cells, and APCs, in particular DCs, are the primary target for
LASV 9419 |nterestingly, and similar to what has been described for JUNV, animal studies
and human clinical data have shown high viral titters in the liver despite the fact that
hepatocytes do not express aDG'"4'%7, This suggests that other cellular factors are involved in
LASV cell entry. Studies have demonstrated that molecules such as AXL, Tyro3, DC-SIGN
and LSECtin play a role in this mechanism'”41%_Supporting this, studies performed in non-
human primates and post-mortem histology analysis did not find correlation between LASV
load in organs and tissue distribution of functional aDG'¢. Despite these findings, aDG
remains as the main receptor for LASV, and the interaction with viral GP1 initiates the entry
mechanism into the cell’®®. Upon binding, a clathrin-independent mechanism internalises the
virus into a multivesicular body containing LAV particles'®. Then, the multivesicular body
becomes a late endosome as the pH becomes acidic, triggering a conformational transition of
the LASV GP (Figure 1.9B). In contrast with JUNV, LASV fusion following endocytosis
requires a receptor switch to the lysosome-associated membrane protein 1 (LAMP1)2%0:201 that
allows the release of viral genome into the cytoplasm™&'%° which is facilitated by this
conformational change. After the viral genome is released, replication of LASV follows a similar
mechanism as JUNV'* and in a similar way, LASV Z protein drives viral budding, but has also

been demonstrated to inhibit RIG-I, resulting in IFN-I suppression'.

Overall, and despite the differences in pathogenicity, both JUNV and LASV infect and replicate
within APCs, particularly DCs, and interfere with the immune response triggered. The infection
of DCs by arenaviruses can have significant implications for viral spread, immune evasion, and
immune response to infection. Understanding the viral cycle of JUNV and LASV is crucial for

developing better treatments and prevent severe disease outcomes.

1.7.4. Treatment and prevention
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There are currently no specific antiviral drugs or biologicals available for the treatment of
arenavirus infections'%%2%2, Supportive care is the mainstay of management for patients with
severe arenavirus diseases. However, there are ongoing efforts to develop vaccines and

antiviral therapies to combat these infections?%2.

Candid#1 vaccine has been a significant advancement in the control of JUNV, and similar
efforts are underway to develop vaccines for Lassa fever?®-2°, JUNV has been effectively
controlled in recent years thanks to the use of the Candid#1, a live attenuated vaccine that has
been successful in reducing the incidence of Junin fever and preventing outbreaks in areas
where the virus is endemic'72'°, In the case of LASV there are no vaccines approved at this
moment?'". Nevertheless, there are four different vaccines in clinical trials. Three in phase |
trials, and the another in phase Il trial. One of them is a DNA-based vaccine, while the other
three are recombinant viral vector vaccines?!". The four vaccines aim to build immunity in a
similar way as Candid#1, by exposing the immune system to some form of LASV GP or
GPC?".

Additionally, antiviral drugs targeting specific steps of the viral replication cycle are being
explored as potential treatment options for arenavirus infections':163212213 - A small antiviral
molecule initially developed for LASV has proven in-vitro efficacy on multiple strains of LASV
and JUNV as well, by inhibiting GP mediated entry. In addition, a daily oral dose of this
treatment protected mice from lethal doses of Tacaribe virus (TACV), another pathogenic
arenavirus?'?. At his moment it has proved to be safe in humans after completing phase la
clinical trials™”. Another small antiviral molecule targeting GP2 has proven to be effective
inhibiting arenavirus fusion, including LASV and JUNV. Furthermore, mice infected with TACV
and treated with the antiviral were able to survive and clear the infection?'. Finally, despite
ribavirin has proven ineffective in the late stages of the infection, two LASV patients survived

after a combination treatment with ribavirin and favipiravir, a small purine analogue?'.

Despite the efficacy demonstrated by the approved vaccine to protect against JUNV, and
antiviral treatments against LASV infection, there is still a risk that JUNV escape variants
appear, and a need for protective therapies against LASV. Studying the viral pathogenesis and
the cellular components driving the immune response against arenaviruses, might help in the
development of new strategies to fight the infection by targeting host cell molecules playing a

key role in the viral cycle.

1.7.5. Role of DCs in arenavirus infection
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DCs play a crucial role in the immune response against arenavirus'®'%%2'S and are among
their primary targets in early infection'”®. DCs have been described to facilitate tissue and
systemic viral propagation of various viruses, such as HIV-1 or Ebola virus®*8. As it happens
for Ebola virus®, JUNV and LASV DCs infect DCs in a productive way'”®. Curiously, it has
been reported that Ebola virus and LASV share the same cellular tropism, infecting M®s, DCs,

endothelial cells and the liver?'®

. It has been proposed that because aDG is highly expressed
in M®s and DCs, this may explain why these cells are early targets of LASV infection?'. In the
case of JUNV, which uses hTfR1 for cell entry, similar to aDG, is expressed on a wide variety

of cell types and would therefore allow pantropic infection?'°.

When infected by LASV, DCs are the main targets and have been found to produce
significantly more virus compared to M®s, which are also primary targets for LASV'%2. Despite
being primary targets and getting productively infected by LASV, M®s and DCs fail to become

activated upon infection®*

and no increased levels of activating markers or cytokines has been
reported?'s. The activation of DCs is critical for developing an effective T-cell response, virus
clearance and patient recovery?'®. Experiments in macaques showed that those who survived
the infection had activated T-cells, while those who perished displayed low and delayed T-cell
activation?'52'7. Curiously, reports from hospitalized patients showed that high levels of IgG or
IgM were not associated with the outcome of the disease, however, high viral titres were
associated with poor outcome, indicating that the antibody response is not effective controlling

viral replication?'®.

Opposite to LASV infection, JUNV-infected patients display elevated levels of cytokines such
as TNF-a, IFN-q, IL-6 and IL-10%"5219-22" (Figure 1.9C). Although JUNV infected patients
showed high cytokine levels, in vitro experiments showed no increase in cytokine
production???. In addition, another difference between LASV and JUNV, is that for JUNV
infection, antibody response appears to be effective. When plasma from patients previously
exposed to JUNV was administered to other JUV infected patients early in the course of
infection, the mortality rate was reduced from 16% to 1%22%. In the case of LASV, neutralizing
antibodies from survivors have been tested, but due to genetic diversity of LASV, they only

worked on the same lineages that infected the survivor'’.

Despite their differences, JUNV and LASV share a common motif in the NP. Curiously, this
motif provides the ability to inhibit type | IFN in LASV infection, but it has no effect in JUNV.
This motif has been described to inhibit the translocation of IFN regulatory factor 3 in infected

144

cells'** and it has been suggested that is able to degrade viral PAMP RANSs, thereby preventing

pathogen recognition by innate PRRs, leading to the suppression of IFN production?2+225,

40



Furthermore, Z protein from JUNV has been described to bind RIG-I, resulting in IFN-3
response downregulation'. On the contrary, LASV Z protein does not bind to RIG-I but inhibits
mitochondrial antiviral signalling protein (MAVS) to RIG- |, thus preventing the downstream

signalling that would result in production of type | IFN",

Given the role of DCs building the antiviral immune response and the mechanisms by which
arenavirus interfere with it, there is a need to neutralize these routes. As previously shown in
vitro for HIV-1 and Ebola viruses, a-Siglec-1 mAbs can effectively decrease viral uptake by
DCs%3%8, thus preventing the virus to take advantage of DCs. In the next section we present

the evidence that supports the use of these antibodies mAbs as potential antivirals.
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Figure 1.9. Arenavirus transmission, viral cycle and DCs role. A. Viral particles from a chronically infected
rodents enter the respiratory tract and stablish the infection at the entry site. B. Arenavirus enters its primary target

via canonical receptors aDG and hTrF1. After being internalized in and endosome, as the pH changes, the viral
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RNA is released, and replication cycle begins in the host cell. The assembled virion will bud from the cell
incorporating the viral envelope from the host cell membrane. C. DCs arenavirus recognition via PRRs and
mediation of the immune response. LASV is able to inhibit IFN release, while JUNV increases this response. Image
created using BioRender (https://biorender.com/). IFN: Interferon; TNF; Tumour Necrosing Factor; IL: Interleukin;
hTRF1: Human Trans-Ferrin Receptor 1; a-DG1: Alpha Dystroglycan 1.

1.8. Antibody-based therapies.

The number of approved antibody therapeutics is rapidly growing every year'®. As for June
2022, 162 antibody therapies have been approved by at least one regulatory agency in the
world, including 115 canonical antibodies, 14 antibody-drug conjugates, 7 bispecific
antibodies, 8 antibody fragments, 3 radiolabelled antibodies, 1 antibody-conjugate
immunotoxin, 2 immunoconjugates and 12 Fc-Fusion proteins??®. The medical indications with
more approved antibody-based treatments are cancer and immune-related diseases?%.
However, antibody therapies are also employed for a wide range of human maladies related
to the fields of haematology, neurology, ophthalmology, metabolic disease, musculoskeletal

diseases, transplantation, and infectious diseases'?*.

1.8.1. Antibody-based therapies as antiviral treatment

As part of the immune response to pathogens, antibodies are synthesized and possess a
crucial role for effectively control and eliminate pathogenic viruses. Antibody therapy covers
multiple ways to combat diseases based on the unique and diverse functions of antibodies.
On one hand, antibodies can target host factors essential for the pathogen's cycle (Figure
1.10A). On the other hand, antibodies can bind to the virus or viral antigen, neutralizing it by
impeding cellular infection (Figure 1.10B), or activate immune-effector functions, stimulating
the patient's host defence mechanisms in a similar way to the antibodies created by the
immune system (Figure 1.10D). This activation includes pathways like the antibody-dependent
cytotoxic pathway and complement-mediated cytotoxicity. antibodies can also be designed to.
When directed towards these factors, antibodies can block crucial interactions that facilitate
the pathogen's replication cycle, reducing its ability to cause infection’®%'%® (Figure 1.10C). It
is worth noting, that antibody-based therapies, despite taking advantage of the diverse
antibody functions, not always use antibodies as the treatment. There are occasions in which
antibodies are modified to retain their functions while gaining other properties, such as with
antigen-binding fragments (Fabs). It is also possible that instead of a single antibody, a
combination of them is used to effectively treat a disease. These are usually obtained from
plasma serum, but they are also called antibody cocktails when the antibodies are specifically

selected.
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Multiple antibody-based antiviral therapies have been approved over the last years due to the

advantages offered. Different examples of these therapies can be found in Table1.

Therapeutic Name Target Format First global
Area approval
Influenza CO5 227,228 Influenza HA Fab Pre-clinical
receptor binding
site
Influenza Zanamivir (Relenza) Influenza HA Human 1999 FDA
227,228
HIV-1 Ibalizumab 22° CD4 Humanized us, 2018
(Trogarzo)
SARS-CoV-2 Regdanvimab Spike protein Human Republic of
(Regkirona) Korea, 2021
Infectious Sotrovimab'26 Spike protein Humanized Australia, 2021
diseases (Xevudy)
RSV Palivizumab?230 RSV G Recombinant EU, 1999
Infectious RabiShield23! Rabies virus G Recombinant India, 2016
disease glycoprotein
Infectious Ormutivimab Rabies virus Human China, 2022
disease surface glyco-
protein 4
EBOV ZMapp 231-233 EBOV surface Antibody cocktail phase I/l
proteins

Table 1. Different antiviral therapies based in antibodies against viral and host factors. Among the antibody-
based antiviral treatments approved or in ongoing clinical trials, the majority is focused on targeting a viral

component.

1.8.2. Antibody-based therapies: advantages and limitations

Among the advantages, antibody-based therapies can be found to be specific for a virus. The
same way the immune system generates specific antibodies for each pathogen, these
therapies can benefit from the high specificity of antibodies. This feature allows antibody-based
therapies to target specific molecules to specifically block the viral cycle at a certain point. For
example, targeting the SARS-CoV-2 S protein to block its attachment to target cells (Table 1).
This high specificity is a double-edged feature, since there is a risk of immune evasion
associated with epitope mutation, which is relatively common in antibody-based antiviral
therapies or vaccine generated immunity and could reduce its efficacy. A solution to this
problem could require a mixture of antibodies corresponding to evolving viral variants or to
isolates from different viral outbreaks 2*'. The source of the antibody might become another
limittion. The first antibody-based therapies were obtained from animal origin, which can be

recognized by the human immune system and trigger an immune reaction. This reaction is
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called immunogenicity, which is triggered when the human immune system recognizes foreign
proteins, animal or even from endogenous human origin, and generates a humoral and/or
cellular immune response. Over 90% of the therapeutic proteins cause immunogenicity, with
the production of anti-drug antibodies as a result'?*. The risk of immunogenicity is the main
reason why antibody-based therapies cannot be used directly to treat humans. In order to

avoid risks, antibodies used to treat humans need to be modified to reach the clinic.

The modifications performed to reduce the risk of immunogenicity usually modify the protein
structure that conforms the antibody. A mammalian IgG antibody structure is composed of two
copies of each of two protein chains: the light chain (~24 kDa) and the heavy chain (~55 kDa).
Altogether they fold forming an immunoglobulin protein 2?’. They bind together and align to
form three structural domains, two Fabs and one constant fragment (Fc), that are linked by a
flexible “hinge” region. This hinge can be cleaved to obtain Fab and Fc fragments by
proteases??’. The Fc fragment is a dimer composed by the constant domains that mediate
effector function by binding to immunological receptor molecules such as complement proteins
and Fc receptors®*4. Fab fragments, in contrast, are a combination of variable light and
constant light chains paired with variable heavy and constant heavy segments, forming a mixed
light-heavy chain dimer. The Fab fragment recognizes the antigen by using various or all the
six complementarity-determining region (CDR) loops (three from each light and heavy chain),
which extend out from the structurally conserved framework region?’. CDRs are responsible
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for mediating their ability to recognize targets with high specificity“>* and therefore maintaining

this part of the antibody is crucial in order to achieve an effective treatment.
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Figure 1.10. Therapeutic mechanisms of monoclonal antibodies to combat viral infections. A. Antibodies
targeting host factors, such as the viral receptor, can block cellular infection. B. Antibodies directed towards the
virus can also block binding to the receptor impeding viral entrance into the target cell. C. Antibodies directed
towards other viral targets can block crucial interactions that facilitate the pathogen's replication cycle, such as viral
fusion despite receptor binding, reducing its ability to cause infection. D. Antibodies directed toward the virus can
activate immune-effector functions, stimulating the patient's host defence mechanisms. Image created using
BioRender (https://biorender.com/).

1.8.3. Antibody modifications to reach the clinic.

Antibodies may face issues related to stability, immunogenicity, or pharmacokinetics that could
impede their clinical use. As a result, various modifications have been employed to optimize
their performance, enhance therapeutic outcomes, and allow a successful translation from the

laboratory to the clinic.

When designing an immune therapy aimed to be used in the clinic, an antibody can be
engineered to enhance the efficacy or to avoid other immune reactions that could be
developed. Of the approved antibody-based therapies, 39% are fully human, meaning that
they only feature human genetic sequences, 51% are humanized, 8% are chimeric and 2%
are Fabs?*'.Among the possible antibody modifications to reach the clinic, we have explored

the use of Fabs and mAb humanization through CDR engraftment.
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1.8.4. Fab immunotherapy

Fabs have become a widely used format of immunotherapy in which the variable heavy and
light domains, linked by a flexible polypeptide, retain the specific, monovalent, antigen-binding
affinity from the parent IgG, while having the Fc region removed. New techniques have allowed
Fabs to be generated in bacterial or transiently transfected mammalian cell cultures?3%-2%,
nevertheless, they are usually generated by enzymatic digestion of a complete IgG, using a
protease such as papain to remove the Fc region, leaving the Fab as final product?2°:239.240
(Figure 1.11).

Despite lacking the effector function provided by the Fc region??42, Fabs have demonstrated
some advantages over mAb treatments. It is precisely the lack of Fc region what reduces Fabs’
potential immunogenicity compared to a whole IgG?*3. In addition, Fabs can be easier and less
costly to produce than full IgG antibodies due to their relatively small size, the lack of
glycosylation and the capability to produce them in bacterial cultures®2%, Their smaller size
has showed improved pharmacokinetics for tissue penetration and access to less accessible
epitotes?**24!, Fabs neutralize influenza virus through multiple mechanisms, including binding
to conserved receptor binding sites on the hemagglutinin surface glycoprotein and inhibiting
the conformational rearrangement required for viral fusion. In addition, Fabs can bind target
epitopes without cross-linking, and have shown reduced steric effects compared to full-length

bivalent antibodies?3°.

However, Fabs’ shorter half-life is not always an advantage. The Fc region that Fabs lack

25 and therefore, Fabs suffer rapid

serves to both stabilize and allow FcR-recycling
degradation in the human body, resulting in short half-lives in circulation?3®244. Several
strategies have been developed to counter these problems, such as protein or fatty acid
conjugation, PASylation or PEGylation?®5245246 Nonetheless, by applying these modifications
to Fab production may result in losing manufacturing advantages over full-length antibodies?®.
This instability can also result in increased risk of aggregation during Fab production or
purification, which might lead to increased possibility of immunogenicity in patients?*°. Finally,
the lack of Fc domain, despite providing the advantage of reduced size and risk of
immunogenicity, also results in the most obvious disadvantage: Fabs cannot induce Fc-
mediated immune responses such as cell-mediated cytotoxicity or complement dependent
cytotoxicity unless they are conjugated to an effector moiety?3*24’. As a result, in cases where
an Fc-mediated immune response is necessary, alternative strategies have been developed
to address the issue of immunogenicity. Antibody chimerization and humanization to generate

humanized mAbs (hu-mAbs) are two examples of these strategies.
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1.8.5. Chimeric and Humanized mAbs (hu-mAbs)

The development of hu-mAbs aims to optimize their effector functions and mitigate the
immunogenicity associated with rodent antibodies?38240248249  Hy-mAbs are engineered
antibodies that have been modified to possess human-like frameworks while retaining the

antigen-binding regions derived from non-human sources, typically micg?38:240:248.249

Since the first-time antibody humanization was described in the second half of 1980’s 248,
multiple humanization methods have been described. The process of humanization originated
with chimerization?®8. A technique that consists in merging the variable regions of mouse
antibodies with the constant regions of human antibodies to create molecules that contained
approximately 70% human identity?*® (Figure 1.11). Chimeric antibodies effectively kept the
specificity of the original mouse antibodies while reducing their immunogenicity in humans.
However, they still triggered a response known as human anti-chimeric antibody (HACA)
response?*8, An alternative method for humanization of non-human antibodies that avoids this
issue is CDR grafting. With this method the CDRs of non-human antibodies are grafted onto
the human frameworks?* (Figure 1.11). Typically, human frameworks that closely resemble
the framework regions of non-human antibodies are selected as a recipient for CDR
grafting®9250-252_ The process begins by comparing the murine VH and VL chain sequences
with the functional human germline®°. Then the highest homology sequences for each chain
from the human germline are selected as acceptor sequences for grafting murine CDRs?°.
Previous studies have demonstrated that direct transplantation onto human framework often
results in a loss of affinity and specificity for the target antigen?®'2%32%_ To reduce this effect,
residues in the framework that are involved in the presentation of the CDR loops must be
preserved?®. The final sequence can then be synthesized and cloned into expression vectors
that will express the humanized mAb?°. This approach has significantly contributed to the
current success of therapeutic mAb by effectively minimizing the potential for immune

reactions while preserving the therapeutic properties of the original murine version 25%2%,

In addition to offering the advantage of minimizing potential adverse immune reactions in
patients, hu-mAbs can also exhibit improved binding affinity and specificity or can be
engineered to obtain desired effector activity?*®. Additionally, hu.Mabs have shown improved
stability and longer half-life circulating the organism than murine origin mAbs, quickly cleared

due to the HACA response®¥"2°7:2%8  or Fabs, less stable due to the lack of Fc region?35248.259,

However, the production process for humanized mAbs can be complex and costly?%2°_ While
manufacture costs are not a big issue, several hundred million dollars are associated with

developing hu-mAbs through licensure?®. The high developing cost leads to higher treatment
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costs, which result in limiting their access for some patients and healthcare systems. In

addition, there may still be a risk of immunogenicity due to residual non-human sequences 2**

and over time, some patients may develop resistance to humanized monoclonal antibodies,

reducing their effectiveness?®’.
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Figure 1.11 Schematic overview of mAb modifications to reach the clinic. Human and murine antibodies
include variable regions, also called VH and VL, and the constant region (dark blue and green domain). A Fab
consists of the light chain (VL + CL, in red) and the domains of the heavy chain (VH and Cy1). There are different
modifications that can be made to increase the safety of an antibody-based treatment. By enzymatically digesting
the di-sulphide bonds from an antibody, a Fab consisting on the VL can be obtained. The chimeric mAb, in which
the variable region is of murine origin, and the rest of the chain is of human origin. The humanized mAb only includes
the hypervariable segment (CDR) of murine origin and uses a fully human scaffold. Cy: domains of the constant
region of the heavy chain; CL: constant domain of the light chain; VH: variable domain of the heavy chain; VL:
variable domain of the light chain. Image created using BioRender (https://biorender.com/).

Taking into account the above-mentioned advantages and disadvantages of modified
antibodies, along with the interaction of Siglec-1 with viruses, anti-Siglec-1 antibodies

developed by our group could reach the clinic by following these procedures.

1.8.6. Anti-Siglec-1 mAbs
Over the past years, our group has also been exploring the potential use of host-directed mAbs
as an antiviral therapy, and we have produced five anti-Siglec-1 clones that bind to different

epitopes of the N-terminal region of the receptor, which interacts with sialylated ligands present
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in gangliosides anchored to the viral envelope of distinct pathogenic viruses®. These mAbs
were selected for their capacity to target Siglec-1 with high affinity, below the nanomolar range,

and block its interaction with distinct enveloped viruses®.

Our group has demonstrated the in vitro capacity of these mAbs to block Siglec-1 interaction
with HIV-1 and Ebola VLPs®%3. Results showed that in DCs, HIV-1 uptake was blocked after
pre-incubating the cells with these anti-Siglec-1 mAbs®®. Furthermore, HIV-1 trans-infection to
target CD4* T cells was also reduced®3. Our group also tested the ability of anti-Siglec-1 mAbs
to block Ebola VLP uptake and fusion into DCs. VLP uptake was blocked, and fusion into the
cell was significantly reduced by the effect of anti-Siglec-1 mAbs®. Since the capture of two
distant related viruses such as HIV-1 and Ebola was reduced by anti-Siglec-1 mAbs, it is likely
that other enveloped viruses might exploit Siglec-1 on myeloid cells to trans-infect or facilitate
viral entry® (Figure 1.12). Thus, anti-Siglec-1 mAbs could become a broad-spectrum therapy

for several enveloped viruses.

Yet, because anti-Siglec-1 antibodies generated by our group were from animal origin, they
had to be modified to avoid immunogenicity. As previously explained, multiple approaches are
available to achieve this, and our group has opted for Fab generation and antibody
humanization among them. Since targets such as Siglec-1 may not always be easy to reach,
and the antibodies’ half-life may not always be long enough to stay in circulation we used
antibody engineering to optimize the generated candidates in order to use them as therapies

and reach the clinic.

The complex interplay between APCs and viral infections highlights their critical role in
determining the immune response to pathogens. Among the various receptors expressed by
APCs, Siglec-1 may play a key role, influencing both the modulation of the immune response
and the viral pathogenesis. Its ability to facilitate viral spread and evade immune surveillance
highlights its potential as a therapeutic target. The development of Fabs and humanized anti-
Siglec-1 antibodies is a promising approach to combat viral infections. By understanding the
unique properties of Siglec-1 and its immune-virological mechanisms, we can design more
effective treatments, which will ultimately help advance medical interventions against a wide

range of viral diseases.
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Figure 1.12 Schematic overview of Siglec-1 mediated viral uptake mechanisms for HIV-1 and EBOV. A. HIV-
1 binds to Siglec-1 through viral membrane gangliosides. Viral capture is followed by accumulation in a storage
compartment until virus is released to infect a contacting CD4* T cell via viral envelope glycoprotein and CD4/
coreceptor interactions. From Ref?%2, B. Siglec-1 recognition of sialylated gangliosides such as GM1 on the
membrane of Ebola virus (shown in red) modulates the binding, uptake and trafficking of viral particles to a sac-like
virus-containing compartment (VCC) continuous with the plasma membrane. Viruses stored on VCCs can be
redirected into the classical internalization pathway and facilitate viral entry into the cytoplasm. NPC1, Niemann-
Pick C1 receptor. From Ref®3.  VCC: Virus-Containing Compartment; NPC1: Niemann-Pick C1 Protein; mDc:
mature Dendritic Cell.
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Chapter 2 — Hypothesis and Aims

Upon viral infection APCs are the first cellular line of defence. APCs will sense the invading
pathogen via PRR triggering an immune response against it. Some viruses have acquired
APCs as targets in the early stages of infection, disrupting the immune response. Among the
PRRs able to interact with invading pathogens, Siglec-1 is a molecule present in myeloid cells
that can recognize sialylated motifs from gangliosides present in viral membranes. Previous
work has demonstrated that enveloped viruses such as HIV-1 and Ebola not only interact with
Siglec-1 in APCs, but are aided by this receptor, facilitating trans-infection to target cells in the
case of HIV-1 or acting as an auxiliary receptor for Ebola virus. SARS-CoV-2, another
enveloped virus, might also be recognized by Siglec-1, and since has been demonstrated that
cannot productively infect APCs, it might follow the same frans-infection mechanism seen for
HIV-1. Arenaviruses, in a similar way to Ebola virus, target M®s and DCs in the early stages
of the infection. As enveloped viruses, they might also be recognized by Siglec-1 and therefore

aided by this auxiliary receptor that could enhance APC infection.

Our group has developed anti-Siglec-1 murine mAbs that block viral uptake and trans-infection
in activated myeloid DCs. These Anti-Siglec-1 mAbs block HIV-1 uptake and trans-infection,
as well as EBOV uptake and fusion. Antibodies are effective antiviral therapies to block viral
infection, but to become a real-world therapy, our murine anti-Siglec-1 mAbs need to be

humanized to reach clinical stages.

We hypothesize that Siglec-1 can play a key role in the dissemination and pathogenesis of
other enveloped viruses aside from HIV-1 and EBOV, either facilitating trans-infection or aiding
viral entry, and contribute to viral dissemination. If that is the case, anti-Siglec-1 mAbs may
have the therapeutic potential to be used as broad-spectrum antiviral treatments for distinct

enveloped viruses, reducing or preventing viral propagation.

The aims of this thesis are the following:

1. To testif Siglec-1 interacts with other enveloped virus such as SARS-CoV-2 and favour
viral spreading.

2. To determine if Siglec-1 can act as an attachment receptor for distinct arenaviruses.

3. To produce Fabs and humanize anti-Siglec-1 antibodies and test their capacity to block
the interaction with different enveloped viruses to determine their capacity as a future

treatment to combat or prevent viral infections.
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Chapter 3 — Results I: SARS-CoV-2 interaction with Siglec-1
mediates trans-infection by dendritic cells.

The results included in this chapter are part of:

Perez-Zsolt, D., Mufioz-Basagoiti, J., Rodon, J., Elosua-Bayes, M., Raich-Regué, D., Risco, C., Sachse, M., Pino,
M., Gumber, S., Paiardini, M., Chojnacki, J., Erkizia, I., Mufiiz-Trabudua, X., Ballana, E., Riveira-Mufioz, E.,
Noguera-Julian, M., Paredes, R., Trinité, B., Tarrés-Freixas, F., Blanco, I., Guallar, V., Carrillo, J., Blanco, J., Telenti,
A., Heyn, H., Segalés, J., Clotet, B., Martinez-Picado, J.*, Vergara-Alert, J.* and lIzquierdo-Useros, N.*, 2021.
SARS-CoV-2 interaction with Siglec-1 mediates trans-infection by dendritic cells. Cellular & Molecular
Immunology, 18(12), pp.2676-2678.

*Senior and corresponding authors

Author’s contribution: The author of this thesis contributed to the current work by measuring lectin expression in cell
lines by FACS used to assess the interaction between SARS-CoV-2 and Siglec-1. The author also contributed by
generating high-resolution microscopy images and videos demonstrating VCC formation where the virus and the
receptor accumulated.
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2.1. Introduction

Over the last years, SARS-CoV-2 has caused a worldwide pandemic that prompted a quick
response by generating vaccines and treatments against the virus?%3. These vaccines have
proven to be effective against severe disease associated with multiple SARS-CoV-2 variants
that have aroused during this period. Yet, new viral variants are showing progressive levels of
humoral immune escape and it is possible that in the near future other viruses with similar
outbreak potential could also escape these strategies and require treatments that have not
been developed yet. These treatments are particularly relevant as SARS-CoV-2 infection can
lead to severe COVID-19, which can also cause admission into the intensive care units in the
worse scenarios. Severe COVID-19 has been associated with acute respiratory distress
syndrome?®* and with a disproportionate inflammatory response characterized by a cytokine

storm-like syndrome?265-268,

Global immunization campaigns are still ongoing, and despite the efforts, vaccines have not
reached the entire world population, increasing the chances of new escape variants arousing.
Therefore, there is an urgent need to find effective therapeutic treatments to reduce the
mortality associated with COVID-19. The respiratory illness caused by SARS-CoV-2 leads to
hospitalization in 10-30% of the infected individuals and, eventually, the admission into the
intensive care unit®'?%°2’° Severe COVID-19 is associated with pneumonia, dyspnoea,
hypoxemia and lymphopenia, and can rapidly progress to respiratory failure?®*. Acute
respiratory distress syndrome (ARDS) is also a common complication and is associated with
a disproportionate inflammatory response to SARS-CoV-2, characterized by a cytokine storm-
like syndrome 26°-2¢8, Of note, mortality rate in COVID-19-associated ARDS is 45%, and the

incidence of ARDS among non-survivors of COVID-19 is 90%%"".

Earlier studies have highlighted the paramount role of myeloid APCs, such as M®s and DCs,
in mediating an antiviral inflammatory response, which is exacerbated in severe COVID-19
cases'" 138 A critical role of lung macrophages in inducing the inflammation associated with
the pathologic sequelae of SARS-CoV-2 infection has been confirmed also in non-human
primates (NHP)?"2, At the moment of doing this work, whether these cells effectively trap and
process SARS-CoV-2, was yet to be elucidated. Myeloid APCs might contribute to viral
pathogenesis if they are susceptible to infection, or able to capture and transfer infectious
viruses to bystander target cells, thereby favouring viral spread to other tissues®®?7327, Indeed,
viral dissemination mediated by APCs is a common pathway co-opted by different types of
viruses to evade immunity, as it is the case of the HIV-1, which is effectively transferred to

target cells via a mechanism known as trans-infection®”?”3. For other viruses, such as Ebola
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virus, productive infection of APCs is critical in determining host susceptibility and viral

dissemination to distant tissues”®2"5.

Early interactions between viruses and macrophages or DCs are critical to either trigger
immune responses or favour viral dissemination. For SARS-CoV-2, the outcome of such
interactions was not fully explored, although it could impact the progression of COVID-19
severity. Thus, elucidating the initial steps of viral interaction with myeloid APCs was essential
for the design of new therapies to increase protection of exposed individuals. Several lectin
receptors are critical for initial viral recognition on APCs. C-type lectins such as DC-SIGN
mediate the attachment of several viruses such as HIV-1 or Ebola virus via viral glycoprotein
recognition’6273.276.277  heing also the case for SARS-CoV-2278, The sialic acid-binding lectin
Siglec-1 is an interferon inducible receptor expressed on activated myeloid cells®!%%27° whose
expression is up-regulated on APCs in SARS-CoV-2 infected individuals®. Siglec-1 is
implicated in the binding of HIV-1 and Ebola virus via the recognition of sialylated ligands
exposed on the lipid membranes of these viruses. The V-set domain of Siglec-1 interacts with
sialyllactose on viral membrane gangliosides %958 which HIV-1, Ebola virus and other
enveloped viruses incorporate during the budding from the membranes of infected cells®%78280-
22 However, a general role for Siglec-1 in facilitating SARS-CoV-2 uptake and trans-infection
to pulmonary target cells such as pneumocytes or respiratory ciliated cells remained largely
unexplored, despite being one of the lectins that are highly expressed on pulmonary

macrophages.

Here we show that, although being largely resistant to SARS-CoV-2 infection, myeloid cells
effectively capture and trap incoming viruses in internal compartments connected with the
plasma membrane, eventually leading to viral degradation overtime. We also show that Siglec-
1 mediates SARS-CoV-2 recognition of different viral variants of concern via interaction with
sialylated ligands, such as the ganglioside GM1 identified on SARS-CoV-2 membrane. Also,
immunohistochemistry of pulmonary tissues of SARS-CoV-2 infected NHP corroborated,
directly in vivo, the presence of Siglec-1 on myeloid cells containing viruses. Siglec-1 capacity
to bind SARS-CoV-2 was more relevant than other well-known attachment receptors, such as
DC-SIGN, and more effective at mediating transfer of viruses to susceptible target cells via
trans-infection. Notably, since anti-Siglec-1 mAbs blocked SARS-CoV-2 trans-infection on
DCs, targeting Siglec-1 could offer cross-protection against different SARS-CoV-2 variants and

other enveloped viruses that exploit APCs for viral dissemination.
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2.2. Methods

2.2.1. Biosafety statement

The institutional review board on biomedical research from Hospital Germans Trias i Pujol
(HUGTIP) approved this study. The biologic biosafety committee of the Research Institute
Germans Trias i Pujol approved the execution of SARS-CoV-2 experiments at the BSL3

laboratory of the Center of bioimaging and comparative imaging (CMCIB).

2.2.2 Raji R116A stable cell line generation

Raji B cells were used to develop a stable cell line expressing Siglec-1 with a point mutation
generated by changing (Arg — Ala) at 116 (R116A) by Blue Heron Biotech (Raji R116A). We
chose a Raiji B cell line because it lacks endogenous expression of these lectins and can be
transfected without unspecific upregulation of Siglec-11. Raji B cell line was transfected with
the plasmid encoding Siglec-1 with R116A mutation using Amaxa nucleofector (Lonza) and
following the manufacturer’s instructions. Transfected cells were maintained in RPMI with 1mg
ml-1 geneticin (Invitrogen) for selection of a stable clone with high Siglec-1 expression.
Expression of Siglec-1 was periodically checked by cytometry with anti-Siglec-1-PE 7-239 mAb
(AbD Serotec) at RT for 15 min. 1 month after transfection cells were sorted to obtain clones
with the highest expression using FACSAria Il (BD Biosciences). Selected clones were grown
for another month and the cell sorting process was repeated. Obtained clones were grown for
a month, then Siglec-1 expression was checked for each clone and the two with the highest

expression were selected, expanded, and stored.

2.2.3. Cell lines

Vero E6 cells (ATCC CRL-1586) were cultured in Dulbecco’s modified Eagle medium, (DMEM;
Lonza) supplemented with 5% fetal bovine serum (Invitrogen), 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM glutamine (all ThermoFisher Scientific). HEK-293T (ATCC repository)
were maintained in DMEM with 10% fetal bovine serum, 100 IU/mL penicillin and 100 pg/mL
streptomycin (all from Invitrogen). Raji B lymphocyte, Raji DC-SIGN (kindly provided by Y. Van
Kooyke) and Raiji R116A cell lines were maintained in Roswell Park Memorial Institute medium
(RPMI; Invitrogen) or RPMI plus 1 mg/mL geneticin (Invitrogen). Generation and maintenance
of Raji Siglec-1, Raji Siglec-5 and Raji Siglec-7 has been described®. HEK-293T
overexpressing the human ACE2 were kindly provided by Integral Molecular Company and
maintained in DMEM with 1 pg/mL of puromycin (Invitrogen). TMPRSS2 human plasmid
(Origene) was transfected using X-tremeGENE HP Transfection Reagent (Merck) on HEK-
293T overexpressing the human ACE2 and maintained in the previously described media
containing 1 mg/mL of geneticin (Invitrogen) to obtain TMPRSS2/ACE2 HEK-293T cells. All
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media contained 10% fetal bovine serum, 100 IU/mL penicillin and 100 pg/mL streptomycin

(all from Invitrogen).

2.2.4. Primary Cell Cultures

Peripheral blood mononuclear cells were obtained with a Ficoll- Hypaque gradient (Alere
Technologies AS) from blood donors and monocyte populations (>90% CD14") were isolated
with CD14-negative selection magnetic beads (Miltenyi Biotec). Macrophages were obtained
culturing these cells in the presence of 100 ug/mL of macrophage colony-stimulating factor (M-
CSF) for seven days and replacing media and cytokines every 2 days. DCs were obtained
culturing these cells in the presence of both 1,000 IU/mL of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin-4 (IL-4; both from R&D) for seven days and
replacing media and cytokines every 2 days. Activated cells were differentiated by culturing
myeloid cells at day five for two more days in the presence of 1,000 IU/mL of interferon-alfa
(IFNa; Sigma-Aldrich) or 100 ng/mL of lipopolysaccharide (LPS, Sigma-Aldrich).

2.2.5. Virus Isolation, Titration, and Sequencing

Unless otherwise specified, SARS-CoV-2 used was the virus isolated in March 2020 from a
nasopharyngeal swab as described in (Rodon, 2021). The virus was propagated for two
passages and a virus stock was prepared collecting the supernatant from Vero E6. Genomic
sequence was deposited at GISAID repository (http://gisaid.org) with accession ID
EPI_ISL_510689. Compared to the Wuhan/Hu-1/2019 strain, this isolate has the following
point mutations: 376 D614G (Spike), R682L (Spike), and C16X (NSP13). The SARS-CoV-2
B.1.1.7 variant (originally isolated from the UK), the P.2 ZETA variant (originally isolated from
Brazil) and the B.1.351 variant (originally isolated from South Africa) were identified during
routine sequencing of a clinical nasopharyngeal swabs in Spain during January- February
2021 and subsequently isolated on Vero E6 cells. These sequences are deposited at GISAID
database with accession numbers EPI_ISL_1663567; EPI ISL 1831696 and
EPI_ISL_1663571 for B.1.17, P.2 ZETA and B.1.351, respectively. Genomic sequencing was
performed from viral supernatant by using standard ARTIC v3 based protocol followed by

284

lllumina sequencing?®. Raw data analysis was performed by viralrecon pipeline?®* while

consensus sequence was called using samtools/ivar at the 75% frequency threshold.

2.2.6. Pseudovirus production

HIV-1 reporter pseudoviruses expressing SARS-CoV-2 Spike protein and luciferase were
generated using two plasmids. pNL4-3.Luc.R-.E- was obtained from the NIH AIDS repository.
SARS-CoV-2.SctA19 was generated (Geneart) from the full protein sequence of SARS-CoV-
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2 spike with a deletion of the last 19 amino acids in the C-terminal, human-codon optimized
and inserted into pcDNA3.4- TOPO?®. Spike plasmid was transfected with X-tremeGENE HP
Transfection Reagent (Merck) into HEK-293T cells, and 24 h post-transfection, cells were
transfected with pNL4-3.Luc.R-.E-. VSV-G plasmid (kindly provided by A. Cimarelli) was used
to equally pseudotype pseudoviruses. Supernatants were harvested 48 h later, filtered with
0.45 uM (Millex Millipore) and stored at -80°C until use. Viruses were titrated in HEK-293T

overexpressing the human ACE2.

2.2.7. Pseudoviral fusion assay

Macrophages or DCs activated or not with IFNa as previously described along with HEK-293T
ACE2 cells were exposed to equivalent MOI of VSVg or SARS-CoV-2 spike pseudotyped
lentiviruses. To block ACE2 dependent viral fusion, some wells had 20 pg/mL of human ACE2-
murine Fc fusion protein. Two days post-infection, cells were lysed with the Glo Luciferase
system (Promega). Luminescence was measured with an EnSight Multimode Plate Reader
(Perkin Elmer).

2.2.8. Construction of a human-ACE2 murine-Fc-fusion protein (ACE2-mFc)

Expression vector was generated with the Geneart service (Thermofisher Scientific). Coding
sequence included the first 615 amino acids from the Human ACE2 sequence, with H345A
and H505A mutations to inactivate the catalytical sites, followed by the constant region of the
heavy chain of the murine IgG1. For protein production, Expi293F cells (Thermofisher
Scientific) were transfected with ACE2-mFc vector at a density of 2.5 x 106 cells/mL using
Expifectamine (Thermofisher Scientific). Enhancers 1 and 2 (Thermofisher Scientific) were
added to the culture 18 h post-transfection. Cells were incubated for 5 days and supernatants
were harvested and passed through a 0.22 um PVDF filter. For purification, supernatants were
loaded into a 5 mL SepFast @11mm (Quimigen) packed with CaptureSelect™ IgG-Fc (ms)
affinity resin (Thermo Scientific) connected to an Akta Start Chromatograph (Cytiva). The
column was washed with 5 column volumes (CV) of PBS and ACE2-mFc was eluted with 2
CV of 0.1M Glycine at pH=3.5. The sample was concentrated with a 30kDa Amicon Centrifugal
Concentrator at 3000 x g. ACE2-mFc concentration was determined by sandwich ELISA using
a goat anti-mouse IgG Fc (Jackson Immunoresearch, 115-006-071) for capture, a horseradish
peroxidase (HRP) labelled F(ab)2 Goat anti-mouse IgG Fc (Jackson immunoresearch, 115-
036-071) as secondary antibody, A purified mouse IgG (D50, NIH AIDS Reagent Program) as
standard and o-phenylenediamine dihydrochloride (Sigma-Aldrich, #P8787-100TAB) as

substrate. Light absorbance was measured at 492/620 nm on EnSight Multimode Plate Reader
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(Perkin Elmer). ACE2-mFc inhibitory capacity was tested in a SARS-CoV-2 neutralization

assay as described previously?®.

2.2.9. SARS-CoV-2 Uptake and Degradation Assays

Uptake experiments with SARS-CoV-2 were performed pulsing 0.5 x 106 Raji or 1 x 106
myeloid cells at a rate of 70 ng of Nucleocapsid at 37°C for the indicated timepoints. For
blockade, cells were preincubated for 15 min at RT with 10 ug/mL of mAbs a-Siglec-1 7-239,
or IgG1 isotype control (BD Biosciences), or left untreated before viral exposure. After
extensive washing, cells were lysed at a constant concentration of 1x106 cells/mL, centrifuged
to remove cellular debris and assayed with a SARS-CoV-2 Nucleocapsid protein (NP) High-
sensitivity Quantitative ELISA (ImmunoDiagnostics). For degradation experiments, myeloid
cells were exposed to SARS-CoV-2 for 4h, extensively washed, and left in culture for the
indicated timepoints until cell associated viral content and viral release to the supernatant were
measured with the indicated ELISA kit.

2.2.10. Electron microscopy of myeloid cells

10 x 106 myeloid cells (macrophages or DCs activated with LPS) were exposed to SARS-CoV-
2 with an MOI of 1 for 24h, fixed with paraformaldehyde (PFA) at 4% (Biotium) and
glutaraldehyde 1% (Sigma Aldrich/Merck) for one hour at room temperature (RT) and
processed for embedding in resin, ultramicrotomy and transmission electron microscopy as
previously described?®’. Briefly, after fixation the samples were washed three times with PBS
and cells were gently scraped with a rubber policeman. Cell pellets were postfixed with 1%
osmium tetroxide + 0.8% potassium ferrocyanide in water for 1h on ice. The samples were
dehydrated on ice with a gradual series of acetone and infiltrated at RT with epoxy resin. After
heat polymerization the samples were sectioned with a UC6 microtome with a nominal feed of
70 nm. Sections were collected on 300 mesh bare copper grids and contrasted with 4%
aqueous uranyl acetate, followed by Reynold’s lead citrate. Images were taken either using a
Jeol 1011 run at 100 kV equipped with a Gatan ES1000W camera or a Jeol 1400 run at 80kV

with a Gatan Oneview camera.

2.2.11. Activation of myeloid cells

Myeloid cells were left untreated activated for 48h with SARS-CoV-2 at a MOI of 0.1 and
compared to cells treated with IFNa or LPS as previously described. Cells were blocked with
1 mg/mL human IgG (Privigen, Behring CSL) and stained with anti-Siglec-1-PE 7-239 mAb
(AbD Serotec), anti-DC-SIGN-PE DCN46 mAb, anti-HLA-DR-PerCP L243 mAb, anti-CD86-
FITC 2331 (FUN-1) mAb, anti-CD83-FITC HB15e mAb and anti-CD14-PerCP M@P9 mAb (all
from BD Biosciences) at 4 °C for 30 min. Mouse IgG1-PE (AbD Serotec) was included as
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isotype control. Samples were analysed with FACS Canto (BD Biosciences) using FlowJo

software to evaluate collected data.

2.2.12. Confocal Microscopy analyses

LPS-treated DCs were pulsed with SARS-CoV-2 with an MOI of 1 for 4 h at 37 °C. After
extensive washing, cells were fixed and permeabilized (Fix & Perm, Invitrogen) and stained
with anti-rabbit nucleocapsid pAb (GeneTex) revealed with a Goat pAb Anti-Rabbit IgG Alexa
488 (Abcam) and an anti- Siglec-1 7-239 Alexa 647 mAb (Biolegend). Cells were cytospun into
coverslips, covered with DAPI-containing Fluoroshield mounting medium (Sigma-Aldrich) and
analyzed with a Dragonfly (Andor) 505 multimodal confocal microscope with GPU driven

deconvolution to maximize resolution.

2.2.13. Super-resolution analysis of SARS-CoV-2

For super-resolution detection of nucleocapsid and Spike proteins and GM1 gangliosides,
SARS-CoV-2 particles were adhered to poly-L coated coverslips for 15 min at RT and fixed in
4 % PFA/PBS for 30 min. Fixed and inactivated virus samples were permeabilized and blocked
using 0.1 % saponin /0.5 % BSA/PBS. Virus particles were immunostained with rabbit anti-
SARSCoV- 2 N protein (Sino Biological) or rabbit anti-GM1 Ab (Abcam) followed by antirabbit
Abberior STAR RED (Abberior GmbH) Fab fragments. SARS-CoV-2 Spike protein was
detected with an ACE2- mAb Fc recombinant protein and anti-mouse Abberior STAR 580
(Abberior GmbH) Fab fragments. SARS-CoV-2 Spike protein was detected with an ACE2-
mAb Fc recombinant protein and anti-mouse Abberior STAR RED conjugated Fab fragments.
Following immunostaining, all samples were overlaid with SlowFade Diamond mounting
medium (ThermoFisher Scientific, USA) and imaged using STED microscopy. Super-
resolution analysis of SARS-CoV-2 virus particles was performed using Leica SP8 STED 3X
microscope (Mannheim, Germany) equipped with a 100x/1.4 NA oil immersion STED
objective. STED images of N protein, GM1 (Abberior STAR RED) and S-ACE2 protein
complexes (Abberior STAR 580) signals were acquired sequentially for each channel using
637 nm and 587 nm lines from the white light laser. Abberior STAR RED and Abberior STAR
580 signal was depleted with a donut-shaped 775-nm pulsed STED laser. STED depletion
conditions were tuned to achieve 40 nm lateral resolution (full-width-at-half-maximum, FWHM)
as estimated from fluorescent bead and single fluorescent antibody molecule measurements.
STED images were acquired with following parameters: pinhole size: 1.03 Airy; dwell time: 2
us/pixel and XY pixel size: 20 nm. Acquired STED images were thresholded and filtered using

Gaussian filter (Sigma (Radius) = 0.75) using Fiji (ImagedJ distribution) software.
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2.2.14. Trans-infection Assay

HEK-293T overexpressing the human ACE2, or both ACE2 and TMPRSS2 were used to test
if SARS-CoV-2 pseudotyped viruses can fuse with these receptors via trans-infection. A
constant pseudoviral titer was used to pulse cells in the presence of the indicated mAbs for 2
h at 37°C. Cells were extensively washed and cocultured with or without target cells at a ratio
1:1. Two days post-infection, cells were lysed with the Glo Luciferase system (Promega).
Luminescence was measured with an EnSight Multimode Plate Reader (Perkin Elmer). Vero
E6 cells were used to test if SARS-CoV-2 can be trans-infected. A constant MOI of SARS-
CoV-2 from B.1.1.7 variant was used to pulse Raji cells for 4 h at 37°C. Cells were extensively
washed and co-cultured with or without target cells at the indicated ratios. One duplicate was
co-cultured in the presence of 10 uM of Remdesivir to block viral replication. Cells not exposed
to the virus were equally co-cultured with Vero E6 cells and used to set 100% of cell viability
for each condition. Two days post-infection, cells were lysed with the Cell Titter Glo viability

system (Promega). Luminescence was measured with a Luminoskan (ThermoScientific).

2.2.15. Imnmunohistochemical staining on sections of SARS-CoV-2

The paraffin-embedded sections of SARS-CoV-2 infected lungs from a previous study with
Rhesus macaques 2’? were subjected to deparaffinization in xylene, rehydration in graded
series of ethanol, and rinsed with double distilled water. Antigen retrieval was performed by
immersing sections in DIVA Decloaker (Biocare Medical) at 125°C for 30 seconds in a steam
pressure decloaking chamber (Biocare Medical) followed by blocking with SNIPER Reagent
(Biocare Medical) for 10 min. The sections were incubated with SARS Nucleocapsid Protein
Antibody (Rabbit polyclonal; Novus Biologicals, NB100-56576SS) and rabbit anti-human Anti-
Sialoadhesin/CD169 antibody (clone SP216, Abcam, ab183356) for 1 h, followed by a double
detection polymer system (Mach 2 Double Stain 2, Biocare Medical). Labelled antibodies were
visualized by development of the chromogen (Warp Red and/or Vina Green Chromogen Kits;
Biocare Medical). Digital images of lung were captured at 100%, 200x and 400x magnification
with an Olympus BX43 microscope equipped with a digital camera (DP27, Olympus) and

evaluated using Cellsens Standard digital imaging software 2.3 (Olympus).

2.2.16. Statistical analysis
Statistical differences from 100% of viability were assessed with a one-sample t-test. Statistical
differences were also assessed with a Mann Whitney t test, a Wilcoxon matched paired t test

and a paired t test. Comparisons were performed with Graph Prism 9.
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2.3. Results

2.3.1. Myeloid cells are not productively infected by SARS-CoV-2 but capture and
degrade trapped viruses.

Preliminary reports indicate that myeloid cells such as monocyte-derived macrophages and
DCs are highly resistant to coronavirus infection?®-2%, In line with these findings, we observed
a reduction above 50% in the viability of susceptible Vero E6 cells 3 days post SARS-CoV-2
infection, that was not observed for monocyte-derived myeloid cells (Figure 3.1A). Of note,
upon SARS-CoV-2 invasion, myeloid cells responded to activating signals that initiate antiviral
responses, such as the release of type | interferon-a (IFN-a), or to the presence of bacterial
lipopolysaccharide (LPS), which are increased throughout the course of SARS-CoV-2
infection?'. Thus, we tested the fusion capacity of SARS-CoV-2 spike on myeloid cells
activated or not in the presence of IFN-a. Reporter pseudoviral vectors expressing VSV
glycoprotein effectively fused with both macrophages and DCs, although it decreased on IFN-
a treated myeloid cells (Figure 3.1B). However, fusion was always negligeable when pseudo
viruses were pseudo typed with SARS-CoV-2 spike. Of note, both pseudo viruses effectively
fused with HEK-293T cells expressingACE2. For SARS-CoV-2 spike pseudo virus this was
specifically blocked by a human ACE2-Fc fusion protein, which was not active on myeloid cells
(Figure 3.1B).

Next, we compared the capacity of myeloid cells activated or not in the presence of IFN-a to
capture SARS-CoV-2 by an ELISA measuring the amount of cell-associated virus. We followed
the fate of these viruses for two days, assessing the amount of cell-associated virus captured
overtime while measuring the amount of virus remaining in the supernatant (Figure 3.1C).
Maximal viral uptake on cells was detected 4 h post viral addition, and decreased overtime for
activated and non-activated myeloid cells, indicating that APCs were effectively processing
captured viruses, since SARS-CoV-2 detected in the supernatant also diminished over time
(Figure 3.1C). After extensive cellular washing, degradation of viruses trapped for 4 h was
also assessed on macrophages and DCs previously activated or not with IFNa (Figure 3.1D).
Cell-associated viruses detected at 4 h were quickly degraded after 24 h of culture, confirming
that APCs were effectively processing captured viruses (Figure 3.1D). This was not due to the
release of bound viruses to the supernatant, where no SARS-CoV-2 accumulation could be
detected over time (Figure 3.1D). Moreover, the absence of viral secretion to the media
confirmed the inefficient viral replication of SARS-CoV-2 in myeloid cells regardless of their
activation status (Figure 3.1D). In agreement with these results, electron microscopy

micrographs of myeloid DCs showed SARS-CoV-2 on large membranous compartments
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resembling degradative structures, where damaged viral particles were observed (Figure
3.1E, first image). On Macrophages we also found viruses in vesicles filled with material that
marks them as endocytic structures (Figure 3.1E, last two images). Hence, viruses were
effectively captured by APCs, especially upon cellular activation, that were in any case

effectively processed by all APCs.

We then wanted to assess if SARS-CoV-2 could induce activation of myeloid cells. We pulsed
DCs and M®s for 48h with SARS-CoV-2, LPS or IFN-a. Siglec-1 mRNA induction was always
more potently triggered by IFN-a than by SARS-CoV-2, which correlated with Siglec-1
expression on the cellular surface, both on DCs and macrophages (Figure 3.1F). These
results indicate that direct exposure to SARS-CoV- 2 does not activate DCs as potently as LPS
or IFN-a. Yet, these bystander activation stimuli released throughout SARS-CoV-2 infection

can induce Siglec-1 expression on APCs, especially on DCs (Figure 3.1F, histograms).

Overall, these results show that APCs capture SARS-CoV-2 but do not get productively
infected, while at the same time display a slight increase in Siglec-1 expression. It is possible
that this activation is due to SARS-CoV-2 despite not being as high as IFN-a activation. It has
been reported that DCs can mediate HIV-1 uptake via Siglec-1 without productive
infection®®2%2 and therefore, we next wanted to address if Siglec-1 expressed in APCs could

also play a role in SARS-CoV-2 uptake in myeloid cells.
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Figure 3.1 Myeloid cells are not productively infected by SARS-CoV-2 but these APCs capture and degrade
trapped viruses. A. Percentage of cellular viability 3 days post infection with SARS-CoV-2 at a MOI of 0.1 in Vero
E6 cells, macrophages and DCs. Values from 2 replicates and four experiments. Statistical differences from 100%
of viability were assessed with a one-sample t-test. B. Fusion of HIV-1 luciferase reporter viruses lacking the
envelope glycoprotein pseudotyped with VSV glycoprotein or SARS-CoV-2 Spike in macrophages and DCs
stimulated or not with IFN-a and in ACE2 expressing HEK-293T cells. ACE2-mFc fusion protein was used to block
ACE2- dependent viral fusion. Values from 2 replicates and one experiment. C. Uptake of SARS-CoV-2 by
macrophages (left graph) and DCs (right graph) activated or not with IFN-a that were pulsed for 4 h, 24 h and 48 h
at 37 °C with the virus, to assess the amount of virus present in the supernatant (squares) and the amount of cell-
associated viral nucleocapsid detected on cellular lysates after extensive washing (circles) by ELISA. Data from
one representative experiment out of two shows means and SEM and from 3 different donors. D. Kinetics of SARS-
CoV-2 degradation after 4 h of viral exposure and extensive washing by macrophages (left graph) and DCs (right
graph) activated or not with IFN-a. The amount of virus present in the supernatant (squares) and the amount of cell-
associated viral nucleocapsid detected on cellular lysates after extensive washing (circles) was measured by ELISA.
Data from one representative experiment out of two shows means and SEM from 3 different donors. E. Electron
microscopy images of Macrophages and LPS DCs exposed first to SARS-CoV-2 at an MOI of 1. Arrows indicate
individual viral particles, M, mitochondrion. Data from 2 donors and 2 experiments. F. Fold change on SIGLEC1
mMRNA induction after 24h of exposure to IFN-a or SARS CoV-2 (MOI=0.01) and representative Siglec-1 surface
staining of myeloid cells equally activated and also exposed to LPS analysed by FACS. Results from six
independent biological replicates and two experiments.

2.3.2. Siglec-1 receptor binds SARS-CoV-2 variants via sialic acid recognition present
on viral membrane gangliosides and mediates SARS-CoV-2 uptake in myeloid cells.
Siglec-1 is upregulated on myeloid cells upon SARS-CoV-2 infection®, and it is involved in the
uptake by APCs of different viruses (including HIV-1 and Ebola virus) via recognition of
syalilated gangliosides anchored on the viral membranes®78:280281292293 '\e therefore tested
if Siglec-1 could recognize and capture SARS-CoV-2 by assessing viral uptake in two
complementary cellular models. First, we used the antigen presenting Raji B cell line
transfected with different lectins, whose level of expression is shown in (Figure 3.2A) and
measured the capacity of these cells for SARS-CoV-2 uptake. All Raji cells were pulsed with
equal amounts of SARS-CoV-2, extensively washed, lysed, and assessed by ELISA to
measure the amount of viral nucleocapsid protein. While Raiji Siglec-1 cells effectively captured
SARS-CoV-2, Raiji cells transfected with Siglec-5, Siglec-7, DC-SIGN or devoid of any of these
lectins did not (Figure 3.2B). We next tested if Siglec-1 uptake of SARS-CoV-2 relied on the
recognition of sialylated ligands, which most likely are gangliosides exposed on viral
membranes, as previously described for HIV-1 and Ebola virus®58648568 This was confirmed
using a Raiji cell line transfected with the Siglec-1 mutant R116A, which contains a mutation
critical for sialic acid recognition®'-% that did not trap SARS-CoV-2 (Figure 3.2B), as previously
shown for other viruses®*®. To further confirm if SARS-CoV-2 interaction was mediated
bySiglec-1, we pre-treated Raiji cells with an a-Siglec-1 mAb 7-239 previously shown to
decrease HIV-1 and Ebola virus uptake®3°358 While isotype mAb had no inhibitory effect, pre-
treatment with 7-239 mAb clearly reduced SARS-CoV-2 uptake (Figure 3.2C). Of note, distinct
SARS-CoV-2 variants (D614G, B.1.1.7 first identified in UK, P.2 Zeta first identified in Brazil,
and the B.1.351 first identified in South Africa) were equally trapped via Siglec-1 receptor but
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were not captured by the mutated Siglec-1 R116A, indicating that sialic acid recognition is

critical for viral trapping (Figure 3.2D).

We also used a second cellular model of monocyte-derived macrophages and DCs to verify
the role of Siglec-1 receptor on primary cells. Myeloid cells previously treated or not with IFN-
a were pulsed with SARS-CoV-2, washed, and assayed by ELISA as described for Raji cells.
It is worth noticing that all myeloid cells trapped SARS-CoV-2 but IFN-a activated APCs, which
display higher amounts of Siglec-1 (Figure 3.1G), were the cells with higher uptake capacity
(Figure 3.2E). To further investigate whether SARS-CoV-2 viral interaction was mediated by
Siglec-1, we used the anti-Siglec-1 mAb 7-239. While isotype mAb had no inhibitory effect,
pre-treatment with 7-239 blocked SARS-CoV-2 uptake (Figure 3.2F), and this Siglec-1
dependency was higher for IFN-a activated APCs.

In addition, using super resolution microscopy of SARS-CoV-2 viral particles stained for the
Spike using an ACE2-mFc fusion protein, we confirmed that GM1, one of the sialyllactose-
containing gangliosides interacting with Siglec-1%°, was detected on 74% of viruses binding the
ACE2-mFc fusion protein (Figure 3.2G). Once Siglec-1 binds HIV-1 or Ebola viruses, this
receptor polarizes and engulfs viral particles within VCCs which are continuous with the plasma
membrane and connected to the extracellular space®'®2. To elucidate whether the Siglec-1
receptor also recruits SARS-CoV-2 to these compartments, we investigated viral uptake by
confocal microscopy. LPS-activated DCs exposed to SARS-CoV-2 showed a Siglec-1 positive
VCC containing viral particles attached to the membrane of the compartment (Figure 3.2H).
Supporting these results, electron microscopy micrographs of DCs showed SARS-CoV-2
particles associated with sack-like structures resembling viral containing compartments (VCC)
(Figure 3.21), as already described for other viruses®*®'. We found extracellular viruses
attached to invaginations of the plasma membrane or VCCs that appear also as vacuoles.
These structures were however connected to the plasma membrane. Moreover,
immunohistochemistry analysis of the pulmonary tissue of a SARS-CoV-2 infected rhesus

macaque from a previous study?’?

collected at 10 dpi, confirmed at the protein level the co-
expression of Siglec-1 and SARS-CoV-2 nucleocapsid in cells with a typical myeloid cell

morphology (Figure 3.2J).

Thus, the complementary approaches of Siglec-1 de novo expression on Raji cells, combined
with the blocking effect of specific mAbs on primary myeloid cells, along with the detection of
Siglec-1 interacting GM1 ligands on SARS-CoV-2 particles and accumulation into VCCs,
supports that Siglec-1 is a central molecule mediating SARS-CoV-2 uptake via sialic acid

recognition in myeloid cells.
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Figure 3.2 Siglec-1 receptor binds SARS-CoV-2 variants via sialic acid recognition present on viral
membrane gangliosides. A. Representative surface staining of the different lectins expressed on transfected Raji
cell lines analyzed by FACS. B. Comparative uptake of SARS-CoV-2 by distinct Raji B cells, that were pulsed for 2
h at 37°C, washed and lysed to assess the amount of cell-associated viral nucleocapsid by ELISA. Values from five
replicates and two experiments. Statistical differences were assessed with a Mann Whitney t test. C. Uptake of
SARS-CoV-2 by Raji Siglec-1 pre-incubated with a-Siglec-1 mAb 7239 or the corresponding isotype control
processed as in A. Values from three replicates and one experiment. D. Comparative uptake of 4 different variants
of SARS-CoV-2 by Raji Siglec-1 and Raji R116A Siglec-1 B cells that were processed as in A. E. Uptake of SARS-
CoV-2 by macrophages and DCs activated or not with IFNa for 4 h and then processed as in A. Values from at least
three donors and two experiment. Statistical differences were assessed with a Wilcoxon matched paired t test. F.
Percentage of viral uptake inhibition of macrophages and DCs activated IFNa that were pre-incubated with 10
pg/mL of the indicated mAbs and pulsed with SARS-CoV-2 (MOI=0.1). G. H. Confocal microscopy image of an
LPS-treated DC exposed to SARS-CoV-2 at a MOI of 1 showing a 3D reconstruction of the VCC and the whole cell
(Scale bars 0,2 uM and 1 uM, respectively). Cells were stained with anti-nucleocapsid pAbs (green), anti-Siglec- 1
mADb (red) and Dapi (blue) to stain the nucleus. See also supplementary movie 1. I. Super resolution microscopy of
SARS-CoV-2. Top images: viruses stained with anti-nucleocapsid Abs (red) and ACE2-mFc fusion protein that
interacts with the Spike of SARS-CoV-2 (green). Bottom images: viruses stained with anti-GM1 Abs (red) and
ACE2-mFc fusion protein that interacts with the Spike of SARS-CoV-2 (green). Percentage of co-staining for each
is shown. Scale bar: 100 nm. J. Immunohistochemistry of a pulmonary tissue from an infected Rhesus Macaque
co-stained with Siglec-1 and SARS-CoV-2 nucleocapsid antibodies. Right panel zooms into the highlighted box.

2.3.3. Siglec-1 facilitates SARS-CoV-2 trans-infection to target cells.

Siglec-1 has a dual role enhancing infectivity of various viruses, either facilitating fusion on
APCs, as is the case for Ebola virus, or mediating transmission to other target cells, as is the
case for retroviruses. This later mechanism is relevant when APCs are not directly susceptible
to infection, as it has been reported for HIV-1 on DCs®. The inefficient support of SARS-CoV-
2 replication on APCs (Figure 3.1) would suggest that Siglec-1 could mediate SARS-CoV-2
transmission to target cells in the context of coronavirus infection. Therefore, we next assessed
the relevance of trans-infection for SARS-CoV-2 bound via Siglec-1. We pulsed distinct Raji
cells with equal amounts of SARS-CoV-2. Pulsed Raji cells were extensively washed and co-
cultured with target cell lines expressing ACE2. Raiji Siglec-1 cells effectively transferred
SARS-CoV-2 to cellular targets expressing ACE2 (Figure 3.3A). Moreover, trans-infection
relied on Siglec-1 uptake of SARS-CoV-2 via recognition of sialylated ligands, as the Siglec-1
mutant R116A did not trans-infect SARS-CoV-2 (Figure 3.3A). No direct infection of Raji cells
was detected, as seen when assessing pulsed cells in the absence of ACE2-expressing
cellular targets. We also tested primary monocyte-derived myeloid cells activated with IFNa to
up-regulate Siglec-1 expression and found that DCs where much more efficient at transmitting
SARS-CoV-2 when compared to macrophages (Figure 3.3B). We used the a-Siglec-1 mAb 7-
239 to explore whether SARS-CoV-2 trans-infection could be blocked with this antibody. While
isotype mAb had no inhibitory effect, pre-treatment with 7-239 blocked SARS-CoV-2
pseudovirus trans-infection to target cells mediated by IFNa-activated DCs (Figure 3.3C). No
direct infection of DCs was detected, as seen when assessing pulsed cells in the absence of
ACE2-expressing targets. Thus, SARS-CoV-2 retention via Siglec-1 allows frans-infection of

cells expressing ACE2 and TMPRSS2 receptors, especially by DCs.
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Figure 1.3 A, B Transmission of SARS-CoV-2 by indicated cells. APCs exposed to SARS-CoV-2 were cocultured
with HEK-293T cells expressing ACE2 or not. Viral release from one experiment was measured with an ELISA. C.
Transmission of SARS-CoV-2 pseudoviruses from IFN-a activated DCs to HEK 293T cells expressing ACE2 and
TMPRSS2. Cells were pre-incubated with the indicated mAbs and exposed to SARS-CoV-2 before assessing trans-
infection. No viral fusion was detected on DCs not co-cultured with SARS-CoV-2 target cells. Data show mean
values and SEMs from two experiments including cells from six donors. Statistical differences were assessed with
a paired t test. A, B show mean values and SEMs.
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2.4. Conclusions

These results demonstrate that SARS-CoV-2 can be recognized by APCs expressing Siglec-
1. Furthermore, the data presented suggests that Siglec-1 is able to interact with SARS-CoV-
2 and might have a key role in the early stages of the infection. The interaction between Siglec-
1 and SARS-CoV-2 follow the same pathway previously reported by our group, in which HIV-

1 and Ebola virus were recognized via Siglec-1 and accumulated in a VCC53%8.279,

It is possible that as previously described for HIV-1 and Ebola virus, this interaction favours
viral uptake and spread at the early stages of the infection. Since SARS-CoV-2 does not
productively infect APCs, it might be following a trans-infection mechanism similar to HIV-1.
Targeting Siglec-1 with mAbs in the early stages of the infection, to block the interaction with
the virus could decrease early SARS-CoV-2 dissemination and the pathogenesis associated
with severe COVID-19. Our work has proven that Siglec-1 is interacts with multiple enveloped
viruses which are not closely related. Therefore, it might be possible that other enveloped
viruses might as well interact with Siglec-1 and follow mechanisms similar to the ones
described for HIV-1, Ebola or SARS-CoV-2. We believe that because this receptor could be
involved in multiple viral interactions, it has the potential to become a therapeutic antiviral

target.
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Chapter 4 —- RESULTS Il: Siglec-1 Functions as an Attachment
Receptor for Arenavirus Uptake via Sialylated Ganglioside
Recognition

The results included in this chapter are part of:

Xabier Muhiz-Trabudua, Itziar Erkizia, Cristina Borio, Marcos Bilen, Jakub Chojnacki, Patricia
Resa-Infante*, Nuria lzquierdo-Useros* and Javier Martinez-Picado*, Siglec-1 Functions as
an Attachment Receptor for Arenavirus Uptake via Sialylated Ganglioside Recognition.
Submitted to Frontiers in Immunology.
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Author’s contribution: The author of this thesis contributed to the current work by generating
arenavirus VLP stocks, analyzing GM1 incorporation by confocal microscopy in arenavirus
VLPs, analyzing viral protein expression by Wester-Blot, measuring Siglec-1 surface
expression by FACS, and performing VLP capture assays. The author also contributed to the
design of the experiments, analysis and interpretation of the results.
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4.1. Introduction

Arenaviruses are enveloped viruses with a negative-stranded RNA genome that are
associated to rodent-borne diseases that cause rare but often serious illnesses in humans,
such as haemorrhagic fevers'. Among them, Junin and Lassa viruses are of particular concern
due to their potential for outbreaks, their high mortality rates, and limited treatment
options?*+2%_ Junin virus is the causative agent of Argentine haemorrhagic fever, mainly found
in South America®®. The severity and impact of continuous outbreaks caused by Junin virus
over the years underscore the urgent need for effective therapeutic interventions?®. Despite
progress in vaccine development and antibody research against Junin virus, comprehensive
antiviral strategies to cover all potential outbreak-causing arenaviruses are still lacking?%2%,
Likewise, Lassa virus poses a significant public health threat, particularly in West Africa, where
it is responsible of Lassa fever'®®2%, The limited availability of vaccines and specific treatments
for Lassa virus highlights the need to better understand how this virus interacts with the host

immune system to prevent infection?%,

Studies that focus on cellular viral entry are crucial for the development of effective therapies
against Junin and Lassa viruses. Myeloid antigen-presenting cells, such as dendritic cells
(DCs), play a key role in initiating immunity but can also serve as targets for arenavirus
infection45194-196.299 Therefore, elucidating the specific mechanisms by which Junin and Lassa
viruses enter DCs is essential for the design of successful antiviral treatments and prevention
strategies. Certain receptors expressed on DCs, such as C-type lectins and TIM/TAM
molecules, are involved in the attachment and entry of arenaviruses into these cells'®. Upon
binding and internalization, the viral glycoprotein of these arenaviruses undergoes a
conformational change due to the pH acidification, enabling recognition by endosomal
receptors and facilitating viral entry into the cytoplasm'3%3%1 These viral-host interactions
ultimately determine the susceptibilty of DCs to Junin and Lassa virus infection.
Understanding these early interactions is crucial to design future interventions aimed at

decreasing host susceptibility to infection and disease progression.

DCs can facilitate tissular and systemic viral propagation in various infections -such as HIV-1,
Ebola virus and SARS-CoV-2 5398302 _ gjven the unique capacity of this cells to favour viral
retention and their susceptibility to certain infections. Particular interactions of specific
receptors expressed on DCs with key viral components may contribute to viral spread within
the host. Identifying and studying these receptors and their ligands could offer potential novel

therapies for combating arenavirus infection. An example of such receptor is Siglec-1
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(CD169), a I-type lectin expressed on DCs ¢'3%2 that interacts with sialylated gangliosides
anchored to the lipid membrane of different enveloped viruses*. This receptor mediates viral
dissemination via transmission of infectivity to bystander target cells, as is the case of HIV-1

and SARS-CoV-2%3%2 or by favouring productive infection, as it happens for Ebola virus®.

Here, we report that Siglec-1 mediates arenavirus recognition via interaction with the sialylated
ganglioside GM1 identified on the membrane of Junin and Lassa VLPs. Furthermore, we show
that DCs can capture and trap Junin or Lassa VLPs via Siglec-1, guiding viral particles into a
virus containing compartment that follows the same entry mechanism of HIV-1, Ebola virus
and SARS-CoV-2. Specific antibodies against Siglec-1 inhibited Junin or Lassa VLP entry,
offering a new target to limit arenavirus dissemination. Identifying and studying host receptors

such as Siglec-1 could offer novel therapeutic approaches for combating viral infections.
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4.2. Methods

4.2.1. Cell lines
HEK293T, Raiji B lymphocyte, Raji R116A and Raji Siglec-1, were maintained as previously
described (Chapter 3, Material & Methods 2.3).

4.2.2. Primary cell cultures

Peripheral blood mononuclear cells were obtained with a Ficoll-Hypaque gradient (Alere
Technologies AS) from blood donors, and monocyte populations (>97% CD14") were isolated
with CD14 positive selection magnetic beads (Miltenyi Biotec). DCs were obtained as

previously described (Chapter 3, Material & Methods 2.4).

4.2.3. Junin and Lassa VLP generation

Junin Z-eGFP VLPs (JUNzeerr) and Lassa Z-eGFP VLPs (LASzecrr) were generated
transfecting HEK-293T cells with the molecular clone pZ-eGFP and pZ-LASV-eGFP
respectively®®. We generated Junin and Lassa fluorescent VLPs to study the role of Siglec-1
in their viral cycle. We followed a VLP generation protocol similar to the one described by Dr
Borio®®. We adapted the protocol and avoided the last ultracentrifugation step because we
performed experiments using primary DCs and we wanted to avoid any additional compounds
that could interact with the cells and possibly trigger their activation. HEK-293T cells were
transfected using X-tremeGENE 9 DNA Transfection Reagent (Merck) in T75 flasks using a
total of 20ug or 30ug of plasmid DNA (Lassa and Junin respectively) at day 0 and 24h later.
Supernatants were harvested 72h after the second transfection, cleared of cellular debris by
centrifugation, filtered through a 40um pore cut-off, concentrated at 2000 xg using a centrifugal
device with 100 kDa pore size (Makrosep 100 kDa, Pall) and frozen at -80°C until use. The
VLP concentration was determined by an eGFP ELISA kit (Abcam) to detect the eGFP
concentration in harvested supernatants and assessed on an EnSight Multimode Plate Reader
(Perkin-Elmer).

4.2.4. Junin and Lassa VLP uptake assays

Junin and Lassa VLP uptake experiments were performed pulsing 0.25x10® DCs with a
constant amount of 120 ng of eGFP per condition 4h at 37°C. For blockade, cells were pre-
incubated for 15 min at RT (~24°C) with 10pg/ml of anti-Siglec-1 mAb 7-239 (Abcam), an IgG1
isotype control (BD Biosciences) or left untreated before viral exposure. After extensive
washing, cells were acquired with a FACSCelesta or Calibur (BD) and the frequency of positive

cells was determined using FlowJo software (TreeStar). Forward-angle and side-scatter light
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gating were employed to exclude dead cells and debris from all analysis. Alternatively, 0.25 x
108 Raji Siglec-1 cells transfected with WT Siglec-1 plasmid were pulsed with 120 ng of eGFP
1h at 37°C. Non-transfected and Raji R116A cells were used as internal controls to assess
only Siglec-1-dependent viral uptake. To measure Siglec-1 expression, cells were labelled with

anti-Siglec-1-PE 7-239 mAb or isotype control and acquired with Calibur (BD).

4.2.5. Spinning disc confocal microscopy analysis of VLP capture

1x10° LPS stimulated DCs were pulsed with 200-250ng of eGFP measured by ELISA per
condition of JUN zegrp Or LAS zecrp VLPs for 4h at 37°C. After extensive washing, cells were
fixed and permeabilized via Fix&Perm kit following manufacturer’s instructions (Life
Technologies). Cells were stained with anti-Siglec-1-PE 7-239 mAb and CellTracker™ Red
Far-Red Dye (Invitrogen Ref: C34564) following the manufacturer’s instructions. Cells were
washed, resuspended in 100ul of 1% Formaldehyde and cytospun (Thermo Shandon Cytospin
4). Round coverslips (No.1.5) (VWR) were mounted on each sample using ProLong™ Glass
Antifade Mountant with NucBlue™ stain (Life Technologies). Sample analysis was performed
using Andor Dragonfly 505 High Speed Confocal Microscope System at Molecular Imaging
Platform the IBMB-PCB. Pictures were taken using a 100x oil immersion objective with
following parameters: pinhole = 40um, exposure time: NucBlue = 202.5 ms, eGFP = 202.5 ms,
anti-Siglec-1-PE = 112.5 ms, CellTracker™ Red Far-Red Dye = 350 ms, XY pixel size: 51.2

nm/px and analysed with Imaris Viewer software.

4.2.6. Spinning disc confocal microscopy Super-resolution Radial Fluctuations (SRRF)
analysis of Junin and Lassa VLPs

VLPs were adhered to poly-I-coated coverslips, fixed in 3% paraformaldehyde, blocked with
0.5% bovine serum albumin (BSA). VLPs were immuno-stained at 4°C ON with rabbit anti-
GM1 pAb and detected by anti-rabbit IgG Fab fragments (Jackson ImmunoResearch) coupled
to Star Red dye (KK114, Abberior) using Fix&Perm kit (Life technologies). Samples were
acquired using Andor Dragonfly 505 High Speed Confocal Microscope System at Molecular
Imaging Platform the IBMB-PCB using SRRF technique. The following parameters were
applied for SRRF analysis: exposure time: eGFP = 50 ms, Star Red dye = 90 ms, XY pixel
size:51.2 nm/px, Radiality Magnification = 5, Frame Count = 100, Ring Radius = 1.5. Pictures

were taken using a 100x oil objective and analysed with Imaris Viewer software.

4.2.7. Western Blot analyses

eGFP and viral protein presence was determined by WB analysis. VLP samples, recombinant
soluble Lassa Z protein (Gentaur, 0508-001) and recombinant A. victoria GFP protein (Abcam,
ab84191) used as controls were diluted in 4x Laemmli Sample Buffer for SDS-PAGE (BioRad,
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1610747) with Dithiothreitol (DTT) (BioRad, 1610610) 50mM final concentration, and then
boiled 10min at 70°C. Then samples were loaded in a 4-20% Mini-PROTEAN®TGX™ Precast
Protein Gels, 15-well (BioRad #4561096) and run for 18min at 300 V. Protein from the gel was
transferred to an ethanol-pre-activated PVDF membrane (BioRad, 1704156) with BioRad
precast TRANS-BLOT TURBO system. Membrane was blocked for 30min with StartingBlock™
(TBS) Blocking Buffer (Invitrogen, 37542). After this, membrane was incubated ON at 4°C with
rabbit anti-LASV Z pAb (Gentaur, 0307-002) and mouse monoclonal [LGB-1] to GFP (Abcam,
ab291). Following this incubation, membrane was washed with PBS 1x Buffer + 0.1% Tween
20 (Sigma), and then incubated at RT (~24°C) for 1h with StarBright Blue 700 Goat Anti-Rabbit
IgG (Bio-Rad, 12004162) and IRDye 800Cw Conjugated Goat Anti Mouse IgG (LiCor, 926-
32210). After this, membrane was washed 3 more times and developed using BIO-RAD

Chemidoc Imaging System.

4.2.8. Statistical analyses

We analysed mean changes using Wilcoxon test. Significant mean changes from 100% of the
data normalized to percentages were assessed with a one-sample Wilcoxon test. All values of
P<0.05 were considered significant. All analyses and figures were generated with GraphPad

Prism v.8.0 b software.
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4.3. Results

4.3.1. Arenavirus VLPs contain GM1 on their membranes that is recognized by Siglec-
1

Arenaviruses that cause haemorrhagic fever in humans require biosafety level 4 laboratories
to safely study infection 2%, Viral like particles (VLPs) are a non-infectious alternative to study
these types of highly pathogenic viruses without the need of high containment biosafety
facilities®®. Arenavirus VLPs can be a useful tool to research arenavirus life cycle2%6:303:305-309,
and given their similar budding process as compared to infectious viruses they could also be
helpful to understand the interplay with Siglec-1 receptor. We therefore studied Junin and

Lassa viruses using VLPs in our experiments.

We first wanted to address if arenaviruses displayed sialylated gangliosides on their
membranes which could serve as ligands for Siglec-1 receptor, as previously described for
other viruses®3%2, We used anti-GM1 antibodies to analyse the presence of this ganglioside
on eGFP-containing arenavirus VLPs by super resolution confocal microscopy. We performed
in vitro experiments with fluorescent VLPs generated by transfecting the Junin or Lassa protein
Z fused to eGFP to generate JUNzecrr VLPs or LASz.ecrr VLPs. By these means we detected
one of the sialyllactose-containing gangliosides that serves as a ligand of Siglec-1% on the
surface of both Junin (Fig. 4.1A) and Lassa (Fig. 4.1B) VLPs tagged with eGFP. GM1 was
present on 68% of Junin and 12% of Lassa VLPs analysed with this technique. These results
indicate that arenaviruses display GM1 on their surface and could therefore interact with

Siglec-1.
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Figure 4.1. VLP arenaviruses contain GM1 on their membranes. A. Representative examples of JUNZ-eGFP
VLPs immunostained for GM1 (in red) assessed by super resolution microscopy. B. Representative examples
LASZ-eGFP VLPs immunostained for GM1 (in red).

4.3.2. Junin VLP uptake relies on Siglec-1 recognition

To test if arenavirus VLPs were able to interact with Siglec-1, we performed viral uptake
experiments. Raji Siglec-1 cells showed a VLP uptake in 80% of the cells, which was
significantly higher than that exhibited by Raji WT cells (Fig. 4.2A). Yet we still detected a 34%
capture levels in Raji WT cells, which do not express the receptor, and a 15% in Raji R116A
cells, which express a Siglec-1 receptor with a particular mutation that abrogates the
recognition of sialylated ligands key for ligan bindign®'. These results showed that JUNz.ecre
VLP uptake was increased when active Siglec-1 was present. To confirm that JUNz.ecrr VLPS
could be captured via Siglec-1, we also performed uptake experiments with primary DCs,
which play a key role in early stages of the infection of distinct viruses®-3'°, As previously
reported®®, IFNa and LPS triggered Siglec-1 expression on DCs (Fig. 4.2B). This expression
was correlated with the uptake of Junin VLP. iDCs showed the lowest VLP uptake, while in
DCs stimulated with IFNa or LPS, which express higher levels of Siglec-1, uptake was
increased (Fig. 4.2C). Yet, when we compared the uptake of HIV-1gag-ecrp VLP with JUNz.ecrp
VLP in DCs activated with LPS, the highest Junin uptake only reached 15% compared to the
70% reached by HIV-1gagecrr (Fig. 4.2D).
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These findings suggested that Siglec-1 mediated Junin VLP uptake, but as opposed to other
VLP systems from HIV-1 or Ebola virus®*?%2, it also showed a Siglec-1-independent uptake
both in Raji WT and Raji R116A cells and a higher detection range in primary immature DCs.
We therefore sought to optimize our method for detecting JUNz.ecrr VLP uptake to rule out any

possible methodological interference.
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Figure 4.2. Junin VLP uptake relies on Siglec-1 recognition A. Comparative uptake of JUNzecrr VLPs by distinct Raiji B cells pulsed for 1 h at 37°C and assessed
by FACs. Values from five replicates and two experiments. Statistical differences were assessed with a Wilcoxon non-parametric test. B. Siglec-1 surface staining of
non-activated DCs, or cells exposed to IFNa or LPS analysed by FACS. Results from six independent biological donors and two experiments. C. Comparative uptake
of JUNz.ecrp VLPs by DCs pulsed for 4 h at 37°C analysed by FACs. Values from six donors and two experiment. D. Comparative uptake of JUNzecre VLP and HIV-
1cag-ecrp in LPS activated DCs measured by FACS. Results from six independent donors and two experiments. Statistical differences were assessed with a Wilcoxon

non-parametric test.
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4.3.3. JUNZ-eGFP VLP filtration confirms Siglec-1 recognition capacity

To increase the eGFP signal, we first tried an indirect immuno-fluorescent labelling of eGFP
to enhance the detection range of the assay. For DCs stimulated with LPS, the detected
percentage of positive cells significantly increased from 7% to more than 40% (Fig. 4.3A).
Overall, the signal was increased in all conditions, but JUNz.ecrp VLP uptake in IFNa- and LPS-
stimulated DCs, which express higher levels of Siglec-1, was increased compared to iDCs
(Fig. 4.3B). In addition, and to confirm that JUNz.crr VLP capture was Siglec-1 dependent,
we used commercial anti-Siglec-1 monoclonal antibodies (mAbs) to functionally block the viral
recognition of this receptor. In the case of stimulated DCs, mAbs blocked JUNzecrr VLP
uptake, confirming that viral recognition is via Siglec-1 (Fig. 4.3D and 4.3E). Yet, this Siglec-1
dependency was not observed for iDCs (Fig. 4.3C). Overall, immuno-labelling of JUNz.ecrp
VLP with anti-eGFP Abs improved the detection range of VLP uptake and demonstrated that
it was Siglec-1 dependent in IFN and LPS-stimulated DCs. However, we still observed a
Siglec-1 independent binding in iDCs that resembled to the unspecific uptake previously
detected in Raji WT and Raji R116A (Fig. 4.2A). Hence, we decided to investigate the possible

source of this background signal by analysing the content of VLP stocks.

We first checked the viral production in the pellet from HEK 293T cells transfected with the
plasmid coding for JUNz.ecrr by Western-Blot (WB). Since there is no commercial anti-JUNz
mADb available, we used an anti-eGFP mAb to indirectly detect the chimeric JUNz.ecrr protein
(37 kDa). The results showed that along the viral JUNz.crp protein, soluble eGFP was also
present (Fig. 4.3D). Moreover, the intensity of the bands in the WB suggested that the
produced amount of both proteins was similar (Fig. 4.3D). We next used a size exclusion
centrifugal filtering device (pore diameter 100 kDa) that allowed the soluble eGFP (27 kDa) to
be separated from the VLPs after centrifugation. The flow-through sample had an eGFP
concentration of approximately half the e GFP signal of the input sample measured by ELISA
(Fig. 4.3E). Since prior VLP quantification method was based on an ELISA detecting eGFP,
this result suggested that the initial JUNz.ecrr VLP concentration had been overestimated due
to the presence of soluble eGFP. Moreover, this finding could also explain the eGFP

background signals detected in cells lacking Siglec-1 such as Raji WT and R116A cells.

To test this possibility, we next used the concentrated JUNz..crr VLP stock to repeat the uptake
experiment in Raji cells. Mean uptake in Raji Siglec-1 cells was increased, while uptake
detected in Raji WT and Raji R116A cells was reduced (Fig. 4.3F). Since we improved
specificity of JUNz.ecrr VLP uptake by filtering the VLPs, we used this strategy with primary

DCs as well. We confirmed previous findings showing that JUNz..crp VLP capture was higher
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in IFNa- and LPS-stimulated DCs compared to iDCs (Fig. 4.3G). Furthermore, filtered and
concentrated JUNz..crp VLPs exhibited even higher uptake levels than previously (Fig. 4.2C
and 4.3B), with around a 60% uptake observed in both IFNa- and LPS-stimulated DCs (Fig.
4.3G). Moreover, using filtered stocks we again confirmed that Junin VLP uptake in DCs is
dependent on Siglec-1, as seen by pre-treatment of the cells with an anti-Siglec-1 mAb (Fig.
4.3H). In this filtered and improved VLP system we detected for the first time a blocking effect
of the anti-Siglec-1 mAb in iDCs (Fig. 4.3H). Overall, these results indicate that soluble eGFP
generated via VLP production interfered with uptake experiments and generated an unspecific
background signal also present in the immunostaining protocol, which amplified soluble eGFP.
However, JUNz.ecrer VLP filtration removed soluble eGFP, allowing us to verify Siglec-1

capacity to interact with these viral particles.

Siglec-1 recognizes several enveloped viruses and drives their polarization and engulfment
within virus containing compartments (VCCs), which are continuous with the plasma
membrane and connected to the extracellular space®'®2. To elucidate whether Siglec-1 also
recruits arenavirus to these compartments, we investigated viral uptake by confocal
microscopy (Fig. 4.31 and 4.3J). LPS-activated DCs exposed to fluorescent arenavirus VLPs
showed JUNz.cre VLPs attached to Siglec-1 receptors, which polarize (Fig. 4.31) and drove
VCC formation (Fig. 4.3J). The combination of several methods, including the detection of
Siglec-1 interacting with GM1 ligands on JUNz..crp VLP particles, the blocking effect of specific
mAbs on primary DCs, and the de novo expression of Siglec-1 on Raji cells, along the
formation of the well-known VCC provided different sources of evidence showing that Siglec-

1 acts as an attachment receptor for Junin uptake.
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Figure 4.3. JUNz.crpr VLP filtration confirms Siglec-1 recognition. A. Comparative uptake of JUNzecrp VLP
and immunolabelled JUNz.ecre VLP by LPS activated DCs that were pulsed for 4h at 37°C and assayed by FACS.
Values from seven donors and two experiments. Statistical differences were assessed with a Wilcoxon non-
parametric test. B. Comparative uptake of immunolabelled JUNz.ecrr VLP by non-activated or activated DCs that
were pulsed for 4h at 37°C detected by FACS. Values from seven donors and two experiments. Statistical
differences were assessed with a Wilcoxon non-parametric test. C. Relative uptake of different DCs pre-incubated
or not with anti-Siglec-1 7-239 mAb. Values from 5 donors and two experiments. Statistical differences were
assessed with a one-sample Wilcoxon test. D. Western-Blot analysis of HEK 293T cell pellet transfected or not with
JUNzecrp plasmid. Anti-eGFP mAb was used as an indirect way to confirm the presence of chimeric JUNzegrp
protein (~38 kDa). Bands in blue correspond to eGFP detection. On the right side, soluble eGFP (27 kDa) was
added as a control. E. eGFP ELISA quantification results from JUNzecre VLPs. The concentration of eGFP of input
and flow-through fractions are compared. Each point corresponds to one VLP preparation. F. Comparative uptake
of concentrated JUNzecrr VLPs by distinct Raji B cells that were pulsed for 1h at 37°C and assayed by FACS.
Values from two replicates and one experiment. G. Comparative uptake of concentrated JUNzecrr VLPs by
immature or activated DCs that were pulsed for 4h at 37°C and detected by FACS. Values from four replicates and
two experiments. H. Uptake of concentrated JUNzecre from DCs pre-incubated or not with an anti-Siglec-1 mAb
assayed by FACS. Statistical differences were assessed with a one sample Wilcoxon test. Values from four different
donors and two experiments. I. 3D reconstruction of LPS-activated DCs analysed by confocal microscopy pulsed
with JUNzecrr VLPs and stained with anti-Siglec-1 mAb (blue), nucleus with NucBlue (grey) and cytoplasm with
Cell-tracker™ Red Far-Red Dye (red). Arrow indicates polarized VLPs J. 3D reconstruction of LPS-activated DCs
as described in I. Arrow indicates VCC containing JUNz.ecrp.

4.4.4. Siglec-1 mediates the recognition and uptake of Lassa VLPs

We next tested if fluorescent Lassa VLPs generated by transfecting the Lassa protein Z fused
to eGFP (LASzecrr VLPs) could follow the same uptake mechanism seen for Junin particles.
We first analysed the pellet from LASz.crr transfected HEK 293T cells by WB and, as
previously observed for Junin, we found soluble eGFP being produced at similar levels as the
chimeric LASz.ecre protein (Fig. 4.4A). In this case, a commercial anti-Lassa Z protein was
available, and we were able to directly detect this viral protein. Of note, untagged eGFP viral
protein was also detected (Fig. 4.4A). We also compared the eGFP quantity in the non-filtered
and the filtrated flow-through of LASz.ecrr VLP using a GFP ELISA kit. Results showed that
after filtering the VLPs through a 100 kDa pore size limit centrifugal device, the flow-through
sample eGFP concentration was again around half of the input added (Fig. 4.4B). We then
compared the unfiltered and concentrated VLP uptake in Raji cells (Fig. 4.4C-D). Concentrated
VLPs showed certain increase in VLP uptake in Raji Siglec-1 cells, and a reduction in uptake
levels in Raji WT and R116 cells (Fig. 4.4C-D). Overall, and as previously observed for Junin,
removing the background signal derived from soluble eGFP from the VLPs improved Siglec-

1-dependent capture and confirmed the key role of this receptor in arenavirus uptake.

We also replicated the experiments performed with Junin in DCs using a concentrated LAS;.
ecrp stock to remove soluble eGFP. We pulsed DCs with an equal amount of VLPs and
observed that viral uptake was significantly increased in activated DCs expressing higher
levels of Siglec-1 (Fig. 4.4E). When cells were pre-incubated with an anti-Siglec-1 mAb, LASZ-
eGFP VLP uptake was abrogated in all DCs tested (Fig. 4.4F). These results indicate that both

85



Lassa and Junin VLPs are recognized by Siglec-1. Finally, we employed a comparable
experimental approach using confocal microscopy to examine the viral uptake process of
Lassa VLPs. LPS-activated DCs were exposed to LASz.crr VLP, and as previously found for
Junin VLPs, we observed VLP attachment via Siglec-1 and polarization (Fig. 4.4G), leading to
the formation of VCCs (Fig. 4.4H). These findings support the role of Siglec-1 as an attachment

receptor for Lassa, facilitating viral uptake through recognition of sialic acid on LASz.ecrp VLPs.
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Figure 4.4. Siglec-1 mediates the recognition and uptake of Lassa VLPs. A. Western-Blot analysis of HEK
293T cell pellet transfected or not with LASz.ecrp plasmid. Antibody for the detection of Lassa Z (11 kDa) protein is
shown in green. eGFP was also detected to confirm the presence of chimeric LASz.crp protein (~38 kDa) and is
shown in blue band. Soluble eGFP (27 kDa) and soluble Lassa Z protein were added as a control. B. eGFP ELISA
quantification from the LASz.ecrr VLP production. The concentration of eGFP of input and concentrated fractions
are compared. Each point represents one VLP preparation. C. Uptake of non-filtered LASz.ecrr VLPs by distinct
Raiji B cells pulsed for 1h at 37°C and assayed by FACS. Values from six replicates and two experiments. Statistical
differences were assessed with a Wilcoxon non-parametric test. D. Uptake of concentrated LASz.ecrr VLPs by
distinct Raji B cells pulsed and assayed as previously described. Values from two replicates and one experiment.
E. Uptake of filtered LASz..crr VLPs by distinct DCs that were pulsed for 4h at 37°C and analysed by FACS. Values
from four donors and two experiments. F Uptake from DCs pre-incubated with or without commercial anti-Siglec-1
7-239 mAb. Values from four donors and two experiments. Statistical differences were assessed with one-sample
Wilcoxon test. G. 3D reconstruction of LPS-activated DCs analysed by confocal microscopy pulsed with LASz.ecrp
VLPs and stained with anti-Siglec-1 mAb (blue), nucleus with NucBlue (grey) and cytoplasm with Cell-tracker™
Red Far-Red Dye (red). Arrow indicates polarized VLPs. H. 3D reconstruction of LPS-activated DCs as described
in G. Arrow indicates VCC containing LASz.ecrr.

4.4. Conclusions

Siglec-1 is able to act as an attachment receptor for arenavirus VLPs in primary DCs. Uptake
is Siglec-1 dependent and increased in cells expressing higher Siglec-1 levels on their surface,
as previously shown for HIV-1, Ebola virus, and SARS-CoV-25%%826227% Thjs interaction can
be blocked with anti-Siglec-1 antibodies, which specifically target the V-set domain and block
functional viral recognition of sialylated ligands such as GM1. Given that our group has
previously developed anti-Siglec-1 mAbs that block the recognition of HIV-1 and Ebola
viruses®, and that here we were able to confirm the role of this receptor on SARS-CoV-2 and
Arenaviruses capture, we next wanted to address if these particular mAbs developed by our

team were also effective against these new enveloped viruses.
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Chapter 5 — RESULTS lll: Siglec-1 as a therapeutic target for a pan-
viral antibody treatment
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5.1. Introduction

Siglec-1 is the key molecule for HIV-1 trans-infection, and it is likely to play a critical role in
aiding Ebola virus propagation®-5888_|n the first chapter of results of this thesis we have shown
that Siglec-1 can play an important role in the pathogenesis of SARS-CoV-2 virus by aiding its
capture and trans-infection to target cells. In the second chapter, we have also showed that
arenaviruses can be captured via Siglec-1 and might act as an auxiliary receptor. Preventing
viral propagation in the early stages of viral infection can be critical to improve disease
outcome. Nowadays antiviral treatments are limited, and a preventive strategy can provide
some advantage to reduce the severity of the infection. Anti-Siglec-1 mAbs generated by our
group have previously demonstrated blocking activity against enveloped viruses HIV-1 and
Ebola virus in DCs. In this thesis now we have shown that SARS-CoV-2 virus uptake and trans-
infection along with arenavirus uptake in DCs can be blocked by commercial anti-Siglec-1
mADbs. Since therapies with mAbs have demonstrated to be effective either as prophylaxis or
as a therapeutic treatment3'", our anti-Siglec-1 mAbs could potentially be used as an antiviral

therapy for multiple enveloped viruses.

Anti-Siglec-1 mAbs generated by our group were produced in a murine model, and therefore
were not suitable for human administration. Despite their efficacy in vitro, murine antibodies
are known to trigger an immunogenic response due to the ability of human immune system to
recognize rodent antibodies and eliminate them?®. This problem was found in the 1980s and
mostly focused on replacing or removing the Fc region, which is the most immunogenic. In
order to overcome it, the first step to reduce the risk of immunogenicity was to generate
antigen-binding fragments (Fabs). Fabs are made of antibody variable domains, lacking the
Fc region, and they can bind to target antigen without triggering the effector functions such as
cell-mediated cytotoxicity or complement-dependent cytotoxicity??”3'2, Another molecular
engineering approach is to engineer chimeric antibodies with human Fc regions with murine
variable regions?3¢313314 Yet even the murine antibody V-domain has a potential risk of
immunogenicity® That is why antibody engineering has gone a step further by humanizing
murine antibodies. One of these humanization methods consist in engrafting mouse CDRs into

human frameworks?5%311314 highly reducing the risk of immunogenicity.

Here we report our approach to generate anti-Siglec-1 Fabs and humanized anti-Siglec-1
mADbs that were effectively tested in functional assays. Fabs from the murine anti-siglec-1
mAbs previously generated by our group were tested for their blocking capacity against HIV-1

viral particles. Furthermore, humanized anti-Siglec-1 mAbs adapted from the murine anti-
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Siglec-1 mAbs previously generated by our group were also tested for their blocking activity
against a panel of pathogenic enveloped viruses in DCs. Both products could be promising
tools to combine with current antiviral treatments and generate an efficient combined therapy

to fight enveloped virus propagation.
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5.2. Methods

5.2.1. Ethics statement

The institutional review board on biomedical research from Hospital Germans Trias i Pujol
(HUGTIP) approved this study.

5.2.2. Cell Lines
HEK293T, Raji B lymphocyte, Raji R116A, Raiji Siglec-1 Vero-E6 were maintained as
previously described (Chapter 3, Material & Methods 2.3).

5.2.3. Primary cell culture
MDDCs were obtained and activated as previously described (Chapter 4, Materials &
Methods 2.2).

5.2.4. Viral particle generation

HIV-1cagecrp VLP stocks were generated by transfection of HEK-293T cells with the molecular
clone pGag-eGFP obtained from the US National Institutes of Health (NIH) AIDS Research
and Reference Reagent Program. HEK-293T cells were transfected in T75 flasks with 30 ug
of plasmid DNA using calcium phosphate (CalPhos; Clontech) and incubated during 48 h at
37°C. Supernatants containing HIV-1gagecrr VLPs were harvested, filtered (Millex HIV, 0.45
um; Millipore) and frozen at -80°C until use. The p24Gag content of viral and VLP stocks was

determined by enzyme-linked immunosorbent assay (ELISA) (Perkin-Elmer).

The replication-competent HIV-1 stock was generated by transfecting HEK-293T cells with the
proviral construct HIV-1nen-sx, an HIV-1yi4.3 provirus that expresses the HIV-1,rr. envelope
glycoprotein (kindly provided by W. O’Brien). 30 ug of plasmid DNA were added to cells in T75
flasks, and transfection was performed using a calcium phosphate kit (Calphos; Clontech).
Supernatants were harvested 48 h post transfection, filtered (Millex-HV, 0.45um; Millipore) and
frozen at -80°C until use. The p24©2 content of VLP and HIV-1 stocks was determined by
ELISA (Perkin-Elmer). Ebovrso.ecrr VLPSs were generated transfecting HEK-293T cells with the
molecular clone CAGGS-eGFP-VP40 (kindly provided by Dr. Bieniasz).

For Ebo-GPvpr4osam VLPS, cells were transfected with molecular clones pcDNA3.1-BlaM-VP40,
pcDNA3-Zaire NP and pcDNA3.1-Zaire GP (all from BEI Resources). HEK-293T cells were
transfected with calcium phosphate (CalPhos; Clontech) or X-tremeGENE 9 DNA Transfection
Reagent (Merck) in T75 flasks using a total of 20-30 ug of plasmid DNA at equimolar ratios.
Supernatants were harvested 72h post-transfection, cleared of cellular debris by centrifugation

and frozen at -80°C until use. The VP40 content of VLP stocks was determined by a home-
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made sandwich ELISA using mouse IgG1 anti-VP40 mAbs to coat Nunc MaxiSorp plates
(Invitrogen) and a mouse IgG2a anti-VP40 mAb to detect bound protein (both from Fitzgerald).
Goat anti-mouse IgG2a HRP (Jackson ImmunoResearch) was employed to reveal the assay.

Purified VP40 protein (IT Bioservices) was used as a standard for quantification.
SARS CoV-2 was generated as previously described (Chapter 3, Methods 2.5)

5.2.5. Fab generation

Fabs were generated by using Pierce™ Fab Micro Preparation Kit (Thermo) and following the
manufacturer instructions. After Fab generation, for the Fab purification step, we used NAb™
Protein G Spin Column Kit (Thermo) instead of NAb™ Protein A Plus Spin Column provided
with the kit to try maximizing the yield.

5.2.6. Fab Wester-Blot analysis

Fabs Fc region removal was checked by Western-Blot Analysis. Anti Siglec-1 mAbs and
generated Fabs were diluted in 4x Laemmli Sample Buffer for SDS-PAGE so that 1 ug of
protein was loaded in each well. The analysis was run as previously described (Chapter 4,
Material & Methods 4.2.7).

5.2.7. Fab cytometry analysis

Fabs Fc region removal was also checked by immunolabelling and cytometry analysis. 0.4
x10° Raiji Siglec-1 cells were incubated for 15 minutes at RT with either anti-Siglec-1 Fabs,
murine mAbs or an IgG1 Isotype control (BD Biosciences) at a constant concentration of 20
ug/ml. After this, cells were washed and AF 647 Goat anti-Mouse IgG Fcg mAb (Jackson
Immuno Research) was added at a 1/500 final dilution. After being incubated for 15 minutes

at RT cells were washed again and Fc region presence was checked.

5.2.8. Fab titration

Anti-Siglec-1 murine mAbs and Fabs were diluted to an 80 pug/ml final concentration in a final
volume of 100 pl. Commercial anti-Siglec-1 and IgG1 Isotype control were used as controls.
After this, each condition was 2:3 serially diluted 12x times to cover a concentration range from
20-0.2 yg/ml. Then, in a 96 well plate, 0.2 x10° Raji Siglec-1 cells were added to each condition
and dilution. Anti-Siglec-1 murine mAb or Fab mix was added and immediately after 50 pl of
HIVgag-ecre VLPs. Cells were incubated for 1 hour at 37 °C and then washed thoroughly. Finally,

VLP uptake was assessed in a Canto (BD) cytometer.

5.2.9. Fab VLP blocking experiments.
Fab blocking effect was tested in Raji Siglec-1 cells by pre-incubating 0.4x10° cells with a

saturating Fab final concentration of 20 pg/ml for 15 minutes and followed by 30-minute
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incubation with 50 pl of HIVgagecrr VLPs at 37 °C. Original murine anti-Siglec-1 and IgG1
Isotype were used as controls. Cell fluorescence was checked by cytometry in Canto (BD)
cytometer. After this, Fabs blocking effect was also tested in DCs with both HIVgag-eare VLPS
and HIV nias-icee Virus. In both cases 0.25x10°8 LPS stimulated DCs were pre-incubated with a
saturating Fab final concentration of 20 ug/ml for 15 minutes, followed by 1 hour incubation
with 100 pl of HIVgag-earr VLPs or HIV nws-igee virus. Finally, VLP or virus uptake was assessed

in a Canto (BD) cytometer.

5.2.10. Antibody cloning

Total RNA isolated from hybridomas was reverse transcribed into cDNA using isotype-specific
anti-sense primers or universal primers following the technical manual of PrimeScriptTM 1st
Strand cDNA Synthesis Kit. The antibody fragments of VH, VL, CH and CL were amplified
according to the standard operating procedure of rapid amplification of cDNA ends (RACE) of

GenScript and followed by sequencing analysis.

Mouse VH and VL of murine antibodies were aligned by Ig Blast-NCBI

(https://www.ncbi.nlm.nih.gov/igblast) to get the closest human related V gene sequences and
to identify the framework residues (FRs) and complementarity-determining regions (CDRs).
For the humanization process, mouse residues forming the CDRs were retained while the FRs
residues not matching between mouse and human germline were changed to the residue

present in the human V gene.

Constructs with the murine VH and VL sequences of #1F5, #3F1 and #5B10 antibodies were
ordered at Invitrogen to produce each antibody as both mouse/human chimeric higG1 and
humanized CDR-engrafted hlgG1. For the light chain, constructs encoding for the whole light
chain (VL + CL) were obtained directly from Invitrogen cloned into the pcDNA3.1 mammalian
expression vector. For the heavy chain, constructs encoding for the VH flanked by the Hindlll
and Nhel restriction sites were ordered at Invitrogen cloned into the pMA-RQ vector. Each VH
was excised from the pMA-RQ vector by Hindlll and Nhel digestion and cloned into a
pcDNAS3.1 vector that already contained the human IgG1 constant domains. DNA encoding for
anti-Siglec-1 variants to remove potential sequence liabilities was ordered at Invitrogen or
generated by site directed mutagenesis. All constructs were amplified by maxiprep and

sequenced for validation.
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5.2.11. Antibody production

Suspension growing HEK FreeStyle™ 293-F Cells (Ref. R790-07, ThermoFisher Scientific)
were cultured in FreeStyle™ 293 Expression Medium (Ref. 12338026, ThermoFisher
Scientific) at 37°C with 8% CO2. The day of the transfection cells were centrifuged and seeded
at density of 1E6cell/mL in fresh Freestyle medium. Plasmids encoding for the heavy and
kappa chain of each antibody were transiently PEl mediated transfected (Polyethylenimine;
Ref. 24765-1, Polysciences Inc.) together with 3 helper plasmids (pPORF21, pORF27 and p33-
SV40LT). Transfection mixtures per 100 mL of cell culture contained: 31.35 ug of heavy chain
construct, 37.65 ug of light chain construct, 31 ug of helper vectors mix, 300 ug PEl and 6 mL
of optiMEM (Ref. 51985026, ThermoFisher Scientific). Transiently transfected HEK293FS cells
were cultured at 100 mL scale for 6 days at 37°C, 8% CO2. The culture medium was harvested
by centrifugation and the antibodies were purified from the culture medium using Protein A
beads and eluted using citrate buffer (20 mM citrate, 150 mM NaCl, pH=3.5) followed by
neutralization with phosphate buffer (KH2PO4/K:HPO4 pH=8). Buffer was changed into 5%
Glucose, 5 mM Sodium Acetate, pH4.5 by Pierce Protein Concentrator PES, 10 kDa (Ref.
88517, Pierce). Antibody concentration was determined by measuring absorbance at 280 nm.

Volume was adjusted to have each antibody at 1 mg/ml.

5.2.12. Sequence liabilities prediction

Structure-based antibody prediction server SAbPred
(http://opig.stats.ox.ac.uk/webapps/sabpred) was used to identify potential sequence liabilities.
Afterwards, literature search was performed to identify liabilities that have already proven to

have a negative impact during the manufacturing process of biological drugs 31321,

5.2.13. Functional competition assay with Raji Siglec-1 cells
Rajisigiec-1 Cell line was generated in our lab to express constitutively Siglec-1 receptor as

described previously %3

. This cell line was maintained in RPMI media (Invitrogen)
supplemented with 1 mg/ml of geneticin (Invitrogen), 10% FBS (Gibco), 100 IU/ml / 100 ug/ml

of penicillin/streptomycin (Capricorn).

HEK-293T (ATCC repository) were cultured in DMEM (Invitrogen) supplemented with 10%
FBS, 100 U/ml of penicillin and 100 pg/ml of streptomycin at 37°C with 8% CO2. HIVgag.
ecrPVLPs stocks were generated by transfecting 1x10” HEK-293T cells with 15 ug of
pGag-eGFP plasmid using 15 pl of LipoD293 (Ver. Il) reagent (Ref. SL100668, SignaGen).
Supernatants containing VLPs were filtered (Millex HV, 0.45um; Millipore) and frozen at —-80°C
until use. By using HIVgag.ecrpVLPs, we can mimic the native virus in the absence of genetic

material, making them non-infectious and safe to manipulate.
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Serial dilutions from 20ug/ml to 0.2 pg/ml of anti-Siglec-1 antibodies or 1IgG1 isotype control
(AbD Serotec) were prepared in supplemented RPMI media. Then, 50ul of HIVgagecrp VLPS
were added, followed by Rajisigec-1 Cells. Assay was performed for 60 min at 37°C. After
washing with PBS, cells were suspended in PBS supplemented with 0.5% FBS and analyzed
by FACS to determine VLP uptake. As non-inhibiting controls we used the corresponding mAb
isotype controls, while as negative control, we used cells not exposed to the virus particles. All

experiments have been performed in duplicates.

5.2.14. Blocking uptake experiments with anti-Siglec-1 hu-mAbs

HIV-1, Ebovrso-ecrr and arenavirus uptake experiments were performed pulsing 0.25x108 DCs
with a constant amount (100 pl HIVgag-ecrp, 80 ng Ebovprao.ecrp, and 120 ng of eGFP JUNzegrp
or LASzecrp) Of viral particles per condition at 37°C for 4 hours. For blockade, cells were pre-
incubated for 15 min at RT with 10ug/ml of anti-Siglec-1 humAbs, commercial anti-Siglec-1
mAb 7-239 (Abcam), an IgG1 isotype control (BD Biosciences) or left untreated before viral
exposure. After extensive washing, cells were acquired with a Canto (BD) and the frequency
of positive cells was determined using FlowJo software (TreeStar). Forward-angle and side-
scatter light gating were employed to exclude dead cells and debris from all analysis. For SARS
CoV-2 uptake experiments, the followed procedure was as previously described %2, but uptake
levels were determined by SARS-CoV-2 Nucleocapsid protein (NP) High-sensitivity

Quantitative ELISA (ImmunoDiagnostics).

5.2.15. Blocking fusion experiments with anti-Siglec-1 hu-mAbs

These experiments were performed as described previously . When non-infectious Ebo-
GPvra0-8am VLPs fuse with cellular membranes, they release B-lactamase that can then cleave
a CCF2-AM dye loaded into the DC cytoplasm and change its fluorescence emission from
fluorescein to courmarin. As opposed to the system previously used to detect viral uptake, this
assay selectively detects Ebola virions entering the cytoplasm of the cell by fusion. DCs were
preincubated or not with anti-Siglec-1 mAbs as previously described. A constant fusogenic
amount of Ebo-GPvps0.8am VLPs was added to 0.25 x 10° cells and incubated overnight at 37
°C. The CCF2-AM substrate (Invitrogen) was added to cells following the manufacturer’s
instructions, to identify cells in which Ebo-GPvps0-8am Cytoplasmic entry had occurred. Cells
were acquired with a Canto (BD), and the percentage of positive cells was determined with
FlowJo software. To use equivalent numbers of fusogenic viral particles in all entry assays,
Ebo-GPvpa0-sam VLP stocks were titrated in duplicate by serial 50% dilutions in Vero E6 cells
(3 x 10* per well) seeded in 96-well plates, loaded with CCF2-AM substrate, and assessed by
FACS.
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5.2.16. Blocking trans-infection experiments with anti-Siglec-1 hu-mAbs

For HIV-1 trans-infection assays 0.25x10° LPS matured DCs were incubated with a constant
amount of HIV-1y43for 4 h at 37°C. For blockade, cells were pre-incubated for 15 min at RT
with 10 ug/ml of anti-Siglec-1 humAbs, commercial anti-Siglec-1 7-239 mAb (Abcam), an IgG1
isotype control (BD Biosciences) or left untreated before viral exposure. After extensive
washing, cells were co-cultured with the reporter cell line TZM-bl at a 1:1 ratio to measure
trans-infection. Co-cultures were assayed for luciferase activity 48 h later (BrightGlo luciferase
system; Promega) using a EnSight Multimode Plate Reader (Perkin Elmer). Background

values from non-HIV-1 pulsed co-cultures were subtracted for each experiment.

For SARS-CoV-2 trans-infection experiments we followed the previously described method 302,
HEK-293T over-expressing the human ACE2 or lacking this molecule were used to test if
SARS-CoV-2 replication competent virus was trans-infected. Uptake experiments with SARS-
CoV-2 were performed pulsing 0.25x10°6 LPS activated MDDCs with an MOI of 0.75 for 3 h at
37°C. After extensive washing, cells were co-cultured at a ratio 3:1 with HEK-293T cells
expressing or not ACE2. Six days later, supernatant was assayed with a SARS-CoV-2

nucleocapsid protein (NP) High-sensitivity Quantitative ELISA (ImmunoDiagnostics).
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5.3. Results

5.3.1. Generation and characterization of anti-Siglec-1 Fabs

We have previously demonstrated that murine anti-Siglec-1 mAbs generated by our group can
block HIV-1 and Ebola uptake and trans-infection or fusion respectively®3. Over the previous
chapters, we also determined that arenavirus uptake and SARS-CoV-2 uptake and trans-
infection were impaired when pre-incubating cells with commercial anti-Siglec-1 mAbs. Given
these findings and the potential of Siglec-1 receptor as a therapeutic antiviral target, we

generated anti-Siglec-1 Fabs from anti-Siglec-1 murine mAbs.

Our group had previously identified five anti-Siglec-1 mAb clones (3F1, 1F5, 5B10, 4E8 and
6G5) which showed specific binding to Siglec-1 and demonstrated viral blocking capacity®?.
Theses antibodies displayed two different isotypes, IgG1 (3F1, 4E8 and 6G5) and IgG2b (1F5
and 5B10)%3. After enzymatically digesting the murine mAbs, only the two IgG2b isotype mAbs
-1F5 and 5B10- were correctly digested (Figure 5.1 A). Although 3F1 mAb with an IgG1
isotype showed fainted bands corresponding to the Fab and light chain in the WB, signal was
very weak (Figure 5.1 A). As an alternative method to verify the correct enzymatic digestion
we checked if the Fc region was still detected after protein A column purification by labelling
this region using flow cytometry. Results showed that despite not being detected by WB
analysis, the Fc region of 3F1 was still present (Figure 5.1 B). These results indicate that 1F5

y 5B10 Fabs were correctly generated.

After verifying that Fabs were correctly produced, we wanted to further investigate if they have
retained their blocking activity. Therefore, we checked if the produced Fabs could block HIV-1

uptake in Siglec-1 expressing cells and compared them to the original murine mAbs.
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Figure 5.1 Generation and characterization of anti-Siglec-1 Fabs. A. Western-Blot analysis of Fabs and anti-
Siglec-1 murine mAbs after enzymatic digestion. Non-digested mAbs show bands for both light and heavy chain
(~28kDa and ~50 kDa respectively), while digested mAbs show the reduced Fc corresponding band (~32 kDa) and
Reduced Fab + Light Chain (between 26-30 kDa). B. Comparative Fc secondary immune-labelling in Raji Siglec-1
cells labelled with generated Fabs. Murine anti-Siglec-1 mAbs were used as controls. Data show mean values and
SD from 3 experiments and 25 replicas for 1F5 and 5B10, and 1 experiment and 3 replicas for 3F1.

5.3.2. Anti-Siglec-1 Fabs block HIV-1 uptake via Siglec-1.

Once Fab generation was verified, we tested if the generated Fabs retained their antiviral
blocking activity. For this purpose, we used fluorescent HIV-1gagecrr VLPs lacking the
envelope glycoprotein®?2-325_ A constant amount of these VLPs was added to Raji Siglec-1 cells
pre-incubated with anti-Siglec-1 murine mAbs, Fabs or commercial mAbs at a constant
concentration. We used an isotype control or left Raji cells untreated to compare the effect of
the treatment. The anti-Siglec-1 Fabs were able to completely block HIV-1gag-ecre VLP uptake
as effectively as murine mAbs or commercial mAbs used as control (Figure 5.2 A). We next
compared the ICso values required to inhibit 50% of capture comparing murine anti-Siglec-1
mAbs and generated Fabs. The ICso concentration of new Fabs was slightly higher than that
of the original murine mAbs (Figure 5.2 B). Yet, both mAbs and Fabs inhibited in a similar
range, and most importantly, both mAbs and Fabs were able to completely block viral uptake
at 10 yg/ml (Figure 5.2 B).

We next wanted to address if Fabs could also block HIV-1 uptake in primary DCs. LPS
stimulated DCs were pre-incubated for 15 minutes with the Fabs, murine mAbs or commercial
anti-Siglec-1 mAbs as control at 20 pg/mL saturating concentration and then, we added

fluorescent HIV-1gag-ccre VLPs at a constant concentration. DCs were incubated with VLPS at
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37°C for 1 hour and acquired by FACS. In both cases the tested Fabs 1F5 and 5B10 blocked
HIV VLP capture at the same level as their original mAbs or the commercial control mAbs
(Figure 5.2 C). We repeated this experiment using fluorescent replicative HIVnL4.36agicrr and

confirmed that Fabs were able to completely block viral uptake mediated by LPS DCs (Figure
5.2D).

Overall, the generated Fabs have demonstrated antiviral blocking activity against HIV-1Gag-
eGFP VLPs in both Raji Siglec-1 cells and LPS-stimulated primary DCs, comparable to the
original murine mAbs and commercial control mAbs. These findings suggest the potential of
Fabs as effective agents in blocking viral uptake and highlight their utility in antibody-based
therapies against enveloped viruses. In addition to the promising results of Fabs in blocking
viral uptake mediated by Siglec-1, our research has also focused on the development of
humanized antibodies targeting this receptor. These antibodies, engineered to retain the same
anti-Siglec-1 blocking activity exhibited by the Fabs, hold potential for advancing antibody-

based therapies in the fight against enveloped viral pathogens.
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Figure 5.2: Capture overleaf
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Figure 5.2 Anti-Siglec-1 Fabs block HIV-1 capture. A. HIV-1cagecrp VLP uptake is completely blocked in Raji
Siglec-1 cells pre-incubated with anti-Siglec-1 Fabs or murine mAbs. We used an IgG Isotype as control. B.
Comparative I1Cso values from anti-Siglec-1 Fabs and murine mAbs tested to block HIVgagecrp VLP in Raji Siglec-
1 cells. C. Comparative HIVgag.ecrp VLP uptake in LPS DCs pre incubated with anti-Siglec-1 Fabs or mAbs Data
show mean values and SD from 1 experiment and include cells from 3 donors. D. Comparative HIVnL4s.icrp Virus
uptake in LPS DCs pre incubated with anti-Siglec-1 Fabs or mAbs. Data show mean values and SD from 2
experiments and include cells from 4 donors.

5.3.3. Generation and characterization of anti-Siglec-1 humAbs
We selected three anti-Siglec-1 monoclonal antibodies (mAbs) to humanize based on their
ability to recognize Siglec-1 cellular receptor, and block HIV-1 VLP uptake with highest

efficiency *.

The genomic sequence of these murine antibodies (clones named 1F5, 3F1 and 5B10) was
extracted and sequenced from the corresponding hybridomes following the standard operating
procedure of GenScript. Then, we generated a chimeric and CDR-engrafted humanized
variant for the selected three candidates. For the chimeric variant, murine anti-Siglec-1 variable
region of the three candidates were exchanged in a human IgG (Figure 5.3 A). In order to
generate CDR-engrafted humanized antibodies (named ho), mouse CDR sequences of 1F5,
3F1 and 5B10 antibodies were aligned by Ig Blast-NCBI to get the closest human related
sequences and to identify the framework residues (FRs) and CDRs. Then, mouse residues
forming the CDRs were retained while the FRs that were not matching between mouse and
human germline were changed to the residue present in the human sequence (Figure 5.3 A).
Chimeric and humanized CDR-engrafted antibodies were produced by transient transfection
in HEK293FS cells and purified using Protein A beads.

To check if the humanization process affected the blocking capacity, we tested if the modified
antibodies could block viral uptake of enveloped viruses. Thus, we performed a functional
competition assay with Rajisigec-1 cells and HIV-1 viral like particles (VLPs) expressing eGFP
as reporter gene, so that capture of viral particles is then measured by Flow Cytometry (FACS).
This way, we could determine if the modified antibodies targeting Siglec-1 retained their
blocking capacity and compare them to the original murine mAbs, which were used as a
positive blocking control (Figure 5.3 B-D). We then compared the ICso for each antibody
(Figure 5.3 E). Results showed small differences in ICs values between the murine, chimeric,
and humanized mAbs. The chimeric variants showed slightly lower ICso values in all cases,
while humanized variants showed overall higher ICs values. For 5B10 the humanization
process completely removed its blocking capacity, and therefore, we did not continue working

with this candidate.
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Figure 5.3. Humanization of anti-Siglec-1-mAbs and functional validation. A. Diagram illustrating the design
of humanized and chimeric anti-Siglec-1 mAbs. B. C. and D. Competition for Rajisigiec-1 Cells binding between HIV-
1cagecrr-VLPs for 1 h at 37 °C. As reference, antibody isotype control is used (IsoC, with grey star symbols). A
comparison between original murine antibody (m-, triangle and lighter color), chimeric (c-, circle) and humanized
CDR-engrafted (ho, square and darker color) is shown for each antibody clone (1F5, B; 3F1, C; 5B10, D)
corresponding to a non-linear fit to a variable response curve from one representative experiment out of two. E.
ICs0 values of individual mAbs that achieved total HIV-1gagecrr-VLP blocking effect. Data from two independent
experiments. Created with BioRender.com

Despite chimeric variations showed the best ICso values, the risk of immunogenicity is higher

than for humanized mAbs?238

. In addition, there are antibody engineering tools available that
can help improving humanized mAbs’ performance?®®. Thus, we opted to continue working with
the humanized variants for the 1F5 and 3F1 candidates. Before performing more experimental
assays, we decided to implement some modifications in the humanized variants trying to
improve their affinity/potency and stability. The sequence of the selected antibodies was

analysed using SAbPred prediction server in order to find possible sequence liabilities. By this
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method, we were able to maintain the conserved regions to keep the stability and correct
folding of the antibodies, and we found that the humanized variants of 1F5 and 3F1 contained
residues that were prone to oxidation and deamidation in their CDRs. These residues were
exchanged by alternative residues that we believed could have minimal impact on the antibody

features and activity while mitigating the liabilities found.

41217 order to analyse if these modifications alter the functionality of humanized antibodies,
we generated 5 variants of ho-1F5 antibody and 8 variants of he-3F1 antibody. We then
performed a competition assay between HIV-1gagecrr-VLPs and those anti-Siglec-1 mAbs
variants at a single concentration (Figure 5.4 A). All mutations introduced in ho-1F5 antibody
loose viral entry blocking capacity except for variant 4. On the other hand, mutations introduced
in ho-3F1 antibody loose viral entry blocking capacity except for variant 6. These two variants
that maintained blocking activity similar to the parental antibody (named h+-1F5 and h4-3F1)
were selected as lead candidates and were further investigated. First, we performed the same
functional competition assay with Rajisigec-1 cells and HIV-1gagecrr VLP with decreasing
concentrations of antibody (Figure 5.4 B) and then compared the ICs values between all
candidates (Figure 5.4 C). h1-3F1 mAb maintain similar blocking capacity than parental
antibodies, while h1-1F5 showed a higher ICs, similarly to ho-1F5.

After verifying that the humanization and posterior modifications did not remove the blocking
capacity of candidates 1F5 and 3F1, we wanted to further investigate their blocking activity.
Therefore, we tested if these candidates could block Siglec-1 interaction with a panel of

enveloped viruses in primary DCs while comparing them to the original murine mAbs.
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Figure 5.4 Modified humAbs retain Siglec-1 blocking activity A. Competition assay with RajiSiglec-1 cells
binding and HIV-1Gag-eGFP-VLPs to test anti-Siglec-1 mAb variants to eliminate selected potential liabilities. B.
Competition for RajiSiglec-1 cells binding between HIV-1Gag-eGFP-VLPs and anti-Siglec-1 mAbs. We tested 3
different forms of 1F5 and 3F1 antibodies: murine (m-, triangle and lighter colour), humanized (h0-, square) and
modified (h1-, diamond). The comparison among these antibodies is shown with a non-linear fit to a variable
response curve from one representative experiment out of two. C. ICsg values of individual mAbs were calculated
with non-linear fit to a variable response curve. Data from two independent experiments.
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5.3.4. Humanized anti-Siglec-1 mAbs block HIV-1 uptake and trans-infection mediated
by LPS DCs

We next assessed if after optimizing the humanized anti-Siglec-1 mAbs they could block HIV-
1 viral uptake and frans-infection. For this, we used primary MDDCs activated with LPS
because it has been previously reported %35¢134 that viral capture is higher compared to iDCs
due to the increased expression of Siglec-1 on these cells. We used fluorescent HIV-1n14.3 gag-
icFp, Which is as infectious as native HIV in single-round infectivity assays®?®. LPS DCs were
pre-incubated with anti-Siglec-1 mAbs or an isotype control before adding a constant amount
of HIV-1nL4.36ag-icFp. Pre-treatment with humanized anti-Siglec-1 mAbs inhibited DC capture as
effectively as murine anti-Siglec-1 mAbs (Figure 5.5 A). We also tested the capacity of
humanized anti-Siglec-1 mAbs to block HIV-1 trans-infection. For this purpose, we used HIV-
1nws.3 infectious virus. LPS treated DCs were pre-incubated with anti-Siglec-1 mAbs or isotype
control and pulsed with equivalent amounts of HIV-1n4.3. After extensive washing, DCs were
co-cultured with CD4" reporter TZM-bl cell line, and luciferase induction on these cells by HIV-
1nwe.3 Was measured to assess trans-infection. As previously seen for viral uptake, humanized

anti-Siglec-1 mAbs efficiently blocked HIV-1 trans-infection (Figure 5.5 B).

Anti-Siglec-1 humanized mAbs are able to block HIV-1 at the same level as the original murine
mabs. Our group has previously demonstrated that the murine anti-Siglec-1 mAbs can also
block Ebola virus viral particle uptake and cytoplasmatic entry in primary Dcs®. Thus, we
wanted to test if humanized anti-Siglec-1 mAbs could block Ebola virus particle uptake and

cytoplasmatic entry in primary DCs as well.
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Figure 5.52. Humanized anti-Siglec-1 mAbs block DC-mediated HIV-1 uptake and trans-infection. A. Relative
viral uptake of HIV-1 pulsed for 4h at 37°C with LPS-treated DCs pre-incubated with humanized anti-Siglec-1 mAbs.
Values are normalized to cells with Isotype control mAb incubation, with a mean entry of 78.8 + 9.7% (SD) and set
as 100%. Data show mean values and SD from two experiments and include cells from six donors. B. Relative HIV-
1 trans-infection mediated by LPS-treated DCs pre-incubated with anti-Siglec-1 mAbs. Values are normalized to

cells with Isotype control mAb incubation, with a mean entry of 2.83 x1 06 +23 x106 RLU (SD) and set at 100%.
Data show mean values and SD from two independent experiments and include cells from six donors. Statistical
differences were assessed using a one-sample Wilcoxon test.

5.3.5. Humanized anti-Siglec-1 mAbs block Ebola uptake and decrease cytoplasmic
viral entry into LPS-stimulated DCs.

To assess if humanized anti-Siglec-1 mAbs can block Ebola uptake in primary DCs we have
employed fluorescent Ebola VLPs bearing EBOV GP (Ebo-GPvpso-ccre VLPs). LPS DCs were
pre-incubated with anti-Siglec-1 mAbs or an isotype control before adding a constant amount
of Ebo-GPvpsoecrr VLPs. Pre-treatment with humanized anti-Siglec-1 mAbs inhibited DC
capture at the same level as murine anti-Siglec-1 mAbs (Figure 5.6 A). We also tested the
capacity of humanized anti-Siglec-1 mAbs to reduce cytoplasmatic entry in activated DCs. To
assess if new anti-Siglec-1 mAbs could impact on cytoplasmic viral entry into activated DCs,
we employed Ebola VLPs bearing the BlaM-VP40 chimeric protein and EBOV GP (Ebo-GPypao.
sam VLPS). LPS treated DCs were pre-incubated with anti-Siglec-1 mAbs, isotype control or
with the CTSB inhibitor CA-074 me, a potent cytoplasmatic viral entry inhibitor®?” as control
and pulsed with equivalent amounts of Ebo-GPypso-sam VLPs. After extensive washing,
cytoplasmatic entry was measured by cytometry. As previously seen for viral uptake,

humanized anti-Siglec-1 mAbs efficiently blocked Ebola cytoplasmatic entry (Figure 5.6 B).
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So far, humanized anti-Siglec-1 mAbs have demonstrated the same blocking ability as the
original murine mAbs blocking HIV-1 and Ebola virus particle binding to Siglec-1. Over this
thesis we have demonstrated that commercial anti-Siglec-1 mAbs, used as positive control in
the development of murine anti-Siglec-1 mAbs, could block SARS-CoV-2 interaction with
Siglec-1. Therefore, we wanted to further study if humanized anti-Siglec-1 mAbs were also

capable of blocking this interaction.
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Figure 5.6. Humanized anti-Siglec-1 mAbs block DC-mediated Ebola VLP uptake and internalization. A.
Relative viral uptake of Ebo-GPyvpao.ecrr VLPs pulsed for 4 h at 37°C with LPS-treated DCs pre-incubated with
humanized anti-Siglec-1 mAbs. Values are normalized to cells with Isotype control mAb incubation, with a mean
entry of 51.2 £ 18.7% (SD) and set as 100%. Data show mean values and SD from two experiments and include
cells from six donors. B. Relative Ebo-GPyp4o.siam internalization mediated by LPS-treated DCs pre-incubated with
anti-Siglec-1 mAbs. Values are normalized to cells with Isotype control mAb incubation, with a mean entry of 46.8
+ 14.2% (SD) and set at 100%. Data show mean values and SD from two independent experiments and include
cells from six donors. Statistical differences were assessed using a one-sample Wilcoxon test.

5.3.6. Humanized anti-Siglec-1 mAbs block SARS-CoV2 uptake and trans-infection into
LPS DCs

We next assessed if humanized anti-Siglec-1 mAbs could block SARS-CoV-2 viral uptake and
trans-infection. For this, we have used primary MDDCs activated with LPS. To test the blocking
of viral uptake, LPS DCs were pre-incubated with anti-Siglec-1 mAbs or an isotype control
before adding a constant amount of SARS-CoV-2 virus. Pre-treatment with humanized anti-
Siglec-1 mAbs inhibited DC capture at the same level as murine anti-Siglec-1 mAbs (Figure
5.7 A). We also tested the capacity of humanized anti-Siglec-1 mAbs to block SARS-CoV-2
trans-infection. For this purpose, LPS treated DCs were pre-incubated with anti-Siglec-1 mAbs

or isotype control and pulsed with equivalent amounts of SARS-CoV-2. After extensive
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washing, DCs were co-cultured with HEK293T over-expressing ACE2 and TMPRSS2, and a
viral nucleocapsid detection kit was used to assess trans-infection by luminometry. As
previously seen for viral uptake, humanized anti-Siglec-1 mAbs efficiently blocked SARS-CoV-

2 trans-infection (Figure 5.7 B).
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Figure 5.73. Humanized anti-Siglec-1 mAbs block DC-mediated SARS-CoV-2 uptake and trans-infection. A.
Relative viral uptake of SARS-CoV-2 pulsed for 3h at 37°C with LPS-treated DCs pre-incubated with humanized
anti-Siglec-1 mAbs. Values are normalized to cells with Isotype control mAb incubation, with a mean entry of 13.6
+ 8.2 ng/mL (SD) and set as 100%. Data show mean values and SD from two experiments and include cells from
six donors. B. Relative SARS-CoV-2 trans-infection mediated by LPS-treated DCs pre-incubated with anti-Siglec-1
mADbs. Values are normalized to cells with Isotype control mAb incubation, with a mean entry of 12.3 + 2.9 ng/mL
(SD) and set at 100%. Data show mean values and SD from two independent experiments and include cells from
six donors. Statistical differences were assessed using a one-sample Wilcoxon test.

Anti-Siglec-1 humAbs are able to block the receptor interaction with SARS-CoV-2 as the
commercial anti-Siglec-1 in previous sections. In this thesis we have shown that the
commercial anti-Siglec-1 could block JUNV and LASV viral particle uptake in primary DCs.

Therefore, we wanted to assess if anti-Siglec-1 humAbs could also block this interaction.

5.3.7. Humanized anti-Siglec-1 mAbs block Arenavirus uptake into LPS DCs

Finally, we wanted to assess the capacity of humanized anti-Siglec-1 mAbs to block arenavirus
uptake in primary DCs. For this, we have employed fluorescent JUNz.ecre Or LASzecrp VLPS
as in previous experiments. LPS DCs were pre-incubated with anti-Siglec-1 mAbs or an isotype

control before adding a constant amount of arenavirus VLPs. Pre-treatment with humanized
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anti-Siglec-1 mAbs inhibited DC capture at the same level as murine anti-Siglec-1 mAbs for

both arenaviruses (Figure 5.8 A-B).
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Figure 5.8. Humanized anti-Siglec-1 mAbs reduce Junin and Lassa viral uptake into activated DCs. A.
Relative viral uptake of Junin Zegrp VLP pulsed for 4h at 37°C with LPS-treated DCs pre-incubated with humanized
anti-Siglec-1 mAbs. Values are normalized to cells without anti-Siglec-1 mAb incubation, with a mean entry of 35.93
+ 4.85% (SD) and set as 100%. Data show mean values and SD from two experiments and include cells from six
donors. B. Relative viral uptake of Lassa Zecrp VLPs pulsed for 4h at 37°C with LPS-treated DCs pre-incubated
with humanized anti-Siglec-1 mAbs. Values are normalized to cells without anti-Siglec-1 mAb incubation, with a
mean entry of 59.72 + 8.95% (SD) and set as 100%. Data show mean values and SD from two experiments
including cells from six donors. Statistical differences in A and B were assessed with a one-sample Wilcoxon test.

5.4. Conclusions

Over this work, we have shown the anti-Siglec-1 Fab and humAb generation, demonstrating
that they retain their blocking capacity. Fabs have shown promising blocking results, although
the Fab producing efficiency is low. Compared to the humanization, the Fab production
procedure is simple and straight forward, although, the amount of whole IgG necessary to
produce Fabs is quite high. Despite the initial steps for mAb humanization take longer and
optimization can get complicated, the final yield of humanized mAbs is higher compared to
Fabs. Therefore, we believe that for the intended use of anti-Siglec-1 mAbs as antiviral therapy

for pathogenic enveloped viruses, the humanization approach is the most suitable.
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Chapter 6 — Discussion

Immediately upon exposure to a viral infection, APCs interact with the pathogen to trigger an
immune response®28-33°_ Previous work has demonstrated how Siglec-1, an adhesion molecule
found on the surface of activated APCs, specifically recognizes sialylated gangliosides that are
present in enveloped viruses such as Ebola and HIV-1%368331 These viruses can exploit such
interaction which may facilitate their systemic dissemination 67:70-332-339 The original aim of this
thesis was to study if other enveloped viruses could also interact with Siglec-1, for which we
selected to focus on the arenavirus family. Similar to Ebola viruses, these are RNA enveloped
viruses can cause haemorrhagic fever in humans*°3*'. However, relatively shortly after this
thesis began, the COVID-19 pandemic started; and since SARS-CoV-2 is an enveloped virus
as well, we decided to temporarily set aside our primary objective to first study the possible
interaction between Siglec-1 and SARS-CoV-2 and gain insights into the biology of the new
coronavirus. In this chapter we discuss the potential role of Siglec-1 in SARS-CoV-2 and
arenavirus infection. We also address the capacity of this receptor to mediate initial events
related to viral pathogenesis, aiding systemic dissemination from entry sites after infection.
Moreover, we discuss the possible advantages of using humanized anti-Siglec-1 mAbs as an
antiviral therapy to combat the early viral dissemination mediated by APCs via Siglec-1

receptor.

6.1. Siglec-1 in M®s and DCs acts as an attachment receptor for SARS-CoV-2,
triggering a proinflammatory response and facilitating trans-infection to target cells.
Previous research has emphasized the crucial function of myeloid APCs, such as M®s and
DCs, in orchestrating an antiviral inflammatory reaction, a response that becomes more
pronounced in severe cases of COVID-19'37138_ Siglec-1 is an IFN-inducible receptor on
human myeloid cells, whose expression is increased upon activation of myeloid cells528. This
is consistent with studies on SARS-CoV-2 infected samples obtained at early stages of
infection, before symptoms onset, showing higher percentage of Siglec-1-expressing
monocytes, which correlated with an increase of type | IFN levels in patients’ plasma®.
Therefore, Siglec-1 could potentially act as an uptake receptor for SARS-CoV-2 in myeloid

cells.

The potential role of Siglec-1 to mediate viral uptake relies on its capacity to interact with
sialylated gangliosides. Viruses budding from infected cells incorporate gangliosides, derived

from the cell membrane, on their viral envelope. Among them, those containing sialyllactose
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molecular motifs are specifically recognized as Siglec-1 ligands, as shown for HIV-1 and Ebola
virus®868.262_ GM1 is one of these sialylated ganglioside present in the lipid envelopes of HIV-
1 and Ebola virus that interacts with Siglec-1 %%, Here, we identified GM1 on the SARS-CoV-
2 lipidic membrane as well (Figure 3.2H) and showed that Siglec-1 mediates SARS-CoV-2
recognition of different viral variants of concern (Figure 3.2D). Hence, the incorporation of
GM1 into the envelope of SARS-CoV-2 explains how Siglec-1 can interact with this virus and

acts as an attachment factor for SARS-CoV-2.

Supporting the role of Siglec-1 as an attachment factor, our group has contributed to identifying
that transmembrane lectins, such as DC-SIGN and L-SIGN but specially Siglec-1, act as
auxiliary receptors that facilitate SARS-CoV-2 capture3#2. Furthermore, our results show that
Raji cells engineered to express Siglec-1 could capture SARS-CoV-2 to a higher extent than
Raji cells lacking this receptor, or Raji R116A cells, which express a mutant Siglec-1 unable to
recognize sialic acids, and even other Raiji cells engineered to express other lectins (Figure
3.2B). In addition, when Raji Siglec-1 cells were pre-incubated with anti-Siglec-1 mAbs, viral
capture was blocked (Figure 3.2C). Overall, working with Siglec-1 transfected cellular models
devoid of these types of lectins we detected a specific interaction between SARS-CoV-2 and

this receptor.

It has been described that Siglec-1 is able to mediate SARS-CoV-2 entry into macrophages
and promote a proinflammatory response without actively replicating in these cells®**. This is
consistent with our results that showed an increased capture of SARS-CoV-2 in activated
APCs, and a direct correlation with Siglec-1 expression in these cells (Figures 3.1F & 3.2E).
We also found that SARS-CoV-2 did not replicate in Mos. Instead, after being captured, SARS-
CoV-2 is eventually processed (Figure 3.1). In addition, our results showed that SARS-CoV-2
capture by M®s could also be blocked by anti-Siglec-1 mAbs (Figure 3.2F). These findings
suggest the possible role of Siglec-1 in SARS-CoV-2 capture by M®s, which could trigger an
antiviral immune response, starting by the internalization and followed by the degradation of
SARS-CoV-2. As previous studies have suggested, the capture, internalization, and
processing of the virus by M®s, might trigger a proinflammatory response by releasing
cytokines related with an antiviral state such as IL-6, IL-10 or TNF 34345 Another study
demonstrated that M®s and DCs were able to capture SARS-CoV-2, inducing the production
of multiple antiviral and proinflammatory cytokines such as IFNa, IFNB, TNF, IL-6, IL-10 and
chemokine CXCL10 without efficient replication''®. While SARS-CoV-2 captured by M®s leads

to the virus degradation, our results showed that this is not the case for DCs.
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Previous studies have shown that after exposure to SARS-CoV-2, DCs are stimulated and
develop into two different types'™3. On one hand, DCs play an antiviral immune function
inducing adaptive immune responses mediated by T and B cells. On the other hand, in line
with our results, studies have shown that SARS-CoV-2 might impair DCs antiviral function and
aid viral immune evasion'®. A study showed that SARS-CoV-2 might be captured by DCs via
heparan sulphate proteoglycans without infecting the cells and transmitting the virus to ACE2
expressing target cells®®. Another study suggested that since DC-SIGN recognizes SARS-
CoV-2278347.348 it might act as a trans-receptor and an immune escape decoy mechanism

similar to the mechanism employed by HIV-11%,

Our results showed that DCs can capture SARS-CoV-2 without being productively infected
(Figure 3.1). Furthermore, activated DCs did not only capture SARS-CoV-2 in a Siglec-1-
dependent manner, but also recruited the virus into a VCC that was gathered within this
compartment (Figure 3.2G & E), as described for HIV-1 and EBOV®°®. Moreover, we co-
cultured DCs, which have captured SARS-CoV-2, with HEK-293T cells expressing the ACE2
receptor, and we found that DCs were able to transfer the virus leading to replication in newly
infected target cells (Figure 3.3C), following a trans-infection mechanism similar to what has
been described for HIV-168262279 Therefore, we believe that Siglec-1 might act as an auxiliary
attachment receptor in M®s and DCs, leading to the activation of M®s and viral transfer to

ACE2-expressing target cells via DCs.

Based on our results, we hypothesize that upon infection in the respiratory tract, SARS-CoV-
2 is able to trigger an inflammatory response increasing the levels of type | IFN, and further
increase Siglec-1 expression in APCs resident in the respiratory tract. Increased levels of
Siglec-1 facilitate viral capture by APCs in a GP-independent manner. It is worth noting that
despite SARS-CoV-2 is captured via Siglec-1 by M®s and DCs without active replication, the
response triggered is completely different. Thus, SARS-CoV-2 capture via Siglec-1 in M®s
leads to the internalization of the virus and later degradation, triggering an antiviral and
inflammatory immune response. While capture by DCs, leads to SARS-CoV-2 internalization
into a VCC evading the initial immune response, to later be transferred to ACE2-expressing

target cells, supporting a trans-infection model that could aid viral spread (Figure 6.1).

Throughout this study we have demonstrated how SARS-CoV-2 interacts with Siglec-1, which
acts as an auxiliary receptor facilitating viral capture and mediating both viral sensing
promoting proinflammatory responses and trans-infection mechanisms. This later mechanism
is aligned with what we have previously reported for HIV- 1, which could facilitate its early

spread®%827°  Qur group has also investigated Ebola virus and showed that Siglec-1 can act
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as an auxiliary receptor aiding the uptake and cytoplasmic entry of this filovirus into DCs%3. All
these results pointed out to the possibility that other enveloped viruses could interact with

Siglec-1, and we therefore extended our observations to arenaviruses that share similarities
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with Ebola virus as they are capable of infecting DCs
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Figure 6.1 Siglec-1 is an attachment receptor that mediates the capture of SARS-CoV-2 in myeloid cells and
helps its spread through trans-infection. Viral uptake begins when viruses are recognized by Siglec-1. Then,
captured viruses concentrate forming the VCC and stay protected from the immune system without infecting the
host cell. These virus-loaded cells will eventually travel to the lymph nodes where stored viruses could be released
increasing the pro-inflammatory state. VCC: virus-containing-compartment. Created with BioRender.com. VCC:
Virus-Containing Compartment; ACE 2: Angiotensin-Converting Enzyme 2; TMPRSS2: transmembrane serine
protease 2.

6.2. Siglec-1 is an attachment receptor that contributes to arenavirus uptake

Prior studies proposed that Siglec-1 could play a role in aiding the pathogenesis of enveloped
viruses 53262342 gijther acting as an auxiliary receptor facilitating viral uptake or mediating viral
transmission via frans-infection to bystander target cells. Here we show arenaviruses are yet
another family of enveloped viruses that interacts with Siglec-1 receptor, underscoring a novel

mechanism for the dissemination of pathogenic arenaviruses causing haemorrhagic fevers.

Junin and Lassa viruses are transmitted to humans through contaminated food or by inhaling

contaminated faeces from certain rodent species that are their natural reservoir'94217:349.350,
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Given that several subsets of APCs expressing Siglec-1 are located in the lungs®** and the
respiratory track®', and APCs are the primary target of arenaviruses in the early stages of the
infection'941%:3%2 Sjglec-1 could mediate viral binding and facilitate viral uptake. Furthermore,
hTfR1 and aDG, canonical receptors for Junin and Lassa virus attachment respectively, or
Lassa fusion receptor LAMP1, are highly expressed in airways-resident APCs3%. Overall,
these observations, combined with our findings showing that Siglec-1 facilitates the uptake of
arenavirus VLP in DCs (Figures 4.3 and 4.4), support the hypothesis that this receptor could

play a key role in early uptake of arenaviruses in the respiratory track.

Sialylated gangliosides, that bind to Siglec-1, are not viral-specific and accumulate in cell
membranes where distinct enveloped viruses bud*®. GM1 is a ganglioside shown to be present
in the lipid envelopes of HIV-1, Ebola virus and, as mentioned above, also SARS-CoV-2, that
interacts with Siglec-1 °358392 \We have now detected GM1 in the Junin and Lassa VLPs
(Figure 4.1) and have shown that arenaviruses uptake is dependent on Siglec-1 in cell lines
and primary DCs (Figures 4.3 and 4.4). Blockage of Siglec-1 with specific anti-Siglec-1 mAbs
halted the uptake of arenavirus VLP into DCs. In addition, Siglec-1 gathers the arenavirus
VLPs and concentrates them into VCCs (Figures 4.3 and 4.4) as previously reported for HIV-
1, Ebola virus and SARS-CoV-253262,302

JUNV primarily induces a proinflammatory response in the infected host. This response is a
result of the virus' ability to trigger the release of proinflammatory cytokines and chemokines,
such as IL-6, TNF and IFN-y®%2, These molecules play a crucial role in the host's immune
response to the virus by recruiting immune cells to the site of infection and promoting an
antiviral defence. However, an excessive or dysregulated proinflammatory response can lead
to tissue damage and contribute to the severity of the disease. It appears that the virus has
developed some compensatory mechanisms to limit the extend of its inflammatory
consequences such as the inhibition of RIG-1 and MDA-5 by NP and Z protein 883%4-3%_Sijglec-
1 is an IFN-inducible receptor that would overexpress in a proinflammatory environment such
as the one triggered by JUNV infection. In the case of JUNV, Siglec-1 recognition could
increase the number of infected cells at the infection site, to then travel to the lymph nodes
and spread the infection to the rest of the organism. In fact, the highest levels of virus titers
have been found in lymph nodes, spleen, and lungs3%® supporting the idea of lymphoid tissues
acting as viral replication site. High viral titres were also recovered from visceral organs and
central nervous system of rhesus macaques that were infected with JUNV via aerosol,
supporting the aiding role of APCs on viral dissemination throughout the body?2'¥5°%0 The

overexpression of Siglec-1 on the surface of APCs in addition to the immune cell recruitment
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mediated by the proinflammatory state, could lead to increased viral uptake in APCs at

infection site.

Opposite to JUNV, LASV infection does not trigger this sort of IFN-mediated immune response,
allowing the virus to propagate quietly'419.224.225.361 ‘|nfection of APCs with LASV via Siglec-1
binding could favour immune suppression and silent replication, and once these cells travel to
the lymph node, the virus can continue infecting and immunosuppressing tissue resident
APCs, and even disseminate to other tissues where the virus could infect other target cells.
While the highest virus titres have been detected in the spleen, lymph nodes and lungs, studies
have found LASV in tissues, such as the liver, far from the infection site along with infected
immune cells 5362, Altogether, the data suggest that arenaviruses might use Siglec-1
expressed on the surface of APCs as an auxiliary attachment receptor to aid viral uptake in
the early stages of the infection, in a similar way as it has been proposed for EBOV®? (Figure
6.2).

We have shown how anti-Siglec-1 mAbs can block arenavirus VLPs uptake in primary DCs
(Figures 4.3 and 4.4). We believe that Siglec-1 might be a promising therapeutic target for an
antibody-based antiviral therapy of pathogenic enveloped viruses. The existence of individuals

lacking Siglec-1 expression reveals that this receptor is not essential for life3?

, indicating that
therapeutic blockade of Siglec-1 is unlikely to result in critical adverse effects. This contrasts
to other host targets, such as the canonical LASV receptor aDG-1, which leads to a muscular
dystrophy disorder when blocked by antibodies®¢*3¢5. By targeting a non-essential cellular host
factor such as Siglec-1 that interacts with viral gangliosides, potential viral evasion through
adaptation mechanisms could also be limited. Our results indicate the potential of anti-Siglec-
1 mAbs for providing cross-protection against different arenaviruses, increasing their broad-
spectrum potential against other life-threatening enveloped viruses such as Ebola virus or

SARS-CoV-2.

Future experiments should further help clarify the potential use of Siglec-1 mAbs in more
physiological arenavirus. One option is to use VLPs of Lassa and Junin containing their
respective GP proteins to analyse the effect of anti-Siglec-1 mAbs in the viral fusion
mechanism. Another approach could be using non-pathogenic reference model arenaviruses,
such as Lymphocytic choriomeningitis virus or JUNV attenuated vaccine Candid1. Finally,
although we lack a BSL4 facility, it would be encouraging to be able to do experiments with

fully infectious EBOV or Lassa virus.
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Figure 6.2 Siglec-1 is an attachment receptor aiding arenavirus entry into myeloid cells. Arenavirus
attachment via glycoprotein dependent receptors or glycoprotein-independent pathway. Created with
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6.3. Humanized anti-Siglec-1 antibodies as a potential antiviral treatment

Over this thesis, we have shown that SARS-CoV-2, Junin, and Lassa viruses share a common
mechanism for viral uptake via Siglec-1, which is expressed on activated APCs, facilitating
viral dissemination in the early stages of the infection as previously reported for HIV-1 and
Ebola virus. We have also shown how anti-Siglec-1 mAbs are able to block this pathway
(Figures 3.2, 3.3, 4.2 & 4.3). Blocking Siglec-1 could be an interesting approach to reduce
early dissemination of HIV-1, Ebola virus, SARS-CoV-2 and arenaviruses. Based on our
results; we consider that an antiviral therapy-based on anti-Siglec-1 mAbs might be a

promising tactic to reduce initial viral dissemination.

Nowadays there are 13 approved mAbs to treat viral diseases®®, most of them targeting viral-
related domains. One exception that targets a host factor is Ibalizumab, a non-
immunosuppressive humanised mAb that binds CD4, the primary receptor for HIV-1, and
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inhibits HIV-1 from entering cells?®'. Since 2018, it has been approved, in combination with
other antiretroviral drugs, for patients with limited treatment options®. Similarly, Leronlimab is
another mAb which is currently undergoing clinical trials in phase 2b/3 for HIV-1 treatment. It
is a mADb targeting CCRS5 receptor, which has shown effectivity blocking HIV-1 entry in CD4* T
cells®*®”. Therefore, there are encouraging results showing efficacy after targeting a host factor
instead of a viral target. They represent a promising landscape to develop new antiviral
therapies that might be less prone to viral evasion due to mutations in the virus. Yet, to become
fully effective, these approaches need to overcome limitations, such as the possible
immunogenicity triggered by Ab treatments, especially when they have been generated in

animals.

For the majority of approved antibody-based therapies, the predominant approach involves the
utilization of human antibodies. This is accomplished either by employing convalescent patient
sera obtained from individuals previously infected, the subsequently purifying the antibodies
derived from these patients, or through the expression of IgG constructs that replicate the
sequences of human antibodies. Yet, those derived from animals can be modified to avoid
risks such as immunogenicity, making them safer therapies and capable to obtain the approval
from pharmaceutical regulatory agencies. To reach the clinic, mAbs need to be adapted to
avoid the generation of anti-drug antibodies, while improving their efficiency and stability
238,240.248 There are different methods by which murine mAbs can be modified to become safer
in humans, such as: enzymatic digestion to obtain Fabs, chimerization, or humanization. After
developing a set of murine mAbs against human Siglec-1, we modified them to produce mAbs
that could be safely used in humans. Thus, we generated Fabs and humanized the original
murine mAbs to further test their capacity to interfere with the uptake of a viral panel composed
by HIV-1, Ebola virus, SARS-CoV-2 and Junin and Lassa arenaviruses.

We first tested the possible use of murine anti-Siglec-1 Fabs. Currently there are only 4 Fabs
approved for medical use, but none of them are intended to treat infectious diseases®®. We
decided to follow this strategy since it required a simple enzymatic digestion and if proven
effective, could provide a useful tool to treat viral infections. The anti-Siglec-1 Fabs that we
have generated showed a slightly higher ICso value than their respective original murine mAbs
(Figure 5.2B). Despite a higher ICs value, they completely blocked HIV-1 interaction with
Siglec-1in primary DCs (Figure 5.2C) probing their efficacy. Fabs offer a series of advantages
over mAbs, such as a reduced reactivity due to the lack of an Fc region (Figure 6.3), and a
better capacity to reach tissues due to their smaller size. Yet, they also present some

disadvantages, such as a shorter half-life or poor stability, which can be solved with different
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strategies. In the case of reduced half-life, either adding some sequence modifications or the
conjugation with other molecules such as fatty acids can improve it?°24¢, Yet sometimes their
low yield and their limited production efficiency hamper their clinical use. Nanobodies were
developed as an alternative to the limitations of Fabs, and their use has increased over the
last years. Nanobodies are heavy chain antibodies based on distinct Ig structures found
naturally in sharks and camelids. The structure of nanobodies is unique, composed of a single
heavy chain with one variable domain (Figure 6.3). Although nanobodies have a higher
stability, better solubility, and lower production cost %83 their animal origin also poses
immunogenicity challenges. Therefore, and although developing nanobodies against Siglec-1
could be an interesting option, having already Fabs with blocking activity against Siglec-1 from
the original murine mAbs (Figure 5.2) is still relevant as it could reduce the chances to
generate autoantibodies.
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Figure 6.3. Different antibodies and their differences. Complete I1gG structure is common for all antibodies, and
it is not related to their origin. Modifications to reach the clinic aim to minimize the risks associated to differences in
animal derived mAbs. Fabs lacking the Fc region can be generated by enzymatic digestion to avoid Fc generated
immunogenicity. Chimeric or Humanized mAbs, depending on the percentage of humanization achieved, can be
engineered to be as similar as possible to human IgG mAbs retaining the original antigen recognition capacity.
Nanobodies differ considerably from 1gGs in size and structure, being much smaller and containing a single VyH
per heavy chain, and no light chains.

In collaboration with Sanquin, an institute that provides blood services in the Netherlands on a
not-for-profit basis, our group has also humanized the murine anti-Siglec-1 mAbs previously

generated. We showed how the humanization process did not affect their ability to block Siglec-
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1 (Figure 5.2). Once we had confirmed that the blocking effect had been retained, we
proceeded to optimize them. Performing some modifications to the antibody sequence allowed
us to improve stability and production while retaining their blocking activity (Figure 5.2). The
modifications and analysis performed to the first generation of humanized mAbs (ho) allowed
us to obtain optimized anti-Siglec-1 humAbs (h1) that retained blocking activity against different
enveloped viruses (Figure 5.3). After successful humanization of the murine mAbs, they

retained their blocking activity, with ICso values similar to the original mAbs (Figure 5.3 E).

Prior work has demonstrated that Siglec-1 is able to interact with some pathogenic enveloped
viruses and it has been proposed that might be involved in viral dissemination. We believe that
the mechanism of Siglec-1 as attachment receptor for virus uptake is similar in all cases. This
initial step will subsequently facilitate that the final infection through specific viral receptors
could be in cis (Ebola virus/Arenavirus) or trans (HIV-1/SARS-CoV-2)586568.262.279.370 (Fijgure

6.4A).

Previous studies showing promising results from mAbs targeting host factors'

, support the
potential use of humanized anti-Siglec-1 mAbs to block early viral uptake. These antibodies
offer an antiviral treatment targeting a cellular receptor which is likely to play a role in the
recognition of multiple pathogenic enveloped viruses and is less likely to be subject to immune

evasion due to mutations in viral factors.

As shown by our results, humanized anti-Siglec-1 can block viral uptake for the tested viral
panel (Figure 5.3). Furthermore, our data suggests that blocking early viral uptake could
disrupt further viral dissemination and cell-to-cell transfer during early infection (Figure 5.3).
However, it is worth noting that, according to data shown in other studies, Siglec-1 receptor
block does not have a measurable impact on HIV-1 acquisition or AIDS outcomes in vivo®
and therefore, it is likely that anti-Siglec-1 mAbs might be useful as a complementary therapy

in combination with other antivirals treatments.

Currently there are highly effective treatments that can target these early stages for HIV-1
infection®1372, vaccines that protect against Junin virus infection'””21%373  or SARS-CoV-2's
most virulent effects?®3. Hence, an antiviral treatment focused on Siglec-1 should not be
intended to replace these treatments but could provide additional advantage fighting the early
stages of infection in combination with these approaches. Our group contributed to show that
Siglec-1 influences the neutralizing activity of SARS-CoV-2 targeted mAbs, modulating their

342

protective ability>**, a piece of evidence that further supports the potential use of Siglec-1

targeted mAbs. For other potential infections with emerging enveloped viruses that do not yet
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have an effective treatment, it could serve as a protective treatment to help contain future

epidemics.

Over this thesis, we have shown the protective effect of anti-Siglec-1 hu-mAbs in the uptake
of different enveloped viruses. Our results suggest that Siglec-1 might act as an auxiliary
receptor involved in early viral dissemination. Because viruses use other attachment receptors
to enter host cells, additional factors are involved in their pathogenesis and therefore this
potential antiviral therapy should be combined with other therapies. Most likely anti-Siglec-1
hu-mAbs will not completely disrupt the viral pathogenic process; most viruses, if not all, bind
with variable affinity to a variety of attachment receptors in the surface of human cells. These
receptors will help bring the virus closer to its final canonical receptor in the same cell or to
potentially shuttle the virus (as in the case of DCs) to the final target cells, facilitating in both
cases an effective dissemination of the virus. But its possible use to block the early
dissemination of different enveloped viruses makes Siglec-1 a promising therapeutic target. In
addition, previous studies have shown that individuals null for Siglec-1 do not present clinical
manifestations related to the absence of this molecule®?3, and therefore, if future clinical trials
are performed, toxicity is expected to be low. Taken together, we have generated two anti-
Siglec-1 humanized mAbs that reduce HIV-1 and SARS-CoV-2 trans-infection, and EBOV and

arenavirus viral particle uptake (Figure 6.4).

To advance the development of an antibody-based antiviral therapy with anti-Siglec-1 mAbs,
now that we have shown that they work in vitro with a panel of distant viruses such as HIV-1,
EBOV, SARS-CoV-2 and arenaviruses, the next steps involve testing these mAbs in animal
models. Since SARS-CoV-2 and arenavirus pathogenesis has already been studied in non-
human primates?9272374 we believe this would be a suitable animal model to test the efficacy

of anti-Siglec-1 mAbs.

Overall, through this thesis we have demonstrated that Siglec-1 is a receptor participating in
the viral capture of three distant viruses such as SARS-CoV-2 and arenaviruses. The results
showed in this work support the idea that targeting Siglec-1 could offer cross-protection against
SARS-CoV-2, arenaviruses, and other enveloped viruses that exploit APCs for viral
dissemination, leading to the development of new broad-spectrum antivirals for future

outbreaks.
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Chapter 7 — Conclusions

AlM 1:
CoV-2

AIM 2:

To test if Siglec-1 receptor can recognize other envelope viruses such as SARS-

and facilitate its spreading.

Siglec-1 recognizes SARS-CoV-2 and mediates viral capture by monocyte-derived
DCs directing it to the same virus-containing compartment as HIV-1 or Ebola.
Siglec-1 trans-infects SARS-CoV-2 particles accumulated in the same virus-containing

compartment as HIV-1 or Ebola from activated monocyte-derived DCs to target cells.

To determine if Siglec-1 can also recognize other pathological enveloped virus

such as arenavirus and act as an attachment receptor.

AIM 3:

Siglec-1 recognizes Junin and Lassa arenavirus VLPs and mediates capture by
monocyte-derived DCs, directing the particles to the same virus-containing

compartment as HIV-1 or Ebola.

To produce Fabs and humanize anti-Siglec-1 antibodies and test their capacity

to block the interaction with different enveloped viruses to determine their potential as

a future treatment to fight or prevent viral infections.

Anti-Siglec-1 Fabs can be produced by enzymatically removing the Fc region while still
blocking HIV-1 uptake in activated monocyte-derived DCs.

Humanized anti-Siglec-1 mAbs block viral uptake of HIV-1, Ebola VLPs, SARS-CoV-
2 and arenavirus VLPs in activated monocyte-derived DCs.

Humanized anti-Siglec-1 mAbs disrupt HIV-1 and SARS-CoV-2 trans-infection to target
cells and the cytoplasmic entry of Ebola viral particles into activated monocyte-derived
DCs.

Promising in vitro results targeting Siglec-1 support further in vivo research to test the

use of anti-Siglec-1 mAbs as an antiviral therapy for distinct enveloped viruses.
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