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CHAPTER 1

Global pandemics start small. It only takes a person, a virulent pathogen and the right
conditions for transmission to others. Our globalized world does not only make human
transport convenient but also supports rapid, worldwide spread of viruses. As an example,
during the COVID19 pandemic, caused by SARS-CoV-2, it took only little over three months
to move from the first local COVID19 cases in Wuhan, China in November of 2019 to the
declaration of a global pandemic. SARS-CoV-2 is transmitted from person-to-person
primarily through aerosols and droplets and causes mild symptoms in the majority of the
population. These factors have contributed to widespread and rapid transmission of
SARS-CoV-2. However, in the past, viral pandemics have also been caused by viruses that
transmit through completely different mechanisms. What these mechanisms are, what host
defenses we got to protect ourselves from these viruses and what therapeutic strategies
can be employed to assist our defenses, are part of this thesis and are discussed in the
following chapters.

The barrier against (pandemic) viruses

Humans have many defenses to protect against infection with viral pathogens. These
defenses can be mechanical, chemical and immunological and are all found at barrier
tissues. Barrier tissues are the external surfaces of mammalian hosts and form an important
interface with the environment . The main barriers include the skin as well as mucosal
surfaces that line all internal surfaces like the intestines, respiratory and genital tract 2
(Figure 1). All barrier tissues are composed of an outer epithelial layer of highly specialized
cells organized either into a monolayer (intestines) 3, pseudo-stratified (airways) # (Figure
1A) or stratified (skin and vagina) > © (Figure 1B and C) epithelium. Mucosal surfaces can
further be divided into those covered by simple type | epithelia that only constitute one cell
layer (intestines and lung) and multilayered squamous type Il epithelia (oral cavity and
vagina) that share close similarities with skin 7. These epithelial layers constitute a physical
barrier to the environment. The skin is further inhabited by millions of beneficial

8 whereas mucosal surfaces are covered by a protective layer of

9,10

microorganisms
microorganism-harboring mucus with both providing chemical as well as immunological
protection. This community of microorganisms in various internal environments and the
skin is called microbiota and contributes to host immunity during healthy conditions ! while
dysbiosis can lead to higher susceptibility to invading pathogens and disease exacerbation
12,13 Underlying the epithelial layer, dermis and lamina propria harbor a wide variety of
resident and migratory immune cells. These include dendritic cells (DCs), T cells, B cells and
macrophages that work in assent to mount immune responses and promote homeostasis
(Figure 1A-C) ** 5, Even though barrier tissues have many overlapping characteristics and
functions, they contain tissue-specific cells and respond to defined challenges in a

specialized manner 416,
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General Introduction

Thus, barrier tissues protect human hosts from invasion of harmful pathogens like viruses.
However, viruses have evolved different strategies to overcome host defenses provided at
barrier tissues in order to establish disease in humans nonetheless 7.
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Figure 1 | Barrier tissues between hosts and viruses. (A) The upper airway epithelium constitutes a pseudo-
stratified monolayer of cells covered by mucus. The lamina propria below the airway epithelial is home to lamina
propria DCs, B cells, T cells, Mast cells, alveolar macrophages and pDCs. (B) The skin is composed of two layers: the

Dermis

B cell

@ Macrophage

Lamina propria
Lamina propria

epidermis and dermis. Epidermis is made up of multiple layers of stratified epithelial cells with the stratum
corneum as a layer of dead cells on top. In the epidermis, immune cells are rare except for Langerhans cells and
T cells. On the contrary, the dermis harbors an array of different immune cells including cDC1 and cDC2. (C) The
vaginal mucosa as part of the genital tract constitutes multiple layers of stratified squamous type Il epithelia
covered by mucus. The epithelial layer is similar to epidermis and harbors LCs and T cells but few other immune
cells. The mucus is colonized by different species of microbes that together make up the microbiota. Below the
epithelial layer, lamina propria host immune cells. LP DC: Lamina Propria Dendritic cell; pDC: plasmacytoid DC;
cDC: classical DC

Viral mechanisms of breaching barrier tissues

In order to infect susceptible target cells, viruses need to pass barrier tissues like skin,
respiratory tract, gastrointestinal tract or genital tract 7 8. Respiratory viruses target
mucosal airway surfaces 1> 2° whereas epitheliotropic viruses cross the skin barrier either
with the help of a vector or after rupture to the epidermis 2. Sexually transmitted viruses

11
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enter through anogenital mucosa 2> %,

This thesis contains research on four viruses: SARS-CoV-2, Zika virus, HIV-1 and HCV that
have acquired mechanisms to cross one or more of these barrier tissues to establish
infections in human hosts. SARS-CoV-2, HIV-1 and HCV have caused global pandemics within
the past decades and the Zika virus epidemic was declared a Public Health Emergency of
International Concern by the WHO in 2016. Each of these four viruses is a threat to global
public health with high morbidity and/or mortality. The mode of transmission employed by
different viruses determines which barriers tissues are encountered. Viruses can be
transmitted through direct contact between individuals including droplet expulsion and
sexual intercourse, while indirect transmission occurs between an individual and
contaminated agents (blood) or objects (fomites). Moreover, viruses can indirectly be
spread through aerosols suspended in the air or through engagement of arthropod vectors
24 Importantly, many viruses are not restricted to only one mode of transmission and hence
are also able to cross multiple host barrier tissues.

SARS-CoV-2 infects mucosal tissues of the respiratory tract

The respiratory tract isa common entry portal for viruses and can be reached through direct
as well as indirect contact 2. Airborne viruses and those transmitted via fomites or
aerosolized droplets encounter mucosal tissues of the upper and lower respiratory tract
that include the nose, pharynx and lungs (Figure 2A) 6. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is a recently emerged respiratory virus that causes coronavirus
disease 2019 (COVID19) %’. Initially isolated from pneumonia patients in China at the end of
2019 28, SARS-CoV-2 rapidly spread around the world and lead to a global pandemic
characterized by large infection numbers and significant morbidity. Since 2019, almost 800
million people have tested positive for SARS-CoV-2 infection and nearly seven million
people have died from consequences relating to COVID19 ?°. Even though the widespread
distribution of vaccines against SARS-CoV-2 has heavily curbed the pandemic impact 3% 32,
the emergence of new variants of concern (VoC) that are more contagious and less
susceptible to current vaccines or neutralizing antibodies 3% 3% 3% underscore the continuous
threat SARS-CoV-2 poses for global health. One of the main reasons for the remarkably
successful spread of SARS-CoV-2 is its mode of transmission and viral uptake into
susceptible hosts. The main route for SARS-Cov-2 transmission is respiratory where people
infected with SARS-CoV-2 expel droplets and small aerosols filled with viral particles through
coughing, sneezing or singing 3> 3% 37. Subsequently, SARS-CoV-2 is taken up through
mucosal surfaces of the upper respiratory tract through inhalation or contact with droplets
or contaminated surfaces 8. Once the mucosal barrier is reached, SARS-CoV-2 preferentially
infects respiratory epithelial cells, including ciliated cells in the nose and type Il alveolar cells
in the lung 3% 4% 41 The obligate infection receptor for SARS-CoV-2 is angiotensin-converting
enzyme-2 (ACE-2), which is engaged by the SARS-CoV-2 Spike (S) protein receptor-binding

12



General Introduction

domain (RBD) for entry into human cells 2. Following ACE-2 engagement, SARS-CoV-2 S
protein is primed and cleaved by transmembrane protease, serine 2 (TMPRSS2) at the cell
surface 3 or cathepsin L in lysosomes #*. ACE-2 is expressed on a wide range of cells and
medium expression levels are detected in the lungs, colon and liver while small intestine,
testis and kidneys expressing the highest ACE-2 levels #°. SARS-CoV-2 infection and
pathogenicity have primarily been observed in respiratory tissues, close to viral entry sites.
However, SARS-CoV-2 has also been detected in other tissues like intestine, kidneys and
heart, indicating multi-organ invasion %. In order to reach tissues not belonging to the
respiratory tract, SARS-CoV-2 therefore needs to be spread throughout the body.

Zika virus utilizes arthropods for transmission

Many viruses do not rely on direct or indirect contact transmission and instead employ
arthropod vectors #. Zika virus is an enveloped, single stranded RNA virus that belongs to
the family of Flaviviridae. The main transmission route of Zika virus is transfer through the
epidermis via mosquito vectors taking a blood meal #® (Figure 2B). However, Zika virus also
uses alternate transmission routes like in utero from mother to child through crossing of the
maternal fetal barrier #°. Zika virus has been found in amniotic fluid of infected pregnant
women as well as fetal brain tissue %, indicating successful viral transfer to the unborn
fetus. While the exact mechanisms for transfer through the maternal-fetal barrier are still
unclear, Zika virus infects primary placental cells like trophoblasts and Hofbauer cells and
induces damage in placentae of women infected with Zika virus 5% %3 %4, Infection during
pregnancy is associated with severe neurological malformations in the developing fetus and

increased risk of miscarriage 5> ¢

, which makes this virus in particular dangerous for unborn
fetuses and pregnant women. In addition to vector-borne and vertical transmission from
mother-to-child, Zika virus is also spread from person-to-person during sexual contact %°.

Infectious virus and Zika virus RNA can persist in semen for several weeks >’/ %8

posing a risk
for transmission to a sexual partner long after initial exposure. To a lesser extent, Zika virus
also presents in cervicovaginal fluid % > 0, Sexual transmission of Zika virus has been
reported for male-to-male, male-to-female and female-to-male contact % with Zika virus
transmission from male to female being more likely than vice versa 6. Sexual transmission
of Zika virus might therefore contribute to higher disease incidence observed in women
compared to men 2. In adults, Zika virus primarily induces asymptomatic or mild disease 3
but has also been associated with triggering Guillain Barré Syndrome . Once the skin or
mucosal barrier is crossed, Zika virus exhibits a broad cell tropism ©°. Cell entry of Zika virus
is linked to Clathrin-mediated cytosis and attachment to negatively charged
Glycosaminoglycans (GAGs). It is likely that Zika virus utilizes a combination of receptors and
host proteins to gain cell entry . One of the putative entry receptors for Zika virus is AXL,
a receptor tyrosine kinase that is highly expressed on glial cells ¢’. However, the role of AXL
is not entirely clear as AXL knockouts do not abrogate Zika virus infection in mice %, and AXL
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instead might aid infection through attenuation of type | interferon responses . Another
proposed candidate for Zika virus entry is Neural Cell Adhesion Molecule (NCAM1) 7°, Yet
further research is needed to clearly ascertain Zika virus infection receptors on different
target cells. Zika virus infection has been observed for various brain cells expressing high
levels of AXL and NCAM1 like neuronal progenitor cells, radial glia cells and astrocytes 7.
However, since these cells are not located at Zika virus entry sites, the virus first needs to
be disseminated to these target tissues. The ability to employ multiple modes of
transmission and subsequently cross different barrier tissues suggest that different cells are
targeted for dissemination. Hence it is important to understand which cells are involved in
the different tissues encountered by Zika virus and what common features they share.

HIV-1 and HCV are sexually transmitted via vaginal and anorectal
tissues

During sexual transmission, viruses are present in bodily fluids like semen, vaginal fluids or
blood and are taken up through mucosal surfaces in the vagina, rectum or foreskin 237273
(Figure 2C). Human immunodeficiency virus 1 (HIV-1) is, when left untreated, the virus with
the highest morbidity and mortality amongst sexually transmitted infections (STls) 747> 76,
HIV-1is a blood-borne, sexually transmitted RNA virus and the causative agent for Acquired
Immunodeficiency Syndrome (AIDS) 77> 78, HIV-1 is mostly transmitted through sexual
contact 2>7%8 while other transmission routes include direct blood-blood contact through

blood transfusions or sharing of contaminated intravenous drug injection equipment 8% 82

83,84 H|V-1 remains a

and from mother to child in utero during birth or while breastfeeding
global health problem, especially in young women in sub-Saharan Africa who are at a
disproportionally higher risk of acquiring HIV-1 than their male peers #. This increased risk
for women to acquire HIV-1is partially attributed to their comparably larger genital mucosal
surface area, difficulties in diagnosing STIs and increased likelihood of tissue damage during
sexual intercourse 8. Microbiome diversity, co-infection and genital inflammation strongly
increase the risk of vaginal HIV-1 acquisition and make the tissue an important target for
HIV-1 prevention 12 87.88,8%,90 The H|V-1 envelope glycoproteins gp120 and gp41 mediate
attachment and membrane fusion to target cells °* 9. The main receptor for HIV-1 is CD4
and, depending on the genetic makeup of the viral envelope, CCR5 (R5) or CXR4 (X4) are
major co-receptors for successful viral internalization °*°%°> 6, HIV-1 mainly infects CD4+ T

97,98 However, CD4 and

cells, which eventually leads to severe depletion of these cells
HIV-1 co-receptors CCR5 and CXR4 are also expressed on other immune cells including DCs
% making them important HIV-1 target cells. Upon sexual transmission, HIV-1 infection is
not a very efficient process since mucosal tissues do not harbor a plethora of target cells
and restrictive mechanisms in immune cells can prevent infection. However, changes in the
environment and co-infections strongly enhance the risk of HIV-1 infection, which indicates

an important opportunity for prevention.

14



General Introduction

Another blood-borne virus is Hepatitis C virus (HCV). HCV is a Flavivirus and contains a
positive-sense RNA genome covered by an envelope %, Infection with HCV causes both
acute and chronic liver infection and even though about 30% of people with acute HCV
infection clear the virus, approximately 58 million people are living with chronic
hepatitis 1°*. HCV transmission occurs primarily through contact with infected blood during
drug injection, tattooing or piercing, intranasal cocaine use and vertically from mother to
child 102, 103,104, 105, 106, 107, 108 ' |mportantly, over the past 20 years, HCV has emerged as a
sexually transmitted virus, particularly amongst HIV-1 positive men who have sex with men
(MSM) 109,110,111 Hawever, while HIV-1 status in MSM was thought to be an important to
HCV susceptibility, these claims were later weakened as HIV-1 negative MSM are at similar

risk of HCV infection through sexual contact 12 113 |nstead, high-risk unprotected sexual

A B C
Respiratory Vector-borne Sexual
transmission transmission transmission
SARS-CoV-2

Figure 2 | Viral pathogens reach and breach barrier tissues. (A) Respiratory viruses like SARS-CoV-2 are primarily
transmitted via aerosolized droplets and aerosols expelled by infected people or through fomites. Upon contact
with contaminated air or objects, SARS-CoV-2 is taken up by mucosal tissues of the upper and lower respiratory
tract. These tissues include the nose, mouth, pharynx and lungs. (B) Vector-borne viruses utilize animals to initiate
barrier breach of human tissues. Zika virus is injected into the epidermis and dermis during the blood meal of an
infected mosquito. (C) During sexual contact, viruses like HIV-1, HCV and Zika virus are transmitted with the aid of
bodily fluids like semen, blood and vaginal secretions. These bodily fluids transport the viruses to the mucosal
surfaces of vagina and rectum where they breach the barrier and come into contact with susceptible target cells.
SARS-CoV-2: Severe Acute Respiratory Virus; HIV: Human Immunodeficiency virus; HCV: Hepatitis C virus
Created with Biorender.com
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practices and traumatic injury to tissues in the rectum and anogenital mucosa are likely
contributing to sexual transmission of HCV 7> 10% 112 The HCV entry process requires multiple
steps and utilizes numerous host proteins and receptors % 115 116 The HCV envelope
glycoproteins E1 and E2 interact with CD81 and scavenger receptor class B type |, for cell
entry 117118 Additionally, the tight junction proteins claudin-1, -6 and -9 as well as occludin
are important HCV entry co-receptors 11 12° The liver is the main target organ for HCV with
hepatocytes being the main target cells for HCV 21, However, besides hepatocytes,
circulating DCs have been described as HCV targets and potential viral reservoirs 1%,
postulating at role for DCs to facilitate viral transfer from mucosal entry sites to the liver.

In conclusion, viruses need to cross barrier tissues they encounter in order to enter and
infect the human host with many viruses being able to cross multiple different host barrier
tissues. However, immune cells present in barrier tissues at the site of virus entry can

protect the host from infection.

Dendritic cell subsets patrol barriers against invading
viruses

Due to their constant exposure to external stimuli, stress signals and pathogens, barrier
tissues are some of the most immunologically active sites of the body and need continuous
monitoring by the immune system 23, In case of a barrier invasion, epithelial and immune
cells cooperate in order to prevent infection and promote tissue healing '*. Within barrier
tissues, numerous cells of the immune system stand guard to protect from external and
internal threats alike. One of the most important cells found in barriers tissues are dendritic
cells (DCs).

DCs are characterized as phagocytic cells with dendritic or stellate protrusions %4

and
encompass a heterogeneous group of antigen presenting cells (APCs) that link innate and
adaptive immune responses 2> 126, Depending on the tissue, different DC subsets with
specialized functions are present, either as resident cells or following migration 127,128,129,
Location and tissue residency further influence the phenotype and function of different DC
subsets 130, DCs are primarily categorized into conventional or “classical” DCs (cDCs),
plasmacytoid DCs (pDCs), monocyte-derived DCs (moDCs) and Langerhans cells (LCs) 127/ 131
132 Each DC subset is equipped with unique features that allow for an efficient response
toward immune challenges 1?7,

Classical DC (cDC) and plasmacytoid DC (pDC)

cDCs are present in lymphoid and non-lymphoid tissues alike that efficiently present
exogenous antigens and excel at cross-presentation 13334 They can be further sub-divided
into type 1 ¢DCs (cDC1) and type 2 (cDC2) 32135 ¢DC1 express CD141, and XCR1 and are

16
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superior at cross-presentation of antigens 3% 136 whereas the CD1c, BDCA1 expressing cDC2
are imperative for Th17 differentiation ¥’. Both cDC1 and cDC2 are resident cells in the
dermis of skin (Figure 1B) 38, Unlike cDCs, pDCs make up a distinct, bone marrow derived

139

class of DCs that are primarily located in blood and lymphoid organs *3°. pDCs are recognized

for producing large amounts of type | interferons in response to viral infections 140 141

even
though they only make up around 0.2%-0.8% of peripheral blood mononuclear cells 142 143,
Moreover, pDCs activate Natural Killer (NK) cells and induce differentiation of antibody-
producing plasma cells 14+ 145 While cDCs are continuously found in dermis and lamina
propria of mucosal tissues, pDCs are recruited during inflammation, injury or infection 4%
147,148 However, both cell types are important in viral defense and antigen presentation in

barrier tissues.

Monocyte-derived DC (moDC)

moDCs are closely related to ¢cDCs, with whom they share the ability to capture and present
antigens and subsequently stimulate T cells 14150151 Moreover, moDCs express MHC class
I and class Il molecules, allowing them to present and cross present antigens to both CD4+
and CD8+ T cells and promoting T cell differentiation into effector cells **> >3, Monocytes

154 and are important during infection % 155 and

can differentiate into DCs in vivo
inflammation °% %7 Importantly, moDCs can also be generated in vitro through stimulation
with granulocyte colony-stimulating factor (GM-CSF) and interleukin 4 (IL-4), as first
described in 1994 1°° and which has since become common research practice.
Differentiating moDCs from blood monocytes allows for large quantities of cells % 159 that
express an immature phenotype %0 |mportantly, their convenient use in in vitro settings
and closely related phenotype to the less abundant cDCs make them invaluable tools to

study host defense mechanisms.

Langerhans cell (LC)

LCs are tissue-resident DCs that form a dense network in the epidermis of skin and stratified
epithelia of mucosal tissues (Figure 1B-C) 7- 11162 Unlike other DC subsets that develop
from bone marrow progenitors 163164, |Cs are seeded into skin and mucosa from fetal liver
and yolk sac precursors during embryonic development and repopulate locally 6>, |n the
skin, LCs have an immature phenotype but the cells mature upon migration to lymph nodes
167,168 | Cs are characterized by their expression of the CLR langerin and Birbeck granules 6%
170 Birbeck granules are specialized rod shaped organelles that act as endosomal recycling
compartments and are linked to langerin accumulation 7. LCs are ideally positioned for
defense against invading pathogens. However, the role of LCs upon viral infection is two-
fold and can lead either to viral degradation or infection and viral dissemination 172 173,
Hence LCs are the most controversial DC subset due to their differences to other DC subsets

17

CHAPTER 1




CHAPTER 1

both in morphology as well as functionality. Thus, barrier tissues harbor a plethora of
different DC subsets that play an important role host defense and viral protection.

DCs protect against viruses at the barrier

In skin and mucosal tissues, DCs act as tissue sentinels and are the first line of defense
against invading pathogens 74 17> 176 The main function of DCs is to sense, capture and
transport invading pathogens to lymph nodes before presenting their antigens to naive T
lymphocytes 77178, Beyond priming of naive T and B cells, DCs lead to the activation of a
number of innate and adaptive immune responses by secretion of cytokines and
inflammatory mediators 177,

To this end, DCs are ideally equipped to continuously sample foreign molecules in barrier
tissues by engaging their pathogen recognition receptors (PRRs). PRRs include C-type lectin
receptors (CLRs), Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs). By means of these
receptors, DCs sense pathogen-associated molecule patterns (PAMPs) 7°. CLRs are cell
surface PRRs that recognize carbohydrate structures with high affinity in a calcium-
dependent manner upon which various innate signaling pathways are activated .
Signaling through CLR pathways induces specific cellular immune responses either
independently or through crosstalk with other PRRs 8%, Different DC subsets express distinct
CLR subsets % that likely influence pathogen recognition and subsequent immune
responses. Contrary to CLRs, TLRs not only localize on the cell surface but also intracellularly
on endosomes. While cell surface TLRs recognize microbial proteins, lipoproteins and lipids
from both bacteria and viruses, intracellular TLR sense nucleic acids 18> 184 185 The specific
TLRs activated by pathogenic products therefore influence cell signaling, corresponding
immune activation and cytokine production 8 87 RLRs are only found in the cytosol and
compose a group of cytosolic RNA helicase proteins sensing nucleic acids. RLRs sense viral
RNA upon which they induce strong anti-viral immune responses 818 Thus, interaction of
PRRs with (viral) pathogens on DCs releases inflammatory molecules and mediators that
shape the innate and adaptive immune response. These include interferons (IFNs), a potent
class or inflammatory cytokines that interfere with viral replication % 1°1, There are three
types of IFNs, of which type | IFNs are paramount in viral defense and primarily induced by
DCs. Type | IFNs encompass IFN-alpha (IFNa) and IFN-beta (IFNB) that are secreted by
various DC subsets 19% 193 19 gecreted IFNa/b proteins in turn trigger the induction of a
plethora of interferon stimulated genes (ISGs) '°> by binding cell surface heterodimeric
transmembrane IFN receptors (IFNARs) 6. ISGs are restriction factors that exhibit direct
antiviral properties and attack specific phases of the viral life cycle %7 %8 Type | IFN
secretion further indirectly advances antiviral immune responses through activation of
proximate DCs %% 2%0 and polarization of T cells 2°1. In summary, DCs at barrier tissues are
well equipped to induce strong antiviral responses upon infection and are crucial in curbing
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virus replication and spread. However, viruses have developed a myriad of strategies to
alter, counteract or control DC activation and type | IFN responses for their own benefit.

DCs promote viral dissemination from the barrier

Depending on the virus, DC subset and receptors involved, virus-host interactions can result
in vastly different outcomes. While their prime location and ability to sense and capture
viruses make DCs ideal host sentinels with a crucial role in immune activation and viral
degradation, it also makes them a target for viral exploitation through infection and
dissemination. In order to present antigens to T lymphocytes, DCs have to migrate from
barrier tissues towards draining lymph nodes 2%, 3 feature that can be exploited for viral
transfer.

As mentioned above, CRLs are expressed on DCs and in order to mount an effective immune
response they capture and internalize invading viruses ¥, Binding of viruses to CLRs
primarily results in degradation in lysosomes 2°% or autophagosomes '72. However, many
viruses have established mechanisms to subvert these degradation pathways and instead
exploit CLR internalization for immune evasion and trafficking to susceptible target cells.
Langerin, a CLR highly expressed on LCs ¢°, exerts an important role in protecting against
viruses like HIV-1, through capture and subsequent Trim5a-induced autophagosomal
degradation in Birbeck granules 72, LCs are one of the initial target cells for HIV-1 as well as
HCV after sexual exposure and act as a protective barrier against infection due to their
largely refractory nature 2229, However, co-infection, inflammation and activation renders
LCs susceptible to HIV-1 infection and transmission 168 205206 Simjlarly, co-infection with
HIV-1 allows LCs to transmit HCV to hepatocytes ?2. These data highlight a controversial role
for LCs in viral acquisition and dissemination. While there is ample research on LC/Langerin
interaction with HIV-1, there is little known about their role in the dissemination of other
viruses like HCV, Zika virus and SARS-CoV-2, a gap that is discussed further in this thesis.
moDCs express high levels of Dendritic-cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN)
207 This CLR is expressed on various DC subset in vivo 1> and in vitro %% 2%, Besides DCs,
DC-SIGN is also expressed on tissue specific macrophages but not LCs 207-210,211,212 pC-S|GN
is well-known to facilitate virus binding 23214215 Tqg date, HIV-1 is one of the best studied
viruses known to circumvent DC-SIGN mediated degradation. DCs harbor intact HIV-1
particles intracellularly while migrating to draining lymph nodes and transfer intracellular
stored or newly produced HIV-1 to T cells 213 216217 Jpon DC-SIGN internalization into a
non-lysosomal compartment, HIV-1 particles remain infectious 2°7- 218, Similar mechanisms
have been described for HCV internalization into DCs with subsequent protection in
endosomal compartments 12 21°, Zika virus has been shown to bind DC-SIGN in vitro which
mediated infection 22> 221, yet it remains unclear what happens to Zika virus upon
internalization. SARS-CoV-2 also binds DC-SIGN, thereby enhancing ACE-2 mediated

222

internalization “*“. While, little is known about subsequent internalization or degradation of
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SARS-CoV-2, evidence suggests that SARS-CoV-2 is unable to use DC-SIGN for infection 223,

The ability of DCs to migrate to lymph nodes, in combination with the attraction of cells and
formation of “infectious synapses” 22* 22> make them a particularly efficient tool for spread
of virus to target cells not located at initial viral entry sites. DCs can transfer viruses via two

226,227 (Figure 3) whereas LCs primarily transfer viruses in

different pathways: cis and trans
cis 7>2%8_ Cis-transmission refers to the transfer of progeny virus and requires DCs to become
productively infected before de novo produced virions infect target cells 22* (Figure 3A).
During trans-infection, viruses are transferred to target cells independently of viral
replication 2%°. Trans-infection involves the capture of viruses, internalization into “safe”
endosomal compartments within the cell and subsequent transfer of the intact viral particle
to preferred target cells without becoming infected themselves (Figure 3B) 213219229 which
is particularly interesting for viruses that cannot infect DCs. For example, SARS-CoV-2 is able
to use DCs for trans-infection of other, more susceptible, target cells 223, Besides DC-SIGN
however, this process might be facilitated by Heparan sulfate proteoglycans (HSPGs).

HSPGs are transmembrane proteoglycans that are characterized by the attachment of
negatively charged heparan sulfate (HS) chains, a type of GAG. HSPGs are primarily signaling
and adhesion receptors that interact with a diverse set of extracellular ligands. These
ligands can further be transmitted to the intracellular cytoskeleton 23°, This binding is mainly
facilitated through binding to their HS chains. Alternatively, HSPGs can also bind ligands
with their core proteins, independent of HS 23!, One family of type | transmembrane HSPGs
are Syndecans. There are four Syndecan members (Syndecan 1 - 4) that differ in cell
expression, structure and function. Syndecans are ubiquitously expressed with one or more
Syndecan members found on most cells 232, Syndecan 1 is often enriched on epithelial

233 whereas Syndecan 2 is mainly found on mesenchymal and fibroblast cells 234,

235, 236

tissues
Syndecan 3 is highly expressed on neuronal tissues as well as DC subsets and
Syndecan 4 is the most ubiquitously expressed HSPG and found on most cells co-expressed
with other Syndecans, albeit at lower amounts 23723, However, Syndecan 4 expression is
upregulated in response to inflammatory or infectious stimuli 23%24%.241 Syndecans primarily
function as receptors and co-receptors for growth factors, cytokines and chemokines 23% 242,
However, Syndecans can also mediate viral uptake and contribute to cell infections with
different Syndecans serving as attachment receptors for viruses 23> 243, 244,245 These data

signify an important role for Syndecans in initiation and establishment of viral infection.

Taken together, different receptors on DCs and LCs mediate infection, dissemination or
protection once barrier tissues are invaded by viral pathogens. How these receptors interact
with the viruses described in this thesis and what can be done to prevent disease
establishment and exacerbation is something we further elucidate in the following
chapters.
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A Cis-transmission B Trans-transmission
(productive infection) (independent of infection)

Figure 3 | Dendritic cells enable viral dissemination form barrier site in cis and trans. (A) Viruses like HIV-1 are
transmitted by DCs in cis after infection of DCs via CD4. After binding CD4, HIV-1 fuses with the cell membrane and
viral RNA integrates into the nucleus where it is transcribed into DNA and integrates into the host genome. This
leads to the formation of newly produced replicative virions. These newly formed virions are released from the
infected DCs through membrane budding, ready to infect nearby CD4+ T cells. (B) Trans-transmission of HIV-1
involves binding to attachment receptors like DC-SIGN and Heparan sulfate proteoglycans. DC-SIGN routes HIV-1
to “safe” endosomal compartments that keep HIV-1 virions intact and infectious. During contact with CD4+ T cells,
HIV-1 is released from the endosomal compartment and in turn infects T cells. the infection of DCs via CD4.
DC: Dendritic cell, HIV: Human Immunodeficiency virus

Scope of this thesis

This thesis describes research on different viruses and their interaction with a host of human
cells located in various barrier tissues. We aimed to better understand what happens during
the earliest stages of viral infection and to identify new strategies to prevent infection.
During the Zika virus epidemic in 2016, knowledge about transmission routes were unclear.
In chapter 2 we show how DC subsets in the skin and vaginal mucosa contribute to Zika
virus infection and transmission. While monocyte derived DCs (moDC) were readily infected
by Zika virus, Langerhans cells (LCs) in the skin and vaginal mucosa did not become infected.
However, we observed that both moDCs and LCs transmit Zika virus to target cells,
indicating an important role for DC subsets in viral dissemination from barrier tissues to
other susceptible organs.
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In chapter 3 we describe the isolation, phenotype and functionality of vaginal LCs with
regard to HIV-1 infection. Immature vaginal LCs were poorly susceptible to HIV-1 whereas
they became readily infected once activated through tissue migration or TLR stimulation.
Unlike skin LCs, vaginal LC expressed TLR4 and were activated by bacterial TLR4 agonists.
TLR4 activation of immature vaginal LCs strongly enhanced HIV-1 infection and
transmission, suggesting a role for bacterial co-infections in HIV-1 susceptibility.

At the start of the SARS-CoV-2 pandemic, it was suggested that SARS-CoV-2 binds TLR4.
However, in chapter 4 we observe that TLR4 is not involved in sensing SARS-CoV-2.
SARS-CoV-2 did neither infect nor activate DCs. Moreover, SARS-CoV-2 did not trigger
extracellular TLRs including TLR4. Our data suggest that SARS-CoV-2 escapes immune
sensing and thereby might prevent effective immune control of infection.

In chapter 5 we show that Syndecan 4 is an important receptor for HCV on activated LCs
involved in viral capture and transfer to target cells. Importantly, immature LCs did not
transmit HCV but activation led to upregulation of Syndecan 4 and subsequent transmission.
Early during the SARS-CoV-2 pandemic ACE-2 was identified as the putative infection
receptor. In chapter 6 we identified Syndecan 1 and 4 as crucial attachment receptors for
SARS-CoV-2 that aid ACE-2-mediated infection. We identified Heparin and low molecular
weight heparins (LMWH) as potent inhibitors of SARS-CoV-2 binding to epithelial cells,
supporting a use of LMWH as prophylaxis to prevent SARS-CoV-2 infection.

Therefore, in chapter 7 we set up a non-randomized controlled trial to study the
prophylactic effects of LMWHs in humans. We applied either LMHWSs or a placebo into the
nose of healthy volunteers and after retrieving nasal epithelial cells with a brush, we
incubated them with SARS-CoV-2 and measured virus binding ex vivo. We observed lower
SARS-CoV-2 binding to LMWH treated cells compared to those receiving placebo but did not
observe phenotypic changes in the tissue. This let us to conclude that LMWHs might be easy
and safe preventative therapeutic against SARS-CoV-2 infection.

Our findings are discussed in chapter 8 with regard to transmission by the four viruses, the
use of different cell models and primary cells and importance of human volunteer studies
over animal studies.
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CHAPTER 2

Abstract

Zika virus is a member of the Flaviviridae family that has caused recent outbreaks associated
with neurological malformations. Transmission of Zika virus occurs primarily via mosquito
bite but also via sexual contact. Dendritic cells (DCs) and Langerhans cells (LCs) are
important antigen presenting cells in skin and vaginal mucosa and paramount to induce
antiviral immunity. To date, little is known about the first cells targeted by Zika virus in these
tissues as well as subsequent dissemination of the virus to other target cells. We therefore
investigated the role of DCs and LCs in Zika virus infection. Human monocyte derived DCs
(moDCs) were isolated from blood and primary immature LCs were obtained from human
skin and vaginal explants. Zika virus exposure to moDCs but not skin and vaginal LCs induced
Type | Interferon responses. Zika virus efficiently infected moDCs but neither epidermal nor
vaginal LCs became infected. Infection of a human full skin model showed that DC-SIGN
expressing dermal DCs are preferentially infected over langerin+ LCs. Notably, not only
moDCs but also skin and vaginal LCs efficiently transmitted Zika virus to target cells.
Transmission by LCs was independent of direct infection of LCs. These data suggest that DCs
and LCs are among the first target cells for Zika virus not only in the skin but also the genital
tract. The role of vaginal LCs in dissemination of Zika virus from the vaginal mucosa further
emphasizes the threat of sexual transmission and supports the investigation of prophylaxes
that go beyond mosquito control.

Keywords: Zika virus, vaginal mucosa, Langerhans cells, virus transmission, viral
dissemination

40



Introduction

Zika virus is a mosquito-borne flavivirus containing a single-stranded positive RNA 1. It
belongs to the Flaviviridae family and is closely related to dengue virus (DENV) and West
Nile virus (WNV) 2. People infected with Zika virus are mostly asymptomatic or experience
mild symptoms including fever, arthralgia and a maculopapular rash 4. However, Zika virus
outbreaks have been associated with severe neuropathologies including microcephaly,
congenital deafness and impaired vision, termed Congenital Zika Syndrome in neonates
infected in utero and Guillain-Barré syndrome in adults > & 78 Consequently, the World
Health Organization (WHO) labeled in 2016 the Zika virus pandemic in South America a
public health emergency °. Zika virus is the only Flavivirus that passes the maternal-
placental barrier 1° and infects placental cells that include villous stromal macrophages, i.e.
Hofbauer cells, and placental trophoblasts %1% 1314 While the exact transmission route for
Zika virus over the maternal-fetal barrier is still unclear, physical disruption, and transcytosis
have been described in vitro 1> and placental damage observed in animal models % 17 18,
Zika virus has further been identified in amniotic fluid and tissues of the developing fetus in
infected pregnant women %29, Importantly, Zika virus is also transmitted sexually 2% 2% 2324
25,26 RNA of Zika virus is present in seminal fluid 2”-2% as well as in vaginal fluid 2.
Monocytes and Dendritic cells (DCs) are targets for Zika virus infection and might be
involved in dissemination of Zika virus 2%3% 313233 35 these cells are found in barrier tissues
like skin and mucosal surfaces 2% 343535 Amongst the DC subsets susceptible to Zika virus
are monocyte-derived DCs (moDCs) 3> 37, Zika virus infection of moDCs leads to productive
virus replication and secretion 3% 333438 DC-SIGN, a C-type lectin receptor (CLR) expressed
on DC subsets, facilitates Zika virus binding and infection in vitro 3°. DC-SIGN is expressed
on DCs and macrophages %> #! and enables infection of viruses like HIV-1 and dengue virus
41,42 |Langerhans cells (LCs), a subset of DCs, are located in the outmost layer of the skin and
genital tract *>“* where they are one of the first cells to encounter and sense viruses 4> ¢
47,48 However, LCs are also targets for virus infections like HIV-1 %% 5, |n healthy tissue, LCs
restrict HIV-1 infection by capture through CLR langerin receptor and subsequent
degradation in Birbeck granules 5% 52 33, The role of LCs in the skin and genital tract during
Zika virus infection is still largely unclear.

Here we have investigated the role of DC subsets in skin and vaginal mucosa in Zika virus
infection. We observed that Zika virus efficiently infected primary DCs via DC-SIGN, and
blocking of the receptor inhibited infection as well as transmission. LCs isolated from human
skin or vagina were resistant to Zika virus infection, however LCs efficiently transmitted Zika
virus to susceptible target cells. These observations suggest a role for DCs and LCs in the
dissemination of Zika virus from site of infection throughout the body. This might be of

particular importance during sexual transmission.
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Results

moDCs become activated by Zika virus leading to type | interferon
responses

Type | IFNs and interferon stimulated genes (ISGs) are important antiviral responses 3% 55 56
57, Here we investigated whether Zika virus (primary human isolate, Asian lineage) activates
moDCs and induces type | IFN responses. We observed upregulation of the co-stimulatory
molecules CD80 and CD86 at 24 and 48 hours post inoculation (hpi) (Figure 1A and Sup.
Figure 1A). Antibodies against CLR DC-SIGN blocked Zika virus-induced upregulation of the
co-stimulatory markers CD80 and CD86 by Zika virus (Figure 1A and Sup. Figure 1A).
Expression of the maturation marker CD83 was not induced by Zika virus, whereas Poly(l:C),
a TLR-3 antagonist, induced low expression of CD83 (Figure 1A for single donor
representation and the pooled data in Sup. Figure 1A). Upregulation of CD80 and CD86 but
not CD83 suggests that the cells are not fully matured but activated and primed for antigen
presentation. Next we investigated whether Zika virus inoculation of moDCs induces type |
IFN responses. Zika virus induced upregulation of IFN beta (IFN() at 24 hpi and 48 hpi (Figure
1B and Sup. Figure 1A). Moreover, I1SGs Apobec3G, IP10, IRF7 and MXA were induced
highest at 24 hpi whereas ISG15 and OAS1 peaked later at 48 hpi (Figure 1B). Antibodies
against DC-SIGN blocked induction of IFNB, IP10, MXA, I1SG15, IRF7, A3G and OAS1, albeit
not significantly for A3G and OAS1 at 48 hpi (Figure 1B). Blocking viral replication by the
viral polymerase inhibitor 7-Deaza-2’-C-Methyladenosine (7DMA) abrogated IFNB and ISG
transcription to a similar extent as blocking infection by the blocking antibody against
DC-SIGN (Sup. Figure 1B). Moreover, heat inactivated Zika virus (inactivated as described
previously *%) did not lead to induction of IFNB or ISGs in moDCs. These data indicate that
moDCs sense Zika virus via DC-SIGN, leading to moderate DC maturation and induction of
antiviral immunity.

Immature skin LCs are not activated by Zika virus

Immature LCs were isolated by CD1a selection from human skin. Immature skin LCs do not
express DC-SIGN but are instead characterized by expressing the CLR langerin >% 60 61,
Following exposure of LCs to Zika virus, LC activation and type | IFN responses was
determined. Zika virus did neither induce CD80, CD83 nor CD86 in immature LCs (Figure 2A
and Sup. Figure 1B). Moreover, we did not observe maturation after stimulation with TLR
antagonists Poly(l:C) and LTA. However, Zika virus induced ISG15 and IP10, whereas IFNB
and other ISGs were not detected (Figure 2B). Blocking CLR langerin did not affect LC
activation nor type | IFN responses. These data suggest that LCs are not activated by Zika
virus
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Figure 1 | Zika virus induces activation and interferon responses in monocyte derived DCs. (A) Monocyte derived
DCs (moDCs) were pre-incubated with Poly(I:C) or a blocking antibody against DC-SIGN (AZN-D1) before Zika virus
was added at a concentration of 850 TCID/ml. Cells were fixed after either 4 hours, 24 hours or 48 hours and
expression of activation and maturation markers was measured via flow cytometry (1 representative donor out of
4 individual donors measured in monoplo). (B) moDCs pre-incubated with Poly(l:C) (10 pg/ml) or AZN-D1
(20 pg/ml) and subsequently infected with Zika virus (850 TCID/ml) were lysed and expression of IFNB and
interferon stimulated genes (ISG) was measured on PCR after 4 hours, 24 hours and 48 hours respectively. Data
information: Data show the mean values and error bars are the SEM. Statistical analysis was performed using (B)
ordinary one-way ANOVA with Tukey multiple comparison test. *P < 0.05, **P < 0.01, ****P <0.0001 (n=4 donors
measured in monoplo). hpi: hours post inoculation.
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Figure 2 | Zika virus does not induce activation or interferon responses in skin derived LCs. (A) Immature
Langerhans cells (LCs) isolated form epidermal skin grafts were pre-incubated with either Poly(l:C) (10 ng/ml), LTA
(10 ng/ml), or a blocking antibody against langerin (10E2, 20 pug/ml) before Zika virus was added at a concentration
of (850 TCID/ml). Cells were fixed after either 4 hours, 24 hours or 48 hours and expression of activation and
maturation markers was measured via flow cytometry (1 representative out of 3 individual donors measured in
monoplo). (B) Immature LCs pre-incubated with Poly(l:C) or AZN-D1 and subsequently infected with Zika virus
(850 TCID/ml) were lysed and expression of IFNB and interferon stimulated genes (ISG) was measured on PCR after
4 hours, 24 hours and 48 hours respectively. Data information: Data show the mean values and error bars are the
SEM. Statistical analysis was performed using (B) ordinary two-way ANOVA with Tukey multiple comparison test.
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DC-SIGN is involved in Zika virus binding and transmission

DC-SIGN and langerin are both important C-type lectins and known attachment receptors
for various viruses 2. Importantly, DC-SIGN has already been shown to bind Zika virus in
vitro 3 %3, Here we investigate whether DC-SIGN and langerin interact with Zika virus. To
this end, we employed a Raji cell line selectively expressing either DC-SIGN or langerin
(Figure 3A). DC-SIGN expressing Raji cells efficiently bound Zika virus in contrast to parental
or langerin-expressing Raji cells. Moreover, binding by DC-SIGN-Raji was blocked by
antibodies against DC-SIGN but not by isotype antibodies (Figure 3B). Next we investigated
whether Zika virus binding to DC-SIGN facilitates viral transmission. Notably, DC-SIGN-Raji
incubated with Zika virus for 4 hours successfully transmitted Zika virus to target cells in
contrast to Langerin-Raji (Figure 3C). Mannan, a carbohydrate used to block CLRs, or
antibodies against DC-SIGN, but not the isotypes control significantly reduced Zika virus
transmission by DC-SIGN Raji, suggesting that DC-SIGN captures and transmits Zika virus
(Figure 3C). These data strongly suggest that DC-SIGN, in contrast to langerin, is involved in
Zika virus binding and transmission.

DC-SIGN+ primary moDCs are susceptible to Zika virus infection and
transmission

To determine whether DCs are susceptible to Zika virus infection, moDCs were inoculated
with increasing concentrations of Zika virus and expression of viral proteins was measured
at different time points after inoculation by flow cytometry. Zika virus infection of moDCs
was detected after 8 hpi and increased up to 48 hpi compared to mock infected moDCs
(Figure 4A). Infection levels increased over time and with higher virus concentration. Cell
viability remained constant for 48 hours (Sup. Figure 2B). moDCs highly express DC-SIGN
(Sup. Figure 2C) and antibodies against DC-SIGN blocked infection of moDCs without
influencing cell viability (Figure 4B and Sup. Figure 2D). Soluble mannan also inhibited Zika
virus infection of moDCs (Sup. Figure 2E). The TAM receptors Tyro3 and AXL, candidate
receptors for Zika virus infection , are also expressed on moDCs. Similarly, skin derived LCs
highly express Tyro3 but instead of AXL they express MerTK (Sup. Figure 3A). Moreover,
viral polymerase inhibitor 7DMA blocked moDC infection in a concentration dependent
manner 24 hpi and 48 hpi post inoculation (Figure 4C). These data indicate that Zika virus
productively infects DCs.

We next investigated whether moDCs transmit Zika virus to Zika virus-permissive Vero cells.
moDCs were exposed to Zika virus for 4 hours and were co-cultured with Vero cells after
washing. Vero cell infection was determined by flow cytometry. Notably, Vero cells became
infected by Zika virus (Figure 4D). As moDCs were not productively infected after 4 hours,
these data suggest that moDCs transmit virus independent of infection. Next we infected
moDCs for 48 hours and after washing co-cultured moDCs with Vero cells. Zika virus-
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Figure 3 | Zika virus binds to DC-SIGN but not langerin for transmission. (A) Raji cells expressing either DC-SIGN
or langerin as measured by flow cytometry (n=1 representative donor). (B) Raji, Raji/SIGN and Raji/Langerin cells
were exposed to Zika virus (175 TCID/ml) for 4 hours before measuring binding of Zika virus NS5 protein.
Quantification of viral RNA was measured by quantitative real-time PCR. Additionally, cells were pre-incubated
with either an anti-DC-SIGN antibody (AZN-D1, 20 ug/ml) or an anti-langerin antibody (10E2, 20 pg/ml) prior to
virus inoculation. (C) Raji cells were inoculated with Zika virus (35 TCID/ml) in presence or absence of AZN-D1, 10E2
or mannan for 4 hours. After washing the Raji, the cells were co-cultured with Vero cells for another 2 to 3 days to
determine viral transmission. Zika virus infection of Vero cells was measured by flow cytometry (4g2 Flavivirus
envelope protein). Data information: Data show the mean values and error bars are the SEM. Statistical analysis
was performed using (B) ordinary two-way ANOVA with Tukey’s multiple-comparison test. *P<0.05, ***P<0.001
(n=4 experiments measured in monoplo). (C) ordinary two-way ANOVA with Tukey’s multiple-comparison test.
*¥***Pp<0.0001 (n=4 experiments measured in triplicate).

infected moDCs efficiently transmitted Zika virus to Vero cells, and transmission was
inhibited by the replication inhibitor 7DMA (Figure 4E). 7DMA inhibition decreased but did
not block viral transmission at higher inoculum, suggesting that part of the transmission is
replication independent. Antibodies against DC-SIGN completely blocked transmission of
moDCs treated with Zika virus for 4 or 48 hours (Figure 4F and G). These data suggest that
Zika virus efficiently infects primary moDCs and that DC-SIGN is involved in infection and
transmission of Zika virus by DCs.

Figure 4 | DC-SIGN positive DCs are susceptible to Zika virus infection and can transmit the virus to target cells.
(A) moDCs were inoculated with Zika virus for different time points (4, 8, 24, 32 and 48 hours) before infection was
measured by flow cytometry (4g2 Flavivirus protein) (n=4 donors measured in duplicates). (B) moDCs in presence
of absence of an anti-DC-SIGN antibody (AZN-D1, 20 ug/ml) were exposed to Zika virus (750 TCID/ml) for either 24
or 48 hours. Infection was measured by flow cytometry (4g2 Flavivirus envelope protein). (C) The Zika virus
replication inhibitor 7DMA was added to moDCs in different concentrations (5- 25 uM) prior to Zika virus
(750 TCID/ml) inoculation. Zika virus infection (4g2 Flavivirus protein) was determined after 24 or 4 8 hours. (n=2
donors measured in duplicate). (D) moDCs were incubated with Zika virus for 4 hours at 37°C, extensively washed
and co-cultured with Vero cells for another 3 days. (n=3 donors measured in triplicates). (E) moDCs pre-incubated
with 7DMA were exposed to Zika virus (750 TCID/ml) for 48 hours at 37°C. After washing, the cells were co-cultured
with Vero cells. Transmission by moDCs to Vero cells was determined flow cytometry (4g2 Flavivirus envelope
protein). (F, G) moDCs in the presence or absence of anti-DC-SIGN antibody (AZN-D1, 20 pg/ ml) were incubated
with Zika virus for either 4 hours (F) or 48 hours at 37°C (G). After washing, moDCs were co-cultured with Vero
cells and Vero infection was measured by flow cytometry (4g2 Flavivirus envelope protein) (G) n=5 measured in
triplicates. Data information: Data show the mean values and error bars are the SEM. (B) ordinary two-way ANOVA
with Tukey’s multiple-comparison test. **P < 0.01, ***P < 0.001, ****P < 0.0001, (n=4 donors measured in
duplicate). (E) ordinary two-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05, (n=4 donors measured
in triplicate). (F) ordinary two-way ANOVA with Tukey’s multiple-comparison test. ****P < 0.0001, (n=5 donors
measured in triplicate). (G) ordinary two-way ANOVA with Tukey’s multiple-comparison test. **P < 0.01,
****p < 0.0001, (n=5 donors measured in triplicate). Zika virus concentrations are 375, 750 or 2250 TCID/ml.
moDC: monocyte derived moDCs.
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Epidermal Langerhans cells transmit Zika virus

Next, immature LCs from human skin were incubated with Zika virus and infection was
followed over time. We did not observe any Zika virus-positive LCs at different time points
(Figure 5A). Moreover, activated LCs isolated after migration from skin sheets, were not

48



infected by Zika virus (Figure 5B). These data suggest that skin-derived LCs are not
permissive to Zika virus infection. Importantly, immature skin LCs do not express DC-SIGN
but express the CLR langerin and high levels of CD1a (Figure 5C). We next incubated
immature LCs with Zika virus for 4 hours and co-cultured them with Vero cells. Notably,
Vero cells became infected by Zika virus after co-culture with LCs (Figure 5D) indicating that
skin-derived LCs transmit Zika virus. Transmission was not abrogated by antibodies against
langerin, suggesting that langerin is not involved in Zika virus infection nor transmission.
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Figure 5 | Skin LCs do not become infected by Zika virus but are involved in viral dissemination through
transmission. (A) Immature LCs were isolated from human skin and exposed to Zika virus (750 or 2250 TCID) for
up to 4 days. Zika virus infection (4g2 Flavivirus envelope protein) was measured by flow cytometry. (n=4 donors
2 measured in triplicates 2 in monoplo). (B) Activated LCs migrated from epidermal skin sheets after 3 days were
exposed to Zika virus (750 or 2250 TCID) for up to 4 days and infection (4g2 Flavivirus envelope protein) was
measured by flow cytometry (n=3 donors measured in triplicates). (C) Immature LCs isolated from skin were
stained for langerin, CD1a, CD3 and DC-SIGN and expression was measured by flow cytometry (n=3 individual
donors). (D) Immature LCs were inoculated with Zika virus (850 TCID/ml) for 4 hours. After thoroughly washing the
LCs, they were co-cultured with Vero cells for 3 days. Prior to the addition of Zika virus, skin LCs were incubated
with either anti- langerin antibody (10E2, 20 ug/ml) or mannan (100 pg/ml). (n=3 donors measured in triplicates).
Data information: Data show the mean values and error bars are the SEM. LC: Langerhans cell.
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DC subsets in the skin are targeted by Zika virus

We next exposed full skin explants to Zika virus and determined both phenotype and
infection of migrated cells. Phenotyping was based on previously described dermal cell
markers 5°. After 3 days, migrated cells consisted of CD11c high/HLA-DR* DCs that could
further be divided into CD14*DC-SIGN™ and CD14*DC-SIGN* DC subsets. Moreover, we
identified a CD11c low/HLA-DR* cell population expressing langerin, suggesting that these
are migrated LCs (Figure 6A-B). Notably, we observed Zika virus infection in the migrated
cells (Figure 6C). Further phenotyping revealed that DC-SIGN* dermal cells were more
readily infected by Zika virus than langerin* LCs (Figure 6D-E). Moreover, Zika virus infected
cells highly expressed CD11c (Sup. Figure 3B), indicating that these are dermal DCs. Thus
our data support a role for DC-SIGN expressing cells as targets for Zika virus infection in skin.

Vaginal LCs transmit Zika virus to target cells

Zika virus can be transmitted sexually 2% 2% 23242526 gnd therefore vaginal mucosa is an
important tissue for viral entry. We isolated vaginal LCs from vaginal mucosa obtained after
prolapse surgery and compared these with skin LCs. Vaginal LCs expressed high levels of
CD1a and langerin (Figure 7A) #’. Vaginal LCs are highly similar to skin derived LCs in their
expression of CD1a and langerin but lack of DC-SIGN (Figure 7A). Immature vaginal LCs were
not infected by Zika virus after 3 days (Figure 7B). Similar to what we observed for skin
derived LCs, Zika virus did not induce maturation of vaginal LCs (Figure 7C), CD83 expression
was not affected by Zika virus.

Notably, vaginal LCs incubated with Zika virus for 4 hours transmitted Zika virus to target
cells independent of langerin (Figure 7D). These results suggest that LCs in vaginal mucosa
transmit Zika virus to target cells and thereby contribute to viral dissemination in the genital
tract, regardless of infection.

Figure 6: Dendritic cell subsets in a full skin explant model are susceptible to Zika virus. (A, B) Full skin explants
consisting of a dermal and epidermal layer were incubated for 3 days at 37°C during which skin cells crawled out
of the tissue and into the medium. (A) Expression of cell surface markers of cells retrieved from full skin explants
as measured by flow cytometry. Cells were stained with antibodies against HLA-DR, CD11c, CD14, langerin and
DC-SIGN to identify and separate DC subsets (1 representative of n=4 donors measured in triplicates). (B) Pooled
data of dermal cells being either CD11c high/HLA-DR+ and DC-SIGN+ or CD11c low/HLA-DR+ and expressing
langerin (n=4 donors in triplicates). (C—E) Full skin explants were exposed to Zika virus (1100 TCID/ml) for 3 days
before infection was measured by flow cytometry (n=3 donors measured in triplicates). (C) Zika virus infection (4g2
Flavivirus envelope protein) of full skin explants was determined by flow cytometry. (D) Zika virus positive cells
were stained for DC- SIGN and langerin to further determine cell subset infection. Infection of either langerin or
DC-SIGN+ cells was measured by anti-4G2 Flavivirus envelope protein. Data information: data show the mean
values and error bars are the SEM.
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Discussion

Zika virus continues to circulate endemically in many American and Asian regions 5¢ 67 68,
highlighting the need for better understanding of the virus. Understanding the mechanism
of Zika virus infection and transmission are paramount for better prevention and treatment
in the future. The (re)emergence of several Flavivirus species in the Americas and Europe
(including Zika virus, WNV and YFV) over the past few years suggests that Zika virus could

expand to hitherto unaffected areas ®

, and due to climate change conditions more
favorable for mosquito breeding and virus replication may persist in these areas 7°.

Little is known about the primary target cells that facilitate Zika virus infection after
mosquito bites or sexual contact. Here, we show that different DC subsets are involved in
dissemination of Zika virus. Zika virus infected monocyte-derived DC as well as DC subsets
in skin, in contrast to epidermal and vaginal LCs. Interestingly, both moDCs and LCs
transmitted Zika virus to target cells. Our data strongly suggest that skin and vaginal LCs as
well as moDCs are important in viral dissemination of Zika virus. Zika virus stimulation of
moDCs lead to a slight increase in the expression of activation markers CD80 and CD86
whereas CD83 was not affected by Zika virus. Moreover, we observed that Zika virus
induced type | IFN responses in moDCs after 24 hours, which suggests that infection of
moDCs leads to the induction of type | IFN responses similar as observed for dengue virus
infection 7% 72. As we do not observe induction of type | IFN or ISG at early time points, our
data suggest that viral replication is required to induce type | IFN responses and that
replication intermediates are sensed. Inhibiting Zika virus replication with the viral
polymerase inhibitor 7DMA blocked IFNB transcription 24 hours post inoculation, further
indicating that Zika virus infection is important for type | IFN responses. Antibodies against
DC-SIGN blocked type | IFN responses as well as infection to a similar extent as the
replication inhibitor, supporting that viral replication is a prerequisite for DC activation.
Finally, heat-inactivated Zika virus did not induce any type | IFN responses, suggesting that
sensing of viral material alone is not sufficient. These data are in line with previous reports
that support replicative Zika virus infection of moDCs and induction of type I IFN responses
as well as maturation 3% 38, Interestingly, Bowen et. al suggested that Zika virus blocks IFNB
production leading to low maturation and limited type | IFN responses in moDCs following
ZIKV infection 3L, Several studies have shown that Zika virus evades antiviral IFN responses.
Zika virus NS5 interferes with IFN signaling by inducing degradation of STAT2 proteins 7374
75, whereas induction of lipid metabolism has also been suggested to suppress antiviral
responses 3. Although we observed that productive infection of moDCs leads to type | IFN
responses, we cannot exclude that these responses are limited by Zika virus and might be
responsible for the low DC maturation. Moreover, while Zika viruses of the Asian and African
lineage do not induce strong maturation and activation in moDCs, IFN induction is
nonetheless observed for both lineages 32, confirming that Zika virus replication does not
completely abrogate type | IFN responses. Further studies are required to understand the
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functional consequences on induction of antiviral innate and adaptive immunity to Zika
virus by infected DCs.

Conversely, Zika virus did not activate skin derived LCs. Moreover, neither TLR antagonist
induced a strong activation, suggesting these cells are difficult to activate. We have shown
previously that migration of LCs from epidermal explants induces strong maturation 7°.
However, we observe some induction of ISG15 after 4 hours and 24 hours, indicating that
these cells are functional.

While we observed strong binding of Zika virus to cells overexpressing DC-SIGN, we did not
observe binding to those expressing langerin. Zika virus binding to DC-SIGN has been
described before in different cell lines 3> 77: 78 but involvement of other CLRs is still largely
unclear 7°. Our data suggest that DC-SIGN is important for Zika virus infection of moDCs
isolated form the blood and migrated DCs from a full skin explant model, whereas langerin
is not.

Importantly, DC-SIGN expressing cells did not only get infected by Zika virus but also
efficiently transmitted Zika virus to target cells, suggesting a role for DC-SIGN in viral
dissemination. These data support the notion that Zika virus hijacks DC-SIGN expressing
cells for viral dissemination in a process similar to what has been observed previously for
other viruses like HIV-1 and recently also SARS-CoV-2 8% 8182 DCs can transmit viruses like
HIV-1 via two different pathways: cis and trans-transmission 3. For cis-transmission, DCs
are productively infected and new virions are transmitted to target cells ®, whereas
trans-infection refers to the replication independent transfer of virions 3. We observed
cis-transmission of Zika virus after 48 hours of co-culture with moDCs. Interestingly, we also
observed Zika virus transmission by moDCs already after 4 hours of co-culture, where we
did not observe infection yet, indicating that Zika virus is transmitted independent of
infection. DC-SIGN inhibition abrogated viral dissemination by the cis as well as trans
pathway, suggesting that viral capture via DC-SIGN is crucial for Zika virus infection and
transfer. However, block of transmission was strongest during trans-infection whereas the
protective effect started to wane with longer moDC incubation periods, suggesting that
DC-SIGN inhibition is transient. While moDCs efficiently transmitted Zika virus both after 4
hours and 48 hours of incubation, we observed variability in transmission efficacy that are
likely attributed to differences in the human primary moDC donors.

Importantly, our data show that DC-SIGN on primary moDCs and skin-derived dermal cells
is involved in Zika virus infection and transmission. DC-SIGN expressing cells can be found

in many Zika virus target tissues including genital mucosa and the placenta 8> %

, rendering
DC-SIGN a promising receptor for preventative approaches against Zika virus.

Importantly, our data describe infection and dissemination of DC-SIGN expressing moDCs
with a Zika virus strain of Asian lineage. This strain is the one that was first linked to
neurological pathogenicity ¥ and the strain that is closest related to samples isolated from
the outbreak in Brazil 8. While there are differences observed in Vero cell and insect cell

susceptibility of different Zika virus strains, no such differences were observed in primary
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human moDCs 32. However, Zika virus from the Asian lineage show higher infection rate in
both moDCs and macrophages than a historical African strain 38, indicating that moDCs are
more susceptible to Asian strain Zika viruses.

LCs, like DCs, migrate to lymph nodes, but are also closely related to macrophages and
repopulate locally independent of blood circulation %+ %%, We observed no Zika virus induced
activation of co-stimulatory molecules in epidermal LCs. Interestingly, while LCs did not
produce IFNP or most ISGs, there was significant upregulation of IP10 and ISG15 after 48
hours of Zika virus inoculation. Lack of clear IFNB induction might be due to our finding that
LCs do not become infected by Zika virus. Neither immature nor activated LCs isolated from
skin and vaginal mucosa were infected by Zika virus. Moreover, in a full skin explant model,
DC-SIGN expressing cells were preferentially infected over langerin expressing LCs. Notably,
we observed that both skin and vaginal LCs transmitted Zika virus to target cells. As we did
not observe infection in either of the two cell types, the mode of transmission is likely
through trans-infection. These data suggest that skin and vaginal LCs might be involved in
Zika virus dissemination. The main route of Zika virus transmission is through mosquito bite.
We therefore used skin explants from human donor tissue and could verify that DC-SIGN+
cells in the skin become infected with Zika virus. In contrast, langerin expressing cells did
not become well infected, supporting their resistance to infection in the skin. However, we
observed low levels of langerin expressing cells becoming infected by Zika virus. This is likely
contributed to environmental factors present in in situ skin explants that are missing in
isolated single cell suspension.

Importantly, the female reproductive tract harbors different LC subsets in the epithelial
layer of the vagina °> 1. LCs we isolated from vaginal mucosa are similar to skin LCs in their
co-expression of langerin and CD1a and similarly did not get infected but efficiently
transmitted Zika virus to target cells.

Our data strongly suggest that after sexual transmission, Zika virus migrates from the genital
tract with the help of LCs. As langerin was not involved in transmission, further studies are
required to identify the receptor(s) involved in the transmission of Zika virus by vaginal LCs.
In conclusion, DC-SIGN renders primary human DC subsets susceptible to Zika virus infection
while also facilitating transmission of infectious virus. Using primary human skin and vaginal
mucosa we have uncovered an important role for LCs in the capture and transmission of
Zika virus, thereby contributing to viral dissemination and infection. Further investigation
into the LC receptors responsible for Zika virus transmission might lead to better
understanding and prevention of sexual transmission of Zika virus.
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Materials and Methods
Study approval

This study was performed according to the Amsterdam University Medical Centers, location
AMC, Medical Ethics Committee guidelines. This study, including the tissue harvesting
procedures, was conducted in accordance with the ethical principles set out in the
declaration of Helsinki and was approved by the institutional review board of the
Amsterdam University Medical Centers and the Ethics Advisory Body of the Sanquin Blood
Supply Foundation (Amsterdam, Netherlands). All research was performed in accordance
with appropriate guidelines and regulations.

Isolation of monocyte derived Dendritic cells

CD14+ monocytes were obtained from buffy coats of healthy volunteer donors (Sanquin
blood bank) and differentiated into monocyte derived DCs as described previously %. In
short, first PBMCs were isolated with lymphoprep. Subsequently, monocytes were collected
after percoll gradient steps. Monocytes were cultured in RPMI medium supplemented with
10% FCS, I-glutamine (2 mM, Lonza), penicillin and streptomycin (100 U/mL and 100 pg/mL,
respectively, Thermo Fisher) in the presence of GM-CSF (800 U/mL, Invitrogen) and IL-4 (500
U/mL Invitrogen) at 37°C, 5% CO2 for 6 days to obtain monocyte-derived DCs.

Isolation of Langerhans cells from epidermis

Skin LCs were isolated from human epidermal sheets obtained from healthy donors
undergoing corrective plastic surgery. Epidermal sheets were prepared as described
previously % 76, Briefly, skin-grafts consisting of epidermis and dermis were obtained using
a dermatome (Zimmer Biomet, Indiana USA). Upon overnight incubation with Dispase Il
(1 U/mL, Roche Diagnostics), epidermal sheets were separated from dermis, washed and
either directly subjected to enzymatic treatment with trypsin and DNAse to obtain
immature skin LCs or alternatively, cultured in IMDM (Thermo Fischer Scientific, USA)
supplemented with 10% FCS, gentamycine (20 pg/mL, Centrafarm, Netherlands),
pencilline/streptomycin (10 U/mL and 10 pg/mL, respectively; Invitrogen) for 3 days after
to harvest activated LCs. Immature as well as activated skin LCs were purified by ficoll
gradient (Axis-shield). Immature skin LCs were further subjugated to CD1la magnetic cell
separation (MACS, Miltenyi Biotec). Purity of LCs was routinely verified by flow cytometry
using antibodies directed against CD207 (langerin) and CD1a.

Full skin ex vivo sheets

Ex vivo sheets of human skin were obtained from healthy donors undergoing corrective
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surgery. The top two layers of the skin were prepared as described previously 1. After
retrieval of a thin layer (thickness at 12pt) containing both the epidermis and dermis,
biopsies with a diameter of 8 mm (Kai medical) were prepared. The biopsies were placed
on 500 uL of IMDM (Thermo Fischer Scientific, USA) supplemented with 10% FCS,
gentamycine (20 pug/mL, Centrafarm, Netherlands), pencilline/streptomycin (10 U/mL and
10 ug/mL, respectively; Invitrogen). Zika virus was added at a concentration of 1000
TCID/ml after which the sheets were left at 37°C. After 3 days, the sheets were removed
and the medium containing the emigrated cells was subjected to further analyses.

Isolation of Langerhans cells from vaginal mucosa

Human vaginal tissue was collected from women undergoing prolapse surgery where
excessive vaginal tissue was removed from the anterior or posterior vaginal wall. Surplus
stroma was removed from mucosal sheets dissected until a thin layer of submucosa
remained and tissue was cut into strips of 5-7 mm. Vaginal tissue strips were incubated
overnight at 4 °C in complete medium (Iscoves Modified Dulbecco’s Medium (IMDM) of
Thermo Fischer Science with L-glutamine 100 mmol/L, 10% FCS, 2500 U/mL penicillin, and
2500 mg/mL streptomycin) supplemented with Dispase Il (3 U/mL, Roche Diagnostics). After
incubation, the epithelial layer and lamina propria were mechanically split by the use of
tweezers. Vaginal epithelial sheets were extensively washed in PBS after which was
proceeded with immature LC isolation.

Immature vaginal LCs were obtained after mucosal sheets were cut in small pieces using
surgical scissors and incubated for 30 minutes in PBS containing trypsin (0,05%, BD
Biosciences) and DNAase | (20 U/mL, Roche Applied Science) to obtain a single cell
suspension. Further vaginal LC purification was achieved by ficoll gradient centrifugation
(Axis-shield) and CD1a magnetic cell separation (MACS, Miltenyi Biotec).

Cell lines

The African monkey Vero cells (ATCC® CCL-81™) were maintained in MEM with Earle’s Salts
(Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 10% fetal calf serum
(FCS), L-glutamine and penicillin/streptomycin (10 ug/mL) as well as non-essential amino
acids (NEAA). Culture was maintained at 37C with 5% CO.. The human B cells, Raji (ATCC®
CCL-86™) as well as Raji transfectants stably expressing human DC-SIGN or human langerin
created by electroporation *! were cultured in RPMI 1640 medium (Gibco Life Technologies,
Gaithersburg, Md.) containing 10% fetal calf serum (FCS), penicillin/streptomycin
(10 pg/mL). The expression of DC-SIGN and langerin was regularly checked via FACS analysis.
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Zika virus production

The following reagent was obtained from the European Virus Archive goes global: Zika virus,
strain H/PF/2013 (clinical isolate, Asian lineage), French Polynesia 2013 with Ref-SKU: 001v-
EVA1545 and GenBank number KJ776791.2. Vero cells (ATCC® CCL-81™) were inoculated
with the Zika virus isolate and used for reproduction of virus stocks. Formation of cytopathic
effect (CPE) was closely monitored and after observing a CPE of 4+, supernatant containing
the virus was filtered (0.2 um) and stored at -80C.

Tetrazolium dye colorimetric cell viability (MTT) assay

Viral titers were determined by tissue culture infectious dose (TCID50) on Vero cells by MTT
assay. In brief, Vero cells were seeded in a 96 well plate at a cell density of 10.000 cells per
well. After 24 hours, cells were inoculated with a 5-fold serial dilution of Zika virus. Cell
cytotoxicity was measured 72 hours after infection. MTT solution was added to Vero cells
and incubated for 2 hours at 37°C. After removing the MTT solution, MTT solvent containing
4 mM HCL and 1% Nonidet P-40 (NP40) in isopropanol was added to the cells. Homogenous
solution was measured at optical density between 580 nm and 655 nm. Loss of MTT staining
as determined by spectrometer is indicative of CPE caused by Zika virus infection. The virus
titer was determined as TCID50/mL and calculated based on the Reed Muench method °3.

Reagents

The following reagents were used: to inhibit Zika virus replication, the viral polymerase
inhibitor 7-Deaza-2’-C-Methyladenosine (7DMA) (#ND08351, Carbosynth) as described in
9. Cells were stimulated with lipopolysaccharide (LPS) Salmonella enterica serotype
typhimurium (10 ng/mL, Sigma) or Poly(l:C) (10 ug/mL, Invitrogen).

Zika virus infection

Isolated primary cells as well as cell lines and full skin explants were inoculated with Zika
virus at different TCID/ml concentrations. Viral infection was determined after two to three
days post inoculation via flow cytometry staining. Zika virus infection was measured with
antibodies against either a Flavivirus envelope protein. Viral binding was determined by RT-
PCR after 4 hours. Zika virus was heat-inactivated for 60 min at 60°C as described by 2.

Cell maturation

Monocyte derived DCs, immature skin and immature vaginal LCs were exposed to either
Poly(I:C) or LTA (both Invitrogen) at a concentration of 10 pug/ml. Additionally, skin derived
LCs were exposed to 1 uM of Motolimod (VTX124 2337, MedChemExpress). Simultaneously,
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cells were inoculated with Zika virus at a concentration of 850 TCID/ml with or without the
presence of a C-type lection inhibitor (AZN-D1 for DCs, 10E2 for LCs) or mannan. After 24
hours at 37°C, cells were either fixed to continuing with FACS analysis or lysed for
subsequent PCR analysis.

Flow cytometry

Cells were fixed with paraformaldehyde (PFA) and treated with either BSA (extracellular
staining) or BSA/Saponin to measure intracellular staining. The following antibodies were
used to detect Zika virus: anti-Flavivirus 4g2 mouse 1gG2a (NovusBio), anti-Flavivirus 4g2
monoclonal rabbit (Absolute Antibody).

All other antibodies were anti-human: DC-SIGN mouse IgG1 (AZN-D1), , anti-langerin mouse
IgG1 (10E2) both in house made, PE conjugated CD207 (langerin), APC conjugated CD1a (BD
Biosciences), CD86-FITC (BD Pharmingen), CD80-PE (BD Pharmingen), CD83-APC (BD
Pharmingen), DC-SIGN-FITC (R&D systems), CD3-APC/Fire750 (Biolegend), CD11c-APC
(Biolegend), PEcy7-HLA-DR (BD Pharmingen), APCcy7-CD14 (BD Biosciences), APCcy7-
CD11c (Biolegend),APC-AXL (Thermofisher, PE-MerTK (Thermofisher) and anti-Tyro3
(Thermofisher). For secondary detection the following antibodies were used: AF488-
conjugated goat anti-mouse IgG2a (Invitrogen), AF647-conjugated donkey anti-rabbit
(Thermofisher), FITC-conjugated goat-anti-mouse IgM (Invitrogen), AF488-conjugated
donkey anti-rabbit (Thermofisher).

Flow cytometric analyses were performed on a BD FACS Canto Il (BD Biosciences) and data
was analysed using FlowJo V10 software (TreeStar).

Zika virus binding

To determine Zika virus binding to C-type lectins DC-SIGN and langerin, Raji cells were
seeded at a density of 100.000 cells in 100 pl. Cells were kept in FCS free medium to increase
receptor expression prior to virus exposure. Zika virus was added at a concentration of 175
TCID/ml and the cells were left at 4°C for 4 hours. Subsequently, cells were washed
extensively to remove any unbound virus before lysis with AVL buffer. RNA was isolated
with the QlAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s protocol.

Transmission assays and co-culture

Raji cells were exposed to 35 TCID/ml Zika virus for 4 hours. DC-SIGN or langerin receptors
were blocked prior to virus inoculation antibodies against AZN-D1 or 10E2 for 1 hour at
37°C. Primary DCs were exposed to ZIVK with 425, 850 or 2550 TCID/ml. Skin or vaginal
immature LCs were exposed to 805 TCID/ml of Zika virus. Prior to virus inoculation, DC-SIGN
or langerin receptors were blocked with antibodies against AZN-D1 or 10E2 respectively in
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certain conditions. Infection was determined after incubation with the virus for multiple
days and assessed by flow cytometry. Additionally, primary cells were stimulated with LPS
or Poly(l:C) for 24h before infection. Virus transmission to Vero target cells was determined
by incubating Raji, DCs or LCs with Zika virus for either 4h or 48h. After, cells were washed
extensively to remove unbound virus and subsequently co-cultured with Vero cells for 3
days. To assess Zika virus transmission, infection of Vero cells was measured by flow
cytometry.

RNA isolation and quantitative Real Time-PCR

Viral RNA in cells was isolated using the QlAamp Viral RNA Mini Kit (Qiagen) according to
the manufacturers protocol. cDNA was subsequently synthesized with the M-MLV reverse-
transcriptase kit (Promega). cDNA samples were diluted 1 in 5 before further application.
Cellular mRNA of cells not exposed to virus was isolated with an mRNA Capture kit (Roche)
and cDNA was synthesized with a reverse-transcriptase kit (Promega). PCR amplification for
all targets was performed in the presence of SYBR green in a 7500 Fast Realtime PCR System
(ABI). Specific primers were designed with Primer Express 2.0 (Applied Biosystems). Primer
sequences used for mRNA expression were for gene product: GAPDH, forward primer
(CCATGTTCGTCATGGGTGTG), reverse primer (GGTGCTAA GCAGTTGGTGGTG). For gene
product Zika virus-NS5, forward primer (CTTGTGGCTGCTGCGGAGGTCA), reverse primer
(AACACGCTTAACAAAGCACTC GTGGTGGGAGCAAAACGGAACTT) as described previously *°.
For gene product IFNb, forward primer (ACAGACTTACAGGTTACCTCCGAAAC), reverse
primer (CATCTGCTGGTTGAAGAATGCTT); for OAS1, forward primer
(TGCGCTCAGCTTCGTACTGA), reverse primer (GGTGGAGAACTCGCCCTCTT); APOBEC3G,
forward primer (TTGAGCCTTGGAATAATCTGCC), reverse primer
(TCGAGTGTCTGAGAATCTCCCC); MXA, forward primer (TTCAGCACCTGATGGCCTATC),
reverse primer (GTACGTCTGGAGCATGAAGAACTG); IRF7, forward primer
(GCTCCCCACGCTATACCATCTAC), reverse primer (GCCAGGGTTCCAGCTTCAC); IP10, forward
primer (CGCTGTACCTGCATCAGCAT), reverse primer (CATCTCTTCTCACCCTTCTTTTTCA); for
ISG15, forward primer (TTTGCCAGTACAGGAGCTTGTG), reverse primer
(GGGTGATCTGCGCCTTCA). The normalized amount of target mRNA was calculated from the
Ct values obtained for both target and household mRNA with the equation Nt = 2Ct (GAPDH)
- Ct(target).

Cell viability assay

MTT solution was added to Vero cells and incubated for 2 hours at 37°C. After removing the
MTT solution, MTT solvent containing 4 mM HCL and 1% Nonidet P-40 (NP40) in isopropanol
was added to the cells. Homogenous solution was measured at optical density between 580
nm and 655 nm. For cell viability check with the CellTiter-Glo® Luminescent Cell Viability
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Assay (Promega), cells were mixed with the buffer in a 1:1 ratio. The cells were treated
according to the manufacturers protocol and measured with a luminometer.

Statistics

All results are presented as mean = SEM and were analyzed by GraphPad Prism 8 software
(GraphPad Software Inc.). A two-tailed, parametric Student’s t-test for unpaired
observation, Mann-Whitney tests (differences between different donors, that were not
normally distributed) was performed. For unpaired, non-parametric observations a one-
way ANOVA or two-way ANOVA test with post hoc analysis (Tukey’s or Dunnet’s) were
performed. Statistical significance was set at *P< 0.05, **P<0.01***P<0.001****P<0.0001.
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Supplemental Figure 1 | (A)

Time post virus inoculation

Time post virus inoculation

Monocyte derived DCs (moDCs) were pre-incubated with Poly(l:C) or a blocking

antibody against DC-SIGN (AZN-D1) before Zika virus was added at a concentration of 850 TCID/ml. Cells were fixed
after either 4 hours, 24 hours or 48 hours and expression of activation and maturation markers CD80, CD83 and
CD86 was measured via flow cytometry (n=4 donors measured in monoplo). (B) moDCs were pre-incubated with
the Zika virus viral polymerase inhibitor 7DMA (20 pg/ml), pre-incubated with Poly(l:C) or a blocking antibody
against DC-SIGN (AZN-D1) before Zika virus or heat inactivated Zika virus was added to the cells. Expression of

maturation and activation markers was measured via flow cytometry after 24 hours post inoculation (n=4 donors p
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P measured in monoplo). Data information: Data show the mean values and error bars are the SEM. (B) Statistical
analysis was performed with an ordinary One-way-ANOVA and a Tukey’s multiple comparison. *P<0.05, **P<0.01,
***p<0.001
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Supplemental Figure 2 | (A) Immature skin derived LCs were pre-incubated with Poly(l:C), LTA, Motolimod or a
blocking antibody against langerin (10E2) before Zika virus was added at a concentration of 850 TCID/ml. Cells
were fixed after either 4 hours, 24 hours or 48 hours and expression of activation and maturation markers was
measured via flow cytometry (n=3 donors measured in monoplo). (B) Monocyte derived DCs (moDCs) were
incubated with Zika virus for 48 hours before cell viability was measured by MTT assay (n=3 donors in duplicates). p
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P (C) moDCs were characterized for their expression of DC-SIGN and lack of langerin. Cell receptor expression was
measured via flow cytometry (n=2 donors in duplicates). (D) moDCs were pre-incubated with a blocking antibody
against DC-SIGN prior to Zika virus inoculation. After 48 hours, cell viability was measured with a CellGlow assay
(n=3 donors measured in duplicates). (E) moDCs were pre-incubated with the carbohydrate mannan or a blocking
antibody against DC-SIGN (AZN-D1) before Zika virus was added at a concentration of 850 TCID/ml. Cells were fixed
after 48 hours and infection was measured via flow cytometry with a 4g2 Flavivirus antibody (n=2 donors measured
in monoplo).
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Supplemental Figure 3 | (A) Expression of TAM receptors (Tyro3, AXL, MerTK) was measured on moDCs and skin
derived immature LCs via flow cytometry. (1 representative donor of n=2 moDC and n=3 LC donors). (B) Expression
of CD11c was measured in dermal cells crawled out of full skin explants that were infected with Zika virus.
(1 representative donor of n=3)
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CHAPTER 3

Abstract

Vaginal inflammation increases the risk for sexual HIV-1 transmission but underlying
mechanisms remain unclear. In this study we assessed the impact of immune activation on
HIV-1 susceptibility of primary human vaginal Langerhans cells (LCs). Vaginal LCs isolated
from human vaginal tissue expressed a broad range of TLRs and became activated after
exposure to both viral and bacterial TLR ligands. HIV-1 replication was restricted in
immature vaginal LCs as only low levels of infection could be detected. Notably, activation
of immature vaginal LCs by bacterial TLR ligands increased HIV-1 infection, whereas viral
TLR ligands were unable to induce HIV-1 replication in vaginal LCs. Furthermore, mature
vaginal LCs transmitted HIV-1 to CD4 T cells. This study emphasizes the role for vaginal LCs
in protection against mucosal HIV-1 infection, which is abrogated upon activation.
Moreover, our data suggest that bacterial STIs can increase the risk of HIV-1 acquisition in
women.
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Activation of vaginal Langerhans cells increases HIV-1 susceptibility

Introduction

HIV-1/AIDS remains the leading cause of death for African women of reproductive age and
these women are more than two times as likely to become HIV-1 infected compared to their
male peers 2, In women, the major route of infection is sexual transmission via the vaginal
mucosa 3. Vaginal mucosal tissue protects women against environmental cues such as
invading pathogens, mechanical stress (i.e. intercourse), and constant exposure to
commensal microbiota #°. Vaginal mucosa can be divided into two major compartments;
the epithelial layer and the sub epithelial lamina propria. The epithelial layer consists of
non-keratinized stratified squamous epithelial cells and harbours only a few specific
immune cells. In contrast, the lamina propria is composed of connective tissue and is rich in
immune cells &7,

The vaginal epithelium is the first compartment to become exposed to HIV-1 upon sexual
transmission and constitutes a physical barrier to viral particles by its multi-layers, tight
junctions, and secreted mucus. Although not as extensively as the lamina propria, the
epithelial layer is equipped with various local immune players ® 2. Besides antimicrobial
peptides (i.e. LL-37 and defensins) and immunoglobulins (i.e. IgA and IgG), the epithelial
layer contains T cells and Langerhans cells (LCs) & °. LCs embody a subtype of antigen
presenting cells (APCs) that play a central role in mucosal immunology and distinctively
express the C-type lectin receptor langerin 1%, In the vaginal epithelium, LCs are resident
immune cells that express HIV-1 entry receptors ' 31415 | Cs are part of the dendritic cell
lineage but also share close traits with macrophages through a common precursor 16,
Moreover, LCs are tissue resident and repopulate locally independent of blood circulation
7. During HIV-1 infection, LCs can be both protective or detrimental 8. Immature LCs exert
anti-viral properties in vitro as they restrict infection with low doses of HIV-1 through
capture by langerin and subsequent internalization and TRIM5a/autophagy-mediated
degradation 1% 2% 2%, However, LCs can also be productively infected by HIV-1 through their
CD4 and CCR5 receptors 122, Moreover, recent studies identified new cell populations that
are closely related to “classic” LCs 2> 2% 25, Vaginal epithelial dendritic cells (VEDCs) are
characterized by their CD1a and langerin expression but harbor no Birbeck granules .
Epidermal CD11c+ DCs are CD1a positive but express low levels of langerin 2> 25, Compared
to classic LCs, these cells are more permissive to HIV-1 infection and transmission 23 23,
While inflammatory responses by LCs and other immune cells are beneficial and required
to effectively eliminate sexually transmitted infections (STls), vaginal inflammation prior to
HIV-1 exposure paradoxically increases the risk of HIV-1 acquisition 26:272%.2% | ocal vaginal
inflammation not only hampers the barrier function of vaginal epithelium, but also activates
LCs leading to attenuation of their protective role in HIV-1 infection 1% 2039 |nflammatory
stimuli increase the ability of skin LCs to capture and transmit HIV-1 while also enhancing
the replicative potential of HIV-1 in LCs®. Interestingly, agonists to the Toll-like receptor
(TLR) 2 enhance susceptibility of LCs to HIV-1, suggesting that gram+ bacteria might be
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responsible for enhanced infection and transmission of HIV-1 3%, Recently, we have shown
that the vaginal bacterium Prevotella timonensis enhances HIV-1 capture as well as
transmission by LCs, providing further evidence that bacterial species can influence HIV-1
susceptibility of target cells 3. Moreover, elevated levels of pro-inflammatory cytokines can
recruit activated CD4 T cells from the lamina propria, supplying additional HIV-1 target cells
33

Our current study uses physiologically important immature human LCs freshly isolated from
vaginal mucosa and shows that they restrict HIV-1 infection and pose a barrier to sexual
HIV-1 transmission in women. In contrast, mature vaginal LCs were efficiently infected by
HIV-1 and largely transmitted HIV-1 to CD4 T cells. Notably, exposure to bacterial, but not
viral, TLR ligands enhanced HIV-1 infection and transmission of immature vaginal LCs. Thus,
this study supports a role for human vaginal LCs in protection against HIV-1 and suggests
that activation of vaginal LCs by bacteria increases sexual HIV-1 susceptibility in women.

Results

Vaginal LC purification

To obtain immature and mature LCs from vaginal epithelium, a combination of mechanical
and enzymatic methods was used (Figure. 1A). Epithelial sheets were separated from the
lamina propria and submucosal stroma using surgical scissors and subsequent overnight
incubation with the enzyme Dispase Il. Smooth separation after Dispase Il incubation could
only be secured when stromal layers were thin and cut strips did not exceed a width of
7 mm. Immature LCs were immediately isolated from epithelial sheets using enzymatic
digestion. For mature vaginal LCs, epithelial sheets were cultured for several days and
emigrated CD1a+ were harvested. Both immature and mature vaginal LCs were purified
using density gradient isolation and subsequent positive CD1a selection with MACS. After
two rounds of CD1a selection, the immature isolation protocol resulted in an immature LC
purity, defined as CD1a+ and langerin"8" expressing cells of 79.1% (ranging 63.9-90.0%,
Figure. 1B and Supplemental Figure. 1A). One CD1a selection round resulted in 55.5 %
immature LC purity (range 23.7-78.0%, Figure. 1B). For the mature LC model, cell purity
accounted for 53.6% (1st CD1a selection round, range 37.8-68.5%, Figure 1C) and 70.5%
(2nd CD1a selection round, range 63.3-73.3%, Figure. 1C). Isolation of vaginal cells as
described in Figure 1 resulted in a consistent purity of CD1a positive cells stably above 85%
(Supplemental Figure. 1B). The CD1a positive cells highly expressed HLA-DR, CD11b, E-
cadherin and Mucin-1. The co-purified/isolated CD1a negative fraction was slightly enriched
for CCR5, but no particular cell type could be identified as specific markers for vaginal
epithelial cells were not available (data not shown). Both enzymatically isolated and
emigrated CDla+ cells expressed langerin, suggesting that these are LCs. The LCs were
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purified from vaginal epithelium using a combination of mechanical and enzymatic
methods, resulting in CD1a+/langerin high purities up to ~80%.
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Figure 1 | Vaginal LC purification. (A) schematic model and pictures of isolation procedures used to obtain
immature and mature vaginal LCs from primary human vaginal tissue. Images were adopted from Servier Medical
Art by Servier (http://www.servier.com/Powerpoint-image-bank) and modified by the authors under the following
terms: CREATIVE COMMONS Attribution 3.0 Unported (CC BY 3.0); (B-C) vaginal LC purity (% CD1a+/Langerinhe
cells) after immature (B, N=7) and mature (C, N=6) isolation procedure. * p <0,05, ** p <0.01, two-tailed t-test,
data are mean  SD.

Emigrated mature vaginal LCs express lower levels of langerin and
higher levels of CD86

Both immature and mature CD1a+ LCs were analysed for expression of CD4, CCRS5, langerin
and CD86 by flow cytometry. As described previously, HIV-1 receptor CD4 and HIV-1 co-
receptor CCR5 were detected on immature and mature vaginal LCs (Figure. 2A and B) 1> 34,
CCR5 was higher expressed by mature LCs, whereas CD4 expression was similar on both
immature and mature LCs isolated from the same vaginal mucosa explants (Figure. 2). Both
immature and mature LCs expressed langerin, a C-type lectin receptor involved in HIV-1
binding and TRIM5a/autophagy-mediated degradation 2% 2! (Figure. 2). Notably, langerin
expression was substantially decreased in mature vaginal LCs compared to immature LCs
(Figure. 2), similar to what we have previously observed in skin derived LCs 3°. Mature LCs
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expressed higher levels of co-stimulatory molecule CD86 (Figure. 2), indicating the
increased capacity to prime naive T cells. Taken together, vaginal LCs express several surface
receptors involved in the initial interaction between LCs and HIV-1.
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Figure 2 | Immature and mature vaginal LCs display a differential phenotype. (A), representative plots of the
expression of LC receptors involved in the interaction with HIV-1 (CD4, CCRS5, langerin) and T cells (CD86) on
immature and mature vaginal LCs as determined by flow cytometry. (B, N=3) pooled data from 3 separate donors
of immature and mature vaginal LCs (CD1a+) for the expression of CD4, CCR5, langerin and CD86. ** p <0.01, ***
p <0.001, unpaired t-test, data are mean + SD.

Vaginal LCs express functional viral and bacterial TLRs

To investigate the ability of vaginal LCs to respond to bacterial and viral ligands, we
determined their TLR expression profile. Vaginal LCs expressed all major TLRs, except TLR9
(Figure. 3A). Strikingly, TLR4 could be detected, whereas epidermal LCs lack the expression
of this bacteria-sensing TLR 3. Importantly, we sorted immature vaginal LCs into CD1a
positive and CD1a negative fractions and only detected TLR4 on the CD1la positive cells
(Supplemental Figure. 1C). To test the functionality of TLRs expressed by vaginal LCs, we
exposed immature vaginal LCs (CDla+ and langerin™®") to TLR ligands and analysed
upregulation of co-stimulatory molecule CD86 as measure of TLR activation. Stimulation of
immature vaginal LCs with bacterial ligands for TLR1/2 (Pam3CSK4) or TLR4 (LPS) resulted
in a significantly increased expression of CD86 (Figure. 3B and C). The most extensive
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increase in CD86 expression was induced by viral TLR3 ligand Poly(l:C) (Figure. 3B and D).
Levels of CD86 expression after stimulation with these activating TLR ligands were similar
to the level of CD86 expression of emigrated mature LCs (Figure. 2B). TLR7/8 ligand R848
induced CD86 upregulation similar to Poly(l:C) but did not reach significance (p-value =
0.186). When stimulating the cells with Lipid A, key domain of LPS 37, we observed similar
upregulation of CD86 expression compared to LPS (Supplemental Figure. 1D). Furthermore,
co-treatment with Polymyxin B sulfate, a potent antibiotic used to inhibit LPS 3%, decreased
the LPS-induced CD86 expression (Supplemental Figure. 1D), supporting that LPS moiety is
responsible for this cell maturation. Next, we wanted to examine the full co-stimulatory
potential of vaginal LCs after TLR triggering. In addition to CD86, vaginal LCs were assessed
for their ability to upregulate co-stimulatory molecules CD80 and CD83 in response to
stimulation with Poly(l:C) and LPS (Figure 3D). CD80 was upregulated both after Poly(l:C)
and LPS stimulation, in accordance with CD86 (Figure. 3D). However, the expression of CD83
was similar between immature and mature LCs (Figure. 3D), suggesting these LCs are not
fully matured but able to present antigens. We also investigated whether receptors
important for HIV-1 infection of LCs, i.e. CD4, CCR5, and Langerin, were affected by LC
activation through TLRs (Figure. 3E). Neither CD4 nor CCR5 were affected by TLR stimulation
with Poly(l:C) or LPS (Figure. 3E). These results contrast with CCR5 downregulation we
observed upon LC maturation through migration (Figure. 2A and B), suggesting that
activation after TLR stimulation induces a different LC phenotype. Importantly, langerin was
significantly downregulated after TLR stimulation (Figure. 3E). Taken together, these results
indicate that immature vaginal LCs harbour functional TLRs and therefore can respond to
bacteria as well as viruses. Moreover, stimulation with TLR ligands leads to an activated LC
phenotype that can prime LCs for antigen presentation as well as support HIV-1 infection.

Immature vaginal LCs efficiently capture HIV-1 gp120 via langerin

We next investigated the interaction of HIV-1 with immature and mature vaginal LCs using
a fluorescent HIV-1 gp120-coated bead-binding assay. HIV-1 gp120 efficiently interacted
with immature vaginal LCs, resulting in ~60% binding (Figure. 4A and C). HIV-1 gp120
binding to immature vaginal LCs was significantly decreased by a langerin-blocking antibody
as well as by mannan, a mannosylated carbohydrate structure known for its binding to
langerin. Mature LCs have a decreased langerin expression (Figure. 2B) and captured HIV-1
gp120 less efficiently (~ 20%, Figure. 4B and D) compared to immature LCs. Neither anti-
langerin nor mannan could significantly block HIV-1 gp120 binding to mature vaginal LCs.
Moreover, HIV-1 gp120 binding to immature vaginal LCs was only marginally decreased
after blocking CD4 or CCR5 in comparison to the decrease observed with anti-langerin
(Figure. 4E), suggesting that these receptors are less involved in the binding of HIV-1 to
immature vaginal LCs. As expected, anti-DC-SIGN antibodies did not decrease binding.
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Figure 3 | Vaginal LCs express functional viral and bacterial TLRs. (A) TLR expression levels of immature vaginal
LCs (CD1a+, Langerin®e") as determined by RT-PCR (N=4); (B) relative maturation (MFI CD86 ‘TLR-ligand’ / MFI CD86
‘medium’) of immature LCs exposed to TLR-ligands (N=4-6); * p <0,05, ** p <0.01, two-tailed t-test, data are mean
+SD; C) representative histograms of CD86 upregulation on immature vaginal LCs (CD1a+, Langerin"&") in response
to TLR-ligands as determined by flow cytometry (unstimulated — filled grey histogram; TLR-ligand — black line). (D,
N=5, N=4 and N=5 respectively) pooled data of expression of CD80, CD83 and CD86 on seperated donors after
stimulation with either LPS or Poly-IC; (E, N=6) pooled data of separate donors for expression of CD4, CCR5 and
langerin; * p <0,05, ** p <0.01, two-tailed t-test, data are mean * SD.
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These results strongly suggest that langerin expressed on immature vaginal LCs efficiently
captures HIV-1 gp120, and thereby considered a major HIV-1 binding receptor on LCs 2.

However, mature LCs have decreased langerin expression (Figure. 2B), suggesting that
other receptors (i.e. CD4 and CCR5) play a role in virus binding and subsequent infection.
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Figure 4 | Immature vaginal LCs efficiently engage HIV-1 through langerin. (A-B) representative flow cytometry
plots of HIV-1 gp120 binding to immature (A) and mature (B) vaginal (CD1a+, Langerin"e") left untreated or pre-
treated with anti-langerin; C-D), pooled HIV-1 gp120 binding data (% HIV-1-gp120+) of immature (C,N=3) and
mature (D, N=3) vaginal LCs pre-treated with medium, anti-langerin, or mannan; * p <0,05, ** p <0.01, two-tailed
t-test; (E, N=2) GP120 binding (% HIV-1-gp120+) on immature vaginal LCs in the presence or absence of anti-
langerin (10E2), anti-DC-SIGN (D1, isotype control), anti-CD4 or anti-CCR5 blocking antibody; data are mean £ SD.
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Mature vaginal Langerhans cells become highly infected by HIV-1
and bacterial TLR ligands abrogate HIV-1 restriction in vaginal LCs

LCs form a protective barrier against HIV-1 infection 1% 1% 2021 As shown for skin-derived
LCs, the antiviral properties can be attenuated when LCs are subjected to immune
activation; instead of targeting HIV-1 for degradation, LCs become productively infected
20,21 Here we investigated the levels of HIV-1 infection of immature as well as of mature
vaginal LCs (CD1a+ and langerin"®") after a 5-day exposure to various HIV-1 strains.
Immature vaginal LCs showed low levels of HIV-1 infection after exposure to different
HIV-1 strains NL4.3-Bal, SF162, and JR-CSF. Infection levels (% p24+ of CD1a positive cell
fraction) varied from 1.3 to 6.6 % (Figure. 5A). In contrast, higher levels of HIV-1 infection
were observed in mature CD1a positive vaginal LCs (Figure. 5B). HIV-1 infection levels of
mature cells varied more compared to immature vaginal LCs, ranging from 4.3 to 51.7 %,
and were clearly higher for the PBMC produced HIV-1 strains SF162 and JR-CSF (~43.2 and
~36.3%) than for NL4.3-Bal (~11.1%).

Additionally, vaginal immature LCs were stimulated with various TLR ligands to investigate
their influence on the HIV-1 restrictive function of immature vaginal LCs. Immature vaginal
LCs were stimulated overnight with Pam3CSK4, poly(l:C), LPS, and R848, and subsequently
infected with HIV-1 (SF162). Notably, the bacterial ligand Pam3CSK4 (TLR1/2) and LPS (TLR4)
specifically increased the infection levels in vaginal immature LCs (Figure 5C). Stimulation
with viral ligands Poly(l:C) (TLR3) and R848 (TLR 7/8), which efficiently activated immature
vaginal LCs (Figure. 3B and C), did not result in increased HIV-1 infection compared to
unstimulated LCs (Figure 5C). Infection levels in Pam3CSK4- and LPS-stimulated LCs (max
3.6-fold increase), however, did not reach the magnitude of HIV-1 infection observed in the
mature vaginal cell model (12.5-fold increase; Figure. 5B). These data indicate that
immature vaginal LCs are poorly susceptible to R5-tropic HIV-1, whereas mature vaginal LCs
are efficiently infected by R5-tropic HIV-1 strains. Moreover, our findings suggest that
bacterial co-infections increase HIV-1 susceptibility by abrogating the restriction of HIV-1
infection in immature vaginal LCs.

Mature vaginal Langerhans cells effectively transmit HIV-1 to target
cells

Next, we investigated the ability of both immature and mature vaginal LCs to transmit
HIV-1 to target cells. First, vaginal LCs were exposed to HIV-1 for 2 days, allowing productive
infection of LCs, then washed extensively and subsequently co-cultured with PHA/IL2-
activated CD4 T cells in a 1:2 ratio for 3 days. Transmission of HIV-1 (SF162) by immature
vaginal LCs was low (~3.3%, Figure. 5D). In contrast, mature vaginal LCs efficiently
transmitted HIV-1 to CD4 T cells, resulting in infection levels of ~47,3% in CD4 T cells after
co-culture. Thus, mature vaginal LCs are productively infected with HIV-1 resulting in
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abundant HIV-1 transmission to target CD4 T cells. During sexual transmission of HIV-1,
multiple viral strains are present in the genital tract. However, typically only one strain,
termed transmitted founder (T/F) virus, establishes infection 3> %, Vaginal LCs are more
susceptible to T/F viruses than to their chronic HIV-1 counterparts, exhibiting increased
infection **. We therefore incubated LPS-activated vaginal LCs with the HIV-1 T/F virus
Ch058 and co-cultured them with susceptible target cells and determined transmission
after several days (Figure. 5E). Although we observed donor differences, LPS-activated LCs
showed a trend in increased HIV-1 transmission, indicating that activation of vaginal mucosa
by bacteria can enhance HIV-1 transmission by vaginal LCs.

Discussion

HIV-1/AIDS is still a global health problem and sexual transmission is the major route of
infection 242, Vaginal STls compose a risk for acquisition of HIV-1 and previous studies point
out immune activation as being the mediating factor 2% 27 28 29, More specifically, TLR
ligation has been suggested to affect susceptibility of LCs in vaginal mucosa and enhance
sexual transmission of HIV-1 31,

Here we have investigated primary human vaginal LCs in the context of immune activation.
Skin-derived LCs do not express TLR4 3% % and, notably, here we show that vaginal LCs
express TLR4 and this affects HIV-1 infection. Immune activation in ex vivo culture of
immature mucosal sheets or direct activation of immature vaginal LCs by bacterial TLR
ligands including LPS enhanced HIV-1 infection as well as transmission to CD4 T cells. These
data indicate that vaginal LCs might be more susceptible to HIV-1 in the presence of gram-
negative bacteria observed in bacterial vaginosis.

LCs are considered a potential target for HIV-1 as they express entry receptors CD4 and
CCRS5, as shown in this report and previous studies % 34, HIV-1 binding to CD4 and CCR5
leads to fusion of the viral envelope with the target cell membrane. However, expression of
langerin by LCs forms an infection barrier; langerin efficiently captures HIV-1 and targets
the virus to a TRIM50/autophagy-mediated degradation process 2> 2. Viral scavenging by
langerin is thought to prevent HIV-1 infection of LCs but also prevents infection of
surrounding cells. This protective effect depends on various factors such as viral load as well
as expression of langerin. Therefore, at high concentrations LCs can become infected by
HIV-1. Importantly, while immature monocyte-derived LCs are poorly susceptible to HIV-1
infection, the chance for infection increases in their mature counterparts 4. We show that
immature vaginal LCs, directly isolated from fresh vaginal tissue, are poorly susceptible to
HIV-1 infection. This is in accordance with studies from our group using immature LCs
isolated from skin 29 or vaginal mucosa **. As well as studies on vaginal explants that

%45 In line with these studies, we

report no productive HIV-1 infection in vaginal LCs
detected low HIV-1 infection in immature vaginal LCs. However, we observed high levels of

infection in vaginal LCs that were activated through ex vivo culturing prior to HIV-1
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Figure 5 | Bacterial TLR-ligands increase HIV-1 infection in vaginal LCs and activated vaginal LCs transmit HIV-1
to target cells. (A-B) HIV-1 (NL4.3Bal, SF162, JR-CSF) infection of immature (A, N=3-10) and activated (B, N=2-5)
vaginal LCs (CD1a+, Langerine") as measured by double staining for intracellular p24 and CD1a, and analyzed by
flow cytometry; (C) HIV-1 (SF162) infection in immature vaginal LCs pre-stimulated with TLR-ligands, N=4-7
* p <0,05, two-tailed t-test, (D) HIV-1 (SF162) transmission from immature and mature vaginal LCs to CD4 T cells
after co-culture, N=3-5, ** p <0.01, two-tailed t-test, (E, N=4) HIV-1 Transmitted Founder virus (CHO58)
transmission by immature vaginal LCs to CD4/CCR5 expressing U87 cells with or without prior stimulation or LPS
for 30 minutes, data are mean % SD.

exposure. This increased HIV-1 susceptibility might be explained by decreased expression
of langerin, as we observed lower levels of langerin expression and a decreased capacity to
bind gpl120 coated beads by mature LCs compared to their immature counterparts.
Interestingly, we still observe some gp120 binding to mature LCs after langerin block,
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suggesting that other receptors might be involved. Our data suggest that CD4 and CCR5 are
not involved in the gp120 binding as antibodies against these receptors do not abrogate
gp120 binding by immature LCs. It is possible that heparan sulfate proteoglycans are
involved in the remaining gp120 binding by mature LCs 35,

Recently, new subsets of langerin expressing cells were described in the skin and vaginal
mucosa 2> 2% 25, In the vaginal mucosa, CD1a+ and langerin+ epithelial DCs were suggested
to become infected by HIV-1 due to their lack of Birbeck granules 2% while epidermal CD11c+
DCs described in the epidermis and anogenital tissues were more susceptible to HIV-1 than
LCs 2. With our isolation method we obtained cells that expressed high levels of both CD1a
and langerin while also expressing CD4 and CCR5. High expression of langerin and low
susceptibility to HIV-1 suggests that we are looking at classic LCs. Another LC subset, termed
LC2, was recently identified in the epidermis and differs phenotypically and functionally
from classical LCs (LC1) ?*. As of now, there is no evidence of an LC2 population in vaginal
mucosa and further research into their localization is needed.

LCs from skin do not express TLR4 and are unresponsive to LPS 3% 46, As human skin is an
extensive and important organ, this unresponsiveness might be a mechanism contributing
to the tolerance to bacterial commensals which prevents unnecessary inflammation #°.
Strikingly, our data strongly suggest that vaginal LCs are fully equipped with TLR1-8,
including TLR4. Whereas, we did not observe any TLR4 expression in CD1a negative sorted
vaginal cell fraction nor skin immature LCs (Supplemental Figure 1C and data not shown).
These data imply that vaginal LCs are able to recognize vaginal co-infections caused by
viruses as well as bacteria.

By exposing immature vaginal LCs to TLR ligands we obtained an activated phenotype with
increased levels of co-stimulatory molecules CD80 and CD86. Interestingly, CD83 did not
increase in expression upon stimulation with either TLR ligand, suggesting the cells are not
fully matured but activated and primed for antigen presentation. Notably, we observed
stronger downregulation of langerin in emigrated LCs, suggesting that the TLR-activated LCs
are less mature than emigrated LCs. This is further supported by finding that emigrated LCs
were more efficient in HIV-1 transmission than TLR-activated LCs.

Only bacterial TLR ligands Pam3CSK4 and LPS increased HIV-1 infection in immature vaginal
LCs. Strikingly, Poly(l:C) exposure resulted in high LC activation, but low HIV-1 infection of
vaginal LCs, in line with previous reports in LCs from skin and in a monocyte-derived LC
model 3. Viral TLR3 ligand Poly(l:C), might induce an antiviral interferon response in vaginal
LCs, which further preserves the anti-HIV-1 function of vaginal LCs. In previous reports, the
activation of TLR3 by viral agonists and viral stomatitis virus resulted in the release of type
I IFN and IFN inducible chemokines CXCL9 and CXCL11, inducing an antiviral response in LC-
like DCs #. However, as both chemokines are potent T cell attractants, this could also lead
to an influx of T cells in the tissue, indirectly increasing the risk of HIV-1 acquisition in these
tissues. These findings suggest that specific TLR-induced signalling pathways and immune
activation programs can render vaginal LCs susceptible to HIV-1.
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We have recently identified a role for P. timonensis, a gram negative bacterium highly
enriched in vaginal dysbiosis, in enhancing of HIV-1 susceptibility. Exposure to P. timonensis
highly increased uptake of HIV-1 by vaginal LCs and protected the virus from degradation,
highlighting an important role for the vaginal microbiome in HIV-1 infection and
transmission 32, LCs are antigen presenting cells that closely interact with HIV-1 target cells
(i.e. CD4 T cells) after activation and migration to a lymph node in order to direct immune
responses, making them ideal first target cells for HIV-1 infection. Considering this
characteristic of LCs, we have performed co-cultures of infected and extensively washed
vaginal LCs with CD4 T cells to address their HIV-1 transmission capacity. Mature vaginal LCs
transmitted HIV-1 efficiently to CD4 T cells, whereas immature vaginal LCs exerted their
restrictive function also in these co-cultures as transmission by immature LCs to CD4 T cells
was low. For freshly isolated skin-derived LCs, we have shown that langerin prevents HIV-1
transmission in immature LCs whereas mature LCs are more efficient in HIV-1 transfer due
to lower langerin expression?. Moreover, other factors (e.g. the complement system in
semen) can increase HIV-1 transmission by LCs, bypassing langerin mediated restriction %,
Similarly, LCs found in human foreskin can become infected and transmit HIV-1 to T cells via
conjugate formation *°. However, it should be noted that the last study used virus-infected
cells whereas most other studies worked with cell-free virus. Factors such as timing, viral
load, cell origin and isolation methods might account for the divergence in the results. On
the contrary, others suggest that langerin is involved in both uptake and transfer of HIV-1
from LCs to T cells and that langerin block prevents transmission °, indicating that the role
of langerin is not fully elucidated yet. Moreover, immature skin LCs stimulated with
Pam3CSK4 increased capture and subsequent trans-infection of HIV-1 to T cells *°. However,
the role of Pam3CSK4 in enhancing infection of target cells with RSV and HIV-1, has been
suggested to be independent of TLR activation and instead a result of increased binding °2.
While our data suggest that decreased langerin expression is involved in increased
susceptibility of TLR-activated LCs, it is possible that other receptors are involved in
infection and transmission. A set of receptors that might be involved in HIV-1 transmission
irrespective of immune activation are Syndecans. These Heparan sulfate proteoglycans
have been shown to aid HIV-1 infection of DCs 2 as well as facilitate transmission of HCV by
LCs, counteracting langerin restriction 3°. HIV-1 T/F viruses are the strains that establish
infection in the genital tract during mucosal transmission 3. Immature LCs from both skin
and vaginal mucosa are significantly more susceptible to T/F viruses than their chronic,
laboratory adapted strains %, It is still not entirely clear what factors determine their
superior infection 3°. T/F viruses are characterized by their higher resistance to type |
interferons compared to chronic HIV-1 strains, suggesting that antiviral environments lead
to selective pressure for these strains to prevail >

Using primary human vaginal mucosa as well as different HIV-1 strains and isolates, we have
shown that immature LCs highly expressing CD1a and langerin are poorly susceptible to
HIV-1 infection and transmission in the vagina. These data indicate that immature vaginal
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LCs form a natural barrier against sexual HIV-1 transmission in women. Strikingly, bacterial
ligands activated vaginal LCs, and activation increased HIV-1 infection and subsequent
transmission to CD4 T cells. Thus, our study strongly suggests that bacterial pathogens can
abrogate HIV-1 restriction by vaginal LCs, thereby increasing vaginal HIV-1 susceptibility.
Furthermore, our data emphasize the importance for prevention of vaginal immune
activation in the development of novel strategies against HIV-1/AIDS in women.

Methods

Tissue samples

Human vaginal tissue was collected from women undergoing vaginal surgery for pelvic
organ prolapse in which excessive vaginal tissue was removed of the anterior or posterior
vaginal wall. This study, including the tissue harvesting procedures, was approved by the
Medical Ethics Review Committee of the Academic Medical Center (AMC) of Amsterdam.
All research was performed in accordance with relevant guidelines and regulations. Vaginal
tissue was freshly processed for each experiment. Surplus stroma was dissected until a thin
layer of submucosa remained and tissue was cut into strips of 5-7 mm. Vaginal tissue strips
were incubated overnight at 4 °C in complete medium (Iscoves Modified Dulbecco’s
Medium (IMDM) of Thermo Fischer Science with L-glutamine 100 mmol/L, 10% FCS, 2500
U/mL penicillin, and 2500 mg/mL streptomycin) supplemented with Dispase Il (3 U/mL,
Roche Diagnostics). After incubation, the epithelial layer and lamina propria were
mechanically split by the use of tweezers. Vaginal epithelial sheets were extensively washed
in PBS after which was proceeded with immature LC isolation or the ex vivo culture protocol.

Immature vaginal Langerhans cells

Epithelial sheets were cut in small pieces using surgical scissors and incubated for 10
minutes in PBS containing trypsin (0,05%, BD Biosciences) and DNAase | (20 U/mL, Roche
Applied Science) to obtain a single cell suspension. Short incubation times (customized per
donor, max. 10 minutes) were used to preserve cell viability and surface marker integrity.
After inactivation of trypsin with FCS and thorough resuspension, cells were filtered and
washed in complete medium. Further vaginal LC purification was achieved by ficoll gradient
centrifugation (Axis-shield) and CD1a magnetic cell separation (MACS, Miltenyi Biotec). The
resulting cell population expressed high CD1a and langerin. Cells were routinely checked for
CD1a and langerin before being used for functional experiments.
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Mature vaginal Langerhans cells

Vaginal epithelial sheets were incubated in complete medium in 6-wells plates and
migratory cells were collected after 3 days. Similar to immature LCs, further purification was
accomplished using ficoll gradient centrifugation (Axis shield) and two rounds of CDla
magnetic cell separation (Miltenyi Biotec).

Phenotyping LCs by flow cytometry

Immature and mature LCs were phenotyped using CD1a-APC (BD Pharmingen), langerin-PE
(Novocastra), CD86-FITC (BD Pharmingen), CD80-PE (BD Pharmingen), CD83-APC
(BD Pharmingen), CD4-AF488 (Biolegend),CD195 (CCR5)-PE (BD Pharmingen) and unlabeled
CXCR4 (R&D systems) for which secondary detection with Goat-anti-Mouse-A488
(Invitrogen) was used. HIV-1 infection and transmission samples were stained for CD1a-APC
(LC marker), CD3-PerCP (T cell marker), and p24-PE (HIV-1 envelope protein, Beckman
Coulter). Immature vaginal LCs were further sorted with a FacsARIA 3 laser sorter
(BD Biosciences) after staining for CD1a-APCinto CD1a positive and CD1a negative fractions.
Samples were analysed using FACSCanto Il flow cytometers (BD Biosciences) and data
analysis was carried out with FlowlJo V10.

TLR expression profile detection with RT-PCR

mRNA was isolated using mRNA Capture kit (Roche Life Sciences) and cDNA was synthesized
with Reverse Transcription System (Promega). Amplification and real-time quantification
was performed by PCR with SYBR Green according to manufacturer’s guidelines for the ABI
7500 Fast PCR detection system (Applied biosciences). The normalized amount of TLR mRNA
(Nt) was calculated from the C: values obtained for both TLR and household (GAPDH) mRNA
with the equation N; = 2CHGAPDH) - CHTLR)

TLR stimulations

Immature LCs were incubated overnight in complete medium supplemented with
Pam3CSK4 (5 ug/mL, Invivogen), Poly(I:C) (10 ug/mL, Invivogen), LPS (10 ng/mL, SIGMA),
R848 (10 ug/mL, Invivogen), Lipid A, diphosphoryl from Escherichia coli F583 (10 ng/ml,
Sigma), LPS + Polymyxin B Sulfate (PMB) (25 ug/ml, Enzolifesciences) or Lipid A + PMB
(25 ug/ml) respectively. LCs were either analyzed by flow cytometry for upregulation of
co-stimulatory molecule CD86, or were infected with SF162 (multiplicity of infection (MOI)
0.1).
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HIV-1 gp120 binding to langerin

TransFluorSpheres (Molecular Probes, Eugene, OR) were coated with purified HIV-1 gp120
envelope protein as described previously. HIV-1 gp120-bead-binding studies were also
performed as described previously *°. In short, vaginal LCs were pre-incubated with anti-
langerin (10E2), mannan anti-DC-SIGN (AZN-D1), anti-CD4, anti-CCR5 or left untreated, after
which HIV-1 gp120-coated beads were added and binding capacity was assessed using flow
cytometry.

Cells

The langerin expressing U87 cells stably expressing CD4 and wild-type CCR5 co-receptor
(obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: U87
CD4+CCR5+ cells) were cultured in Iscove's Modified Dulbecco's Medium (Thermo Fischer
Scientific, USA) supplemented with 10% fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin (10 pg/mL) as described previously 2*.

Viruses, HIV-1 infection and transmission

R5 tropic HIV-1 strains NL4.3-Bal, JR-CSF, and SF162, were used in LC infection experiments
and these viruses were generated as described previously *°. For additional transmission
experiments and infection studies using TLR ligands, SF162 and NL4.3Bal virus was used.
Moreover, the HIV-1 Transmitted/Founder (T/F) virus CHO58 was used for transmission
from immature vaginal LCs to U87. CHO58 was generated as previously described #.
Immature and mature LCs were infected with a MOI of 0.1 and HIV-1 infection was assessed
by flow cytometry at day 5 after infection by intracellular p24 staining. To determine
transmission of HIV-1 from LCs to T cells, infected LCs were washed extensively at day 2 of
infection and were subsequently co-cultured with allogeneic PHA/IL-2 activated CD4 T cells
for 3 days. Infection levels in CD4 T cells were measured to assess HIV-1 transmission by
vaginal LCs. Additionally, vaginal immature LCs were stimulated with LPS or PamC3K for 24h
(NL43Bal) or 30 min (Ch058) before infection. After 2 days, cells were washed extensively
and co-cultured with U87 to determine transmission to these target cells. After 3 days of
co-culture, vaginal LCs were washed away and infection in U87 cells was measured by flow
cytometry.
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Supplemental figure 1 | (A, one representative donor) CD1a and langerin expression of cells isolated from vaginal
mucosa after ficoll, 1st CD1a MACS selection, 2nd CD1a MACS selection. (B, N=8) improved isolation of CD1la
positive immature vaginal LCs after two MACS selection steps. (C, N=4) TLR4 expression on immature vaginal LCs
after sorting into CD1a positive and CD1a negative fractions. Expression was determined by real time quantitative
PCR and values are depicted normalized to GAPDH. (D, N=3) expression of CD86 on immature vaginal LCs after
stimulation with Lipid A, LPS, PMB or a combination thereof. * p <0,05, two-tailed t-test; data are mean + SD
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CHAPTER 4

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus disease
2019 (COVID-19), an infectious disease characterized by strong induction of inflammatory
cytokines, progressive lung inflammation and potentially multi-organ dysfunction. It
remains unclear how SARS-CoV-2 infection leads to immune activation. The Spike (S) protein
of SARS-CoV-2 has been suggested to trigger Toll-like receptor 4 (TLR4) and thereby activate
immunity. Here, we have investigated the role of TLR4 in SARS-CoV-2 infection and
immunity. Neither exposure of isolated S protein, SARS-CoV-2 pseudovirus nor primary
SARS-CoV-2 isolate induced TLR4 activation in a TLR4-expressing cell line. Human monocyte-
derived dendritic cells (DCs) express TLR4 but not angiotensin converting enzyme 2 (ACE2),
and DCs were not infected by SARS-CoV-2. Notably, neither S protein nor SARS-CoV-2
induced DC maturation or cytokines, indicating that both S protein and SARS-CoV-2 virus
particles do not trigger extracellular TLRs including TLR4. Ectopic expression of ACE2 in DCs
led to efficient infection by SARS-CoV-2 and, strikingly, efficient type | interferon (IFN) and
cytokine responses. These data strongly suggest that not extracellular TLRs but intracellular
viral sensors are key players in sensing SARS-CoV-2. These data imply that SARS-CoV-2
escapes direct sensing by TLRs, which might underlie the lack of efficient immunity to SARS-
CoV-2 early during infection.

Key words: SARS-CoV-2, dendritic cells, Toll-like receptor 4, innate immune response,
intracellular viral sensors

Abbreviations: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); coronavirus
disease 19 (COVID-19); pattern recognition receptor (PRR); Spike (S); Toll-like receptor
(TLR); dendritic cells (DCs); angiotensin converting enzyme 2 (ACE2); interferon (IFN);
interleukin (IL); lipopolysaccharide (LPS).
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus that
causes coronavirus disease 2019 (COVID-19) . COVID-19 emerged in 2019 in Wuhan,
China 2, and has since spread globally causing a pandemic. The symptoms of COVID-19 vary
amongst individuals, ranging from mild respiratory symptoms to severe lung injury, multi-
organ dysfunction and death > % 5 ©, Increasing evidence suggests that disease severity
depends not solely on viral infection, but also on an excessive host proinflammatory
response, whereby high concentrations of proinflammatory cytokines result in an
unfavorable immune response and induce tissue damage 7 8 The events leading to
excessive proinflammatory responses are not completely understood. Therefore, it is
necessary to elucidate the mechanisms that are triggered by SARS-CoV-2 to induce innate
and adaptive immune responses.

Innate immune cells express pattern recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs) and subsequently orchestrate an immune response
against pathogens °. Dendritic cells (DCs) are essential immune cells that function as a bridge
between innate and adaptive immunity. DCs express various PRR families such as Toll-like
receptors (TLRs) and cytosolic RIG-I-like receptors (RLRs) that are triggered upon virus
interaction or infection 1. DCs are therefore essential during SARS-CoV-2 infection to sense
infection and instruct T and B cells for efficient antiviral immune responses. However, it is
unclear whether and how SARS-CoV-2 is sensed by DCs.

SARS-CoV-2 Spike (S) protein uses angiotensin converting enzyme 2 (ACE2) %12

as receptor
for infection. However, besides interacting with ACE2, recent in silico analyses suggest that
the Spike (S) protein could also potentially interact with members of the TLR family, in
particular TLR4 1314, TLR4 is abundantly expressed on DCs > 6, and therefore TLR4 signaling
could be involved in induction of pro-inflammatory mediators. Other studies using cell lines
and SARS-CoV-2 S protein support a potential interaction of TLR4 with the S protein 171819,
However, it remains unclear whether infectious SARS-CoV-2 virus is sensed by TLR4 and
whether this interaction induces DC activation and initiation of immunity.

Here, we have investigated how SARS-CoV-2 is sensed by human DCs. Neither recombinant
S protein, SARS-CoV-2 pseudovirus nor a primary SARS-CoV-2 isolate induced immunity in
TLR4-expressing cell lines or DCs, indicating that TLR4 or other extracellular TLRs are not
involved in SARS-CoV-2 infection. However, ectopic expression of ACE2 on DCs led to
infection by SARS-CoV-2 and induction of type | interferon (IFN) and cytokines. These data
imply that intracellular PRRs rather than transmembrane TLRs are involved in instigating an

immune response against SARS-CoV-2.
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Results

SARS-CoV-2 S protein does not trigger TLR4

To assess whether TLR4 acts as a sensor of S protein of SARS-CoV-2, we treated a TLR4-
expressing HEK293 cell line (293/TLR4) with SARS-CoV-2 recombinant S protein or
S nanoparticles ?° and determined activation by measuring interleukin (IL)-8. Neither
S protein nor S nanoparticles induced IL-8 secretion by 293/TLR4 cells, in contrast to the
positive control lipopolysaccharide (LPS) (Figure 1A). The parental 293 cells did not induce
IL-8 upon treatment with S protein or S nanoparticle and LPS. These data suggest that
S protein of SARS-CoV-2 does not trigger TLR4. Primary monocyte-derived DCs express TLR4
but also other TLRs 2. We therefore exposed primary human DCs to SARS-CoV-2
S nanoparticles and assessed cytokine production by gPCR. Treatment of DCs with
S nanoparticles did neither induce type | interferon (IFN) nor cytokines (Figure 1B-E). The
positive control LPS induced IFN-B (Figure 1B) and the interferon-stimulated gene (ISG)
APOBEC3G (A3G) (Figure 1C) as well as cytokines IL-6 and IL-10 (Figure 1D, E). These data
strongly suggest that S protein from SARS-CoV-2 does not trigger extracellular TLRs on DCs.

SARS-CoV-2 virus particles do not trigger TLR4

To assess whether TLR4 plays a role in SARS-CoV-2 entry and replication, we ectopically
expressed ACE2 on 293 and 293/TLR4 cell lines and infected the cells with SARS-CoV-2
pseudovirus that expresses the full-length S glycoprotein from SARS-CoV-2 and contains a
luciferase reporter gene 22. Infection was determined by measuring luciferase activity.
SARS-CoV-2 pseudovirus infected ACE2-positive 293 and 293/TLR4 cells but not the parental
293 and 293/TLR4 cells (Figure 2A). TLR4 expression did not affect infection, as infection
was comparable between 293/ACE2 and 293/TLR4/ACE2 cells. Next we investigated
whether SARS-CoV-2 pseudovirus activates TLR4. SARS-CoV-2 pseudovirus neither induced
IL-8 in parental 293 nor in 293/TLR4 cells (Figure 2B). Moreover, ACE2 expression did not
induce activation as exposure of ACE2-positive 293 and 293/TLR4 cells to SARS-CoV-2
pseudovirus did not lead to IL-8 production (Figure 2B). These data further support the
findings that S protein from SARS-CoV-2 does not trigger TLR4 and also show that ACE2 does
not affect TLR4 signaling. Next, we performed a serial dilution with a primary SARS-CoV-2
isolate (hCoV-19/Italy) on 293 and 293/TLR4 cells to determine whether high virus
concentrations are able to induce TLR4. Neither 293 nor 293/TLR4 cells expressed IL-8 upon
exposure to the primary SARS-CoV-2 isolate, suggesting that high virus concentrations do
not trigger TLR4 (Figure 2C). Next, we treated either ACE2-positive or -negative 293 and
293/TLR4 cells with the primary SARS-CoV-2 isolate and determined infection and
activation. Infection was determined by measuring virus particles in the supernatant by
gPCR. As expected, both 293/ACE2 and 293/TLR4/ACE2 cells were productively infected at
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Figure 1 | S protein and SARS-CoV-2 S nanoparticle do not trigger TLR4. (A) 293 cells or 293/TLR4 cells were
exposed to LPS, SARS-CoV-2 S protein or S nanoparticles for 24h. IL-8 production was determined by ELISA. (B-E)
Primary dendritic cells were exposed to LPS or SARS-CoV-2 S nanoparticles for 8h. Expression of IFNB (B), A3G (C),
IL-6 (D) and IL-10 (E) was determined with qPCR. Data show the mean values and SEM. Statistical analysis was
performed using (A) two-way ANOVA with Sid4k’s multiple comparisons test, or (B-E) one-way ANOVA with Tukey’s
multiple comparisons test. Data represent six replicates obtained in three separate experiments (A), or
experiments performed with six donors in three independent experiments, with each symbol representing a
different donor (B-E). ****p<0.0001, ***p<0.001; **p<0.01; *p<0.05.

similar levels by SARS-CoV-2, in contrast to ACE2-negative 293 and 293/TLR4 cells (cutoff Ct
values >30), (Figure 2D). Neither ACE2-positive nor -negative 293 and 293/TLR4 cells
expressed any IL-8 upon exposure to the primary SARS-CoV-2 isolate (Figure 2E). These data
strongly suggest that TLR4 does not sense infectious SARS-CoV-2 virus particles.
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Figure 2 | SARS-CoV-2 virus particles do not trigger TLR4. (A-B) ACE2-positive and -negative 293 and 293/TLR4
cells were exposed to SARS-CoV-2 pseudovirus and infection was determined after 3 days by measuring luciferase
activity (A), and IL-8 production was measured after 24h by ELISA (B). (C) 293 and 293/TR4 cells were exposed to
increasing titers of SARS-CoV-2, or LPS in the absence or presence of anti-TLR4 antibodies, and IL-8 production was
determined after 24h by gPCR. Increasing titers are indicated by a bar, ranging from TCID100 (narrow) to
TCID100.000 (wide). (D-E) ACE2-positive and -negative 293 and 293/TLR4 cells were exposed to a primary
SARS-CoV-2 isolate and infection was determined after 24h by measuring the viral gene ORFb1 expression in
supernatant by gPCR (D) and IL-8 production was measured after 24h by ELISA (E). Data show the mean values and
SEM. Statistical analysis was performed using two-way ANOVA with Sidak’s (A) or Tukey’s (B, D-E) multiple
comparisons test. Data represent nine replicates obtained in three separate experiments (A-B), or three separate
experiments (C-E). ****p<0.0001; **p<0.01. RLU = relative light units.
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Infectious SARS-CoV-2 does not activate DCs

Subsequently, we examined whether SARS-CoV-2 pseudovirus induces DC maturation and
cytokine production. DCs do not express ACE2 and we have previously shown that
SARS-CoV-2 pseudovirus does not infect DCs %> 2%, We investigated the maturation and
cytokine production by DCs stimulated with SARS-CoV-2 pseudovirus. Exposure of DCs to
SARS-CoV-2 pseudovirus did neither induce expression of costimulatory markers CD80 and
CD86 nor maturation marker CD83, in contrast to LPS (Figure 3A-D, Supplemental Figure
1). Moreover, SARS-CoV-2 pseudovirus did not induce any cytokines, in contrast to LPS
(Figure 3E-H). These data indicate that the S protein expressed by SARS-CoV-2 pseudovirus
does not activate DCs. Next, we exposed DCs to a primary SARS-CoV-2 isolate and
determined DC maturation and cytokine production. We have previously shown that DCs
do not become infected by primary SARS-CoV-2 3. Exposure of DCs to the primary SARS-
CoV-2 isolate did neither induce expression of CD80, CD86 nor CD83, whereas LPS induced
expression of CD83 and CD86 (Figure 4A-C). Next we investigated cytokine induction by DCs
after exposure to primary SARS-CoV-2 isolate or agonists for extracellular TLRs (TLR1/2,
TLR2/6, TLR4, and TLR5). LPS, flagellin and LTA induced type | IFN responses as well as
cytokines, whereas Pam3CSK4 only induced cytokines (Figure 4D-G). However, exposure of
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Figure 3 | SARS-CoV-2 pseudovirus does not activate dendritic cells. (A-D) Primary DCs were exposed to LPS or
SARS-CoV-2 pseudovirus and maturation and cytokine production was determined after 24h and 6h respectively.
(A) Representative histogram of CD86 expression. (B-D) Cumulative flow cytometry data of CD80 (B), CD86 (C), and
CD83 (D) expression. (E-H) mRNA levels of IFNB (E), A3G (F), IL-6 (G) and IL-10 (H) were determined with qPCR.
Data show the mean values and SEM. Statistical analysis was performed using one-way ANOVA with Tukey’s
multiple comparisons test. Data represent five donors analyzed in three separate experiments (B-C, E-H), or four
donors analyzed in two separate experiments (D), with each symbol representing a different donor. ****p<0.0001;
***p<0.001; **p<0.01; *p<0.05. MFI = mean fluorescence intensity.
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DCs to the primary SARS-CoV-2 isolate did not lead to induction of type | IFN responses nor
cytokines (Figure 4D-G). Therefore, these data strongly indicate that primary SARS-CoV-2
virus particles are not sensed by any extracellular PRRs on DCs such as TLR2, TLR4, and TLR5.
Although SARS-CoV-2 did not directly activate DCs, we investigated whether DCs become
activated indirectly by SARS-CoV-2-infected cells. Therefore, DCs were co-cultured with
SARS-CoV-2 infected VeroE6 cells and DC activation was determined. Strikingly, co-culture
of DCs with SARS-CoV-2-infected, but not uninfected VeroE6 cells induced expression of
costimulatory molecules CD80 and CD86 (Figure 4H-K). These data support a role for
indirect activation of DCs by infected cells during SARS-CoV-2 infection.
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Figure 4. Figure legend on next page.
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Figure 4 | Primary SARS-CoV-2 isolate does not activate dendritic cells. (A-C) Primary DCs were exposed to LPS or
primary SARS-CoV-2 isolate and DC maturation was measured after 24h by flow cytometry. Cumulative flow
cytometry data of CD80 (A), CD86 (B), and CD83 (C) expression. (D-G) Primary DCs were exposed to different TLR
agonists or primary SARS-CoV-2 isolate and mRNA levels of IFNB (D), A3G (E), IL-6 (F) and IL-10 (G) were determined
with gPCR. (D-G) Data are compared to the unstimulated condition. (H-K) Primary DCs were co-cultured with
VeroE6 cells infected by SARS-CoV-2 and DC maturation was determined after 24h by measuring expression of
CD80 and CD86. (H-1) Representative histograms of CD80 (H) and CD86 (l) expression. (J-K) Cumulative flow
cytometry data of CD80 (J) and CD86 (K) expression. Data is relative to the uninfected condition (Ul). Data show
the mean values and SEM. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
comparisons test (A-G), or using an unpaired student’s t-test (J-K). Data represent seven donors (A-B) or six donors
(C) analyzed in four experiments; or five donors analyzed in three separate experiments (D-G); or four donors
analyzed in two separate experiments (J-K), with each symbol representing a different donor. **p<0.01; *p<0.05;
ns = non-significant. MFI = mean fluorescence intensity; Ul = uninfected.

Ectopic ACE2 expression on DCs results in SARS-CoV-2 infection and
immune activation

Next, we investigated whether infection of DCs after ectopic expression of ACE2 with
primary SARS-CoV-2 isolate would induce immune responses. DCs do not express ACE2, but
transfection with ACE2 plasmid resulted in ACE2 mRNA and surface expression
(Figure 5A- C). Next, both DCs and ACE2-expressing DCs were exposed to the primary
SARS-CoV-2 isolate for 24h in presence or absence of blocking antibodies against ACE2.
ACE2-expressing DCs were infected by SARS-CoV-2 and infection was blocked by antibodies
against ACE2 (Figure 5D). Notably, infection of DCs with SARS-CoV-2 induced transcription
of IFN-B (Figure 5E) as well as the ISG A3G (Figure 5F). Infection also induced pro-
inflammatory cytokine IL-6 (Figure 5G). Both type | IFN responses and IL-6 were abrogated
by blocking infection using ACE2 antibodies. Although the transfection procedure itself
slightly activates DCs, SARS-CoV-2 infection significantly increased DC activation, which was
abrogated by blocking ACE2. These data strongly suggest that DC activation of ACE2-
expressing DCs is due to SARS-CoV-2 infection.

It has been described that TLR4 not only induces signaling pathways from the plasma
membrane, but could also be internalized to the endosomal pathway to induce alternative
signaling %°. To investigate whether ACE2-mediated internalization of SARS-CoV-2 triggers
endosomal TLR4, we blocked TLR4 upon infection. Both DCs and ACE2-expressing DCs were
exposed to the primary SARS-CoV-2 isolate in presence or absence of blocking antibodies
against TLR4 and ACE2. ACE2-expressing DCs were infected by SARS-CoV-2 and both
infection and IFN-B production was blocked by antibodies against ACE2, but not by
antibodies against TLR4 (Figure 5H-I), suggesting that endosomal TLR4 triggering is not
involved in the observed SARS-CoV-2-induced immune activation. Moreover, higher
concentrations of the primary SARS-CoV-2 isolate did not induce type | IFN responses in DCs
compared to ACE2-expressing DCs (Figure 5J). Taken together, these data strongly indicate
that infection is required to induce cytokine responses by DCs and suggest that intracellular

105

CHAPTER 4



CHAPTER 4

PRRs rather than extracellular TLRs are involved in sensing SARS-CoV-2 and instigating
immune responses against SARS-CoV-2.
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Figure 5 | Ectopic expression of ACE2 on DCs results in infection and induction of immune responses. (A-C)
Ectopic expression of ACE2 on primary DCs was determined by gPCR and flow cytometry. (A) Cumulative gPCR
data of ACE2 expression on DCs. (B) Representative histogram of ACE2 expression on DCs. (C) Cumulative flow
cytometry data of ACE2 expression. (D-G) ACE2-positive and -negative DCs were exposed to primary SARS-CoV-2
isolate in presence or absence of blocking antibodies against ACE2. Infection (D) and mRNA levels of IFNB (E), A3G
(F), and IL-6 (G) were determined with qPCR. (H-1) ACE2-positive and -negative DCs were exposed to primary
SARS-CoV-2 isolate in presence of blocking antibodies against TLR4 and ACE2. Infection (H) and mRNA levels of
IFNB (I) were determined with qPCR. (J) ACE2- negative DCs were exposed to increasing titers of primary
SARS-CoV-2 isolate for 24h and compared to ACE2-positive DCs infected with TCID1000, and mRNA levels of IFN-
were determined by gPCR. Increasing titers are indicated by a bar, ranging from TCID100 (narrow) to TCID100.000
(wide). Data show the mean values and SEM. Statistical analysis was performed using (A, C) unpaired student’s t-
test or (D-1) one-way ANOVA with Tukey’s multiple comparisons test. Data represent nine donors (A, C-F) or seven
donors (G) obtained in five separate experiments, or four donors (H-J) obtained in two separate experiments, with
each symbol representing a different donor. ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05; ns = non-significant.

MFI = mean fluorescence intensity.
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Discussion

SARS-CoV-2 has established itself as a contagious human respiratory pathogen, which can
trigger a robust inflammatory cytokine response 8. However, it remains largely unknown
whether innate immune receptors are involved in the onset of immune responses against
SARS-CoV-2. TLR4 has been suggested to play a role in sensing SARS-CoV-2 and inducing a
strong immune response > 1 Here, our data suggest that SARS-CoV-2 by itself is not
recognized by TLR4, as neither a TLR4-expressing 293 cell line nor primary DCs were
activated by exposure to recombinant S protein, SARS-CoV-2 pseudovirus or primary
SARS-CoV-2 virus particles. Ectopic expression of ACE2 on primary DCs allowed infection
with primary SARS-CoV-2. Notably, productive infection of ACE2-positive DCs induced type
I IFN and cytokine responses, which were abrogated by blocking ACE2. Our data therefore
suggest that SARS-CoV-2 virus particles are not sensed by extracellular TLRs, including TLR4,
but that infection via ACE2 is required.

Other studies have reported that SARS-CoV-2 S protein triggers TLR4, and also TLR2 and
TLR6 are suggested to interact with the S protein 114 17,1819, 26 However, neither a TLR4-
expressing 293 cell line nor primary DCs were activated by recombinant S proteins. It is
possible that contamination during the purification process of recombinant proteins might
induce activation and explain the differences. Therefore, we have also investigated immune
activation by SARS-CoV-2 pseudovirus and infectious primary SARS-CoV-2 isolates.
However, neither TLR4-expressing 293 cells nor primary DCs were activated by pseudovirus
or a primary isolate of SARS-CoV-2, even at high virus concentrations. Therefore, our data
strongly suggest that S protein expressed by SARS-CoV-2 does not trigger TLR4. Differences
between our findings and those published might be due to different S protein preparations,
purity of recombinant proteins or cell models. Most studies have used cell lines whereas we
have used primary monocyte-derived DCs, which express high levels of TLR4, and are

27, 28 and

sensitive to TLR4 agonists. Monocyte-derived DCs are present in human lung
monocytes infiltrating the lungs can differentiate into monocyte-derived DCs after
pathogen exposure 2> 3°, which further supports the relevance of monocyte-derived DCs to
study TLR4 function in SARS-CoV-2 infection.

Monocyte-derived DCs do not express ACE2 ?* and did not become infected by
SARS-CoV-2, suggesting that the inability of primary SARS-CoV-2 to activate DCs strongly
implies that SARS-CoV-2 is not sensed by TLR4 or other extracellular PRRs. Notably,
ectopically expressing ACE2 on DCs led to infection and the production of cytokines,
indicating that replication of SARS-CoV-2 triggers cytosolic sensors. Indeed, studies suggest
that intracellular viral sensors such as RIG-I or MDAS are involved in SARS-CoV-2 infection
31,3233 Qur data therefore support an important role for infection by SARS-CoV-2 in
inducing immune activation and imply that infection of immune cells, such as antigen
presenting cells (APCs), is essential to induction of immunity. Therefore, it is important to
identify ACE2-positive DC subsets and macrophages, since these APCs could be sensitive to
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infection and thereby orchestrate adaptive immunity. However, in the absence of DC
infection, epithelial cell infection and subsequent inflammation and tissue damage might
account for initial immune activation as release of PAMPs and DAMPs by these infected cells
might activate ACE2-negative DCs 3*. Notably, co-culture of DCs with SARS-CoV-2-infected
cells led to activation of DCs, supporting a role for indirect activation of DCs by infected
cells. It remains unclear whether these secondary signals are able to correctly instruct DCs
and this might underlie the strong inflammatory responses observed during COVID-19. Our
finding that SARS-CoV-2 is not recognized by TLR4 might therefore be an escape mechanism
leading to inefficient DC activation and subsequent aberrant inflammatory responses.

It has been suggested that worsening of disease in COVID-19 patients coincides with the
activation of the adaptive immune response, 1-2 weeks after infection 8. Since DCs have a
bridging function to activate the adaptive immune response, it is important to study DCs in
the context of COVID-19. Our research suggests that ACE2-negative DCs are not properly
activated by infectious SARS-CoV-2. Moreover, our data suggest that SARS-CoV-2 is able to
escape from extracellular TLRs that are one of the most important PRR families crucial for
induction of innate and adaptive immunity, and further research will show whether the lack
of TLR activation underlies observed inflammation during COVID-19.

Materials and methods

Cell lines

The Simian kidney cell line VeroE6 (ATCC® CRL-1586™) was maintained in CO; independent
medium (Gibco Life Technologies, Gaithersburg, Md.) supplemented with 10% fetal calf
serum (FCS), 2mM L-glutamine and penicillin/streptomycin. Culture was maintained at 37°C
without COa.

Human embryonic kidney cells (HEK293) were maintained in IMDM (Gibco) supplemented
with 10% FCS and 1% penicillin/streptomycin (Invitrogen). HEK293 cells stably transfected
with TLR4 cDNA (HEK/TLR4) were a kind gift from D. T. Golenbock *°. HEK293 and HEK/TLR4
cells were transiently transfected with pcDNA3.1(-)hACE2 (Addgene plasmid #1786) to
generate HEK/ACE2 or HEK/TLR4/ACE2 cell lines. Transfection was performed using
Lipofectamine LTX and PLUS reagent (Invitrogen) according to the manufacturer’s protocol.
After 24h, cells were split and seeded into flat-bottom 96-well plates (Corning) and left to
attach for 24h, before performing further experiments. Cultures were maintained at 37°C
and 5% CO.. Before infection with the SARS-CoV-2 isolate (described below), media was
exchanged for COz-independent media, since infection with a SARS-CoV-2 primary isolate
occurs under COz negative conditions. Human ACE2-expressing cell lines were analyzed for
ACE2 expression via quantitative real-time PCR.
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Primary cells

This study was performed in accordance with the ethical principles set out in the declaration
of Helsinki and was approved by the institutional review board of the Amsterdam University
Medical Centers, location AMC Medical Ethics Committee and the Ethics Advisory Body of
Sanquin Blood Supply Foundation (Amsterdam, Netherlands). Human CD14" monocytes
were isolated from the blood from healthy volunteer donors (Sanquin blood bank) and
subsequently differentiated into monocyte-derived dendritic cells (DCs). The isolation from
buffy coats was done by density gradient centrifugation on Lymphoprep (Nycomed) and
Percoll (Pharmacia). After separation by Percoll, the isolated monocytes were cultured in
RPMI 1640 (Gibco) supplemented with 10% FCS, 2mM L-glutamin (Invitrogen) and 10 U/mL
penicillin and 100 pg/mL streptomycin, containing the cytokines IL-4 (500 U/mL) and
GM-CSF (800 U/mL) (both Gibco) for differentiation into DCs. After 4 days of differentiation,
DCs were seeded at 1x10°% /mL in a 96-well plate (Greiner), and after 2 days of recovery, DCs
were stimulated or infected as described below.

Alternatively, monocyte-derived DCs that were transfected with hACE2 were seeded at
0.5x10° cells/mL in a 6-well plate and transfection was performed with Lipofectamine LTX
and PLUS reagents (Invitrogen) according to the manufacturer’s instructions for primary
cells. After 24h, cells were seeded at 1x10%/mL in a 96-well plate and after 24h of recovery,
they were infected with primary SARS-CoV-2 isolate.

SARS-CoV-2 pseudovirus production

For production of single-round infection viruses, human embryonic kidney 293T/17 cells
(ATCC, CRL-11268) were co-transfected with an adjusted HIV-1 backbone plasmid
(pNL4-3.Luc.R-S-) containing previously described stabilizing mutations in the capsid protein
(PMID: 12547912) and firefly luciferase in the nef open reading frame (1.35 ug) and
pSARS-CoV-2 expressing SARS-CoV-2 S protein (0.6 pg) (GenBank; MN908947.3) 22,
Transfection was performed in 293T/17 cells using genejuice (Novagen, USA) transfection
kit according to manufacturer’s protocol. At day 3 or day 4, pseudotyped SARS-CoV-2 virus
particles were harvested and filtered over a 0.45 um nitrocellulose membrane
(SartoriusStedim, Gottingen, Germany). SARS-CoV-2 pseudovirus productions were
quantified by p24 ELISA (Perkin Elmer Life Sciences).

SARS-CoV-2 (primary isolate) virus production

The following reagent was obtained from Dr. Maria R. Capobianchi through BEI Resources,
NIAID, NIH: SARS-Related Coronavirus 2, Isolate Italy-INMI1, NR-52284, originally isolated
January 2020 in Rome, Italy. VeroE6 cells (ATCC® CRL-1586™) were inoculated with the
SARS-CoV-2 isolate and used for reproduction of virus stocks. Cytopathic effect formation
was closely monitored and virus supernatant was harvested after 48h. Tissue culture
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infectious dose (TCID50) was determined on VeroE6 cells by MTT assay 48h after infection.
Loss of MTT staining as determined by spectrometer is indicative of cell death. The virus
titer was determined as TCID50/mL and calculated based on the Reed Muench method 3,
as described before 23,

Stimulation and infection

HEK293 and transfected derivatives were left unstimulated or stimulated for 24h with 10
ng/mL lipopolysaccharide (LPS) from Salmonella (Sigma), 10 pug/mL isolated S protein, 10
ug/mL S nanoparticle, or with pseudotyped or authentic SARS-CoV-2, as specified below.
DCs were left unstimulated, or stimulated with 10 pg/ml Pam3CSK4 (Invivogen), 10 ng/mL
LPS from Salmonella typhosa (Sigma), 10 ug/mL flagellin from Salmonella typhimurium
(Invivogen), 10 ug/mL lipoteichoic acid (LTA) from Staphylococcus aureus (Invivogen),
pseudotyped virus or SARS-CoV-2. Blocking of ACE2 or TLR4 was performed with 8 pg/mL
anti-ACE2 (R&D systems) or 10 pg/mL anti-TLR4 (clone 7E3, Hycult) for 30 min at 37°C
before adding stimuli. Monocyte-derived DCs do not express ACE2 and are therefore not
infected. Therefore, pseudovirus stimulation was performed for 6h, after which the cells
were lysed for mRNA analysis of cytokine production. DCs ectopically expressing ACE2 were
stimulated for 24h with virus before the cells were lysed for mRNA analysis of cytokine
production. Also, cells were stimulated for 24h and fixed for 30 min with 4%
paraformaldehyde, after which the expression of maturation markers was assessed with
flow cytometry. For the pseudovirus infection assays, HEK293 or 293/TLR4 cell lines and DCs
were exposed to 95 ng/mL and 191.05 ng/mL of SARS-CoV-2 pseudovirus, respectively. Viral
protein production was quantified after 3 days at 37°C by measuring luciferase reporter
activity. Luciferase activity was measured using the Luciferase assay system (Promega, USA)
according to manufacturer’s instructions. For the primary SARS-CoV-2 infection assays,
HEK293 or HEK/TLR4 cell lines and DCs were exposed to the SARS-CoV-2 isolate
(hCoV-19/Italy) at different TCIDs (100 and 1000; MOI 0.0028-0.028) for 24h at 37°C. After
24h, cell supernatant was taken and DCs were lysed for isolation of viral RNA. Also, the
HEK293/ACE2 and HEK/TLR4/ACE2 cell lines were exposed to the SARS-CoV-2 isolate (hCoV-
19/1taly) at TCID 100 (MOI 0.0028) for 24h at 37°C. After 24h, the cells were washed 3 times
and new media was added. After 48h, cell supernatant was harvested and the cells were
lysed to investigate productive infection.

RNA isolation and quantitative real-time PCR

Cells exposed to SARS-CoV-2 pseudovirus were lysed and mRNA was isolated with the mRNA
Catcher™ PLUS Purification Kit (ThermoFisher). Subsequently, cDNA was synthesized with
a reverse-transcriptase kit (Promega). RNA of cells exposed to SARS-CoV-2 WT was isolated
with the QlAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s protocol.
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cDNA was synthesized with the M-MLV reverse-transcriptase kit (Promega) and diluted 1 in
5 in DNAse/RNAse-free water before further application. PCR amplification was performed
in the presence of SYBR green (ThermoFisher) in a 7500 Fast Realtime PCR System (ABI).
Specific primers were designed with Primer Express 2.0 (Applied Biosystems). The ORF1b
primers used were as described before 3¢. The normalized amount of target mRNA was
calculated from the Ct values obtained for both target and household mRNA with the
equation Nt = 2CHGAPDH)-Ci(tareet) The following primers were used: GAPDH: F_CCATGTTCGT
CATGGGTGTG; R_GGTGCTAAGCAGTTGGTGGTG; TLR4: F_CTGCAATGGATCAAGGACCAG;
R_CCATTCGTTCAACTTCCACCA; ACE2: F_GGACCCAGGAAATGTTCAGA; R_ GGCTGCAGAAAGT
GACATGA; ORF1lb: F_TGGGGTTTTACAGGTAACCT; R_AACACGCTTAACAAAGCACTC; IL-8:
F_TGAGAGTGGACCACACTGCG; R_TCTCCACAACCCTCTGCACC; IFNB: F_ACAGACTTACAGGTT
ACCTCCGAAAC; R_CATCTGCTGGTTGAAGAATGCTT; APOBEC3G: F_TTGAGCCTTGGAATAAT
CTGCC; R_TCGAGTGTCTGAGAATCTCCCC; IL-6: F_TGCAATAACCACCCCTGACC; R_TGCGCAGA
ATGAGATGAGTTG; IL-10: F_GAGGCTACGGCGCTGTCAT; R_CCACGGCCTTGCTCTTGTT

ELISA

Cell supernatants were harvested after 24h of stimulation and secretion of IL-8 was
measured by ELISA (eBiosciences) according to the manufacturer’s instructions. OD450 nm
values were measured using a BioTek Synergy HT. Supernatant containing SARS-CoV-2
pseudovirus was inactivated with 0.1% triton and supernatant containing SARS-CoV-2 was
inactivated with 1% triton before performing ELISA.

Flow cytometry

For cell surface staining, cells were incubated in 0.5% PBS-BSA (phosphate-buffered saline
containing 0.5% bovine serum albumin (BSA; Sigma-Aldrich)) containing antibodies for
30 min at 4°C. Single-cell measurements were performed on a FACS Canto flow cytometer
(BD Biosciences) and Flowlo V10 software (TreeStar) was used to analyze the data. The
antibody clones used are: CD86 (2331 (FUN-1), BD Pharmingen), CD80 (L307.4, BD
Pharmingen), CD83 (HB15e, BD Pharmingen), ACE2 (AF933, R&D systems), goat-lgG (AB-
2535864, ThermoFisher Scientific), donkey-anti-goat (A-21447, ThermoFisher Scientific).
For each experiment, live cells were gated on FSC and SSC and analyzed further with the
markers mentioned (Supplemental Figure 1). The authors adhered to the guidelines for the
use of flow cytometry and cell sorting in immunological studies .

Statistics

Graphpad Prism v8 (GraphPad Software) was used to generate all graphs and for statistical
analyses. Statistics were performed using a Student's t test for pairwise comparisons.
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Multiple comparisons within groups were performed using an RM one-way analysis of
variance (ANOVA) with a Tukey's multiple comparisons test, or two-way ANOVA with a
Tukey’s or Sidék’s multiple comparisons test where indicated. p <0.05 were considered
statistically significant.

Data availability

The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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CHAPTER 5

Abstract

Sexually transmitted Hepatitis C virus (HCV) infections and high reinfections are a major
concern amongst men who have sex with men (MSM) living with HIV-1 and HIV-negative
MSM. Immune activation and/or HIV-1 coinfection enhance HCV susceptibility via sexual
contact, suggesting that changes in immune cells or factors are involved in increased
susceptibility. Activation of anal mucosal Langerhans cells (LCs) has been implicated in
increased HCV susceptibility as activated but not immature LCs efficiently retain and
transmit HCV to other cells. However, the underlying molecular mechanism of transmission
remains unclear. Here we identified the Heparan Sulfate Proteoglycan Syndecan 4 as the
molecular switch, controlling HCV transmission by LCs. Syndecan 4 was highly upregulated
upon activation of LCs and interference with Heparan Sulfate Proteoglycans or silencing of
Syndecan 4 abrogated HCV transmission. These data strongly suggest that Syndecan 4
mediates HCV transmission by activated LCs. Notably, our data also identified the C-type
lectin receptor langerin as a restriction factor for HCV infection and transmission. Langerin
expression abrogated HCV infection in HCV permissive cells, whereas langerin expression
on the Syndecan 4 expressing cell line strongly decreased HCV transmission to a target
hepatoma cell line. These data suggest that the balanced interplay between langerin
restriction and Syndecan 4 transmission determines HCV dissemination. Silencing of
langerin enhanced HCV transmission whereas silencing Syndecan 4 on activated LCs
decreased transmission. Blocking Heparan Sulfate Proteoglycans abrogated HCV
transmission by LCs ex vivo identifying Heparan Sulfate Proteoglycans and Syndecan 4 as
potential targets to prevent sexual transmission of HCV. Thus, our data strongly suggest that
interplay between receptors promotes or restricts transmission and further indicate that
Syndecan 4 is the molecular switch controlling HCV susceptibility after sexual contact.

Keywords: Langerhans cells, Hepatitis C virus, Heparan Sulfate Proteoglycans, Heparan
Sulfates, Syndecan 4, langerin, viral dissemination
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Introduction

Viral hepatitis is responsible for an estimated 1.3 million deaths from acute infection,
hepatitis-related liver cancer and cirrhosis in 2015 . Hepatitis C virus (HCV) infections
accounts for almost 30% of these deaths *. In the mid-2000s HCV infection emerged in men
who have sex with men (MSM) >3 %5 |ikely due to sexual contact &7 &°. Although directly
acting antiviral (DAA) treatment is very effective in clearing HCV 9, the high reinfection rates
amongst MSM who cleared HCV spontaneously or who were successfully treated 1. 1 13
underscores the need for a better understanding of the mechanisms involved in sexual
transmission of HCV. As new HCV infections were typically found in MSM living with human
immunodeficiency virus type 1 (HIV-1), it was suggested that the HIV-1 status is an
important risk factor for sexually acquired HCV & % 11 4 However, recent studies suggest
that sexual transmission of HCV also occurs in HIV-1-negative MSM eligible for or using
pre-exposure prophylaxis (PrEP), indicating that HIV-1 infection status is not the only factor
affecting susceptibility > & 7. Potential mechanisms for increased rates of sexual
transmission of HCV among MSM may include high-risk practices * and unprotected mucosal
traumatic sex leading to rectal bleeding '® which could lead to disruption of the mucosal
integrity allowing HCV to cross the epithelial barrier to either directly enter the blood
stream or indirectly via immune cells promoting sexual transmission of HCV. We have
previously shown an important role for Langerhans cells (LCs) in HCV transmission during
HIV-1 coinfection but also upon immune activation °.

LCs reside in mucosal tissues and are therefore among the first immune cells to encounter
viruses, they are thought to be involved in sexual transmission of HIV-1 292122 |nterestingly,
LC function in HIV-1 infection depends on their activation state %2122, Immature LCs have
been shown to restrict HIV-1 infection via the C-type lectin receptor langerin (CD207) 2% 22,
Langerin is highly expressed by immature LCs and capture of HIV-1 by langerin leads to viral
internalization into Birbeck granules. Virus fusion triggers degradation of HIV-1 via
E3-ubiquitin ligase tri-partite-containing motif 5a (TRIM5a) mediated autophagic
degradation, thereby preventing infection of LCs 2% 2!, Upon LC activation, as can occur
during genital coinfections, LCs lose their protective function, become infected by HIV-1 and
efficiently transmit HIV-1 to T cells, thereby promoting HIV-1 dissemination %2,

Primary LCs are also present at mucosal sites of the foreskin and within the anal tissue %23,
the primary entry site of sexually transmitted HCV. Interestingly, under normal conditions
LCs are refractory to HCV but upon HIV-1 infection or when activated LCs are able to retain
HCV, facilitating transmission to target cells *°. These data suggest that activation of LCs in
MSM might allow the virus to penetrate mucosal tissues and establish dissemination via the
blood or lymph 2%, Thus, the activation state of the LCs dictates HCV susceptibility but the
molecular mechanism deciding the fate of the virus are unknown. Therefore we have
investigated the molecular mechanism involved in HCV susceptibility during sexual contact.
Syndecans are known to function as attachment receptors to facilitate HIV-1 transmission
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25,26 Syndecans are transmembrane heparan sulfate proteoglycans (HSPGs) expressed on
the surfaces of human cells that possess heparan sulfate glycosaminoglycan chains 2. They
are classified into members of the Syndecan family that consist of Syndecan 1, Syndecan 2,
Syndecan 3 and Syndecan 4 2% 2°, Sexually transmitted viruses such as HIV-1, herpes simplex
virus type 1 and 2 (HSV-1 and HSV-2) and human papillomavirus (HPV) interact with heparan
sulfates on Syndecans to mediate binding and internalization to host cells to promote
infection and spread to other cells 30313233, 3435 HCV also interacts with heparan sulfates
on Syndecan 1 and Syndecan 4 which can facilitate attachment and infection in cell lines 3®
37

Here our data show that upon activation LCs acquire the ability to retain and transmit HCV
using HSPGs. Further analyses showed that the major HSPG involved is specific Syndecan 4.
Strikingly, Syndecan 4 induction upon activation of LCs counteracts langerin restriction of
HCV infection and transmission. Ectopic expression of langerin on the Syndecan 4
expressing cell line enhanced HCV capture but decreased HCV transmission to a target
hepatoma cell line Huh7.5. Moreover, silencing langerin on Mutz-LCs enhanced HCV
transmission which strongly support a restrictive role for langerin in mucosal HCV
transmission. Together our data strongly suggest that activated LCs upregulate Syndecan 4
to capture HCV via their heparan sulfate chains and exploit them as in trans-receptors to
infect hepatocytes. This transmission mechanism implicates that the balanced interplay
between langerin and Syndecan 4 on activated LCs dictates HCV susceptibility after sexual
contact. Therapeutical interventions targeting Syndecan 4 on mucosal LCs could represent
a novel strategy to counteract LC-mediated dissemination of HCV.

Results

Heparan sulfate proteoglycans promote HCV transmission

As HSPGs are known receptors for HCV on hepatocytes 36 37

heparan sulfates in LC-mediated HCV transmission. Immature and activated LCs were

we investigated the role of

isolated and their phenotype was verified 2° (Supplemental Figure S1). Activated in contrast
to immature LCs expressed high levels of heparan sulfates on their cell surface (Figure 1A
and 1B). Next we blocked the heparan sulfate binding places on HCV using heparin to
investigate their role in transmission. Notably, heparin treatment of pseudotyped HCV
(HIV-1 NL4.3Aenv pseudotyped with HCV env glycoproteins E1 and E2) blocked HCV
transmission by activated LCs (Figure 1C). Immature LCs did not transmit HCV to target cells
(Figure 1C), even though both, immature and activated LCs captured HCV (Figure 1D).
Moreover, heparin treatment of both pseudotyped HCV genotype 1a strain
pHCV_H77_E1_E2 and replicative HCV genotype 2a strain (JFH1-AM120-Rluc) blocked HCV
transmission in the ex vivo transmission model (Figure 1E and Figure 1F) confirming a role
for heparan sulfates on ex vivo LCs in HCV transmission. Next we removed heparan sulfates
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from activated LCs by enzymatic digestion to investigate the involvement of HSPGs.
Enzymatic treatment of activated LCs with heparinase decreased the expression of heparan
sulfates on the cell surface (Figure 1G). Notably, heparan sulfate removal resulted in a
significant decrease of HCV transmission, compared to untreated LCs (Figure 1H). These
data strongly suggest that HSPGs expressed by LCs, mediate HCV transmission.
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Figure 1 | Heparan sulfate proteoglycans promote HCV transmission. (A-B) Immature and activated LCs express
heparan sulfates. One representative donor out of 3 is depicted. (C) Pseudotyped HCV was pre-incubated with
heparin (250U) and transmission by LCs to Huh7.5 cells was determined. (D) Immature and activated LCs were
exposed to pseudotyped HCV, lysed and binding was quantified by p24 ELISA. (E-F) Ex vivo tissue was cultured in
medium for 24 hours and subsequently exposed to either medium or (E) heparin (500U) pre-incubated
pseudotyped HCV or pseudotyped HCV for another 24 hours and transmission by LCs to Huh7.5 cells was
determined. (F) heparin (500U) pre-incubated replicative HCV or replicative HCV for another 24 hours and
transmission by LCs to Huh7.5 cells was determined. (G) Activated LCs were left untreated or treated with
heparinase for 2 hours and heparan sulfate expression was determined. One representative donor out of 3 is
depicted. (H) Activated LCs were left untreated or treated with heparinase for 2 hours, washed, exposed to
pseudotyped HCV and transmission by LCs to Huh7.5 cells was determined. Error bars are the mean + SD of (C)
immature LCs n=3 donors measured in triplo or activated LCs n=3 donors measured in triplo. (D) immature LCs n=3
donors measured in duplo or activated LCs n=7 donors measured in duplo. (E) n=3 donors measured in quadruplo.
(F) n=4 donors measured in quadruplo. (H) n=3 donors measured in quadruplo. ns = not significant, *p< 0.05,
**p< 0.01, ****< 0.0001 by two-tailed, unpaired, non-parametric, Mann-Whitney test. LCs: Langerhans cells, HS:
heparan sulfates, Fl: fluorescent intensity, RLU: relative light units, HCV: Hepatitis C virus.

Syndecan 4 facilitates HCV transmission

Next we assessed the potential role for HSPGs to serve as HCV transmission receptors. We
investigated the ability of human B cell line Namalwa expressing the different Syndecans
(Figure 2A) to transmit HCV. Only the cell-line expressing Syndecan 4 was able to transmit
replicative HCV genotype 2a strain to target cells (Figure 2B). Similarly, Syndecan 4 also
efficiently transmitted pseudotyped HCV in contrast to the other Syndecans (Figure 2C).
These data strongly suggest that HCV specifically interacts with Syndecan 4 for transmission.
Next we examined the role of heparan sulfates in HCV transmission by Syndecan 4 cells
using not only unfractionated heparin, but also several low molecular weight (LMW)
heparins. Pseudotyped HCV was exposed to either unfractionated heparin or LMW heparins
dalteparin, tinzaparin and enoxaparin and HCV transmission was determined. The different
LMW heparins inhibited transmission by Syndecan 4 to a similar extent as unfractionated
heparin (Figure 2D), strongly suggesting that heparan sulfates on Syndecan 4 are important
for the interaction with HCV. Finally we inhibited heparan sulfate biosynthesis by PNP-Xyl
treatment. Syndecan 4 cells were left untreated or cultured in the presence of 1.0mM or
2.5mM PNP-Xyl for 72 hours. The cell viability was not affected at these concentrations
(data not shown). PNP-Xyl treatment decreased heparan sulfate expression on the cell
surface of Syndecan 4 cells (Figure 2E), and abrogated HCV transmission in a concentration
dependent manner (Figure 2F). Thus, our data strongly suggest that Syndecan 4 in contrast
to the other Syndecans is a specific receptor for HCV transmission.
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Figure 2 | Syndecan 4 facilitates HCV transmission. (A) Different Syndecan cell lines express Syndecan 1-4, on the
cell surface determined by flow cytometry. One representative experiment out of 2 is depicted. (B-C) Different
Syndecan cell lines were exposed to (B) replicative HCV or (C) pseudotyped HCV (B-C) and transmission by LCs to
Huh7.5 cells was determined. (D) Pseudotyped HCV was pre-incubated with unfractionated heparin (500U) or
dalteparin (500U) or tinzaparin (500U) or enoxaparin (500U) and transmission by LCs to Huh7.5 cells was
determined. (E) Syndecan 4 cells were cultured in the presence of PNP-Xyl inhibitor for 72 hours and heparan
sulfate surface expression was determined by flow cytometry. One representative donor out of 3 is depicted. (F)
Syndecan 4 cells were cultured in the presence of PNP-Xyl inhibitor for 72 hours, harvested, exposed to
pseudotyped HCV and transmission by Syndecan 4 cells to Huh7.5 cells was determined. Error bars are the mean
+ SD of (B) one representative donor measured in quadruplo. (C) one representative donor out of 3 measured in
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*¥**p< 0.001, by two-tailed, unpaired, parametric, Student t-test. SDC1: Syndecan 1, SDC2: Syndecan 2,
SDC3: Syndecan 3, SDC4: Syndecan 4, PNP-Xyl: p-Nitrophenyl-B-d-xylopyranoside, HS: heparan sulfates, Fl:
fluorescent intensity, RLU: relative light units, HCV: Hepatitis C virus
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Activated LCs transmit HCV via Syndecan 4

Next we investigated the Syndecan 4 expression on primary LCs. Activated LCs expressed
higher levels of Syndecan 4 than immature LCs from the same donor (Figure 3A). In order
to investigate the role of Syndecan 4 in transmission by LCs, Syndecan 4 was silenced in
primary activated LCs by RNA interference (Figure 3B and Figure 3C). Silencing Syndecan 4
did not interfere with the expression of other Syndecans or langerin (Supplemental Figure
$2). Syndecan 4 silencing strongly decreased HCV transmission by activated LCs compared
to the non-targeting control (Figure 3D). Thus, our data indicate that Syndecan 4 expression
is upregulated upon activation of LCs and thereby facilitates HCV transmission to
hepatocytes.
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Figure 3 | Activated LCs transmit HCV via Syndecan 4. (A) Immature and activated LCs express Syndecan 4 on the
cell surface. One representative donor out of 2 is depicted. (B) Syndecan 4 silencing was confirmed by real-time
PCR. mRNA expression was normalized to GAPDH and set at 1 in cells treated with control siRNA. (C) Cell surface
expression of Syndecan 4 after silencing determined by flow cytometry. (D) Activated LCs were transfected with
non-target control or Syndecan 4 siRNA and after 72 hours exposed to pseudotyped HCV and transmission by LCs
to Huh7.5 cells was determined. Error bars are the mean + SD of (B) n=4 donors, (C) n=3 donors, (D) n=4 donors
measured in triplo or quadruplo. *p< 0.05, by two-tailed, paired, parametric, Student t-test. LCs: Langerhans cells,
SDC4: Syndecan 4, HS: heparan sulfates, Fl: fluorescent intensity, MFl: mean fluorescent intensity, RLU: relative
light units, HCV: Hepatitis C virus
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Langerin restricts HCV infection

LCs specifically express the CLR langerin that has a protective role in HIV-1 dissemination by
restricting HIV-1 infection and transmission 2% 21, Immature LCs expressed high levels of
langerin, which is downregulated upon activation of LCs (Figure 4A) 3. Nothing is known
about the role of langerin in HCV infection. The Huh7.5 cell line does not express langerin
on the cell surface (Supplemental Figure S3). Therefore, we ectopically expressed langerin
on the HCV susceptible Huh7.5 cell line (Figure 4B) and investigated its function in infection.
Notably, infection of langerin-expressing Huh7.5 cells by pseudotyped HCV was significantly
lower compared to Huh7.5 cells (Figure 4C). Moreover, langerin expression also decreased
infection of Huh7.5 with replicative HCV (Figure 4D). Huh7.5 cells and Huh7.5-langerin cells
exhibit similar growth (Supplemental Figure S4), suggesting the observed differences
resulted from a decrease in infection. These data strongly suggest that langerin restricts
pseudotyped as well as replicative HCV infection.
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Figure 4 | Langerin restricts HCV infection. (A) Immature and activated LCs from the same donor express langerin.
One representative donor out of 3 is depicted. (B) Huh7.5-langerin cell line was transduced with lentiviruses
expressing sequences coding human langerin. Surface expression was determined by flow cytometry. One
representative experiment is depicted. (C-D) Huh7.5 cell line or Huh7.5-langerin cell line was infected with
(C) pseudotyped HCV or (D) replicative HCV (C-D) and cell line infection was determined. Error bars are the mean
+ SD of (C) n=6 experiments measured in triplo or quadruplo. (D) n=3 experiments measured in triplo. **p< 0.01,
***p< 0.001, by two-tailed, unpaired, parametric, Student t-test. Fl: fluorescent intensity, RLU: relative light units,
HCV: Hepatitis C virus
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The interplay between langerin and Syndecan 4 determines HCV
transmission

To investigate the interplay between langerin and Syndecan 4, the Syndecan 4 Namalwa cell
line was transduced with langerin (Figure 5A). Ectopic expression of langerin on the SDC4
cell line did not affect the overall expression of HS or the cell surface SDC4 expression of the
cell lines (Supplemental Figure S5). Ectopic expression of langerin increased HCV capture
by langerin-expressing Syndecan 4 cells (Figure 5B). Strikingly, langerin expression
significantly inhibited Syndecan 4-mediated HCV transmission (Figure 5C). These data
strongly suggest that langerin and Syndecan 4 have opposite roles in HCV transmission;
Syndecan 4 promotes HCV transmission whereas langerin counteracts Syndecan 4 driven
HCV transmission. Next we investigated the interplay between both receptors on LCs. As
silencing of langerin on primary LCs is challenging, we have used Mutz-derived LCs as a
validated model to study LC-mediated virus transmission 2% 3°, Mutz-LCs have a more
activated phenotype than immature LCs, therefore express intermediate levels of langerin
3% Concomitantly, we could confirm that Mutz-LCs also express both HSPGs and
Syndecan 4 (Figure 5D and 5E). Mutz-LCs efficiently transmitted HCV to hepatocytes in a
heparan sulfate-dependent manner, since heparin inhibited HCV transmission (Figure 5F).
Langerin silencing in Mutz-LCs significantly increased HCV transmission (Figure 5G, 5H and
51). Our data strongly suggest that langerin counteracts Syndecan 4-mediated transmission
by LCs and therefore expression of langerin and Syndecan 4 control HCV restriction or
transmission, respectively.

Discussion

Sexually acquired Hepatitis C virus predominantly occurs amongst MSM living with HIV-1 2
34,5679 hut also increasing cases of sexually acquired HCV have been reported amongst
HIV-1 negative MSM eligible for or on PrEP 1>16:17.40.41,42 Therefore, a better understanding
of the mechanisms involved in sexual transmission of HCV are needed. Immature LCs reside
in the anal mucosa and are among the first cells to encounter HCV upon receptive anal
intercourse °. We have previously shown that immature LCs are not able to transmit HCV
but that either HIV-1 infection or immune activation changes the function of these LCs as
activated as well as HIV-1 infected LCs retain HCV for transmission to target cells *°. Here
we identified an important novel role for Syndecan 4 on activated LCs in HCV transmission.
Syndecan 4 is upregulated on activated LCs facilitating HCV transmission. Moreover, we
have identified a HCV restrictive role for the C-type lectin receptor langerin that is highly
expressed by immature LCs and downregulated by activated LCs. Our data indicate that the
interplay between langerin and Syndecan 4 on LCs controls HCV transmission and the
increased expression of Syndecan 4 and simultaneous downregulation of langerin after
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Figure 5 | The interplay between langerin and Syndecan 4 determines HCV transmission. (A) Syndecan 4-langerin
cell line express langerin on the cell surface determined by flow cytometry. One representative experiment is
depicted. (B) Syndecan 4 cell line or Syndecan 4-langerin cell line, were exposed to pseudotyped HCV, lysed and
binding was quantified by p24 ELISA. (C) Syndecan 4 cell line or Syndecan 4-langerin cell line, were exposed to
pseudotyped HCV and transmission by LCs to Huh7.5 cells was determined. (D-E) Mutz-LCs express (D) heparan
sulfates (E) Syndecan 4 (D-E) on the cell surface as determined by flow cytometry. One representative donor is
depicted. (F) Pseudotyped HCV was pre-incubated with heparin (500U) and transmission by Mutz LCs to Huh7.5
cells was determined. (G) Mutz-LCs were transfected with non-target control or langerin siRNA or left untreated
and after 72 hours exposed to pseudotyped HCV and transmission by LCs to Huh7.5 cells was determined.
(H) Mutz-LCs were transfected with non-target control or langerin siRNA or left untreated and after 72 hours
silencing was confirmed by flow cytometry. One representative donor is depicted. (I) Mutz-LCs were transfected
with non-target control or langerin siRNA or and after 72 hours silencing was confirmed by real-time PCR. mRNA
expression was normalized to GAPDH and set at 1 in cells treated with control siRNA. Error bars are the mean = SD
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0.01, by two-tailed, unpaired, parametric, Student t-test. Error bars are the mean * SD of (F) one representative
donor out of 2, measured in quadruplo. (G) n=7 donors measured in triplo. (I) n=2 donors (F-G) *p< 0.05, **P<0.01,
by two-tailed, unpaired, non-parametric, Mann-Whitney test. LCs: Langerhans cells, SDC4: Syndecan 4,
HS: heparan sulfates, Fl: fluorescent intensity, RLU: relative light units, HCV: Hepatitis C virus.
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activation of LCs might be the molecular switch allowing HCV transmission during sexual
contact.
HSPGs are well known for their function as internalizing receptors or co-receptors *3. Many

45, human papillomavirus %%, human

other viruses including, HIV-1 4%, herpesvirus
cytomegalovirus %7, adenovirus ¢, dengue virus ° and vaccinia virus *° use HSPG as initial
binding target for transfer to a secondary receptor allowing fusion. Heparin treatment of
both HCV genotype 1a as well as HCV genotype 2a blocked HCV transmission by ex vivo LCs,
suggesting that HSPGs expressed by LCs mediate HCV transmission and that the observed
effect is observed in multiple HCV genotypes. Moreover, Syndecan 3 has been shown to be
involved in HIV-1 transmission by macrophages and DCs by supporting HIV-1 attachment,
retaining viral infectivity and subsequent transmission to target cells 2> 26 51 |nitial
attachment of HCV to target cells occurs via interaction with virion associated component
apolipoprotein E (apoE) >2 or HCV envelope proteins E1 and E2 and HSPGs 5% >4, Especially
Syndecan 1 and Syndecan 4 have shown to be important attachment receptors for HCV on
the surface of hepatocytes thereby facilitating infection 3¢ 37, We observed that of the
different members of the Syndecan family, Syndecan 4 exclusively transmitted HCV to
target cells, which was abrogated when HCV was exposed to unfractionated heparin or
LMW heparins. Also, culturing Syndecan 4 cells in the presence of a heparan sulfate
biosynthesis inhibitor PNP-Xyl 5> 3¢ 57.58 dose-dependently decreased HCV transmission to
target cells. These data strongly suggest that the heparan sulfate or proteoglycan backbone
of Syndecan 4 is different from the other Syndecans and functions as an important receptor
for HCV transmission. Syndecan 4-mediated transmission of HCV was independent of
infection as the B cell-line expressing Syndecan 4 was not infected with HCV (data not
shown). Previously, we have shown that HCV transmission by activated LCs is also
independent of infection °. Silencing of Syndecan 4 on activated LCs decreased HCV
transmission, our data confirms the importance of Syndecan 4 as attachment receptor for
HCV on activated LCs, mediating HCV dissemination. In this study we have used the HCV
replicon system in Huh7.5 cells to generate replication competent virus particles. In the
different models we have used the Huh7.5 cells as target cells for transmission. Several
studies have shown that hepatocytes can be infected by replicative HCV suggesting that
these cells can also be used. However, primary hepatocytes retain RIG-I which would limit
replication and make detection more difficult due to innate antiviral responses. Even though
this study is conducted with hepatoma cell lines, Syndecan 4 is also expressed by other cells
including primary hepatocytes and thereby its specific ability to transmit HCV might also be
involved in virus spread in the liver via hepatocytes in vivo.

Activation of LCs strongly increased expression of heparan sulfates and Syndecan 4. These
data suggest that Syndecan 4 has an important role in LC function not only for virus capture
but also for their mobilization from mucosal sites and subsequent migration to lymphoid
tissues. LCs have the ability to migrate from mucosal sites to lymphoid organs to present
captured virions to permissive cells 5% 5061, Syndecans have been shown to play a role in cell
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migration and adhesion by mediating interaction of the heparan sulfate chains with various
extracellular matrix proteins 5% 83, Interestingly, ex vivo LCs upregulate Syndecan 4 during
maturation, which functionally regulates cell motility > % and our data strongly suggest that
ex vivo LCs required Syndecan 4 for HCV transmission. Thus, upregulation of Syndecan 4 on
LCs might have an important role in cellular function such as migration but is hijacked by
HCV to allow dissemination during sexual contact. The retention of HCV by LCs might allow
entry of virus into the blood or into lymphoid tissues where LCs might transfer the virus to
other cells leading to dissemination to the liver ?*. Syndecan 4 induction confers activated
LCs with the ability to transmit HCV but our data suggest that this is not the only mechanism.
Immature LCs express high levels of the CLR langerin, which is downregulated upon
activation. Langerin is well known for its restrictive function in HIV-1 dissemination. HIV-1
capture via langerin, leads to TRIM5a-mediated autophagic degradation of HIV-1, thereby
restricting virus transmission 2% 21, Human TRIM5a is a host restriction factor that restricts
retrovirus infection after fusion  and similarly, in LCs, fusion of HIV-1 triggers TRIM5a-
dependent autophagy restricting HIV-1 infection 2%. Little is known about other viruses that
are restricted by langerin. Notably, here we have identified langerin as a restriction factor
for HCV infection and transmission.

Ectopic expression of langerin on a HCV susceptible cells decreased infection of both
replicative HCV as well as pseudotyped HCV. Pseudotyped HCV consists of the HCV E1 and
E2 envelope glycoproteins and the HIV-1 NL4.3Aenv backbone which could explain routing
for TRIM5a-mediated autophagic degradation 2%. As langerin restriction of HIV-1 depends
on TRIM5a binding to the HIV-1 capsid, it is likely that pseudotyped HCV is restricted via
TRIM5a-mediated autophagy. However, infection of replicative HCV strain was also
restricted by langerin strongly suggesting that the restriction by langerin is relevant to HCV
but the mechanism of this restriction is still unknown. Recently, it was shown that TRIM5a
restricts specific viruses from the Flaviviridae family via proteosomal degradation °©°,
suggesting that other degradation pathways could be involved in langerin-mediated
restriction of HCV. Further studies are required to confirm the uptake route for HCV in LCs.
Interestingly, langerin also prevented HCV transmission by Syndecan 4-positive cell-lines as
well as Mutz-LCs and this transmission is independent of infection. Thus, these data suggest
that langerin also restricts transmission of HCV independent of fusion as we have shown
previously that HCV does not infect LCs. It is possible that langerin routes HCV into langerin-
induced Birbeck granules that prevent transmission or that the virus is degraded via either
proteosomal degradation or autophagy, but this has yet to be further investigated.

Our data show that the interplay between Syndecan 4 and langerin on LCs controls the
ability to transmit HCV by LCs. Syndecan 4 mediates transmission that is counteracted by
langerin. Therefore the expression levels of both proteins are important. Immature LCs
expressed low levels of Syndecan 4 whereas these cells express high levels of langerin and
this might be important in preventing HCV transmission. In contrast, activation of LCs
induced Syndecan 4 expression and simultaneously decreased langerin, suggesting that the
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change in expression patterns underlies the ability of activated LCs to transmit HCV. These
data suggest that blocking Syndecan 4 function in vivo might limit HCV transmission in high
risk populations.

Although the availability of highly effective directly acting antivirals (DAA) ° created
optimism towards HCV elimination, the incidence of acute HCV has not declined
consistently due to high reinfection rates amongst MSM %1213 Djsruption of the mucosal
integrity allowing HCV to cross the epithelial barrier to either directly enter the blood
stream or indirectly via immune cells may promote sexual transmission of HCV since a
sufficient quantity of HCV in shed into the rectum upon sexual contact . Our data strongly
suggest an important role for both langerin and Syndecan 4 in HCV transmission by LCs.
Activation of LCs leads to upregulation of Syndecan 4 which counteracts langerin restriction
to facilitate viral dissemination after sexual contact. Heparin and LMW heparins could be
interesting candidates to protect against sexual transmission of HCV. This concept has been
investigated already in the context of other STls such as HSV-1 and HSV-2, and HPV 3068 9,
70 Interestingly, in the ex vivo tissue explant model where LCs reside in their natural
microenvironment, blocking heparan sulfate interaction with HCV using heparin resulted in
an abrogation of HCV transmission. Further investigation into the role of attachment
receptors in HCV transmission would contribute to the understanding of sexual
transmission of HCV in MSM.

Materials and Methods

Antibodies and reagents

The following antibodies were used (all anti-human): Heparan Sulfate (clone F58-10E4)
(Amsbio), digested Heparan (clone F69-3G10) (Amsbio), Syndecan 1 (DL-101) (Santa Cruz),
Syndecan 2-FITC (H-7) (Santa Cruz), Syndecan 3 (M-300) (Santa Cruz), Syndecan 4 (clone
F94-8G3), CD207-PE (langerin) mouse IgG1 (#IM3577) (BeckmanCoulter, USA), CD1a-APC
mouse 1gG1 (BD Biosciences, San Jose, CA, USA) CD1a-PE (clone SK9) mouse IgG2b (BD
Bioscience), HLA-B27-FITC (clone HLA-ABC-m3), mouse IgG2a (Abcam), HLA-DR-FITC (clone
G46-6), mouse 1gG2b (BD Bioscience), CD80-PE, mouse IgG1 (BD Pharmingen), CD83-PE,
mouse IgG1 (eBioscience), CD86-FITC, mouse IgG1 (BD Pharmingen), FITC-conjugated goat-
anti-mouse IgM (#31992) (Invitrogen), AF488-conjugated goat-anti-mouse 1gG1 (#A21121)
(Invitrogen), AF488-conjugated donkey-anti-mouse 1gG2b (Invitrogen).

The following reagents were used: Unfractionated (UF) heparin, 5.000 I.E./ml (LEO). Low
Molecular Weight (LMW) heparins: dalteparin, 10.000 IE anti-Xa/ml (Pfizer), tinzaparin,
10.000 IE anti-X1/0.5ml (LEO), enoxaparin, 100 mg/ml (Sanofi). 4-Nitrophenyl B-D-
xylopyranoside (PNP-Xyl, 2001-96-9) (SigmaAldrich). Heparinase Ill from Flavobacterium
heparium, EC 4.2.2.8, Batch 010, (Amsbio). 123Count eBeads, REF# 01-1234-42, LOT#
E133305, 1.011.000 eBeads/ml (eBioscience).
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Plasmids and Viruses

The following plasmids were provided by Dr. Takaji Wakita at Tokyo Metropolitan Institute
of Neuroscience: Genotype 2a HCV genomic RNA clone plJFH1 (APP1025) %
pNL4.3.Luc_RAenv provided by Dr. N.R. Landau 7%, pHCV_H77_E1_E2(AF009606) Dr. Joe
Grove (Addgene) 73. For single-round infection assay, human embryonic kidney 293T/17
cells (ATCC, CRL-11268) were co-transfected with pNL4.3.Luc_RAenv, containing firefly
luciferase gene at the nef position (1.35ug) and genotype 1a pHCV_H77_E1_E2(AF009606)
(0.6ug). Transfection was performed in 293T/17 cells using genejuice (Novagen, USA)
transfection kit according to manufacturer’s protocol. At day 3 or day 4, pseudotyped HCV
virus particles were harvested and filtered over 0.45 um nitrocellulose membrane
(SartoriusStedim, Gottingen, Germany). Replicative JFH1-AM120-Rluc in vitro transcribed
RNA, containing a luciferase reporter gene, was generated according to manufacturer’s
instructions (Ambion MEGAscript-kit, ThermoFisher, USA) and electroporated into Huh7.5
cells as previously described 74, Virus particles were harvested on day 8 and, TCID50s were
determined. The TCID50 of HCV ranged from 2 x10° to 4x103.

Cell lines

The human B cell line Namalwa (ATCC, CRL-1432) and Namalwa cells stably expressing
human Syndecan 1, Syndecan 2, Syndecan 3, Syndecan 4 (described earlier, laboratory Prof.
Zimmermann ’°) were maintained in RPMI 1640 medium (Gibco Life Technologies,
Gaithersburg, Md.) containing 10% fetal calf serum (FCS)The expression of the different
Syndecans was validated by flow cytometry using core protein-specific antibodies directed
against the different Syndecans. Huh7.5 (human hepatocellular carcinoma) cell line were
provided by dr. Charles M. Rice 7¢. Cells were maintained in Dulbecco modified Eagle
medium (Gibco Life Technologies, Gaithersburg, Md.) containing 10% fetal calf serum (FCS)
and penicillin/streptomycin. Medium was supplemented with 1mM Hepes buffer (Gibco
Life Technologies, Gaithersburg, Md.). Mutz-LCs were differentiated from CD34* human
AML cell line Mutz3 progenitors in the presence of GM-CSF (100 ng/ml, Invitrogen),
TGF-B (10 ng/ml, R&Dsystems) and TNF-a (2.5 ng/ml), R&Dsystems) and cultured as
described before 3°. Cell surface expression of heparan sulfates and Syndecan 4 on
Mutz-LCs was verified by flow cytometry using antibodies directed against CD1a, CD207 and
respectively heparan sulfate or Syndecan 4. Flow cytometric analyses were performed on a
BD FACS Canto Il (BD Biosciences). Data was analyzed using FlowJo vX.0.7 software
(TreeStar).

Huh7.5 and Namalwa cell line langerin transduction

Langerin expression plasmid pcDNA3.1 were obtained from Life Technologies and
subcloned into lentiviral construct pWPXLd (Addgene). HIV-1-based lentiviruses were
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produced by co-transfection of 293T cells with the lentiviral vector construct, the packaging
construct (pPAX2, Addgene) and vesicular stomatitis virus glycoprotein envelope (pMD2.G,
Addgene) as described previously 77. Huh7.5 cell line or Namalwa Syndecan 4 cell line were
transduced with HIV-1-based lentiviruses expressing sequences coding human wild-type
langerin. Subsequently cells were sorted using a FACS Aria (BD) based on CD207-PE mouse
IgG1 (#IM3577). Ectopic expression of langerin was confirmed by flow cytometry.

Ex vivomodel and primary LC isolation

Epidermal sheets were prepared as described previously 2% 38, Briefly, skin-grafts were
obtained using a dermatome (Zimmer Biomet, Indiana USA). After incubation with Dispase
Il (1 U/ml, Roche Diagnostics), epidermal sheets were separated from dermis, washed, cut
in 1 cm? and cultured in Iscoves Modified Dulbeccos’s Medium (IMDM, Thermo Fischer
Scientific, USA) supplemented with 10% FCS, gentamicin (20 pug/ml, Centrafarm,
Netherlands), penicillin/streptomycin (10 U/mland 10 ug/ml, respectively; Invitrogen).
Activated LCs were generated as described before 2°. Briefly, obtained epidermal sheets
were separated from dermis, washed and cultured in IMDM (Thermo Fischer Scientific, USA)
supplemented with 10% FCS, gentamicin (20 ug/ml, Centrafarm, Netherlands),
penicillin/streptomycin (10 U/mland 10 pg/ml, respectively; Invitrogen) for 3 days and
activated LCs were harvested. Immature LC-enriched epidermal single-cell suspensions
were generated as described before 2% 38, Briefly, epidermal sheets were incubating in PBS
containing DNase | (20 units/ml; Roche Applied Science) and trypsin 0.05% (Beckton
Dickinson, USA). Single-cell suspension was layered on Ficoll gradient (Axis-shield) and
immature LCs were purified using CD1a microbeads (Miltenyi Biotec, Germany). LCs were
routinely 85% to 98% pure and expressed high levels of Langerin and CD1a 22. Cell surface
expression of heparan sulfates on primary LCs was verified by flow cytometry using
antibodies directed against CD207 (langerin) and CD1a and heparan sulfates for immature
LCs and CD1a and heparan sulfates for activated LCs.

Transmission assays and co-culture

Namalwa cell line (1.0x10° cells/ml, 100ul per well) or Namalwa Syndecan 1-4 cell line
(1.0x10°8 cells/ml, 100ul per well) or immature LCs (8.0x10° cells/ml and 1.0x108 cells/ml LCs,
100ul per well) or activated LCs (1.0x10° cells/ml LCs, 100ul per well) were exposed to
replicative HCV genotype 2a strain containing a luciferase reporter gene (JFH1-AM120-Rluc)
or pseudotyped HCV (HIV-1 NL4.3Aenv pseudotyped with HCV env glycoproteins E1 and E2)
pre-incubated with 250U or 500U UF heparin or LMW heparins either for 4 or 24 hours,
harvested, extensively washed to remove unbound virus and co-cultured with Huh7.5 for
3 or 5 days at 37°C and analyzed for luciferase reporter activity. Luciferase activity (relative
light units (R.L.U.)) was measured using the Luciferase assay system (Promega, USA) or
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Reporter gene assay system (Britelite plus, PerkinElmer) according to manufacturer’s
instructions. For the ex vivo transmission model epidermal sheets were culture for 24 hours
and exposed to medium or UF heparin pre-incubated replicative HCV or pseudotyped HCV
for another 24 hours. After 48 hours cells were harvested, extensively washed to remove
unbound virus and co-cultured with Huh7.5 for 5 days at 37°C, transmission was determined
by luciferase reporter activity. Luciferase activity (relative light units (R.L.U.)) was measured
using the Luciferase assay system (Promega, USA) or Reporter gene assay system (Britelite
plus, PerkinElmer) according to manufacturer’s instructions.

RNA interference

MUTZ-LCs and primary LCs were silenced by electroporation with Neon Transfection System
(ThermoFischer Scientific). The siRNA were specific for langerin (10 uM siRNA, M-013059-
01, SMARTpool; Dharmacon), siRNA Syndecan 4 (10 uM siRNA, M-003706-01-0005,
SMARTpool; Dharmacon) or non-targeting siRNA (D-001206-13, SMARTpool; Dharmacon)
as control. Silencing of the targets was verified by real-time PCR, flow cytometry. Cells were
used for experiment 72 hours after silencing. Silencing of the targets was verified by real-
time PCR or flow cytometry.

RNA isolation and quantitative real-time PCR

MRNA was isolated with an mRNA Capture kit (Roche) and cDNA was synthesized with a
reverse-transcriptase kit (Promega) and PCR amplification was performed in the presence
of SYBR green in a 7500 Fast Realtime PCR System (ABI). Specific primers were designed
with Primer Express 2.0 (Applied Biosystems). Primer sequences used for mRNA expression
were for gene product: GAPDH, forward primer (CCATGTTCGTCATGGGTGTG), revers primer
(GGTGCTAA GCAGTTGGTGGTG). For gene product: langerin, forward primer
(CACAGTGGCATTCTGGAGTCC), reverse primer (CCACCCCTCCCACTTTAACC). For gene
product: Syndecan 4, forward primer (AGGTGTCAATGTCCAGCACTGTG) reverse primer
(AGCAGTAGGATCAGGAAGACGGC). The normalized amount of target mRNA was calculated
from the Ct values obtained for both target and household mRNA with the equation
Nt = 2ACt(GAPDH) - Ct(target). For relative mRNA expression, control siRNA sample was set
at 1 for each donor.

Biosynthesis inhibition and enzymatic treatment

Namalwa Syndecan 4 cell line were cultured in the presence of 1.0mM or 2.5mM PNP-Xyl
for 72 hours to inhibit HSPG biosynthesis and used in subsequent experiments. The
expression of cell surface heparan sulfates was assessed by flow cytometry using antibodies
directed against heparan sulfates. 1.0x10° cells/ml were treated in D-PBS/0.25% BSA with
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140 miliunits heparinase Il (Amsbio) for 2 hours at 25°C, washed and used in subsequent
experiments. Enzymatic digestion was verified by flow cytometry using antibodies directed
against heparan sulfates and digested heparan sulfates.

Statistics

A two-tailed, parametric Student’s t-test for paired observations (differences within the
same donor) or unpaired observation (differences between different donors) was
performed. For unpaired, non-parametric observations a Mann-Whitney test was
performed. Statistical analyses were performed using GraphPad Prism 7 software and
significance was set at *P< 0.05, **P<0.01***P<0.001****P<0.0001.

Study approval

Human skin tissue was obtained from healthy donors undergoing corrective abdominal
surgery in accordance with our institutional guidelines. This study was approved by the
Medical Ethics Review Committee of the Amsterdam University Medical Centers, location
Academic Medical Center (AMC), Amsterdam, the Netherlands, reference number:
W15 _089 # 15.0103. All samples were handled anonymously.

136



Syndecan 4 on activated Langerhans cells facilitates HCV transmission

Author Contributions

B.M.N. performed and designed the research study, analyzed the data, wrote the paper. J.E.
performed the research study and analyzed the data. C.J.M.L. performed the research study
and analyzed the data. T.K. performed the research study. S.M. contributed essential
material. P.Z. contributed essential material. C.M.S.R. designed the research study and
contributed essential material. T.B.H.G. was involved in all aspects of the study. All authors
contributed to the manuscript, read and approved the submitted version.

Funding

This work was supported by Aidsfonds [P-11118], European Research Council, Advanced
grant [670424] and Dutch Scientific organization NWO [VIDI 91718331]. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Conflict of interest

All authors declare that they have no competing interests.

Acknowledgments

We are grateful to the Boerhaave Medical Centre (Amsterdam, The Netherlands) and A.
Knottenbelt (Flevo clinic Almere, The Netherlands) for the provision of human skin tissues.

137

CHAPTER 5




CHAPTER 5

References

1.

138

WHO, W.H.O. Global hepatitis report,
2017; 2017 19 April 2017. Report No.:
Licens CC BY-NA-SA 301GO. 2017;67. .
Wandeler, G., Dufour, J.F., Bruggmann,
P. & Rauch, A. Hepatitis C: a changing
epidemic. Swiss Med Wkly 145, w14093
(2015).

. Jordan, A.E. et al. Prevalence of hepatitis

C virus infection among HIV+ men who
have sex with men: a systematic review
and meta-analysis. Int J STD AIDS 28,
145-159 (2017).

Danta, M. et al. Recent epidemic of
acute hepatitis C virus in HIV-positive
men who have sex with men linked to
high-risk sexual behaviours. Aids 21,
983-991 (2007).

Matthews, G.V., Hellard, M., Kaldor, J.,
Lloyd, A. & Dore, G.J. Further evidence
of HCV sexual transmission among HIV-
positive men who have sex with men:
response to Danta et al. Aids 21, 2112-
2113 (2007).

CDC. Sexual transmission of hepatitis C
virus among HIV-infected men who have
sex with men--New York City, 2005-
2010. MMWR Morb Mortal Wkly Rep 60,
945-950 (2011).

van de Laar, T.J., Matthews, G.V., Prins,
M. & Danta, M. Acute hepatitis Cin HIV-
infected men who have sex with men: an
emerging sexually transmitted infection.
Aids 24, 1799-1812 (2010).

van de Laar, T.J. et al. Increase in HCV
incidence among men who have sex
with men in Amsterdam most likely
caused by sexual transmission. J Infect
Dis 196, 230-238 (2007).

10.

11.

12.

13.

14.

15.

16

Danta, M. & Rodger, A.J. Transmission of
HCV in HIV-positive populations. Curr
Opin HIV AIDS 6, 451-458 (2011).
Naggie, S. et al. Ledipasvir and
Sofosbuvir for HCV in Patients
Coinfected with HIV-1. N EnglJ Med 373,
705-713 (2015).

Hagan, H., Jordan, A.E., Neurer, J. &
Cleland, C.M.

transmitted hepatitis C virus infection in

Incidence of sexually

HIV-positive men who have sex with
men. Aids 29, 2335-2345 (2015).
Lambers, F.A. et al. Alarming incidence
of hepatitis C virus re-infection after
treatment of sexually acquired acute
hepatitis C virus infection in HIV-
infected MSM. Aids 25, F21-27 (2011).
Ingiliz, P. et al. HCV reinfection incidence
and spontaneous clearance rates in HIV-
positive men who have sex with men in
Western Europe. J Hepatol 66, 282-287
(2017).

Wandeler, G. et al. Hepatitis C virus
infections in the Swiss HIV Cohort Study:
a rapidly evolving epidemic. Clin Infect
Dis 55, 1408-1416 (2012).

de TJ., W.A.,
Zorgdrager, F., Cornelissen, M. & de
Vries, H.J. Sexual
hepatitis C
immunodeficiency virus-negative men

van Laar, Paxton,

transmission of
virus in human
who have sex with men: a series of case
reports. Sex Transm Dis 38, 102-104
(2011).

.Volk, J.E., Marcus, J.L., Phengrasamy, T.

& Hare, C.B. Incident Hepatitis C Virus
HIV
Preexposure Prophylaxis in a Clinical

Infections Among Users of



17.

18.

19.

20.

21.

22

23.

24.

Syndecan 4 on activated Langerhans cells facilitates HCV transmission

Practice Setting. Clin Infect Dis 60, 1728-
1729 (2015).

McFaul, K. et al. Acute hepatitis C
infection in HIV-negative men who have
sex with men. J Viral Hepat 22, 535-538
(2015).

Schmidt, A.J. Trouble with
bleeding: risk factors for acute hepatitis

et al.

C among HIV-positive gay men from
Germany--a case-control study. PLoS
One 6, 17781 (2011).

Nijmeijer, B.M. et al. HIV-1 exposure and
immune activation enhance sexual
transmission of Hepatitis C virus by
primary Langerhans cells. J Int AIDS Soc
22, 25268 (2019).

de Witte, L. et al. Langerin is a natural
barrier to HIV-1 transmission by
Langerhans cells. Nat Med 13, 367-371
(2007).

Ribeiro, C.M. et al.
dictates HIV-1 restriction by human
TRIM5a in dendritic cell subsets. Nature

540, 448-452 (2016).

Receptor usage

.de Jong, M.A. et al. TNF-alpha and TLR

agonists increase susceptibility to HIV-1
transmission by human Langerhans cells
ex vivo. J Clin Invest 118, 3440-3452
(2008).

Preza, G.C. et al. Antigen-presenting cell
candidates for HIV-1 transmission in
human distal colonic mucosa defined by
CD207 dendritic cells and CD209
macrophages. AIDS Res
Retroviruses 30, 241-249 (2014).
Nijmeijer, B.M., Koopsen, J., Schinkel, J.,
Prins, M. & Geijtenbeek, T.B. Sexually
transmitted hepatitis C virus infections:

Hum

current trends, and recent advances in
understanding the spread in men who

25.

26.

27.

28.

29.

30.

31.

32.

have sex with men. J Int AIDS Soc 22
Suppl 6, 25348 (2019).

de Witte, L. et al. Syndecan-3 is a
dendritic  cell-specific  attachment
receptor for HIV-1. Proc Natl Acad Sci U
S A 104, 19464-19469 (2007).

Bobardt, M.D. et al. Syndecan captures,

protects, and transmits HIV to T
lymphocytes. Immunity 18, 27-39
(2003).

Prydz, K. & Dalen, K.T. Synthesis and
sorting of proteoglycans. J Cell Sci 113 Pt
2, 193-205 (2000).

Saunders, S., Jalkanen, M., O'Farrell, S. &
Bernfield, M. Molecular cloning of
syndecan, an integral membrane
proteoglycan. J Cell Biol 108, 1547-1556
(1989).
Couchman, J.R.
proteoglycan regulators of cell-surface
microdomains? Nat Rev Mol Cell Biol 4,
926-937 (2003).

Tiwari, V., Maus, E., Sigar, .M., Ramsey,
K.H. & Shukla, D. Role of heparan sulfate
in sexually transmitted infections.
Glycobiology 22, 1402-1412 (2012).

Zhang, Y.J. et al. Envelope-dependent,

Syndecans:

cyclophilin-independent  effects of
glycosaminoglycans on human
immunodeficiency  virus  type 1

attachment and infection. J Virol 76,
6332-6343 (2002).

De Francesco, M.A., Baronio, M. &
Poiesi, C. HIV-1 pl7 matrix protein
interacts with heparan sulfate side chain
of CD44v3, syndecan-2, and syndecan-4
proteoglycans expressed on human
activated CD4+ T cells affecting tumor
necrosis factor alpha and interleukin 2

production. J Biol Chem 286, 19541-

139

CHAPTER 5




CHAPTER 5

19548 (2011).

33.Karasneh, G.A,, Ali, M. & Shukla, D. An
important role for syndecan-1 in herpes
simplex virus type-1 induced cell-to-cell
fusion and virus spread. PLoS One 6,
25252 (2011).

34.Shukla, D. & Spear, P.G. Herpesviruses
and heparan sulfate: an intimate
relationship in aid of viral entry. J Clin
Invest 108, 503-510 (2001).

35.Johnson, K.M. et al. Role of heparan
sulfate in attachment to and infection of
the murine female genital tract by
human papillomavirus. J Virol 83, 2067-
2074 (2009).

36.5Shi, Q., Jiang, J. & Luo, G. Syndecan-1
serves as the major receptor for
attachment of hepatitis C virus to the
surfaces of hepatocytes. J Virol 87, 6866-
6875 (2013).

37. Lefevre, M., Felmlee, D.J., Parnot, M.,
Baumert, T.F. & Schuster, C. Syndecan 4
is involved in mediating HCV entry
through interaction with lipoviral
particle-associated apolipoprotein E.
PLoS One 9, €95550 (2014).

38.Sarrami-Forooshani, R. et al. Human
immature Langerhans cells restrict
CXCR4-using HIV-1 transmission.
Retrovirology 11, 52 (2014).

39.de Jong, M.A. et al. Mutz-3-derived
Langerhans cells are a model to study
HIV-1 transmission and potential
inhibitors. J Leukoc Biol 87, 637-643
(2010).

40.Hoornenborg, E. et al. MSM starting
preexposure prophylaxis are at risk of
hepatitis C virus infection. Aids 31, 1603-
1610 (2017).

41. Cotte, L. et al. Hepatitis C virus incidence

140

42.

43.

44,

45,

46.

47.

48.

in HIV-infected and in preexposure
prophylaxis (PrEP)-using men having sex
with men. Liver Int (2018).

Charre, C. et al. Hepatitis C virus spread
from HIV-positive to HIV-negative men
who have sex with men. PLoS One 13,
0190340 (2018).

Bartlett, A.H. & Park, P.W. Proteoglycans
in host-pathogen interactions:
molecular mechanisms and therapeutic
implications. Expert Rev Mol Med 12, e5
(2010).

Mondor, I., Ugolini, S. & Sattentau, Q.J.
Human immunodeficiency virus type 1
attachment to Hela CD4 cells is CD4
independent and gp120 dependent and
requires cell surface heparans. J Virol 72,
3623-3634 (1998).

Shieh, M.T., WuDunn, D., Montgomery,
R.l., Esko, J.D. & Spear, P.G. Cell surface
receptors for herpes simplex virus are
heparan sulfate proteoglycans. J Cell Biol
116, 1273-1281 (1992).

de Witte, L. et al. Binding of human
papilloma virus L1 virus-like particles to
dendritic cells is mediated through
heparan sulfates and induces immune
activation. Immunobiology 212, 679-691
(2007).

Compton, T., Nowlin, D.M. & Cooper,
N.R. Initiation of human
cytomegalovirus  infection  requires
initial interaction with cell surface
heparan sulfate. Virology 193, 834-841
(1993).

Summerford, C. & Samulski, R.J.
Membrane-associated heparan sulfate
proteoglycan is a receptor for adeno-
associated virus type 2 virions. J Virol 72,
1438-1445 (1998).



49.

50.

51.

52.

53.

54.

55.

56.

57.

Syndecan 4 on activated Langerhans cells facilitates HCV transmission

Chen, Y. et al. Dengue virus infectivity
depends on envelope protein binding to
target cell heparan sulfate. Nat Med 3,
866-871 (1997).

Chung, C.S., Hsiao, J.C., Chang, Y.S. &
Chang, W. A27L protein
vaccinia virus

mediates
interaction with cell
surface heparan sulfate. J Virol 72, 1577-
1585 (1998).

Saphire, A.C., Bobardt, M.D., Zhang, Z.,
David, G. & Gallay, P.A. Syndecans serve
as attachment receptors for human
immunodeficiency virus type 1 on
macrophages. J Virol 75, 9187-9200
(2001).

Xu, Y. et al. Characterization of hepatitis
C virus interaction with heparan sulfate
proteoglycans. J Virol 89, 3846-3858
(2015).

Barth, H. et al. Cellular binding of
hepatitis C virus envelope glycoprotein
E2 requires cell surface heparan sulfate.
J Biol Chem 278, 41003-41012 (2003).
Germi, R. et al. Cellular
glycosaminoglycans and low density
lipoprotein receptor are involved in
hepatitis C virus adsorption. J Med Virol
68, 206-215 (2002).

Okayama, M., Kimata, K. & Suzuki, S. The
beta-d-
synthesis  of

influence of p-nitrophenyl
the

proteochondroitin sulfate by slices of

xyloside  on

embryonic chick cartilage. J Biochem 74,
1069-1073 (1973).

Schwartz, N.B., Galligani, L., Ho, P.L. &
Dorfman, A. Stimulation of synthesis of
free chondroitin sulfate chains by beta-
D-xylosides in cultured cells. Proc Nat/
Acad Sci US A 71, 4047-4051 (1974).
Morriss-Kay, G.M. & Crutch, B. Culture

58.

59.

60.

61.

62.

63.

64.

65.

of rat embryos with beta-D-xyloside:
evidence of a role for proteoglycans in
neurulation. J Anat 134, 491-506 (1982).
H.A. & Spooner, B.S.
Proteoglycan and glycosaminoglycan

Thompson,

synthesis in embryonic mouse salivary
glands: effects of beta-D-xyloside, an
inhibitor of branching morphogenesis. J
Cell Biol 96, 1443-1450 (1983).
Kissenpfennig, A. et al. Dynamics and
function of Langerhans cells in vivo:
dermal dendritic cells colonize lymph
distinct
migrating Langerhans cells. Immunity
22, 643-654 (2005).

Niedecken, H., Lutz, G., Bauer, R. &
Kreysel, H.W. Langerhans cell as primary

node areas from slower

target and vehicle for transmission of
HIV. Lancet 2, 519-520 (1987).
Kawamura, T., Kurtz, S.E., Blauvelt, A. &
Shimada, S. The role of Langerhans cells
in the sexual transmission of HIV. J
Dermatol Sci 40, 147-155 (2005).
Midwood, K.S., Valenick, L.V., Hsia, H.C.
& Schwarzbauer, J.E. Coregulation of
fibronectin  signaling and  matrix
contraction by tenascin-C and syndecan-
4. Mol Biol Cell 15, 5670-5677 (2004).
Saoncella, S. et al. Syndecan-4 signals
cooperatively with integrins in a Rho-
dependent manner in the assembly of
focal adhesions and actin stress fibers.
Proc Natl Acad Sci U S A 96, 2805-2810
(1999).

Averbeck, M. et al. Switch in syndecan-1
and syndecan-4 expression controls
maturation associated dendritic cell
motility. Exp Dermatol 16, 580-589
(2007).

Stremlau, M. et al. Specific recognition

141

CHAPTER 5




CHAPTER 5

66.

67.

68.

69.

70.

71.

142

and accelerated uncoating of retroviral
capsids by the TRIM5alpha restriction
factor. Proc Natl Acad Sci U S A 103,
5514-5519 (2006).
Chiramel, A.l. et al. TRIM5a Restricts
Flavivirus Replication by Targeting the
Viral  Protease
Degradation. Cell
3283.e3266 (2019).
Foster, A.L. et al. Shedding of Hepatitis C
Virus Into the Rectum of HIV-infected
Men Who Have Sex With Men. Clin
Infect Dis 64, 284-288 (2017).
Christensen, N.D. et al. Papillomavirus
high-
sulfate,

for  Proteasomal
Rep 27, 3269-

microbicidal activities of

molecular-weight  cellulose

dextran sulfate, and polystyrene
sulfonate. Antimicrob Agents
Chemother 45, 3427-3432 (2001).

Gandhi, N.S. R.L.
Heparin/heparan sulphate-based drugs.

1058-1069

& Mancera,

Drug Discov Today 15,
(2010).

Nyberg, K. et al. The low molecular
weight heparan sulfate-mimetic, PI-88,
inhibits cell-to-cell spread of herpes
simplex virus. Antiviral Res 63, 15-24
(2004).

Kato, T. et al. Sequence analysis of
isolated from a

hepatitis C virus

fulminant hepatitis patient. J Med Virol

72.

73.

74.

75.

76.

77.

64, 334-339 (2001).

Connor, R.l.,, Chen, B.K.,, Choe, S. &
Landau, N.R. Vpr is required for efficient
replication of human immunodeficiency
virus type-1in mononuclear phagocytes.
Virology 206, 935-944 (1995).
Kolykhalov, A.A. et al. Transmission of
hepatitis C by intrahepatic inoculation
with transcribed RNA. Science 277, 570-
574 (1997).

Liu, S., Xiao, L., Nelson, C. & Hagedorn,
C.H. A cell culture adapted HCV JFH1
variant that increases viral titers and
permits the production of high titer
infectious chimeric reporter viruses.
PLoS One 7, e44965 (2012).

Zhang, Z., Coomans, C. & David, G.
Membrane sulfate
proteoglycan-supported FGF2-FGFR1
signaling: evidence in support of the

heparan

"cooperative end structures" model. J
Biol Chem 276, 41921-41929 (2001).

Lindenbach, B.D.
replication of hepatitis C virus in cell
culture. Science 309, 623-626 (2005).

Arrighi, J.F. et al. DC-SIGN-mediated
infectious synapse formation enhances

et al. Complete

X4 HIV-1 transmission from dendritic
cellsto T cells. J Exp Med 200, 1279-1288
(2004).



Syndecan 4 on activated Langerhans cells facilitates HCV transmission

Supplementary material

’; w w 1o
(]
s - o] ]
5, .
=
= . ] .
£
Q = = Er n
=
m j L] o

" cD1a (FI) " cD207 (Fl) 'HLA-B27 (FI) HLA-DR (FI)

" - isotype

% ) —— immature LC
g " —— activated LC
5 . ]
)
:J,_' a wd
=
w

CD80 (FI) " CD83 (FI) CD86 (FI)

Supplementary Figure S1 | LCs downregulated langerin and upregulate activation markers upon activation.
Immature and activarted LCs from the same donor were isolated ans tained with antibodies against CD2a, CD207,
HLA-B27, CD80, CD83, CD86. Surface ezpression was determinded by flow cytometry. One representative donor is

depicted. LC: Langerhans cell, FI: fluorescent intensity

2500 3500 35007
T |
= 2000 30001 3000
5 2500- 25001
2 1500+ 2000 20001
g 1000 1500+ 1500
£ w0 1000 10001
kS i 500 5001
(=1

oll, oLl 0-

SDCA1

SDC2

6000
5000
40001
3000+
2000+
1000 1

isotype
—— immature LC
—— activated LC

CHAPTER 5

[ control siRNA

SDC3

LANG

mm SDC4 siRNA

Supplementary Figure S2 | Syndecans and langerin expression on activartd LCs after silencing. Activated Lcs were
transfected with nomn-target control or Suyndecan 4 siRNA and after 72 hours cell surface expression of relevatn
markers was determined by flow cytometry. One repesenative donor is depicted. MFI: mean fluorescent intensity,

SDC1: Syndecan 1, SDC2: Syndecan 2, SDC3: Sydnecan 3, SDC4: Syndecan 4, LANG: Langerin

Huh?.5

T T

langerin (FI)

u

isotype
anti-langerin

Supplementary Figure S3 | The HuH7.5 cell lines does not
express langerin. Huh7.5 cells were stained with an antibody
against langerin and surface expression was detemined by
flow cytometry. One respresentative experiment is depicted.
FI: fluorescent intensity

143



CHAPTER 5

150 = Huh7.5
Bl Huh7.5-langerin

Absolute cell count

24h 48h 72h 96h 120h
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Ns = not significant by two-tailed, unpaired, parametric, Student t-test
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CHAPTER 6

Abstract

The current pandemic caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) and outbreaks of new variants highlight the need for preventive treatments.
Here we identified heparan sulfate proteoglycans as attachment receptors for SARS-CoV-2.
Notably, neutralizing antibodies against SARS-CoV-2 isolated from COVID-19 patients
interfered with SARS-CoV-2 binding to heparan sulfate proteoglycans, which might be an
additional mechanism of antibodies to neutralize infection. SARS-CoV-2 binding to and
infection of epithelial cells was blocked by low molecular weight heparins (LMWH).
Although dendritic cells (DCs) and mucosal Langerhans cells (LCs) were not infected by
SARS-CoV-2, both DC subsets efficiently captured SARS-CoV-2 via heparan sulfate
proteoglycans, and transmitted the virus to ACE2-positive cells. Notably, human primary
nasal cells were infected by SARS-CoV-2 and infection was blocked by pre-treatment with
LMWH. These data strongly suggest that heparan sulfate proteoglycans are important
attachment receptors facilitating infection and transmission, and support the use of LMWH
as prophylaxis against SARS-CoV-2 infection.

SARS-CoV-2 binds Heparan sulfates (HS) and is blocked SARS-CoV-2 is captured and transmitted by
by Low molecular weight heparins (LMWH) dendritic cells and is blocked by LMWH
SARS CoV-2 SARS-CoV-2

" W " fape® + LMWHRY
Y + LMWH o oy N, o
ﬁ ’or neutralizing "‘3 : 6'
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China
in late 2019 and can cause coronavirus disease 2019 (COVID-19), an influenza-like disease
ranging from mild respiratory symptoms to severe lung injury, multi organ failure and death
12,3 SARS-CoV-2 spread quickly and has caused a pandemic with a severe impact on global
health and world economy #°. SARS-CoV-2 is transmitted predominantly via large droplets

6 7 and is

expelled from the upper respiratory tract through sneezing and coughing
subsequently taken up via mucosal surfaces of the nose, mouth and eyes & SARS-CoV-2
infects epithelial cells in the respiratory tract, such as ciliated mucus secreting bronchial
epithelial cells and type 1 pneumocytes in the lung, as well as epithelial cells in the
gastrointestinal tract > 1°. For more than a year lockdown strategies and social distancing
have been used to mitigate viral spread but due to negative socioeconomic consequences
these are not feasible long-term solutions ¥ 12, Currently, several COVID-19 vaccines have
been developed and worldwide vaccination programs have been initiated 3, which aim to
curb and stop the pandemic. However, immunocompromised individuals as well as people
on immunosuppressive drugs are potentially less protected by vaccinations **1>. Moreover,
current vaccine candidates might be less effective against new SARS-CoV-2 variants ¢ 17,
Thus, there is a need for protective strategies specifically targeting SARS-CoV-2 to prevent
further dissemination.

SARS-CoV-2 belongs to the betacoronaviruses, a family that also includes SARS-CoV and
MERS-CoV 8. The coronavirus Spike (S) protein is a class | fusion protein that mediates virus
entry 120 The S protein consist of two subunits; S1 directly engages via its receptor-binding
domain (RBD) with host surface receptors 2%22 and S2 mediates fusion between virus and
cell membrane 224 SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as its main
receptor & 25, ACE2 is a type | integral membrane protein abundantly expressed on
epithelial cells lining the respiratory tract % but also the ileum, esophagus and liver % and
ACE2 expression dictates SARS-CoV-2 tropism *°. However, it remains unclear whether
SARS-CoV2 requires other receptors for virus entry. Neutralizing monoclonal antibodies
against SARS-CoV-2 have been identified that are directed not only at the RBD but also
outside the RBD 28, suggesting that other mechanisms of neutralization or other
(co-)receptors might be involved.

Heparan sulfates are expressed by most cells including epithelial cells as heparan sulfate
proteoglycans and these have been shown to interact with viruses such as HIV-1, HCV,
Sindbis virus and also SARS-CoV 2% 30:31,32,33 Recently, it was shown that the S protein of
SARS-CoV-2 interacts with heparan sulfates, which might be required for infection 34 3°,
Here we show that the heparan sulfate proteoglycans are important for infection of
polarized epithelial cells as well as primary nasal cells with SARS-CoV-2. Infection is inhibited
by heparin and low molecular weight heparins (LMWH). Mucosal dendritic cell subsets
captured SARS-CoV-2 via heparan sulfate proteoglycans. The different DC subsets did not
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become infected but transmitted SARS-CoV-2 to ACE2-positive cells, which might facilitate
virus dissemination. Our findings suggest that heparan sulfate proteoglycans function as
attachment receptors for SARS-CoV-2 and LMWH can be used as prophylactics against
SARS-CoV-2 or prevent dissemination early after infection.

Results

SARS-CoV-2 pseudovirus binds to heparan sulfates expressed by

cells.

We incubated Huh7.5 cells that express ACE2 (Figure EV1A) with SARS-CoV-2 pseudovirus,
which consists of HIV-1 particles pseudotyped with SARS-CoV-2 S protein 28. Virus binding
was determined by measuring HIV-1 p24 binding by ELISA. SARS-CoV-2 pseudovirus
attached to Huh7.5 cells, which was blocked by anti-ACE2 antibodies (anti-ACE2) as well as
by neutralizing antibodies from COVID-19 patients 2% (Figure 1A). Unfractionated (UF)
heparin inhibited binding of SARS-CoV-2 pseudovirus to Huh7.5 cells comparable to the
neutralizing or anti-ACE2 antibodies (Figure 1A). Enzymatic removal of heparan sulfates on
the cell surface by Heparinase treatment decreased SARS-CoV-2 virus binding (Figure 1B
and Figure EV1B). Exostosin-1 (EXT1) knockdown decreased expression of heparan sulfates
on the cell surface ® (Figure 1C). SARS-CoV-2 pseudovirus attached to XG1 cells, which was
blocked by UF Heparin, whereas knockdown of EXT1 abrogated SARS-CoV-2 pseudovirus
binding (Figure 1D). These data suggest that heparan sulfates are important for attachment
of SARS-CoV-2 to cells.

Low molecular weight heparins inhibit SARS-CoV-2 infection

To determine the effect of UF Heparin on SARS-CoV-2 infection, we infected Huh7.5 cells
with SARS-CoV-2 pseudovirus, expressing the luciferase reporter gene, and determined
infection by measuring luciferase reporter activity. UF Heparin blocked infection in a dose-
dependent manner (Figure 2A). Low molecular weight heparin (LMWH) have replaced UF
heparin in the clinic as anti-coagulant treatment due to their smaller size and superior
pharmacological properties 3. LMWH enoxaparin blocked SARS-CoV-2 pseudovirus
infection in a dose dependent manner to similar levels as UF Heparin (Figure 2A) without
affecting cell viability of Huh7.5 cells (Figure EV1C). Not only enoxaparin but also other
clinically approved LMWH blocked binding of SARS-CoV-2 pseudovirus to Huh7.5 cells
(Figure 2B). The different LMWH also blocked infection of Huh7.5 cells with SARS-CoV-2
pseudovirus to a similar extent as enoxaparin (Figure 2C).

Next we investigated whether ACE2 is required for infection in presence of heparan sulfates.
Human kidney epithelial 293T cells were not susceptible to SARS-CoV-2 pseudovirus
whereas ectopic expression of ACE2 rendered these cells susceptible to SARS-CoV-2
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Figure 1 | SARS-CoV-2 pseudovirus binds to heparan sulfates. (A) Huh7.5 cells were pre-incubated with
neutralizing antibody to ACE2 and SARS-CoV-2 pseudovirus was pre-incubated with patient isolated mAb COVA1-
18, COVA1-21 and COVA2-15 (10 pg/mL) or UF heparin (250 IU/mL) for 30 min at 37°C. SARS-CoV-2 pseudovirus
alone or with blocks was added to the cells for 4h at 4°C and binding was determined by ELISA. (B) Heparan sulfates
were removed from Huh7.5 cells by enzymatic treatment with heparinase Il for 1 hour at 37°C, then washed, and
exposed to SARS-CoV-2 pseudovirus for 4h at 4°C. Treated and untreated cells were subsequently lysed and binding
was determined by ELISA. (C) Flow cytometry analysis of cell surface expression of heparan sulfates (HS) in control
transduced cells or upon CRISPR/Cas9-mediated EXT1 KO (EXT1-/-). (D) Control and EXT1-/- XG1 cells were exposed
to SARS-CoV-2 pseudovirus or SARS-CoV-2 pseudovirus pre-treated with 250 IU/mL UF heparin for 30 min at 37°C.
After incubation for 4h at 4°C, cells were lysed and binding was measured by ELISA. Data information: Data show
the mean values and error bars are the SEM. Statistical analysis was performed using (A) ordinary one-way ANOVA
with Tukey multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001(n=3), (B) unpaired Student’s t-test with
Welch’s correction. *P<0.05, **P<0.01(n=3), (D) two-way ANOVA with Dunnett’s multiple-comparison test.

*P<0.05, **P<0.01 (n=3).

pseudovirus (Figure 2D and Figure EV1D and EV1E). Infection was abrogated by both LMWH
enoxaparin and UF heparin to a similar level as antibodies against ACE2 (Figure 2D). The
combination of ACE2 antibodies and LMWH enoxaparin or UF heparin blocked infection of
293T-ACE2 cells (Figure 2D). These data suggest that heparan sulfates act as attachment
receptors that allow the virus to bind to cells, facilitating infection via ACE2. Next we
investigated whether pre-incubation of SARS-CoV-2 with LWMH prevents ACE2 binding. The
primary SARS-CoV-2 isolate (hCoV-19/Italy) interacted with immobilized ACE2 and, notably,
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pretreatment of the virus with LMWH did not affect ACE2 binding (Figure EV1F). These data
suggest that LMWH prevent virus attachment but do not affect the interaction with ACE2.
Simian Vero E6 cells are highly susceptible to SARS-CoV-2, which causes severe cytopathic
effects (CPE) ! and therefore we investigated the role of LMWH upon SARS-CoV-2 infection
by measuring the cytopathic effects. Infection of VeroE6 with a primary SARS-CoV-2 isolate
(hCoV-19/Italy) caused severe CPE as cell viability decreased (Figure 2E), which was
counteracted by LMWH enoxaparin in a concentration dependent manner. These data
support an important role for heparan sulfates in ACE2-dependent infection of cells with
SARS-CoV-2.

SARS-CoV-2 infection of polarized epithelial cells is blocked by UF
heparin and LMWH

The colorectal adenocarcinoma Caco-2 and bronchial adenocarcinoma Calu-3 cells
represent models for human intestinal and respiratory epithelial cells, respectively 3% 3°,
Both cell lines were cultured on microporous filters with an air liquid interface to achieve a
polarized monolayer and polarization was monitored by transepithelial electrical resistance
(TEER). TEER increased over time to confirm that the cells are polarized after culture of more
than 14 days (Figure 3A). Undifferentiated Caco-2 and Calu-3 expressed low levels of ACE2
but polarization of the cells highly increased ACE2 expression (Figure 3B). SARS-CoV-2
pseudovirus bound to both polarized Caco-2 and Calu-3 cells and binding was significantly

Figure 2 | Low molecular weight heparins inhibit SARS-CoV-2 infection. (A) Huh7.5 cells were exposed to SARS-
CoV-2 pseudovirus directly or after pre-treatment with different concentrations (0.0001, 0.001, 0.1, 0.5, 1, 5, 50,
100, 250 IU/mL) of UF heparin or LMWH enoxaparin for 30 min at 37°C. Infection was determined by luciferase
reporter activity after 5 days. (B) SARS-CoV-2 pseudovirus was pre-incubated for 30 min at 37°C with UF heparin
(250 1U/mL) or LMWHSs tinzaparin (250 IU/mL) or dalteparin (250 IU/mL) or LMWH enoxaparin (250 IU/mL) or
nadroparin (250 IU/mL). Huh7.5 were exposed to the SARS-CoV-2 pseudovirus, alone or treated with different
LMWHs for 4 hours at 4°C, washed, lysed and binding was determined by ELISA. (C) SARS-CoV-2 pseudovirus was
pre-incubated for 30 min at 37°C with UF heparin (250 IU/mL) or LMWHs tinzaparin (250 IU/mL) or dalteparin
(250 1U/mL) or LMWH enoxaparin (250 1U/mL) or nadroparin (250 IU/mL). Huh7.5 cells were infected with
SARS-CoV-2 pseudovirus in presence or absence of different LMWHSsSARS-CoV-2 and infection was determined
after 5 days by luciferase reporter activity. (D) 293T cells expressing ACE2 were infected with SARS-CoV-2 in
presence or absence of antibodies against ACE2, UF heparin (250 IU/mL) or LMWH enoxaparin (250 IU/mL) and
infection was determined after 3 days by luciferase reporter activity. (E) VeroE6 cells were infected with
SARS-CoV-2 isolate (hCoV-19/Italy; 100 TCID/mL) previously treated with serial dilutions of LMWH enoxaparin. Cell
viability was determined by using an MTT assay (n=3 donors measured in triplicate). Data information: Data show
the mean values and error bars are the SEM. Statistical analysis was performed using (A) ordinary one-way ANOVA
with Dunnett’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=3 donors measured
in triplicate). (B) ordinary one-way ANOVA with Tukey’s multiple-comparison test (n=3 donors measured in
monoplo), (C) ordinary one-way ANOVA with Dunnett’s multiple-comparison test. ¥*P<0.05, **P<0.01, ***P<0.001,
*¥***p<0.0001 (n=3 donors measured in triplicate), (D) ordinary one-way ANOVA with Dunnett’s multiple-
comparison test. *P<0.05,**P<0.01 (n=3 measured in triplicates). RLU: relative light units.
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blocked by LMWH to similar levels as antibodies against ACE2 (Figure 3C and D). The
combination of an antibody against ACE2 and LMWH enoxaparin did not further decrease
binding. We next infected polarized Calu-3 cells with the primary SARS-CoV-2 isolate for
24 hours, washed and after another 24 hours determined productive infection. Infection
was determined by measuring SARS-CoV-2 ORF1b transcripts present during infection in
cells but also in virus particles. Calu-3 polarized cells were productively infected by the
SARS-CoV-2 isolate as shown by the SARS-CoV-2 ORF1b viral transcripts in the cell-lysates,
and the secretion of SARS-CoV-2 virus particles in the supernatant (Figure 3E and F as well
as EV3A and EV3B). Cell viability was not affected by infection as checked by GAPDH
expression. Notably, productive infection of Calu-3 cells was inhibited by LMWH to a similar
level as ACE2 antibodies (Figure 3E and F as well as EV3A and EV3B). These data suggest
that heparan sulfates are required for binding and infection of polarized respiratory
epithelial cells with SARS-CoV-2 pseudovirus as well as primary SARS-CoV-2 isolate.

Figure 3 | SARS-CoV-2 infection of polarized epithelial cells is blocked by UF heparin and LMWH. (A) Barrier
integrity was analysed by TEER measurements of Caco-2 and Calu-3 over a period of 20 days (n=3 donors measured
in quadruplicates). (B) ACE2 cell surface expression on Caco-2 and Calu-3 was determined by quantitative real-time
PCR. (C, D) SARS-CoV-2 binding was measured in polarized Caco-2 (C) and Calu-3 (D) cells in presence or absence
of antibodies against ACE2 (cell incubation), and UF heparin (250 IU/mL) or LMWH enoxaparin (250 IU/mL) (virus
incubation). (E) Polarized Calu-3 were inoculated with 0.5 TCID/mL of a SARS-CoV-2 isolate (hCoV-19/Italy) either
directly or in presence of antibodies against ACE2 or upon pre-treatment with LMWH enoxaparin (250 IU/mL) for
30 min at 37°C. Virus was detected by lysing after 48 hours through quantitative real-time PCR of viral RNA (E) and
virus production was determined by detection of viral RNA in supernatant using quantitative real-time PCR (F).
Data information: Data show the mean values and error bars are the SEM. Statistical analysis was performed using
(B) ordinary one-way ANOVA with Tukey’s multiple-comparison test. *P<0.05, **P<0.01 (n=5 Caco-2 donors
measured in monoplo), *p=0.0460 (n=5 Calu-3 donors measured in monoplo), (C, D) ordinary one-way ANOVA
with Tukey’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (C) (n=3 Caco-2 donors
measured in triplicate), (D)(n=3 Calu-3 donors measured in triplicate), (E, F) ordinary one-way ANOVA with Tukey’s
multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=3 donors measured in monoplo).
TEER: Transepithelial electrical resistance.
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Heparan sulfate proteoglycans Syndecan 1 and 4 are important for
SARS-CoV-2 binding

The heparan sulfate proteoglycan family of Syndecans are particularly important in
facilitating cell adhesion of several viruses 3340, Therefore, we used the Namalwa B cell-line
that ectopically expressed Syndecan 1 or Syndecan 4 (Figure EV2A-EV2C) as these
Syndecans are expressed by epithelial cells 4 42, Namalwa cells did not express ACE2
(Figure EV1A). Syndecan 1 and Syndecan 4 expressing Namalwa cells bound more efficiently
with SARS-CoV-2 pseudovirus than the parental Namalwa cells (Figure 4A). Both UF heparin
and LMWH enoxaparin blocked the interaction of Syndecan 1- and -4 expressing cells with
SARS-CoV-2 pseudovirus (Figure 4A). Moreover, Syndecan 1-expressing cells did not
interact with control pseudovirus lacking the SARS-CoV-2 S protein neither did LMWH
enoxaparin affect the interaction (Figure EV2D). Similarly, control pseudovirus did not
interact with Huh7.5 cells (Figure EV2D). These data suggest that the interaction of
Syndecans with SARS-CoV-2 is specific and depends on the S protein.

Next we measured binding of primary SARS-CoV-2 to Syndecan expressing cells. The primary
SARS-CoV-2 isolate attached to both Syndecan 1 and Syndecan 4 expressing cellsand LMWH
enoxaparin blocked binding to background levels similar to those observed for the parental
control cells (Figure 4B and EV3B). Cell viability was unaffected as determined by GAPDH
expression. These data indicate that Syndecan 1 and 4 are important heparan sulfate
proteoglycans involved in SARS-CoV-2 binding and infection.

Neutralizing antibodies against SARS-CoV-2 interfere with SARS-
CoV-2 binding to Syndecan 1

Several antibodies against SARS-CoV-2 were isolated from COVID-19 patients and some of
these were potent neutralizing antibodies against SARS-CoV-2 that target the RBD (COVA1-
15, COVA1-18) as well as the non-RBD (COVA1-21) of the S protein 2. Therefore, we
investigated whether antibodies against SARS-CoV-2 interfere with the interaction of
heparan sulfates with SARS-CoV-2. We treated SARS-CoV-2 pseudovirus with different
S-protein targeting antibodies and measured virus binding to ACE2-negative Syndecan 1-
positive Namalwa cells. Notably, only the three neutralizing antibodies against SARS-CoV-2,
COVA-1-15, 1-18 and 1-21 blocked the interaction of SARS-CoV-2 pseudovirus with
Syndecan 1 in a concentration dependent manner and to similar levels as observed for
LMWH (Figure 5A). In contrast, non-neutralizing antibodies did not inhibit virus binding
(Figure 5A).Next we determined the ability of the S protein antibodies to block binding of
the primary SARS-CoV-2 isolate to ACE2-negative Syndecan 1-expressing Namalwa. Similar
as observed for SARS-CoV-2 pseudovirus, the three neutralizing COVA antibodies blocked
the interaction of the SARS-CoV-2 isolate with Syndecan 1, whereas non-neutralizing
antibody COVA-1-27 did not block binding (Figure 5B and EV3C). These data strongly
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suggest that neutralizing RBD and non-RBD antibodies against SARS-CoV-2 interfere with
SARS-CoV-2 binding to heparan sulfate proteoglycans and that this binding is facilitated by
the SARS-CoV-2 S protein.

A *
*
150 —— Kk
*ok Il Control transduced
=2 [ syndecan 1
2 1004 [ Syndecan 4
0 —~
)
YE
2D
SE
&4 50.|
< i i
’ ’_—L‘
. o .
- Heparin Enoxaparin
SARS-CoV-2 pseudovirus
B *kkk
1.5+ % Il Control transduced
l [1syndecan 1
o _ [l Syndecan 4
5T
E0 107 ©
s i
19 =
S 2 %
&5 € 05 T
5" “
0.0 ,
- - Enoxaparin

SARS-CoV-2 isolate

Figure 4 | Heparan sulfate proteoglycans Syndecan 1 and 4 are important for SARS-CoV-2 binding. (A) Namalwa
cells ectopically expressing either Syndecan 1 or 4 were exposed to either SARS-CoV-2 pseudovirus alone or
SARS-Cov-2 pseudovirus pre-treated with UF heparin (250 IU/mL) or LMWH enoxaparin (250 IU/mL) for 30 min at
37°C. Binding was measured after 4 hours at 4°C by ELISA. (B) SARS-CoV-2 isolate (hCoV-19/Italy) was pre-
incubated with LMWH enoxaparin (250 IU/mL) for 30 min at 37°C. Namalwa cells expressing Syndecan 1 and 4
were exposed to either SARS-CoV-2 isolate (100 TCID/mL) or SARS-CoV-2 isolate (100 TCID/mL) pre-treated with
LMWH enoxaparin (250 IU/mL) for 4 hours at 4°C and binding was determined by quantitative real-time PCR. Data
show the mean values and error bars are the SEM. Statistical analysis was performed using (A) 2way-ANOVA with
Dunnett’s multiple-comparison test. *P<0.05, **P<0.01 (n = 7), (B) 2way-ANOVA with Sidak’s multiple-comparison
test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n = 3 measured in triplicate).
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Figure 5 | Neutralizing antibodies against SARS-CoV-2 interfere with SARS-CoV-2 binding to Syndecan 1. (A)
SARS-CoV-2 pseudovirus was pre-treated with LMWH enoxaparin (250 IU/mL), or different neutralizing antibodies
against SARS-CoV-2 (COVA1-18, COVA1-21 and COVA2-15) and a humanlgG1 isotype control at concentrations of
100 pg/mL, 500 pg/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL and 50 ng/mL for 30 min at 37°C. Binding of pseudovirus to
Syndecan 1 expressing cells in absence or presence of LMWH enoxaparin or antibodies was determined by ELISA.
(B) SARS-CoV-2 isolate (hCoV-19/Italy) was pre-treated for 30 min at 37°C with either LMWH enoxaparin
(250 1U/mL) or one of the following neutralizing antibodies (COVA1-18, 1-21 and 2-15), a non-neutralizing antibody
(COVA1-27) or a human IgG1 isotype control, all at the concentration of 1 pg/mL. SARS-CoV-2 isolate alone or with
blocks was added at a concentration of 100 TICD/mL. Detection of virus binding to Syndecan 1 expressing Namalwa
was measured by quantitative real-time PCR. Data information: Data show the mean values and error bars are the
SEM. Statistical analysis was performed using (A) ordinary one-way with Dunnett’s multiple-comparison test.
*P<0.05, **P<0.01 (n=3), (B) ordinary one-way with Tukey’s multiple-comparison test. *P<0.05, **P<0.01 (n=2
measured in duplicates).

SARS-CoV-2 targets dendritic cells for dissemination

SARS-CoV-2 infects cells in nasal mucosa, lung and the intestinal tract but mechanisms for
dissemination of the virus from the respiratory to the intestinal tract remain unclear.

Mucosal DC subsets might be involved in promoting local infection of epithelial cells in these
tissues through capture as well as virus dissemination as these antigen presenting cells after
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activation migrate to the lymphoid tissues to present antigens to T cells. We therefore
investigated whether SARS-CoV-2 infects different mucosal DC subsets and whether DCs
can transmit the virus to other cells. We differentiated monocytes to DCs, which is a model
for submucosal DC, and also isolated primary human Langerhans cells (LCs) from skin 43 44
as this DC subset resides in squamous mucosa of different tissues including nasal and
intestinal mucosa %> %6, Both monocyte-derived DCs and primary LCs efficiently bound
SARS-CoV-2 pseudovirus and binding was inhibited by UF heparin as well as LMWH
enoxaparin (Figure 6A and B). Notably, neither DCs nor LCs were infected by SARS-CoV-2
pseudovirus (Figure 6C), which is due to the absence of ACE2 expression on both subsets
(Figure 6D). These data suggest that primary DC subsets capture SARS-CoV-2 via heparan
sulfate proteoglycans but this does not lead to infection. Different DC subsets transmit
HIV-1 to target cells independent of productive infection ** 47 48, We therefore incubated
both DCs and LCs with SARS-CoV-2 pseudovirus and after washing away unbound virus,
co-cultured the DC subsets with susceptible ACE2 expressing Huh7.5 cells (Figure 6E).
Notably, co-culture of both virus-exposed DC subsets with Huh7.5 cells led to infection of
the latter, as determined by luciferase reporter activity and infection was blocked by pre-
treatment of pseudovirus with UF heparin and LMWH enoxaparin (Figure 6F and G). Next,
DCs and LCs were incubated with the primary SARS-CoV-2 isolate and after extensive
washing added to ACE2 positive Huh7.5 cells. Infection of Huh7.5 cells was determined by
quantitative PCR after removing leftover DCs or LCs. Notably, both SARS-CoV-2-exposed DCs
and LCs transmitted the virus to Huh7.5 cells as shown by infection of Huh7.5 cells, and
transmission was inhibited by LMWH enoxaparin (Figure 6H and | as well as EV4A and
EV4B). These data suggest that both DCs and LCs efficiently capture SARS-CoV-2 via heparan
sulfate proteoglycans and transmit the virus to ACE2 expressing target cells, which could be
involved in virus dissemination from mucosal sites to lymphoid tissues.

SARS-CoV-2 attaches to and infects primary nasal cells via heparan
sulfate proteoglycans

Nasal epithelium is an important target for SARS-CoV-2 infection. Higher viral loads are
detected in nasal and nasopharyngeal swabs compared to throat swabs %% 0, Here we
isolated nasal cells from healthy volunteers by brushing the inside of the nasal cavity.
Epithelial cells are a major component of the isolated cells as shown by high percentage of
cells positive for the epithelial cell marker EpCAM (Figure 7A). Also hematopoietic cells were
present in the nasal cell fraction as shown by the expression of the hematopoietic cell
marker CD45 (Figure 7A). Next we analyzed Syndecan 1 and 4 transcripts in the nasal
fraction as well as expression of ACE2. Especially high levels of Syndecan 1 transcripts were
identified in the nasal fraction compared to those observed for polarized Calu-3 cells
(Figure 7B and EV5A). ACE2 transcript were also detected, suggesting that SARS-CoV-2
could directly infect nasal cells (Figure 7B and EV5A) >1. We first investigated binding of
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Figure 6 | SARS-CoV-2 targets dendritic cells for dissemination. (A, B) SARS-CoV-2 binding to monocyte-derived
DCs (A) or primary LCs (B) in absence or presence of UF heparin (250 IU/mL) or LMWH enoxaparin (250 1U/mL).
(C) DCs and LCs were infected with SARS-CoV-2 pseudovirus and infection was determined after 5 days by
measuring luciferase reporter activity. As positive controls Huh7.5 cells were infected. (D) ACE2 cell surface
expression on DCs, LCs and Huh7.5. Representative data for an experiment repeated more than three times with
similar results (n=3 in duplicates). (E) Graphical overview of the cell-to-cell viral transmission assay. (F, G) DCs (F)
and LCs (G) were pre-incubated with SARS-CoV-2 pseudovirus for 4 hours at 37°C in presence or absence of UF
heparin (250 1U/mL) or LMWH enoxaparin (250 IU/mL), extensively washed and co-cultured with Huh7.5 cells.
Transmission by DCs or LCs to Huh7.5 cells was determined by luciferase reporter activity. (H, I) SARS-CoV-2 isolate
(hCoV-19/Italy) was pre-treated with LMWH enoxaparin (250 IU/mL) for 30 min at 37°C. DCs (H) and LCs (I) were
exposed to either the untreated or pre-treated SARS-CoV-2 isolate (100 TCID/mL) for 24h, washed thoroughly and
co-cultured with Huh7.5 cells. Quantification of viral RNA was measured by quantitative real-time PCR. Data
information: Data show the mean values and error bars are the SEM. (A, B) ordinary one-way ANOVA with Tukey’s
multiple-comparison test. ¥P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (A) (n=4), (B) (n=4), (C) ordinary one-way
ANOVA with Tukey’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=4 measured in
triplicate), (F) ordinary one-way ANOVA with Dunnett’s multiple-comparison test. *P<0.05, **P<0.01 (n=4
measured in triplicate), (G) ordinary one-way ANOVA with Tukey’s multiple-comparison test. *P<0.05, **P<0.01,
*¥**¥p<0.001, ****P<0.0001 (n=3 measured in triplicate). (H, I) ordinary one-way ANOVA with Tukey’s multiple-
comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (H) (n=3 in duplicates), (1) (n=4 in duplicates). DCs:
Dendritic cells, LCs: Langerhans cells, RLU: relative light units, ND: Not determined.

primary SARS-CoV-2 isolate to the nasal cells. SARS-CoV-2 attached to the nasal cells from
different donors and binding was blocked by LMWH enoxaparin (Figure 7C and EV5B).
Primary nasal cells were exposed to SARS-CoV-2 and cultured for 24 hours. Viability was not
affected as measured by GAPDH expression. Notably, we observed high levels of SARS-CoV-
2 ORF1b in cell-lysates (Figure 7D and EV5C). Infection was inhibited by ACE2 block and,
importantly, LMWH treatment blocked infection of SARS-CoV-2 as shown by decreased
ORF1b in cell-lysate (Figure 7D and EV5C). These data suggest that heparan sulfate
proteoglycans expressed by the nasal epithelium are involved in SARS-CoV-2 binding and
infection.

Discussion

SARS-CoV-2 interacts with ACE2 to infect cells. Recent studies suggest that heparan sulfates
might interact with S protein to enhance viral attachment 3% 35, Moreover, Clausen et al.
show that heparan sulfate binding to SARS-CoV-2 facilitates ACE2 interactions 3*. Here we
show that heparan sulfate proteoglycans on primary epithelial cells and primary dendritic
cell subsets interact with both pseudotyped and primary SARS-CoV-2. We have identified
Syndecan 1 and 4 as important attachment receptors for SARS-CoV-2. Interestingly,
neutralizing antibodies against SARS-CoV-2 prevented the interaction of SARS-CoV-2 with
Syndecan 1, suggesting that antibodies targeting the interaction of SARS-CoV-2 with
heparan sulfates might also neutralize infection similarly to what was shown for antibodies
against ACE2. Moreover, we identified a role for heparan sulfate proteoglycans during
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Figure 7 | SARS-CoV-2 attaches to and infects primary nasal cells via heparan sulfate proteoglycans. (A) Flow
cytometry analysis of single cell suspensions from the nasal epithelium. Cells were labelled with EpCAM and CD45
antibodies and gated accordingly. (B) ACE2, Syndecan 1 and Syndecan 4 cell surface expression on nasal epithelial
cells, compared to polarized epithelial Calu-3 was confirmed by quantitative real-time PCR. (C, D) Nasal epithelial
cells were exposed to SARS-CoV-2 isolate (hCoV-19/Italy, 100 TCID/mL) either directly or after pre-treatment with
antibodies against ACE2 cell surface receptors (1 hour at 37°C )or after pre-treatment with LMWH enoxaparin
(250 1U/mL) for 30 min at 37°C. Detection of viral binding after 4 hours at 4°C (C) and persistently-infected cells
lysed after 24 hours at 37°C (D) was determined by quantitative real-time PCR. Data information: Data show the
mean values and error bars are the SEM. Statistical analysis was performed using (C, D) ordinary on-way ANOVA
with Tukey’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (C) (n=3), (D) (n=3 in
duplicates).

transmission by primary mucosal DC subsets, which is independent of infection. Both UF
heparin and LWMH efficiently reduced infection and transmission of SARS-CoV-2.
Moreover, we show that LMWH efficiently decrease infection of primary nasal epithelial
cells. Thus, heparan sulfate proteoglycans function as attachment receptors for
SARS-CoV-2 on primary epithelial and dendritic cells, and targeting these receptors might
prevent infection.

Our data indicate that SARS-CoV-2 binding to polarized colorectal and respiratory epithelial
cells is facilitated by heparan sulfates, supporting a role for heparan sulfate proteoglycans
as attachment receptors. Moreover, infection of polarized respiratory epithelial cells by
SARS CoV-2 hCoV-19/Italy strain as well as pseudovirus was inhibited by LMWH to a similar
level as anti-ACE2 antibodies. Combinations of LMWH with antibodies did not further
decrease infection. These data suggest that SARS-CoV-2 attaches to cells via heparan sulfate
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proteoglycan, which facilitates interaction with ACE2 and subsequent infection. Indeed,
treatment of SARS-CoV-2 with LMWH blocked heparan sulfate binding sites of the virus
while it did not affect viral binding capacity to ACE2, suggesting that attachment of
SARS-CoV-2 to heparan sulfate proteoglycans can facilitate ACE2 interaction.

Neutralizing antibodies against SARS-CoV-2 are a potential therapy for COVID-19 patients
and most potent monoclonal neutralizing antibodies target the RBD site of the S protein
thereby preventing interaction of S protein with ACE2 %8, However, neutralization antibodies
have also been isolated that target non-RBD sites of the S protein. Indeed, COVA1-21 targets
a non-RBD site as it does not seem to interfere with ACE2 28, suggesting that it neutralizes
either via another receptor or another mechanism. We screened different antibodies
isolated from COVID-19 patients % for blocking SARS-CoV-2 binding to Syndecan 1. Two RBD
antibodies COVA1-18 and COVA2-15 and one non-RBD antibody COVA1-21 were identified
that blocked interaction of Syndecan 1 with SARS-CoV-2 pseudovirus as well as the
SARS-CoV-2 hCoV-19/Italy strain. Notably, these three antibodies are potent neutralizing
antibodies against SARS-CoV-2 . Most non-neutralizing antibodies did not interfere with
SARS-CoV-2 binding to Syndecan 1. These data suggest that blocking the interaction of
SARS-CoV-2 with heparan sulfate proteoglycans might be a new mechanism of
neutralization.

Our data strongly suggest that the S protein from SARS-CoV-2 is crucial to the interaction
with heparan sulfate proteoglycans and Syndecan 1, as antibodies against the S protein
blocked binding of both SARS-CoV-2 pseudovirus and a SARS-CoV-2 isolate to Syndecan-1-
expressing Namalwa cells. Moreover, control pseudoviruses lacking the S protein did
neither interact with Huh7.5 cells nor Syndecan-1 expressing cells, further supporting the
specificity of the interaction between S protein from SARS-CoV-2 and heparan sulfate
proteoglycans.

Different DC subsets are present in mucosal tissues to capture pathogens for antigen
presentation. After pathogen interactions, DCs migrate into lymphoid tissues 2. Several
viruses such as HIV-1 and Dengue virus, hijack DC functions for dissemination %’->3, Primary
LCs and DCs efficiently captured SARS-CoV-2 via heparan sulfate proteoglycans. Previously
we have shown that LCs express Syndecan 4 33 and DCs express Syndecan 3 and Syndecan 4
4. Thus, our data suggest that both Syndecan 3 and 4 might be involved in SARS-CoV-2
capture. Both LCs and DCs did not express ACE2 and were not infected by SARS-CoV-2
pseudovirus. However, co-culture of SARS-CoV-2-exposed LCs and DCs with ACE2 cells led
to productive infection with pseudotyped as well as a primary SARS-CoV-2 strain.
Transmission was blocked by LMWH suggesting that capture by heparan sulfate
proteoglycans is important for transmission. Moreover, our data indicate that SARS-CoV-2
transmission is independent of direct infection of DC subsets, suggesting that this might
allow the virus from escaping neutralization by antibodies or antiviral drugs. However, the
exact mechanism of this viral transfer are still not entirely clear.

The upper airways and nasal epithelium might be the primary route of infection as higher
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viral load have been found in nasal swabs when compared to throat swabs >> Moreover,
nasal epithelial cells express ACE2 and the cellular serine protease TMPRSS2 °1. We have
isolated nasal cells from healthy volunteers using a nasal brush and the majority of cells
were EpCAM-positive epithelial cells and some hematopoietic cells, most likely lymphocytes
and myeloid cells. Syndecan 1 and 4 transcripts were detected at high levels in nasal cell
fraction, suggesting that Syndecans might be involved in virus interactions. Our data
support an important role for nasal cells as the first target for SARS-CoV-2 as nasal cells
efficiently captured primary SARS-CoV-2 and were also infected by SARS-CoV-2. LMWH
blocked capture and infection of the nasal cells. Interestingly, the nasal cells were not
cultured as done in previous studies °® >’ suggesting that the nasal epithelial cells are a direct
target for SARS-CoV-2 and that heparan sulfate proteoglycans are involved in the infection.
LMWHs are already used as subcutaneous treatment of COVID-19 patients to prevent
systemic clotting % *°. Interestingly, here we have identified an important ability of LMWH
to directly block SARS-CoV-2 binding and infection of epithelial cells as well as preventing
virus transmission. Our data support the use of LMWH as prophylactic treatment for
SARS-CoV-2 as well as a treatment option early in infection to block further infection and
dissemination. Vaccination programs are currently running worldwide but it remains
unclear whether this is sufficient for specific patients who are immunocompromised or
suffer from other diseases that prevent an efficient immune response upon vaccination.
LMWH prophylaxis might also be used when new SARS-CoV-2 variants arise that are not
efficiently counteracted by the current vaccines.

Materials and Methods

Reagents and antibodies

The following antibodies were used (all anti-human): ACE2 (R&D), (Heparan Sulfate (clone
F58-10E4) (Amsbio), digested Heparan (clone F69-3G10) (Amsbio), CD1a-APC mouse IgG1
(BD Biosciences, San Jose, CA, USA), CD207-PE (langerin) mouse IgG1 (#IM3577),
PerCP-Cy™5.5-conjugated mouse IgGl EPCAM 347199) (BD Bioscience), PE-conjugated
mouse 1gG1 E-Cadherin (FAB18381P) (R&D Systems), APCcy-conjugated mouse IgG1 CD45
(557833) (BD Bioscience), APC-conjugated CD14 (21620146sp) (Immunotools),
PE-conjugated mouse 1gG1 CD11b (101208) (Biolegend). FITC-conjugated goat-anti-mouse
IgM (#31992) (Invitrogen), AF488-conjugated donkey-anti-mouse 1gG2b (Invitrogen). Flow
cytometric analyses were performed on a BD FACS Canto Il (BD Biosciences). Data was
analyzed using FlowlJo vX.0.7 software (TreeStar).

The following reagents were used: Unfractionated (UF) heparin, 5.000 IE./mL (LEO). Low
Molecular Weight heparins (LMWH): dalteparin, 10.000 IE anti-Xa/mL (Pfizer), tinzaparin,
10.000 IE anti-X1/0.5mL (LEO), enoxaparin, 6000 IE (60mg)/0.6 mL (Sanofi), nadroparin,
9.500 IE anti-XA/mL (Aspen). Heparinase Ill from Flavobacterium heparium, EC 4.2.2.8,
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Batch 010, (Amsbio). Biotinylated SARS-CoV-2 S protein as well as neutralizing and non-
neutralizing COVA antibodies were generated as described previously 28,

Cell lines

The Simian kidney cell line VeroE6 (ATCC® CRL-1586™) was maintained in CO; independent
medium (Gibco Life Technologies, Gaithersburg, Md.) supplemented with 10% fetal calf
serum (FCS), L-glutamine and penicillin/streptomycin (10 ug/mL). Culture was maintained
at 37C without CO2. Huh7.5 (human hepatocellular carcinoma) cells received from dr.
Charles M. Rice ® were maintained in Dulbecco modified Eagle medium (Gibco Life
Technologies, Gaithersburg, Md.) containing 10% fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin (10 pg/mL). Medium was supplemented with 1mM Hepes buffer
(Gibco Life Technologies, Gaithersburg, Md.). The human B cell line Namalwa (ATCC, CRL-
1432) and Namalwa cells stably expressing human Syndecan 1 and Syndecan 4 %! were a gift
from Dr. Guido David and Dr. Philippe A Gallay. The cells were maintained in RPMI 1640
medium (Gibco Life Technologies, Gaithersburg, Md.) containing 10% fetal calf serum (FCS),
penicillin/streptomycin (10 pug/mL) and 1 mM sodium pyruvate (Thermo Fisher). The
expression of the different Syndecans was validated by PCR analysis using specific primers
aimed against Syndecans. The human multiple myeloma cell line XG-1 was cultured in Iscove
modified Dulbecco medium (Invitrogen Life Technologies) containing 10% fetal bovine
serum, 100 U/mL of penicillin and 100 pg/mL of streptomycin. The medium was further was
supplemented with 500 pg/mL of interleukin-6 (Prospec). The CRISPR-Cas9 knockout for
Ext1 has been described previously 3%, The human embryonic kidney 293T/17 cells (ATCC,
CRL-11268) were maintained in maintained in Dulbecco modified Eagle medium (Gibco Life
Technologies, Gaithersburg, Md.) containing 10% fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin (10 ug/mL). The human epithelial Caco-2 cells (ATCC, HTB-37™) as
well as the human lung epithelial Calu-3 cells (ATCC® HTB-55™) were maintained in
Dulbecco modified Eagle medium (Gibco Life Technologies, Gaithersburg, Md.) containing
10% fetal calf serum (FCS), L-glutamine and penicillin/streptomycin (10 ug/mL) and
supplemented with MEM Non-Essential Amino Acids Solution (NEAA) (Gibco Life
Technologies, Gaithersburg, Md.). To create a monolayer of polarized cells, Caco-2 and
Calu-3 cells were maintained in 6.5 mm Transwell® with 5.0 um Pore Polycarbonate
Membrane Insert (Corning). The cells were initially seeded with a density of 25.000 cells per
6.5 mm filter insert and full polarization was reached after 2 weeks in culture. Polarization
was monitored by measuring transepithelial electrical resistance (TEER).

Primary human cells

This study has been conducted in accordance with the ethical principles set out in the
declaration of Helsinki and was approved by the institutional review board of the Academic
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Medical Center (AMC, Amsterdam, Netherlands) and the Ethics Advisory Body of the
Sanquin Blood Supply Foundation (Amsterdam, Netherlands).

CD14+ monocytes were isolated from the blood of healthy volunteer donors (Sanquin blood
bank) and subsequently differentiated into monocyte-derived DCs as described previously
62 (Figure EV2E). LCs were isolated from human epidermal sheets obtained from healthy
donors after plastic surgery. Epidermal sheets were prepared as described previously 43 %4,
Briefly, skin-grafts were obtained using a dermatome (Zimmer Biomet, Indiana USA). After
incubation with Dispase Il (1 U/mL, Roche Diagnostics), epidermal sheets were separated
from dermis, washed and cultured in IMDM (Thermo Fischer Scientific, USA) supplemented
with 10% FCS, gentamycine (20 ug/mL, Centrafarm, Netherlands), pencilline/streptomycin
(10 U/mL and 10 pg/mL, respectively; Invitrogen) for 3 days after which LCs were harvested.
Purity of LCs was routinely verified by flow cytometry using antibodies directed against
CD207 (langerin) and CD1a (Figure EV2F).

Primary nasal epithelial cells were obtained from healthy volunteers. Cells were isolated
from the lower nasal cavity with a brush after which they were transferred into CO:
independent medium (Gibco Life Technologies, Gaithersburg, Md.) supplemented with 10%
fetal calf serum (FCS), L-glutamine and penicillin/streptomycin (10 pg/mL). Cell surface
receptor expression was determined by flow cytometry.

SARS-CoV-2 pseudovirus production

For production of single-round infection viruses, human embryonic kidney 293T/17 cells
(ATCC, CRL-11268) were co-transfected with an adjusted HIV backbone plasmid (pNL4-
3.Luc.R-S-) containing previously described stabilizing mutations in the capsid protein
(PMID: 12547912) and a firefly luciferase gene in the nef open reading frame (1.35ug) and
pSARS-CoV-2 expressing SARS-CoV-2 S protein (0.6ug) (GenBank; MN908947.3) 28, For
single-round infection viruses lacking S-protein, an empty vector (pcDNA3.1(+), Thermo
Fisher Scientific, #/79020.) was added instead. Transfection was performed in 293T/17 cells
using genejuice (Novagen, USA) transfection kit according to manufacturer’s protocol. At
day 3 or day 4, pseudotyped SARS-CoV-2 virus particles were harvested and filtered over a
0.45 um nitrocellulose membrane (SartoriusStedim, Gottingen, Germany). SARS-CoV-2
pseudovirus productions were quantified by p24 ELISA (Perkin Elmer Life Sciences).

SARS-CoV-2 production

All experiments with SARS-CoV-2 isolates were performed in a BSL-3 laboratory, following
all appropriate safety and security protocols approved by the Amsterdam UMC
BioSafetyGroep and performed under the environmental license obtained from the
municipality Amsterdam. The following reagent was obtained from Dr. Maria R.
Capobianchi through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate Italy-
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INMI1, NR-52284, originally isolated January 2020 in Rome, Italy. VeroE6 cells (ATCC® CRL-
1586™) were inoculated with the SARS-CoV-2 isolate and used for reproduction of virus
stocks. Cytopathic effect (CPE) formation was closely monitored and virus supernatant was
harvested after 48 hours. Viral titers were determined by tissue culture infectious dose
(TCID50) on VeroE6 cells. In brief, VeroE6 cells were seeded in a 96 well plate at a cell density
of 8.000 cells in 100 pl. After 24 hours, cells were inoculated with a 5-fold serial dilution of
SARS-CoV-2 isolate in quadruplicate. Cell cytotoxicity was measured using the MTT assay
48 hours after infection. Loss of MTT staining as determined by spectrometer (OD 580 nm)
is indicative of the (CPE) of SARS-CoV-2. The virus titer was determined as TCID50/mL and
calculated based on the Reed Muench method .

Pseudovirus infection assays

HuH7.5 and 293T cells were exposed to 95 ng of single-round SARS-CoV-2 pseudovirus.
Primary dendritic cell subsets were exposed to 190 ng and polarized Caco2 and Calu3 cells
to 477.62 ng of single-round SARS-CoV-2 pseudovirus. Virus was pre-incubated with
250 IU/mL LMWH or UF heparin to addition to the cells. Viral protein production was
quantified after 5 days at 37°C by measuring luciferase reporter activity. Luciferase activity
(relative light units (R.L.U.)) was measured using the Luciferase assay system (Promega,
USA) according to manufacturer's instructions.

Virus binding

In order to determine SARS-CoV-2 binding, target cells were seeded in a 96 well plate at a
density of either 10.000 cells in 100 pl for adherent cells the day before or 100.000 cells in
100 pl for suspension cells the same day. All cells were exposed to either 95 ng/mL of SARS-
CoV-2 pseudovirus or SARS-CoV-2 isolate (hCoV-19/Italy, 100 TCID/mL) for 4 hours at 4°C.
After 4 hours, cells were washed extensively to remove unbound virus. Cells incubated with
SARS-Cov-2 pseudovirus were lysed and binding and internalization were quantified by
RETRO-TEK HIV-1 p24 ELISA according to manufacturer instructions (ZeptoMetrix
Corporation). Cells incubated with SARS-Cov-2 isolate (hCoV-19/ltaly) were lysed with AVL
buffer and RNA was isolated with the QlAamp Viral RNA Mini Kit (Qiagen) according to the
manufacturers protocol.

SARS-CoV-2 WT infection

VeroE6 cells were seeded at a density of 10.000 cells in 100 pl in a 96 well plate. After
24 hours, the cells were exposed to the SARS-CoV-2 isolate (hCoV-19/Italy, 100 TCID/mL)
for 48 hours. Additionally, SARS-CoV-2 isolate was pre-incubated with 250 IU/mL of LMWH
enoxaparin prior to cell inoculation. Infection was measured after 48 hours at 37°C by MTT
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and determined by cell viability. Polarized Calu-3 cells that had initially been seeded with
25.000 cells/transwell (6.5 mm filter insert) prior to infection, were incubated with
SARS-CoV-2 isolate (hCoV-19/Italy, 0.5 TCID/mL) for 24 hours, after which cells were washed
thoroughly and new medium was added. Viral infection and secretion were determined by
RT-PCR measurement of ORF-1b transcript. Primary nasal epithelial cells seeded at a density
of 50.000-100.000 cells in 100 pl were incubated with SARS-CoV-2 isolate (hCoV-19/Italy,
100 TCID/mL) for 24 hours after which ORF-1b transcript was determined by RT-PCR.

Tetrazolium dye colorimetric cell viability (MTT) assay

MTT solution was added to VeroE6 cells and incubated for 2 hours at 37°C. After removing
the MTT solution, MTT solvent containing 4 mM HCL and 1% Nonidet P-40 (NP40) in
isopropanol was added to the cells. Homogenous solution was measured at optical density
between 580 nm and 655 nm.

293T Transfection with ACE2

To generate cells expressing human ACE2, human embryonic kidney 293T/17 cells were
transfected with pcDNA3.1(-)hACE2 (Addgene plasmid #1786). Transfection was performed
in 293T/17 cells using the genejuice (Novagen, USA) transfection kit according to
manufacturer’s protocol. At 24h post-transfection, cells were washed with phosphate-
buffered saline (PBS) and cultured for recovering at 37C for 24h in Dulbecco’s MEM
supplemented with 10% heat-inactivated fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin (10 U/mL) After 24h of recovery, cells were cultured in media
supplemented with G418 (5mg/mL) (Thermo Fisher) and passage for 3 weeks at 37C.
Surviving clones were analyzed for ACE2 expression via flow cytometry and PCR.

Transmission assays and co-culture

Per condition, 100.000 DCs or LCs/100 pl were exposed to 191.05 ng of pseudotyped SARS-
CoV-2 or pseudotyped SARS-CoV-2 pre-incubated with 250 IU/mL UF heparin or LMWH
enoxaparin for 30 min at 37°C. After 4 hours at 37°C, cells were harvested, extensively
washed to remove unbound virus and co-cultured with Huh7.5 for 5 days at 37°C. After
5 days, DCs or LCs were washed away and Huh7.5 cells were analyzed with the Luciferase
assay system (Promega, USA) according to manufacturer’s instructions to determine
infection based on luciferase reporter activity. Similarly, DCs or LCs were also exposed to
either SARS-CoV-2 isolate (hCoV-19/Italy, 100 TCID/mL) or SARS-Cov-2 isolate pre-
incubated with 250 IU/mL LMWH enoxaparin (30 min at 37°C). After 24 hours at 37°C, cells
were extensively washed to remove unbound virus and co-cultured with HuH7.5 for
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24 hours at 37°C. Subsequently, Huh7.5 were again washed extensively to remove DCs or
LCs and Huh7.5 were lysed for isolation of viral RNA.

RNA isolation and quantitative real time PCR

Viral RNA in cells and supernatant was isolated with the QIAamp Viral RNA Mini Kit (Qiagen)
according to the manufacturers protocol. cDNA was synthesized with the M-MLV reverse-
transcriptase kit (Promega) and diluted 1 in 5 before further application. Cellular mRNA of
cells not exposed to virus was isolated with an mRNA Capture kit (Roche) and cDNA was
synthesized with a reverse-transcriptase kit (Promega). PCR amplification was performed in
the presence of SYBR green in a 7500 Fast Realtime PCR System (ABI). Specific primers were
designed with Primer Express 2.0 (Applied Biosystems). Primer sequences used for mRNA
expression were for gene product: GAPDH, forward primer (CCATGTTCGTCATGGGTGTG),
reverse primer (GGTGCTAA GCAGTTGGTGGTG). For gene product SARS-CoV-2 ORflb,
forward primer (TGGGGTTTTACAGGTAACCT), reverse primer
(AACACGCTTAACAAAGCACTC) as described previously . For gene product: ACE2, forward
primer (GGACCCAGGAAATGTTCAGA), reverse primer (GGCTGCAGAAAGTGACATGA). For
gene product: Syndecan 1, forward primer (ATCACCTTGTCACAGCAGACCC) reverse primer
(CTCCACTTCTGGCAGGACTACA). Syndecan 4, forward primer
(AGGTGTCAATGTCCAGCACTGTG) reverse primer (AGCAGTAGGATCAGGAAGACGGC). The
normalized amount of target mRNA was calculated from the Ct values obtained for both
target and household mRNA with the equation Nt = 2Ct (GAPDH) - Ct(target). For relative
MRNA expression, control siRNA sample was set at 1 for each donor.

Biosynthesis inhibition and enzymatic treatment

HuH7.5 cells were treated in D-PBS/0.25% BSA with 46 milliunits heparinase Ill (Amsbio) for
1 hour at 37°C, washed and used in subsequent experiments. Enzymatic digestion was
verified by flow cytometry using antibodies directed against heparan sulfates and digested
heparan sulfates.

Human ACE2 protein binding

Recombinant human ACE2 protein, kindly provided by the lab of Dr. Rogier Sanders, was
coated at a concentration of 2 pug/mL on a high binding plate (Nunc MaxiSorp™ flat-bottom,
Thermo Fisher) at 4°C. After overnight incubation, wells were blocked with 2 % BSA for
30 min at 37°C before being washed extensively. SARS-Cov-2 isolate (hCoV-19/Italy, 20.000
TCID/mL) was added for 4 hours at 4°C at a total of 50 pl. After 4 hours wells were lysed and
SARS-CoV-2 ORF-1b transcript was determined by quantitative RT-PCR.
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Statistics

All results are presented as mean = SEM and were analyzed by GraphPad Prism 8 software
(GraphPad Software Inc.). A two-tailed, parametric Student’s t-test for paired observations
(differences within the same donor) or unpaired observation, Mann-Whitney tests
(differences between different donors, that were not normally distributed) was performed.
For unpaired, non-parametric observations a one-way ANOVA or two-way ANOVA test with
post hoc analysis (Tukey’s or Dunnet’s) were performed. Statistical significance was set at
*P< 0.05, **P<0.01***P<0.001****P<0.0001.
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This study includes no data deposited in external repositories.
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Figure EV1 | Expression of ACE2 and Heparan sulfates in their involvement in SARS-CoV-2 binding and infection.
(A) ACE2 expression was measured for different Namalwa Syndecan cell lines in comparison to Huh7.5 cells and
ACE2-transfected 293T. (B) Huh7.5 cells were left untreated or treated with heparinase Il for 1 hour at 37°C and
heparan sulfate or digested heparan sulfate expression was determined by flow cytometry. Cells were stained for
HS and diHS respectively or an isotype control mAb, directly corresponding to the specific antibody (mouse IgM
and IgG2b). One representative donor out of 3 is depicted. (C) Cell Viability of infected Huh7.5 with SARS-CoV-2
pseudovirus in presence of different concentrations of UF heparin and LMWH enoxaparin (n=4 in duplicates). (D)
Cell surface expression of ACE2 on 293T cells (control and ACE2 transfected) was determined by quantitative real-
time PCR. (E) SARS-CoV-2 pseudovirus infection on 293T (control vs ACE2-transfected cells) was measured by

175



CHAPTER 6

P luciferase reporter activity. (F) SARS-CoV-2 i

with recombinant hACE2 (2ug/mL). LMWH e

the mean values and error bars are the SEM. Statistical analysis was performed using (D) unpaired, parametric,
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Figure EV2 | Syndecan expression, cell characterization and interaction of S protein. (A) Syndecan 1 and
Syndecan 4 expression by Namalwa cell lines, 293T cell lines and Huh7.5 cells was detected by quantitative real-
time PCR. Representative data for an experiment repeated more than three times with similar results. (B, C)
Different Namalwa Syndecan cell lines expressing Syndecan 1 (B) or Syndecan 4 (C), determined by quantitative
real-time PCR. (D) Huh7.5 and Namalwa cells ectopically expressing Syndecan 1 were exposed to SARS-CoV-2
pseudovirus or control pseudovirus lacking S protein, in presence or absence of LMWH enoxaparin (2501U/mL).
Binding was measured after 4 hours at 4°C by ELISA. (E) DCs were stained with antibodies against the surface
markers CD209, CD14 and CD11b and analysed by flow cytometry. (F) LCs were stained with antibodies against
CD207 and CD1a and analysed by flow cytometry. The histogram shows the cell surface expression of the receptor.
Data information: Data show the mean values and error bars are the SEM. Statistical analysis was performed using
(D) 2way-ANOVA with Tukey’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=2 in
triplicates). DCs: Denderitic cells, LCs: Langerhans cells, ND: Not determined, Fl: fluorescent intensity.

Figure EV3 | Non-normalized SARS-CoV-2 binding and infection of cell lines. (A, B) Polarized Calu-3 were infected
with SARS-CoV-2 isolate (hCoV-19/Italy, 0.5 TCID/mL) in presence or absence of antibodies against ACE2 or LMWH
enoxaparin (250 IU/mL). Virus was detected after lysis by quantitative real-time PCR of viral RNA (A) and virus
production was determined by detecting viral RNA in supernatant using quantitative real-time PCR (B).
(C) SARS-CoV-2 isolate (hCoV-19/Italy) was pre-incubated with LMWH enoxaparin (250 IU/mL) for 30 min at 37°C.
Namalwa cells expressing Syndecan 1 and 4 were exposed to 100 TCID/mL SARS-CoV-2 isolate for 4 hours at 4°C
and binding was determined by quantitative real-time PCR. (D) SARS-CoV-2 isolate (hCoV-19/Italy, 100 TICD/mL)
was added to Namalwa cells either directly or after pre-incubation for 30 min at 37°C with LMWH enoxaparin
(250 IU/mL) or neutralizing antibodies (COVA1-18, 1-21 and 2-15), non-neutralizing antibody (COVA1-27) and a
human IgG1lisotype control at the concentration of 1pg/mL. Detection of viral binding to Syndecan 1 expressing
Namalwa was measured after 4 hours at 4°C by quantitative real-time PCR. Data information: Data show the mean
values and error bars are the SEM. Statistical analysis was performed using (B) ordinary one-way ANOVA with
Tukey’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=3 donors measured in
monoplo). (C) 2way-ANOVA with Sidak’s multiple-comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
(n = 3 measured in triplicate). (D) ordinary one-way with Tukey’s multiple-comparison test. *P<0.05, **P<0.01.
(n =2 measured in duplicates).
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Figure EV4 | Non-normalized SARS-CoV-2 transmission by dendritic cell subsets. (A, B) SARS-CoV-2 isolate (hCoV-
19/Italy, 100TCID/mL) was either pre-treated with LMWH enoxaparin (250 1U/mL) for 30 min at 37°C. DCs (n=3
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RNA was measured by quantitative real-time PCR of Huh7.5 cells after removal of DCs or LCs.
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CHAPTER 7

Abstract

New SARS-CoV-2 variants of concern and waning immunity demonstrate the need for a
quick and simple prophylactic agent to prevent infection. Low molecular weight heparins
(LMWH) are potent inhibitors of SARS-CoV-2 binding and infection in vitro. The airways are
a major route for infection and therefore inhaled LMWH could be a prophylactic treatment
against SARS-CoV-2. We investigated the efficacy of in vivo inhalation of LMWH in humans
to prevent SARS-CoV-2 attachment to nasal epithelial cells in a single-center, open label
intervention study. Volunteers received enoxaparin in the right and placebo (NaCl 0.9%) in
the left nostril using a nebulizer. After application, nasal epithelial cells were retrieved with
a brush for ex vivo exposure to either SARS-CoV-2 pseudovirus or an authentic SARS-CoV-2
isolate and virus attachment as determined. LMWH inhalation significantly reduced
attachment of SARS-CoV-2 pseudovirus as well as authentic SARS-CoV-2 to human nasal
cells. Moreover, in vivo inhalation was as efficient as in vitro LMWH application. Cell
phenotyping revealed no differences between placebo and treatment groups and no
adverse events were observed in the study participants. Our data strongly suggest that
inhalation of LMWH is effective to prevent SARS-CoV-2 attachment and subsequent
infection. LMWH are ubiquitously available, affordable and easy to apply, making them
suitable candidates for prophylactic treatment against SARS-CoV-2.

Keywords: low molecular weight heparin, SARS-CoV-2, infection prevention, virus-host
interactions

Importance

New SARS-CoV-2 variants of concern and waning immunity demonstrate the need for a
quick and simple agent to prevent infection. Low molecular weight heparins (LMWH) have
been shown to inhibit SARS-CoV-2 in experimental settings. The airways are a major route
for SARS-CoV-2 infection and inhaled LMWH could be a prophylactic treatment. We
investigated the efficacy of inhalation of the LMWH enoxaparin in humans to prevent
SARS-CoV-2 attachment as this is a prerequisite for infection. Volunteers received
enoxaparin in the right and placebo in the left nostril using a nebulizer. Subsequently, nasal
epithelial cells were retrieved with a brush and exposed to SARS-CoV-2. LMWH inhalation
significantly reduced binding of SARS-Cov-2 to human nasal cells. Cell phenotyping revealed
no differences between placebo and treatment groups and no adverse events were
observed in the participants. Our data strongly indicate that LMWH can be used to block
SARS-CoV-2 attachment to nasal cells. LMWH are ubiquitously available, affordable and
easily applicable, making them excellent candidates for prophylactic treatment against
SARS-CoV-2.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in Wuhan (China)
in 2019 and quickly spread to the rest of the world, resulting in a global health crisis ** % 3,
SARS-CoV-2 belongs to the beta coronaviruses and causes COVID-19, an influenza-like
disease ranging from mild respiratory symptoms to progressive inflammatory viral
pneumonia, multi-organ disease and death #> 8, Since 2020, large scale deployment of more
than 30 approved vaccines have curbed viral spread and offered strong protection against
severe disease and hospitalization 7 ® °. However, continuous emergence of Variants of
Concern (VoC), which are more contagious and potentially less susceptible to current
vaccines, underscore the need for additional preventive methods and novel treatments for
severe COVID-19 19111213 |t js also becoming clear that vaccinations are less effective in
immunocompromised people * > 16 Thus, there is an urgent need for prophylactic
treatments that prevent SARS-CoV-2 infections to address emerging VoC or protect
vulnerable patient groups.

One of the routes of viral transmission is person-to-person via aerosolized droplets from
the upper, conducting and lower airways of infected people ' ¥ 19 Upon inhalation,
droplets depending on the size can reach the upper or lower airways where infection can
occur in airway epithelial cells 2. Therefore, a potential strategy for a prophylactic agent is
to interfere with viral entry into airway epithelial cells, blocking infection at the earliest
stage.

Angiotensin-converting enzyme 2 (ACE-2) is the main receptor used by SARS-CoV-2; the viral
Spike (S) protein interacts with ACE-2 leading to viral entry into human cells 2% 2% 23, ACE-2
is expressed by different epithelial cells of the respiratory tract as well as alveolar
macrophages 2* 25, Recent studies have shown that SARS-CoV-2 interacts strongly with
heparan sulfate proteoglycans (HSPG) to attach to the cells, a prerequisite for infection via
ACE-2 26:27.28 HSPG are highly sulfated, negatively charged transmembrane receptors that
are broadly expressed by different cells including respiratory epithelial cells 2%3% 31 |n the
nose, the olfactory neuroepithelium is rich in HSPG expression 32. HSPG are also ubiquitously
present in the lungs, where they are involved in maintaining the endothelial surface layer,
pulmonary development, cellular signaling and early immune activation 3% 34, A range of
viruses including HIV-1, HCV and Human coronavirus NL63 exploit HSPG for cellular
attachment 33637 0On epithelial cells, the HSPG family members Syndecan 1 and 4 have
been shown to mediate SARS-CoV-2 attachment and infection 28, Heparin and low molecular
weight heparins (LMWH) competitively block SARS-CoV-2 binding to epithelial cells 2738 and
thereby prevent infection. LMWH have long been used in the clinic as anticoagulant
therapeutics 3% % and LMWH might be used as prophylactic treatments to prevent infection
of SARS-CoV-2.

Here we investigated whether in vivo nasal inhalation of LMWH enoxaparin protects against
SARS-CoV-2.
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CHAPTER 7

Materials and Methods
Study design

We designed a single center, non-randomized controlled trial conducted at the Amsterdam
UMC in Amsterdam. The study was registered at the European drug regulatory affairs for
Clinical Trials (EudraCT) under code 2020-003992-16, at the Dutch clinical trial registry
under code NL9430, and was conducted in accordance with the principles of Good Clinical
Practice and the Declaration of Helsinki, in compliance with all relevant national and
international regulations. The study was approved by the local ethics committee (METC)
and granted under code METC 2020_223 in accordance with national guidelines. The local
ethics committee reviewed and approved the study and it is registered at the national body
responsible for supervising clinical trials under code NL75272.018.20

Medication was aseptically prepared at the pharmacy department. All analyses were
performed within the Laboratory of Experimental Immunology within the Amsterdam UMC.
All work with SARS-CoV-2 was performed in a biosafety laboratory level 3 facility at our
institution. Volunteers were recruited from the University of Amsterdam. All participants
provided written informed consent before any study procedures were performed.

Participants

Based on previous in vitro data we expected to observe a reduction of 50% SARS-CoV-2 virus
binding between treatment and placebo samples, to achieve a power of >80% at
0,05 statistical significance 12 volunteers would be needed per SARS-CoV-2 variant. The
recruitment period lasted from 07/01/2021 till 14/12/2021, during this period a total of 36
volunteers were assessed for eligibility. Volunteer inclusion was done longitudinally to
investigate whether all conditions could be performed for each volunteer, an extra
volunteer would be included if this was not the case. Both genders were eligible to
participate. Other inclusion criteria were age between 18 and 65 years, the ability to provide
written informed consent, good physical health, which was defined as not suffering from
any illness or disease obstructing general daily functioning, and to sufficiently understand
Dutch in the opinion of the research physician taking informed consent. Exclusion criteria
were positivity for SARS-CoV-2, as was tested during the study visit with a commercial
SARS-CoV-2 antigen test (SARS-CoV-2 Antigen Rapid Test Kit, JOYSBIO (Tianjin)
Biotechnology Co. Ltd), the presence of nasal-septum defects, usage of intranasal
medication, frequent nosebleeds (defined as >1/month), a tympanic temperature
exceeding 38,5 degrees Celsius during the clinical visit, anamnestic or physical evidence of
a respiratory infection in the four weeks prior to the clinical visits, a known allergy or
intolerance to LMWH or heparin-related products, a medical history of heparin inducted
thrombocytopenia (HIT), the presence of mental disorders that would interfere with
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adherence to study procedures or behavior making a volunteer unlikely to comply with
study procedures in the opinion of the research physician present during the clinical visit.
Vaccination status was self-reported with all volunteers receiving the enoxaparin treatment
were fully vaccinated according to national guidelines (1x COVID-19 vaccine Janssen,
Janssen. 2x Comirnaty, BioNTech/Pfizer or 2x Spikevax, Moderna mRNA vaccine).
Additionally, 6 unvaccinated volunteers and 1 partially vaccinated volunteer were included
for analysis of SARS-CoV-2 binding. However, these 7 volunteers were excluded from
enoxaparin block analysis due to insufficient treatment application. Inclusion of volunteers
and processing of volunteer material is displayed in detail in Figure. 1.

Enoxaparin administration

Enoxaparin at a dose of 45001U and placebo (saline NaCl 0,9%) were administered in the
nasal cavity using a nebulizer (MAD Nasal™ Intranasal Mucosal Atomization Device). We
selected LMWH enoxaparin (Clexane Forte, 150mg/ml) as we previously have shown that it
effectively blocks SARS-CoV-2 infection in vitro 2. Nebulization efficiency was investigated
with a green tracer dye. Enoxaparin concentrations were not measured as this was technical
challenging but the same enoxaparin concentration was applied to every volunteer.
Volunteers first received 370 pL of saline solution (NaCl 0,9%) in the left nasal cavity using
a nebulizer (MAD Nasal™ Intranasal Mucosal Atomization Device). A total of 300 pL of fluid
was administered, as 70 pL remained within the dead space of the nebulizer. 100 uL was
nebulized per 10-minute intervals to facilitate absorption by the nasal mucosa and epithelial
cells were removed using a nasal brush (CytoSoft brush). Subsequently, 370 uL of LMWH
enoxaparin (Clexane Forte, 150mg/ml) was administered in the right nasal cavity in an
identical fashion as for the left nostril described above. After 30 min, cells were removed
using a similar procedure. Participants were observed for the occurrence of adverse events
during the study procedures. At 24 hours after treatment follow-up was performed via a
telephone call. Brushes containing nasal epithelium were stored in an 1.5mL sterile
microcentrifuge tube containing 0,5 ml of Iscove's Modified Dulbecco's Medium (IMDM),
enriched with 10% Fetal Calf Serum (FCS), 1% Penicillin/Streptomycin, 1% L-Glutamin and
20 pg/ml Gentamycin (Thermo Fischer Scientific, USA) to maintain vitality of obtained cells.

Nasal cell characterization

Cell population characterization from the nasal tissue was performed by flow cytometric
analyses of intracellular and cell surface expression markers. The gating strategy for FACS
analysis is shown in Figure. 3. Single cells were further gated from the living population.
Isolated cells were washed once with PBS and stained for Pan-Cytokeratin (panC) as well as
CD45 to distinguish between epithelial or lymphoid origin. Additionally, cells were analyzed
for the expression of ACE-2 and heparan sulfates (extracellular only) and other epithelial

187

™~
o
[N}
-
(a1
<
I
(&)




CHAPTER 7

markers (EpCAM and Mucin 5b (Muc-5b)) as well as lymphoid markers CD3, CD11b and
CD11c. Some samples for flow cytometry, but not virus attachment analysis, were
contaminated with erythrocytes and were excluded. Flow Cytometry analysis were
performed on a BD FACS Canto Il (BD Biosciences) and data was analyzed using FlowJo
v10.8.1 (Software by Treestar).

[35 volunteers assessed for eligibility]

| 1 withdrawal prior
'L to enroliment

Y

[ 34 volunteers enrolled J

In vivo appliocation of enoxaparin
and retrieval of nasal epithelium

1 volunteer providing
‘L insufficient material

for virus binding

Y

[ 33 volunteers included for binding ]

Depending on ceil counts donors
were assigned for pseudovirus
or/and primary isolate

Y Y

Cells from 19 volunteers Cells from 16 volunteers
included for included for primary
pseudovirus binding isolate binding
» 7 excluded from 3 excluded
analysis due to from analysis
inadequate due to low viral
enoxaparin binding in
application control sample
A Y
[ 12 included for analysis ] [ 13 included for analysis J

Figure 1. Figure legend on next page.
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Figure 1 | Flowchart of the volunteer inclusion. Volunteers were recruited within the AMC between 07/01/2021
and 14/12/2021. Both genders were eligible to participate. Inclusion criteria were an age between 18 and 65, good
physical health (defined as not suffering from any illness or disease obstructing general daily functioning), sufficient
understanding of the Dutch language to comply to study procedures. Exclusion criteria were a positive
SARS-CoV-2 antigen test (SARS-CoV-2 Antigen Rapid Test Kit, JOYSBIO (Tianjin) Biotechnology Co. Ltd), nasal-
septum defects, usage of intranasal medication, frequent nosebleeds (>1/month), fever during the study visit
(tympanic temperature >38,5EC during clinical visit), anamnestic or physical evidence of a respiratory infection in
the four weeks prior to the clinical visit, a known allergy or intolerance to LMWH or heparin-related products, a
medical history of heparin inducted thrombocytopenia (HIT), the presence of mental disorders that would interfere
with adherence to study procedures. Description of the inclusion process and parameters analysis: 35 volunteers
were assessed for eligibility, 1 volunteer withdrew prior to enrolment. 34 volunteers were enrolled and received
placebo and 4500IE enoxaparin via nasal spray. Subsequently nasal epithelium was withdrawn and counted.
1 volunteer provided insufficient cellular material for all experiments and binding was subsequently not
performed. Cells were plated and distributed into three categories for exposure to different viruses. 19 donors
provided material for pseudovirus binding. After the first 7 donors we have adapted the protocol due to inefficient
application of enoxaparin as measured by a tracer dye and these donors were excluded from the analysis.
12 donors were included for analysis. 16 donors provided material for authentic SARS-CoV-2 virus binding. 3 donors
were excluded for analysis as the virus failed to bind in the placebo samples. 13 donors were included for analysis.
There was overlap between donors, with 2 donors providing material for both SARS-CoV-2 pseudovirus and
authentic virus binding.

VeroE®6 culture

VeroE6 cells (ATCC® CRL-1586™) were cultured in CO2 independent medium (Gibco Life
Technologies, Gaithersburg, Md.) supplemented with 10% fetal calf serum (FCS),
L-glutamine, and penicillin/streptomycin (10 pg/mL). Culture was maintained at 37°C
without CO2. The VeroE6-ACE2-TMPRSS2 cell line (NISBC, 101003) expresses high levels of
ACE2 and TMPRSS2 #%. These cells were maintained in Dulbecco’s modified Eagle’s high
glucose medium supplemented with 10% FCS, 1% L-Glutamine, 1% Penicillin/Streptomycin;
all reagents were obtained from Sigma Aldrich, Missouri, USA) at 37C with a saturation of
5% COa.

Viruses

SARS-CoV-2 pseudovirus consists of a single round virus with an HIV-1 backbone (pNL4-
3.Luc.R-S-) containing mutations in the capsid protein (as described in %?) and a firefly
luciferase gene in the nef open reading frame as well as pSARS-CoV-2 expressing
SARS-CoV-2 S protein (GenBank; MN908947.3) **. The wild-type (WT) authentic
SARS-CoV-2 virus hCoV-19/WT, was obtained from Dr. Maria R. Capobianchi through BEI
Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate Italy-INMI1, NR-52284,
originally isolated January 2020 in Rome, Italy. SARS-CoV-2 authentic virus stocks from
primary isolates were produced in VeroE6 cells. Cytopathic effect (CPE) formation was
closely monitored and after 48 hours the virus supernatant was harvested. Viral titers were
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determined by tissue culture infectious dose (TCID50) on VeroE®6 cells. In short, VeroE6 cells
were seeded in a 96 well plate at a cell density of 10.000 cells. The following day the cells
were inoculated with a 5-fold serial dilution of SARS-CoV-2 isolate in quadruplicate. Cell
cytotoxicity was measured using an MTT assay 48 hours after infection. Loss of MTT staining
as determined by spectrometer (OD 580 nm) is indicative of SARS-CoV-2 induced CPE. Viral
titer was determined as TCID50/mL and calculated based on the method first proposed by
Reed & Muench #*. SARS-CoV-2 WT virus (BEI Resources, Manassas, VA, USA; CFAR/NIBSC;
Nr-52281) was used for the 3D epithelial cell model of | human bronchial epithelial (NHBE)
cultures and propagated according to the manufacturer’s instructions. Clinical specimens
for SARS-CoV-2 VoC Delta (B.1.617.2) and Omicron (BA.5) were isolated from COVID-19
positive swabs (Ethics statement, ECS1166/2020) and cultured as previously described .

Ex vivo SARS-CoV-2 binding to nasal epithelial cells

After isolation from the nasal cavity, epithelial cells were subjected to SARS-CoV-2
pseudovirus and authentic SARS-CoV-2 virus. SARS-CoV-2 pseudovirus binding was
performed with 100.000 cells per condition, while binding with the authentic virus was
performed with 50.000 cells per condition. Cells were seeded in a 96 well round bottom
plate within 4 hours of retrieval from the nasal cavity and incubated with either 95 ng/mL
SARS-CoV-2 pseudovirus or 100 TCID/mL of authentic virus (hCOV-19, WT) for 4 hours at
4°C. In order to determine whether in vivo inhalation provided the most optimal block, a
condition was included where viruses were incubated with 250 IU/mL of LMWH enoxaparin
for 30 min at 37°C before being added to cells from volunteers. The cells were subsequently
washed to remove any unbound virus. Cells incubated with SARS-CoV-2 pseudovirus were
lysed after 4 hours and binding and internalization were quantified by RETRO-TEK HIV-1 p24
ELISA according to manufacturer instructions (ZeptoMetrix Corporation). Cells incubated
with SARS-CoV-2 isolate (hCoV-19/WT)) were lysed with AVL buffer and RNA was isolated
with the QlAamp Viral RNA Mini Kit (Qiagen) according to the manufacturers’ protocol.
cDNA was synthesized with the M-MLV reverse-transcriptase kit (Promega) and diluted 1 in
5 before further application. Virus quantification was performed using RT-PCR in the
presence of SYBR green in a 7500 Fast Realtime PCR System (ABI). Primer sequences used
for mMRNA expression were for gene product: GAPDH, forward primer
(CCATGTTCGTCATGGGTGTG), reverse primer (GGTGCTAA GCAGTTGGTGGTG). For gene
product SARS-CoV-2 ORflb, forward primer (TGGGGTTTTACAGGTAACCT), reverse primer
(AACACGCTTAACAAAGCACTC) as described previously 6. The normalized amount of target
mRNA was calculated from the Ct values obtained for both target and household mRNA
with the equation Nt = 2Ct (GAPDH) - Ct(target).
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Enoxaparin application /n vitro

VeroE6 cells were seeded with 10.000 cells/well in a 96-well plate with CO2 independent
medium. The following day, authentic SARS-CoV-2 virus (10.500 TCID/ml) was incubated
with different concentrations of enoxaparin for 30 min at 37C. Subsequently, the
virus/enoxaparin mix was added to the VeroE®6 cells. Binding of SARS-Cov-2 was determined
after 4 hours of incubation at 4°C whereas SARS-CoV-2 infection was measured after
24 hours of incubation at 37°C. Alternatively, enoxaparin was applied directly to the cells
for 30 min before exposure to authentic SARS-Cov-2. Binding and infection were performed
as described above. SARS-CoV-2 levels were determined by RT-PCR as described above.

3D epithelial cell model of Caco-2

The human epithelial Caco-2 cell line (ATCC, HTB-37™) was used for SARS-CoV-2 binding in
addition to patient material. The cells were cultured on a 5.0 um microporous filters with
an air-liquid interface to achieve a polarized monolayer in a static in vitro 3D epithelial
model. The model was maintained in Dulbecco modified Eagle medium (Gibco Life
Technologies, Gaithersburg, Md.) containing 10% fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin (10 ug/mL) and supplemented with MEM Non-Essential Amino
Acids Solution (NEAA) (Gibco Life Technologies, Gaithersburg, Md.). Polarization was
monitored by trans epithelial electrical resistance (TEER) and full polarization was reached
after 3 weeks in culture, as described previously ?8. Caco-2 cells express ACE-2 as well as
heparan sulfates. Upon full polarization, the cells were exposed to SARS-CoV-2 pseudovirus
for 4 hours at 4°C or authentic virus (hCOV-19/WT) for 24 hours at 37°C before lysis.

3D epithelial cell model of normal human bronchial epithelial cells

Normal human bronchial epithelial (NHBE, Lonza, catalog no. C-25408S) cells were cultured
in air-liquid interphase (ALI) as described previously 47-48, cells were seeded onto GrowDexT
(UPM)-coated 0.33-cm2 porous (0.4-um) polyester membrane inserts with a seeding
density of 1 x 10° cells per Transwell (Costar, Corning, NY, USA). The cells were grown to
near-confluence in submerged culture for 2 to 3 days in specific epithelial cell growth
medium according to the manufacturer’s instructions. Cultures were maintained in a
humidified atmosphere with 5% CO2 at 37°C and then transferred to ALl culture. The
epithelium was differentiated using airway medium from Stemcell. Under these conditions
the cells develop stable tight junctions and are highly mucus producing *8. The number of
days in tissue development was designated relative to initiation of ALl culture,
corresponding to day 0 and monitored by TEER. Enoxaparin spray was applied to the apical
side of the fully polarized epithelia prior SARS-CoV-2 infection. The spray application
corresponded to approximately 50 uL of liquid well dispersed over the tissue culture. The
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apical application was carefully performed to not mechanically disrupt the epithelial
surface. TEER values were measured using an EVOM voltohmmeter with STX-2 chopstick
electrodes (World Precision Instruments, Stevenage, United Kingdom). Measurements on
cells in ALl culture were taken immediately before the medium was exchanged. For
measurements, 0.1 ml and 0.7 ml of medium were added to the apical and basolateral
chambers, respectively.

SARS-CoV-2 was added at a concentration of MOIO0.1 for each authentic SARS-CoV-2 strain
(WT, and VoC Delta (B.1.617.2) and Omicron (BA.5)). Infection was measured after 24 hours
incubation at 37°C. SARS-CoV-2 RNA (140 uL) was extracted using FavorPrep Viral RNA Mini
Kit (FAVORGEN, Ping-Tung, Taiwan), according to manufacturer’s instructions. Sequences
specific to region N1 of Nucleocapsid gene published on the CDC website
(https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html) were
used. Luna Universal Probe One-Step RT-PCR Kit (New England BiolLabs, Ipswich, Mass) was

used for target amplification, and runs were performed on the CFX96 real-time detection
system (Bio-Rad). For absolute quantification using the standard curve method, SARS-CoV-
2 RNA was obtained as a PCR standard control from the National Institute for Biological
Standards and Control UK (Ridge, UK).

Statistical analysis

The power calculation of our sample size was based on our requirements for the primary
endpoint. Based on this it was determined we would require sufficient cells of 12 volunteers
to achieve >80% powering with a certainty of 95%. Statistical analysis of obtained data was
performed using Graphpad Prism 9 (Graphpad Software Inc.). Normal distribution of
baseline data (Age, sex, cell-count per brush) was not assumed due to the distribution of
samples and the small sample size. It was calculated for both cohorts using the Shapiro-Wilk
test and found not to be normally distributed. A two-tailed student’s t-test was used for
paired observations, Mann-Whitney tests were performed for unpaired observations
(Differences between donors or cohorts was seen as paired, differences between individual
donors as unpaired.). One-way ANOVA, Two-way ANOVA and Mann-Whitney tests were
performed for unpaired non-parametric observations. IC50 was calculated using a sigmoidal
nonlinear regression. Statistical significance for our results was set *P< 0.05, **P<0.01,
***¥p<0.001, ****P<0.0001.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the manuscript.

192



Low Molecular Weight Heparins as prophylaxis against SARS-CoV-2

Results

Baseline characteristics

35 Volunteers were assessed for eligibility to participate in the clinical study. One volunteer
withdrew prior to enrollment. 34 volunteers were enrolled. Vaccination status was assessed
by way of self-reporting. Of the first seven volunteers, six were included prior to the start
of the Dutch national SARS-CoV-2 vaccination campaign and were not vaccinated at
inclusion. One volunteer was employed within healthcare and had received one dose of
BioNTech/Pfizer mRNA vaccine as part of the early Dutch vaccination roll-out in January
2021. All other 27 volunteers were fully vaccinated according to national guidelines
(1x COVID-19 vaccine Janssen, Janssen. 2x Comirnaty, BioNTech/Pfizer or 2x Spikevax,
Moderna mRNA vaccine). After the initial 7 volunteers we changed the procedure for
application of enoxaparin to provide a more homogenous coverage of enoxaparin.
Therefore the first 7 volunteers were excluded from the analyses of the enoxaparin efficacy
study.

In total, 25 samples were included for virus binding, material for this was provided by 23
volunteers, with two volunteers providing samples for both viruses. Of these 13 were male
and 10 female. Ages ranged between 18 and 65 years with the majority of volunteers being
between 20 and 32 years of age with a median age of 33. Only two volunteers were above
the age of 60. Details are displayed within Table 1.

Table 1: Baseline characteristics

Age* 33 (21-60) 33.2 (21-60)

Female 43.4% 33.3%

Vaccination status 100% fully vaccinated 100% fully vaccinated
SARS-CoV-2 infection in medical history 0% 0%

SARS-CoV-2 antigen test 100% negative 100% negative

Tympanic temperature upon study visit* 36.7°C (36.0°C - 37.4°C) 36.7°C (36.0°C - 37.3°C)

Age* 31.4 (21-55) 31.9 (21-59)

Female 46.2% 42 9%

Vaccination status 100% fully vaccinated 14% partially vaccinated
SARS-CoV-2 infection in medical history 0% 0%

SARS-CoV-2 antigen test 100% negative 100% negative

Tympanic temperature upon study visit* 36.7°C (36.1°C - 37.4°C) 36.3°C (36.0°C - 37.1°C)

*Age & Tympanic temperature: mean (range)

193

CHAPTER 7



CHAPTER 7

Enoxaparin prevents SARS-CoV-2 binding and infection of human

epithelial cells /in vitro

SARS-CoV-2 pseudovirus strongly bound to polarized Caco-2 cells in a 3D epithelial model
and binding was significantly inhibited by enoxaparin (p<0,001) (Figure. 2A). The authentic
SARS-CoV-2 isolate (WT) efficiently infected the polarized Caco-2 cells and infection was
significantly inhibited by enoxaparin (p<0,001) to a similar extent as observed with the
blocking anti-ACE-2 antibody (Figure. 2B). These results strongly suggest that SARS-CoV-2
pseudovirus and authentic SARS-CoV-2 bind to epithelial cells and enoxaparin effectively
blocks SARS-CoV-2 binding as well as infection, supporting the use of enoxaparin as a
prophylactic treatment against SARS-CoV-2 2% 38 To investigate how long enoxaparin
remains effective after application, we performed a time course using a 3D epithelial cell
model with primary normal human bronchial epithelial (NHBE) cells*”. NHBE cells were
cultured for a period of multiple weeks in transwells containing an air-liquid interphase
(ALl), leading to the formation of intact ciliated pseudostratified epithelia with high mucus
production, making this 3D respiratory model a suitable model for investigating effect of
drugs on epithelial tissues. Enoxaparin was sprayed from about 2.5 cm distance onto the
apical side of fully differentiated epithelia to mimic enoxaparin distribution within the nasal
cavity. To monitor how long the protective effect of enoxaparin against SARS-CoV-2 remains
intact, NHBE cells were infected with authentic SARS-CoV-2 (WT) after enoxaparin exposure
at different time points (0.5 h, 4 h, 16 h, 24 h). Interestingly, enoxaparin protected the
epithelial cells against infection for up to 16 hours and at 24 hours the protective infect was
mostly lost (Figure. 2C). In order to investigate the effect of enoxaparin on not only the WT
strain of SARS-CoV-2 but also two of the most recent and contagious VoC, NHBE cells were
pre-treated with enoxaparin for 30 min prior the addition of different authentic
SARS-CoV-2 viral strains (WT, and VoC Delta (B.1.617.2) and Omicron (BA.5)) and kept in
culture for 3 days. At day 3 post-infection, polarized NHBE cells were analyzed for
transepithelial electrical resistance (TEER) (Sup. Figure. 1A), as an indicator for the integrity
status of the tissue. TEER values significantly dropped upon SARS-CoV-2 infection with all
strains compared to the uninfected condition, whereas enoxaparin pre-incubation restored
TEER to same level as uninfected cells (Sup. Figure. 1A). These data suggest that enoxaparin
protects tissue integrity upon SARS-CoV-2 exposure by limiting infection. At day 3 post
infection, SARS-CoV-2 infection of the different variants was analyzed by RT-PCR (Sup.
Figure. 1B). SARS-CoV-2 WT and the two VoC Delta (B.1.617.2) and Omicron (BA.5)
efficiently infected polarized epithelial cells in the 3D model albeit at different efficiencies
(Sup. Figure. 1B). Notably, enoxaparin blocked the infection of the three different strains as
efficiently, suggesting that enoxaparin inhibition is independent of the SARS-CoV-2 variant.
We next investigated the efficacy of enoxaparin to block infection of VeroE6 cells, which are
highly susceptible to SARS-CoV-2. We determined the IC50 value for enoxaparin of
SARS-CoV-2 binding to Vero cells at 156 IU/ml (Sup. Figure. 2A) and selected 250 IU/ml for
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subsequent in vitro experiments. We investigated whether there is a difference in inhibition
when enoxaparin is applied to the cells or the virus. Either VeroE6 cells or authentic
SARS-CoV-2 were exposed to enoxaparin and infection was measured. Pre-incubation of
either SARS-CoV-2 or VeroE6 cells with enoxaparin inhibited SARS-CoV-2 binding
(Sup. Figure. 2B), suggesting that enoxaparin interferes with SARS-CoV-2 infection at both
cellular and viral level. We further compared the efficiency of enoxaparin to block binding
as well as infection of SARS-CoV-2. Our data show that there is higher background when
blocking binding compared to infection, which is almost completely blocked by enoxaparin
(Sup. Figure. 2C). At lower concentrations enoxaparin is less efficient at blocking infection
than binding. As we use high enoxaparin concentration, our data suggest that the inhibition
of binding corresponds to block in infection.

Characterization of nasal epithelial cells

Volunteers inhaled both placebo and LMWH enoxaparin into separate nostrils and we
investigated the cellular fitness and composition of the isolated cells from each nostril.
Nasal cells were stained epithelial and lymphocyte surface markers and analyzed by flow
cytometry (Figure. 3A). The majority of cells expressed the epithelial marker pan-
cytokeratin *° whereas a small percentage of cells expressed CD45 (Figure. 3A, B),
suggesting that the isolated cells are epithelial cells. Moreover, EpCAM and Mucin-5b were
expressed by epithelial subsets. Importantly, cells isolated from the nasal cavity expressed
ACE-2 and heparan sulfates (Figure. 3A, C), indicating their vulnerability to SARS-CoV-2
infection. Besides epithelial cells, a low percentage of lymphoid and myeloid cells, as
indicated by expression of CD3, CD11b and CD11c, were detected in the isolated cell fraction
(Figure. 3C). Notably, no significant differences for the cell markers were detected between
the placebo and enoxaparin treated cell samples (Figure. 3D), strongly suggesting no
interference of enoxaparin on cell receptor expression or cell activation upon treatment.
These data strongly suggest that nasal epithelial cells are a potential target for SARS-CoV-2
and that in vivo enoxaparin inhalation did neither affect expression levels of SARS-CoV-2
receptors nor cellular composition.
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Figure 2 | SARS-CoV-2 binding and infection of polarized epithelial cells is blocked by LMWH enoxaparin.
(A) SARS-CoV-2 pseudovirus binding was measured in polarized Caco-2 cells that were cultured in a static 3D model.
The virus was either directly added or upon prior incubation with an in vitro enoxaparin (250I1U) control for
30 minutes. Binding with SARS-CoV-2 pseudovirus was measured using a p24 ELISA. (B) Polarized Caco-2 were
infected with authentic SARS-CoV-2 (Italy TCID50 104) either without or in presence of antibodies against ACE2 or
after prior in vitro incubation with LMWH enoxaparin (2501U) for 30 minutes. Authentic SARS-CoV-2 was detected
after lysis by quantitative RT-PCR of viral RNA. (C) A 3D epithelial cell model of polarized normal human bronchial
epithelial cells was treated with enoxaparin (nebulization) and SARS-CoV-2 was added at different time points
(0.5h, 4h, 16h and 24h). SARS-CoV-2 infection was measured by quantitative RT-PCR of viral RNA after 24 hours.
Data show the mean values and error bars are the SEM. Statistical analysis was performed using (A) ordinary one-
way ANOVA with Tukey’s multiple-comparison test. *p=0.0203, ***p= 0.0005, ****p < 0.0001 (n = 2), (B) ordinary
one-way ANOVA with Tukey’s multiple-comparison test. ****p < 0.0001 (n = 2), (C) (n=2).
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Figure 3 | Characterization of primary human nasal epithelial cells. (A) Flow cytometry analysis of single cell
suspensions from the nasal epithelium. (A-B) Primary human nasal epithelial cells isolated form the nasal mucosa
of healthy volunteers after treatment with either placebo (saline solution) or LMWH enoxaparin were directly
labelled with pan cytokeratin (Pan-C) and CD45. Additionally, cells were labelled with antibodies against ACE2 and
heparan sulfate (HS) (n=17). (C) Cells from the LMWH enoxaparin treated nostril were additionally stained with
antibodies against the surface markers EPCAM, Muc-5B, CD3, CD11b and CD11c (n=17, 4 donors excluded; CD3
n=8). (D) Cells from both the placebo and LMWH enoxaparin treated nose were stained for Pan-C, CD45, ACE2, HS,
EPCAM, Muc-5B, CD3, CD11b and CD11c (n=9, 4 donors excluded). The cellular phenotype was monitored using
flow cytometry analysis. ns= Not significant.
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/n vivo enoxaparin inhalation prevents SARS-CoV-2 pseudovirus
binding to nasal epithelial cells

We isolated cells from the placebo treated nasal cavity of volunteers that were either
unvaccinated, partially vaccinated, or fully vaccinated at time of treatment. The cells were
subjected to SARS-CoV-2 pseudovirus for 4 hours and binding was determined. Notably, no
significant difference was observed between virus attachment to cells from unvaccinated
and vaccinated individuals (Figure. 4A), suggesting that vaccination does not directly
interfere with SARS-CoV-2 binding to nasal epithelial cells.

Next we investigated the effect of in vivo enoxaparin treatment on ex vivo virus attachment.
Cells isolated from placebo- and enoxaparin-treated volunteers were exposed to
SARS-CoV-2 pseudovirus and binding of SARS-CoV-2 was compared between both groups.
SARS-CoV-2 pseudovirus bound efficiently to cells isolated from the placebo group
(Figure. 4B). Strikingly, SARS-CoV-2 pseudovirus binding was significantly lower in the
enoxaparin treated group than the placebo group (Figure. 4B). Direct comparison of cells
treated with LMWH enoxaparin or NaCl 0,9% from all donors supported the inhibitory effect
of in vivo inhalation of enoxaparin on SARS-CoV-2 pseudovirus binding as nasal inhalation
of enoxaparin significantly reduced of SARS-CoV-2 pseudovirus binding compared to the
placebo group (p=0,0003) (Figure. 4C). Moreover, we investigated whether the inhalation
of enoxaparin was as efficient as in vitro pre-incubation with enoxaparin prior to virus
exposure. We therefore compared SARS-CoV-2 pseudovirus binding of placebo and
enoxaparin group with binding when enoxaparin was added in vitro prior to virus exposure
(Figure. 4D). The inhibitory effect of in vivo inhalation of enoxaparin was comparable to the
in vitro addition of enoxaparin, suggesting that in vivo inhalation of enoxaparin is as efficient
in inhibiting virus binding as can be achieved in vitro. These data strongly suggest that
in vivo inhalation of enoxaparin strongly inhibits SARS-CoV-2 pseudovirus binding to nasal
epithelial cells.

Enoxaparin inhalation prevents SARS-CoV-2 authentic virus isolate

binding to nasal epithelial cells

We next compared binding of an authentic SARS-CoV-2 isolate (hCOV-19/WT) to cells from
placebo- and enoxaparin-treated volunteers. Freshly isolated cells were exposed to the
authentic SARS-CoV-2 and binding was measured by quantitative RT-PCR. The authentic
virus strongly bound to cells from the placebo group while the cells exposed to enoxaparin
showed a decrease in virus binding (Figure. 5A, B). We observed donor differences between
binding of SARS-CoV-2 to nasal cells but binding of authentic SARS-CoV-2 isolate was
significantly reduced (p=0,049) when comparing the placebo and in vivo LMWH enoxaparin
inhalation groups (Figure. 5A, B). Moreover, in vivo inhalation of enoxaparin was as efficient
as in vitro pre-incubation of SARS-CoV-2 with enoxaparin as the observed inhibition of
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SARS-CoV-2 binding in the in vivo inhalation group was not further inhibited with in vitro
pre-incubation of SARS-CoV-2 (Figure. 5C). Moreover, in vitro enoxaparin blocked
SARS-CoV-2 in the placebo group as efficient as in vivo inhalation, strongly suggesting that
in vivo inhalation of enoxaparin is as efficient in inhibiting SARS-CoV-2 binding to nasal cells
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Figure 4 | In vivo enoxaparin inhalation prevents SARS-CoV-2 pseudovirus binding to nasal epithelial cells
(A) Nasal epithelial cells isolated from the placebo treated volunteers (either unvaccinated (white circle, n=6),
partially vaccinated (white/black circle, n-1) or fully vaccinated (back circle, n=12)) were exposed to SARS-CoV-2
pseudovirus. Binding was measured after 4h by ELISA. (B-C) Nasal epithelial cells isolated from the nostrils of
volunteers were treated with either a placebo or LMWH enoxaparin were exposed to SARS-CoV-2 pseudovirus
(D) in presence or absence of an additional in vitro enoxaparin condition (250I1U) and binding was measured after
4h by ELISA. Data show the mean values and error bars are the SEM. Statistical analysis was performed using
(B) 2way ANOVA with Tukey’s multiple-comparison test. ****p < 0.0001 (n = 12), (C) two-tailed, unpaired, non-
parametric, Mann-Whitney test. **p= 0.0043 (n=12). (D) 2way ANOVA with Tukey’s multiple-comparison test.

*¥*¥*p <0.0001, ns= Not significant (n=12).
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as can be achieved in vitro. These data strongly suggest that the protocol is suitable to
investigate the effect of in vivo inhalation of enoxaparin or other reagents on SARS-CoV-2

binding.
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Figure 5 | In vivo enoxaparin inhalation prevents authentic SARS-CoV-2 binding to nasal epithelial cells.
(A-B) Nasal epithelial cells retrieved from the nasal cavity of healthy volunteers after exposure to placebo (saline
solution, left nostril) and LMWH enoxaparin (right nostril) were exposed to authentic SARS-CoV-2 (hCOV-19 Italy)
for 4h at 4C compared to an uninfected control sample (A). (C) Additionally, authentic SARS-Cov-2 was incubated
in presence or absence of in vitro LMWH enoxaparin (2501U) for 30 min before inoculation of epithelial cells.
(A-C) Virus binding was measured after 4h by real-time RT-PCR. Data show the mean values and error bars are the
SEM. Statistical analysis was performed using (A) 2way ANOVA with Tukey’s multiple-comparison test. **p =
0.0036, *p=0.0315 (n = 12), (B) two-tailed, unpaired, non-parametric, Mann-Whitney test. **p= 0.0387. ns= Not
significant.
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Adverse events and follow up

No adverse events (AE) or severe adverse events (SAE) occurred during of the trial. A follow-
up period of 24 hours was maintained for all volunteers. This follow-up time corresponded
with 5 times the Ti2 of enoxaparin. After 24 hours follow-up no adverse events were
reported by volunteers.

Discussion

LMWH is commonly used as an anti-coagulant and considered safe especially external
usage. Here we performed a single center, non-randomized controlled trial where we
investigate the potency of inhaled LMWH to prevent SARS-CoV-2 binding, which is a
prerequisite to infection. Notably, in vivo inhalation blocked SARS-CoV-2 attachment to
nasal epithelial cells from the human study participants. In vivo inhalation was as efficient
as in vitro application, strongly suggesting that not only the developed protocol is suitable
for investigating protective effects of compounds against SARS-CoV-2 in an in vivo setting
but also that inhalation is effective in blocking SARS-CoV-2 infection.

Although ACE-2 is the main receptor for SARS-CoV-2, several studies have shown that HSPG
act as attachment receptors for SARS-CoV-2 and binding of SARS-CoV-2 to HSPG is required
for infection 2% 2% 37, Unfractionated heparin or different LMWH interfere with SARS-CoV-2
binding to HSPG and therefore prevent infection in vitro 27:38, As in vitro infection depends
on prior binding to HSPG, it is tempting to speculate that in vivo infection is even more
dependent on first attachment to HSPG due to air flow and low virus concentrations.
Interestingly, our data showed that pre-incubation of either SARS-CoV-2 or epithelial cells
with LMWH blocked SARS-CoV-2 binding and infection, further supporting the use of
heparins and LMWH to prevent SARS-CoV-2 infection and transmission 27- 2% 38,

In current clinical practice, heparins, and their LMWH counterparts, are given as an
antithrombotic agents in pulmonary, cardiac and vascular medicine 3%°%5%, The use of these
anticoagulants is widespread and considered safe >2. Studies involving inhaled heparins
have shown that bronchially and pulmonal applied heparins do not increase plasma anti-Xa
activity even in high doses °* %354 We analyzed the nasal cells isolated from the volunteers
by flow cytometry and observed that the majority of cells express epithelial markers. Only
low percentages of lymphoid and myeloid cells were detected. Interestingly, enoxaparin
inhalation did not affect the cellular composition and we did not observe an increased influx
of lymphocytes. These data suggest that enoxaparin inhalation does not lead to
inflammation. Neither did we observe any adverse effects of the enoxaparin inhalation in
the healthy volunteers. These data therefore strongly suggest that nasal enoxaparin
inhalation is safe and does not significantly change the mucosal integrity.

Elimination of enoxaparin from the body happens through direct filtration in the kidneys
(10% of the total dose) or metabolic degradation via desulphurization and depolymerization

201

™~
o
[N}
-
(a1
<
I
(&)




CHAPTER 7

in the liver to smaller fragments >°. While the half-life is well understood in humans, being
approximately 5 hours after single subcutaneous dose >, the longevity of LMWH in mucosal
tissues however is poorly understood. Interestingly, enoxaparin application to the 3D
epithelial cell model of normal human bronchial epithelial cells protected against infection
with authentic SARS-CoV-2 for up to 16 hours, suggesting that enoxaparin remains longer
effective in mucosal tissues compared to subcutaneous injection.

We observed variation in virus attachment between different volunteers, which could be
caused by variation in susceptibility to SARS-CoV-2. We observed differences between
ACE-2 expression but there was no correlation between the observed binding variations.
Moreover, anatomical and physiological differences exist between volunteers, which may
affect either the effect or the final dose applied to the mucosal surface. Interestingly, we
did not observe any differences between SARS-CoV-2 pseudovirus binding to epithelial cells
from vaccinated and unvaccinated volunteers, indicating that vaccination status does not
cause the observed variations in virus attachment.

Our data confirm that a vast majority of cells covering the nasal mucosa are of epithelial
origin and the presence of both ACE-2 and HSPG on the nasal epithelium in our study
suggests these cells are at risk of infection by SARS-CoV-2 2* %6, |n the current study we
observed a strong binding of SARS-CoV-2 pseudovirus to the cells isolated from the nose,
suggesting that indeed SARS-CoV-2 efficiently interacts with nasal epithelial cells and this
might lead to infection of the host. Inhalation of enoxaparin effectively blocked binding of
SARS-CoV-2 pseudovirus as well as authentic SARS-CoV-2 to the nasal cell fraction.

These data demonstrate that enoxaparin inhalation prevents interaction of SARS-CoV-2 to
nasal cells and this might be used as prophylaxis. Moreover, it suggests that HSPGs are
relevant in human susceptibility to SARS-CoV-2. Our study further shows that application of
enoxaparin in vivo is as efficient in blocking SARS-CoV-2 binding as in vitro addition of
enoxaparin prior to virus binding 2% 38, These findings not only underscore the relevance of
LMWH as inhalation prophylaxis to SARS-CoV-2 but also show that our current protocol is
suitable to study interventions to prevent SARS-CoV-2 binding.

Inhibition of binding was taken as a measure of protection as several studies show that
blocking binding of SARS-CoV-2 prevents infection as binding is a pre-requisite for ACE-2
dependent infection 2% 37 %% 3% |ndeed, enoxaparin blocked both binding and infection of
SARS-CoV-2 in the 3D primary human epithelial model, with the protection offered not only
for the SARS-CoV-2 WTisolate, but also in the Delta (B.1.617.2) and Omicron (BA.5) variants,
suggesting that enoxaparin inhibition is insensitive to changes observed in current VoC and
might therefore be a broad inhibitor of SARS-CoV-2 and VoC.

In the volunteer study we focused on SARS-CoV-2 binding as a measure of infection as it is
a short procedure allowing assessment of inhalation treatment. Infection of SARS-CoV-2
requires culturing of the primary isolated nasal cells at 37°C for 24 hours, which would affect
cell viability and more importantly differentiation state of the cells. By comparing
SARS-CoV-2 binding to nasal cells isolated from the placebo and in vivo enoxaparin
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inhalation groups we were able to assess enoxaparin efficacy as a prophylaxis without major
confounding factors.

As infection of humans with SARS-CoV-2 in a study setting poses several ethical challenges,
especially as we cannot predict severity of COVID-19 in healthy individuals, we designed a
non-randomized controlled trial involving in vivo medication and ex vivo virus exposure.
While the first human SARS-CoV-2 challenge study was recently completed ©°, safety
concerns remain %,

The risk of using heparin or LMWH in a preventive setting would be loss of hemostasis. We
did not observe any bleeding or other adverse effects in the study participants. Previous
research has investigated the bronchial application of heparins in the context of asthma and
have shown LMWH do not lead to an increase in bleeding. Studies conducted revealed that
various heparins could be inhaled at doses higher than current therapeutic levels without
an increase in bleedings or alteration of both prothrombin time and activated partial
thromboplastin time when comparing study groups receiving nebulized heparins compared
to best clinical practice 523, Current clinical practice uses enoxaparin at a dose of 1001U/kg.
Ahmed et al. nebulized either 2001U/kg enoxaparin or 80.0001U unfractionated heparin and
found no adverse events in the trial population. We have demonstrated efficient inhibition
of SARS-CoV-2 binding using a total of 45001U enoxaparin. In vitro addition of enoxaparin
did not further decrease binding supporting the efficiency of in vivo block by inhalation. This
indicates inhalation of enoxaparin is a suitable way to protect the epithelium and the
concentration used in this study results in maximum block.

Interestingly, critically ill COVID-19 patients that were treated with LMWH, resulted in lower
mortality 8. An explanation is that this reduction in mortality is due to the anticoagulative
properties of LMWH and their associated reduction in pulmonary thrombotic events 5> 6,
Yet there is persistent evidence that LMWH have advantage above other anticoagulants as
they also curtailed the duration of the SARS-CoV-2 infection . Additionally, administering
LMWH to COVID-19 patients is associated with shorter time to SARS-CoV-2 swab negativity
in the case of infection 8. Similarly it has been observed that competition of LMWH with
HSGP to bind SARS-CoV-2 mitigates the chance of a cytokine storm . This might indicate a
powerful method to prevent or curb outbreaks of SARS VoC or novel future CoV epidemics.
With the rise of new VoC that contain mutations allowing them to evade immunity gained
by vaccines or prior SARS-CoV-2 infection 7%, it has become paramount to find alternative
strategies to prevent SARS-CoV-2 infection and transmission. It is even possible that VoC
have a higher affinity for HSPG as recently suggested 7%, which supports prophylactic use of
enoxaparin. Mutations in the surface of the omicron VoC render the virus highly positively
charged, suggesting a higher affinity to HS 2. Preliminary data with left over nasal epithelial
cells showed that the VoC Delta bound to nasal cells from placebo group and was blocked
by in vivo enoxaparin inhalation similar to the SARS-Cov-2 primary isolate (hCoV/WT),
indicating that in vivo inhalation of enoxaparin is a prophylactic to prevent VoC infections.
However, due to insufficient material we were unable to power this accordingly.
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Nevertheless, a reduction in infection of both delta and omicron variants was observed in
our 3D epithelial model, indicating a similar mechanism as with the authentic isolate.

To date, we and others have proposed the use of heparin or LMWH to prevent SARS-CoV-2
infection and transmission 273, Our data strongly suggest that direct in vivo application of
LMWH enoxaparin to the nasal epithelium prevents SARS-CoV-2 attachment, a pre-requisite
for infection and transmission of different SARS-CoV-2 variants.

Conclusion

In this study we have demonstrated that LMWH inhalation is an efficient and safe
prophylactic treatment preventing SARS-CoV-2 attachment to nasal epithelial cells. Our
in vivo exposure/ex vivo analysis model allows us to mitigate the risk to human volunteers
while preserving the ability to work with an as-close-to-real setting as possible.
Furthermore, we severely limit the risks inflicted on our volunteers using ex vivo virus
exposure. The use of brushes to retrieve nasal epithelial cells also reduces the burden on
our volunteers. LMWH are relatively cheap, widely available and previous experience with
nasal/bronchial application of these medications reveal it to be safe. This could make LMWH
an excellent tool to limit the spread of SARS-CoV-2, and possible new VoC.
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Supplemental Figure 1 | (A-B) Polarized normal human bronchial epithelial cells in the 3D epithelial cell model
were exposed to enoxaparin (250 IU/ml) via nebulization and subsequently infected with authentic SARS-CoV-2
variants (MOI 0.1), WT, Delta (B.1.617.2) and Omicron (BA.5). Tissue integrity was monitored by TEER (Q/cm?)
measurements (A) using EVOM voltohmmeter and SARS-CoV-2-RNA copy numbers/mL were determined (B). Data
show the mean values and error bars are the SEM. Statistical analysis was performed using (A) 2way ANOVA with
Tukey’s multiple-comparison test. **** p< 0.0001 (n = 3), (B) 2way ANOVA with Tukey’s multiple-comparison test.
WT ** p=0.0017, Delta *p=0.0189, Omicron *p=0.0461 (n = 3).
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Supplemental Figure 2 | (A) VERO E6 cells were exposed to authentic SARS-CoV-2 pretreated with different
concentrations of enoxaparin (23.41U/mL-30001U/mL) for 4 hours before binding was determined by RT-PCR. (B)
Enoxaparin treatment effect was determined by virus binding to VeroE®6 cells after 4 hours. Enoxaparin was added
either to authentic SARS-CoV-2 or to the VERO E6 cells for 30 min prior to virus inoculation. (C) Infection of VeroE6
cells with authentic SARS-CoV-2 pretreated with different concentrations of enoxaparin (23.41U/mL-30001U/mL)
was determined after 24 hours was determined by RT-PCR. Data show the mean values and error bars are the
SEM. (B) One-way ANOVA with Tukey’s multiple-comparison test. (Virus vs treated virus)*p=0.0366, (Virus vs
treated cells)*p=0.0140, (treated virus vs treated cells) *p=0.0102, (A+C) (n=3 in duplicates; C at 375I1U/ml n=1 due
to technical issues), (B) (n=3 in monoplo).
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CHAPTER 8

Epidemics outbreaks of pathogens have dominated the past centuries and are likely to occur
with increasing frequency and severity in the future . SARS-CoV-2, Zika virus, HIV-1 and HCV
are only some of viral pathogens that have affected the life and health of hundreds of
millions of people worldwide. While strategies to prevent outbreaks of emerging viruses
and anti-viral therapies targeting existing infections are improving each year, so is the risk
of outbreaks with pandemic potential. Increased globalization, population growth and
climate change, amongst other factors, are contributing to the introduction of new viruses
into the human population and further global spread.

This thesis covers different viruses with varying degrees of pandemic potential. Once a virus
enters the body, it encounters various host cells at mucosal sites that are meant to protect
against infection. However, ‘successful’ viruses are known to hijack host cells and overcome
intrinsic and extrinsic defense mechanisms in order to establish infection and initiate
dissemination. These viral mechanisms are similar amongst viruses, despite different modes
of transmission. The studies presented in the previous chapters outline how viruses interact
with host cells, how they either infect cells or are being degraded, and at what point viral
therapies are needed to boost protection. In order to perform this research, and study
viruses in contact with their natural human target cells, we developed in vitro and ex vivo
models using isolated cells as well as ex vivo tissue. We further established a randomized
trial of healthy volunteers from whom we extracted epithelial cells post treatment. Here we
discuss these findings in a broader context in order to elucidate how this knowledge can be
used to design novel antiviral strategies for combating viral infections now, and to prepare
for future pandemics.

Heparan sulfates during viral infection and dissemination

Heparan sulfate proteoglycans (HSPGs) constitute a major part of the glycocalix surrounding
mammalian cells 2. Covalently attached heparan sulfate (HS) chains on HSPGs are heavily
sulfated glycosaminoglycans that exude negative charge 3. Under healthy circumstances,
HSPGs act as receptors and co-receptors for various ligands and influence key processes in
cell adhesion, signaling and motility % > 6. Given these central roles and ubiquitous
expression, it is unsurprising that HSPGs are subverted by viral, bacterial and parasitic
pathogens’. HSPGs influence initial steps in virus infection, such as adhesion to and invasion
of host cells &% 10 and dissemination into systemic circulation %. Importantly, HSPGs are

6 12 which also makes them

highly conserved amongst vertebrates and invertebrates
attractive targets for emerging zoonotic viruses after species “spill over” ** and highlight

their importance as therapeutic targets.
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Viruses attach to HSPGs

In chapter 6 we show that the HSPGs Syndecan 1 and 4 are targeted by SARS-CoV-2 on
epithelial cells and our data suggest that this interaction is followed by ACE-2 mediated
infection 4. Importantly, inhibiting SARS-CoV-2 binding to HSPGs abrogated epithelial cell
infection and production of new virions, supporting the role of HSPGs as SARS-CoV-2
co-receptors. These data are in line with other studies that demonstrate SARS-CoV-2 binds

t 15161718 3nd SARS-CoV-2 simultaneously stays bound to

HSPGs prior to ACE-2 engagemen
HSPG and ACE-2 without the need to disassociate . Conformational changes have been
proposed to be responsible for SARS-CoV-2 dependence on HSPGs as co-receptors for
infection. In order to bind ACE2, SARS-CoV-2 requires the RBD of its S protein to be in the
“up” or “open” formation 1292122 The negatively charged HS binding sites on HSPGs are
found in close proximity to ACE-2 and the SARS-CoV-2 S protein trimers bind HS through
their receptor binding domain (RBD), which contains a subdomain consisting of positively
charged amino acid residues . Binding of the RBD to HS increases the “open” conformation
of the S protein and leads to stabilizing in order to better bind ACE-2 °. Interestingly, the
binding affinity of SARS-CoV-2 to HS is similar in both the closed and open conformation 1°,
yet lacks specificity 23, indicating HSPG are less biased receptors that allow SARS-CoV-2 to
come into close proximity to more specialized infection receptors. Computational models
have identified putative HS binding sites in the SARS-CoV-2 RBD > 2% 25 which are
maintained during viral evolution 25, Interestingly variants of concern (VoC) have mutations
in the putative HS binding sites that result in higher positive charge and have let to the
hypothesis that VoC Delta (B.1.617.2) and Omicron (B.1.1.529) might have higher affinity to
HS than the ancestral SARS-CoV-2 2% 27:28 which could explain their improved transmission
and infection rates. Mutations that resulted in increased positive charge and improved
binding to HS were also observed in vitro following serial passaging 2°.

Attachment to HS is further conserved amongst other coronaviruses including SARS-CoV,
MERS-CoV and HCoV-NL63 that show similar binding to HSPGs 7-30: 31,3233 gnd highlights
the broad therapeutic potential of preventing HSPG attachment of coronaviruses.

Even though viruses preferentially use HSPGs as attachment receptors, data on Herpes
Simplex virus (HSV) suggest that HSPGs can also be exploited for direct cell entry 3% 3,
However, we did not observe SARS-CoV-2 infection of ACE-2 negative cells that expressed
HSPGs (chapter 4 and 6), indicating that SARS-CoV-2 still requires ACE-2 for productive

infection * 3¢,

Thus, HS alone or bound to HSPGs are tremendously important for viruses like SARS-CoV-2
by facilitating attachment and allowing for subsequent engagement of obligate entry
receptors. Their highly conserved expression may promote zoonosis yet simultaneously
provides the opportunity to develop therapeutics to prevent infection with SARS-CoV-2 but
also other viruses.
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Viruses exploit HSPGs for dissemination

Dendritic cell (DC) subsets present at barrier tissues are equipped with receptors that allow
for viral capture and antigen presentation, but that can also be exploited for infection and
dissemination 37:383%40_One set of receptors expressed on DCs subsets are HSPGs. Previous
work from our group described Syndecan 3 expression on monocyte derived DCs (moDCs) &
whereas we showed that LCs express mainly Syndecan 4 (chapter 5 *!). Interestingly,
Syndecan 4 expression increased upon LC maturation %'. These data are in line with a
previous report in which Syndecan 4 was upregulated on activated LCs and moDCs whereas
Syndecan 1 expression was decreased *2. Upregulation of Syndecan 4 was further associated
with DC/LC motility and suggests a role for HSPGs in DC migration *2. Upregulation of
Syndecan 4 also occurs in presence of inflammatory stimuli 4 %4, while HSV-1 infection has
been shown to increase the expression of Syndecan 1 and 2 °.

In chapter 5 we explore the involvement of Syndecan 4 in HCV dissemination from mucosal
barrier sites targeted during sexual transmission #*. Under healthy conditions, LCs are in an
immature state and express high levels of langerin. Yet upon migration or stimulation,
langerin expression on LCs decreases %> 46 47-4849 |n parallel to the decrease in langerin, we
observed upregulation of Syndecan 4 that bound HCV #!. Activated LCs successfully
transferred HCV to hepatic target cells in contrast to immature LCs that did not transmit
HCV. Langerin was restrictive towards HCV transmission as evidenced by increased HCV
transmission upon langerin block. These data indicate opposing roles for Syndecan 4 and
langerin in HCV dissemination. While others have shown that HCV attaches to Syndecans
expressed on hepatocytes °C or cell lines °¥ 2, their role in HCV dissemination still remains
largely elusive and should be investigated further in more detail. Particularly in light of
sexual transmission upon which HCV still needs to reach target cells located in the liver.

As mentioned above, SARS-CoV-2 also attaches to HSPGs, and in particular, Syndecan 1 and
4 1453 5% I line with our observations on HCV, Syndecans expressed on moDCs and LCs
facilitated transfer of SARS-CoV-2 to ACE-2 expressing target cells (chapter 6 14), indicating
a role for Syndecans in SARS-CoV-2 dissemination. As neither of the DC subsets in our
studies were productively infected, this suggests that SARS-CoV-2 is transmitted via a trans-
infection pathway. Furthermore, transmission of SARS-CoV-2 was also abrogated when
blocking HSPGs and hence suggests that HPSGs are involved in both SARS-CoV-2 infection
and dissemination.

For HIV-1, interactions with HSPGs have been established in the past and involve roles in
both infection and viral transfer to target cells & %5556, However, the role for HSPGs in
Zika virus infection remains largely unclear. Multiple studies suggest that Zika virus is not
engaging HSPGs for cell attachment °7 %% %%, |n line with these data, we did not observe
Zika virus binding to HSPGs and also did not obtain any evidence that HPGs are involved in
Zika virus transfer by LCs (data not shown).
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Hence, it is becoming increasingly clear that HSPGs are not only crucial for many viruses to
attach to cells but are also involved in capture and viral transfer from the site of initial
infection to favored target tissues.

CLRs and TLRs in viral sensing and capture

Apart from HSPGs, viruses interact with many other host surface receptors expressed on
DCs lining barrier tissues. Amongst those are the pathogen recognition receptors (PRRs)
C-type lectins (CLRs) and Toll-like receptors (TLRs).

The CLR DC-SIGN is well-known to be subverted by viruses like HIV-1, Cytomegalovirus,
Ebola virus and dengue virus for cis- as well as trans-infection % 61,62 63,64,65.65 |n contrast,
binding to langerin can result in viral degradation in Birbeck granules, a process that has
been extensively studied for HIV-1 384567 However, langerin can also be used for viral entry
and infection as has been observed for Influenza A virus ®, suggesting a viral-specific
mechanism that determines whether langerin acts as an infection or degradation receptor.
Usutu virus, another member of the Flavivirus family, infects LCs in the skin with the help of
langerin and retains the ability to replicate efficiently instead of being degraded . In
chapter 2 we showed that Zika virus targets DC-SIGN on moDCs upon which the cells
become infected, induce type | IFN responses and transfer Zika virus to target cells 7°.
However, while DC-SIGN proved crucial for Zika virus infection of moDCs, the closely related
langerin receptor did not engage Zika virus on LCs 7° and block of langerin neither increased
nor abrogated infection, IFN production or viral transfer. These data indicate that CLRs have
specific roles in Zika virus infection and dissemination.

TLRs are transmembrane PRRs expressed by DCs. TLRs 1, 2, 4, 5 and 6 are located on the
cell membrane whereas TLRs 3, 7, 8 and 9 are expressed intracellularly on endosomes 7% 72,
TLR4 is primarily activated by components of Gram-negative bacteria, primarily LPS 7>74. To
a lesser extent, TLR4 can also be stimulated by toxins from Gram positive bacteria 7 and
viral glycoproteins 777, Recently, it was suggested that the SARS-CoV-2 S protein is a ligand
for TLR4 and triggers pro-inflammatory responses 7® 7> 8 However, our results in
chapter 4 did not corroborate these claims and instead we observed neither binding of the
SARS-CoV-2 S protein to TLR4 nor subsequent cell activation or cytokine induction in moDCs.
These results were confirmed with a SARS-CoV-2 pseudovirus as well as a replicative
SARS-CoV-2 isolate 36, The lack of TLR triggering on moDCs points to an evasion strategy
employed by SARS-CoV-2 to avoid activation of the immune system. Interestingly, moDCs
that were genetically modified to ectopically express ACE-2 were readily infected with and
activated by SARS-CoV-2, indicating that instead of cell surface TLRs, intracellular receptors
do sense SARS-CoV-2. These findings are supported by data that show that the cytosolic
RNA sensors Rig-1 and MDAGS recognize SARS-CoV-2 and induce type | IFN responses in vitro
81,82 |nterestingly, while SARS-CoV-2 did not directly activate DCs, we observed indirect DC
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activation and upregulation of costimulatory molecules during co-culture with other
SARS-CoV-2 infected cells. A similar mechanism was proposed for pro-inflammatory
macrophage activation through infected epithelial cells 8 and might explain inflammatory
responses in COVID19 patients. CLRs and TLRs are thus important DC receptors that sense
viruses at barrier tissues which can lead to either transmission, restriction or immune
activation.

In chapter 3 we observed that stimulation of immature vaginal LCs with TLR4 ligand LPS not
only leads to cell activation and maturation but also renders them more susceptible to
HIV-1 infection with increased potential for HIV-1 transfer to target cells %6. These data
suggest that TLR4 stimulation increases HIV-1 infection of immature vaginal LCs, and thus
imply a role for genital inflammation in the acquisition and dissemination risk of HIV-1.
Transcriptional analyses of vaginal antigen presenting cells suggest that they are activated
through sensing of bacterial components via TLR4, resulting in pro-inflammatory cytokine
secretion. These high pro-inflammatory cytokine levels and subsequent lymphocyte
recruitment is further associated with a high diversity of different bacteria and a lack of
Lactobacillus spp. in the vaginal microbiota 8. Decreased dominance of Lactobacillus spp.
and overgrowth of diverse anaerobic bacteria in the vagina alters the balance of the
microbiota and is called bacterial vaginosis (BV) 8. Women with BV are at increased risk of
acquiring HIV-1 and are more likely to transmit HIV-1 to a sexual partner 88, A recent study
from our group demonstrated that exposure of immature LCs to the anaerobic,
gram negative bacterium Prevotella timonensis enhances HIV-1 uptake, yet does not
increase productive infection #’. Exposed LCs further protected HIV-1 from degradation,
turning them into viral reservoirs with the ability to transfer HIV-1 to other target cells 4’
further underlining a role for BV in HIV-1 infection. The sensitivity of vaginal LCs to LPS might
also be involved in increased susceptibility to HIV-1, as LPS enhanced transmission by LCs
and support the hypothesis that bacterial co-infections and BV increase the risk of sexual
HIV-1 acquisition.

Taken together, these data indicate that interactions between viruses and receptors are
highly specific. The data further underscore the importance of studying different viral target
cells isolated from physically relevant tissues to gain a better understanding about infection
at various virus target sites.

The right model for the right virus

Identification and investigation of viral infections can be challenging without the right
models. Most viruses are species specific and adaptation of human viruses to their host
restricts studies in non-human tissues or animal models. Ideally, human pathogens are
studied on human tissues and/or cells to mimic human physiological conditions and provide
insights into critical stages of viral infection and disease progression.
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Vaginal mucosa: a primary tissue encountered during sexual
transmission

Vaginal mucosa constitutes an important viral entry site for sexually transmitted viruses
(partially discussed in #”) with vaginal LCs being one of the first target cells encountered by
HIV-1 889,

When phenotyping vaginal LCs in chapter 3, vaginal LCs expressed the major TLRs including
TLR2 and TLR4 “¢ whereas skin-derived LCs that do not express TLR4 °°. However, immature
LCs isolated from the epidermis as well as the epithelium of vaginal mucosa expressed high
levels of CD1a and langerin, which indicates that they are both “classic LCs” 4% 919293,
Recent studies have suggested that other, DC-like subsets are present in mucosal barrier
tissues of the vaginal tract that show LC-like characteristics. Unlike “classic LCs”, the CD1a*
vaginal epithelial cells (VEDCs) described by Pena-Cruz et al. in vaginal mucosa do not harbor
Birbeck granules while expressing langerin. The authors argue this makes them more
susceptible to HIV-1 infection than skin-derived LCs °*. Another CD1a* cell was described in
the epidermis and anogenital mucosa that expressed CD11c but low levels of langerin .
Again, the authors did not detect Birbeck granules. Similar to VEDCs, these cells were
susceptible to HIV-1 infection and transmission and are particularly enriched in anogenital
mucosa . However, little more is known about the phenotype and functionality of these
LC-like cells. As we have observed in chapter 3 * and others before us > 4% 4°, activated LCs
express little langerin and are more susceptible to HIV-1 infection than immature LCs. This
phenotype is highly similar to that of the VEDC and CD1a* dermal DCs described and might
allude to the fact that the latter are actually LCs in an activated or differentiated state.

96, 97 and

Langerin expression is highly associated with the formation of Birbeck granules
activated LCs contain fewer and smaller Birbeck granules compared to immature LCs ¥’.
These discrepancies might explain why the groups of Pena-Cruz and Bertram °* %> did not
detect Birbeck granules in their cultures. However, as we did not visualized Birbeck
granules, we cannot exclude the possibility that our cell cultures also contain some cells
that are not classic LCs even though we did not observed HIV-1 infection on immature
vaginal LCs. Moreover, as we observed differences between vaginal and skin derived LCs
pertaining to their TLR expression, it is possible that there are other, phenotypic differences,
that allow for tissue-specific roles of LCs and support the use of vaginal mucosa over
epidermis when studying sexually transmitted viruses.

Cohort studies to monitor progress of chronic virus-host
interactions

For chronic viral infections like HIV-1, it is important to not only study the effects of initial
contact between virus and human host, but also to follow the virus over time. Even though
there are antiretroviral therapies (ART) available that prevent viral replication, HIV-1
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infected individuals still cannot be cured of the virus through standard practice, and instead
rely on lifelong treatment %8 %%,

Since the early stages of the HIV-1/AIDS pandemic, longitudinal cohort studies of people
living with HIV-1 and people at risk for HIV-1 infection are implemented to identify risk

factors, infection incidence and disease progression 100 101,102

. Importantly, the sample
collections available from cohort studies are used to monitor HIV-1 infection over time with
regards to the virus 13104105 the host cells involved during infection 1% and the status of
the immune response 7. These human tissue samples are further crucial to determine the
effects of HIV-1 as well as treatment on the immune system 1% 19 More recently, cohort
study samples have been crucial in order to study the latent HIV-1 reservoir 10 111,
Additionally, treatment interruption studies have identified characteristics of people that

are superior post treatment controllers 1% 113, 114

taking further steps towards
understanding the interplay between virus and host. The use of ex vivo tissues from cohort
studies remains an attractive alternative and allows the study of cells that are either newly
infected or already well adapted to the challenges of an HIV-1 infection. Moreover, a
randomized controlled trial where therapeutics are administrated to HIV-1 negative
volunteers combined with an ex vivo viral inoculation (as described in chapter 7) remains a

possibility to study effectivity and safety of novel therapeutics.

Challenging humans to move from bench to bedside

Even though a human virus challenge is not an option for chronic viruses like HIV-1,
controlled human infection models have been employed to study diseases for decades and
have led to significant advancement in clinical studies > 116117 The risks and benefits of
challenging humans with viruses always need to be carefully assessed and ethically

acceptable 118119, 120

and in May 2020 the WHO specified eight key criteria specifically for a
challenge with the newly emerged SARS-CoV-2 121,

To this date, there has only been one SARS-CoV-2 challenge study, that was finalized in 2022
122 Killingley and colleagues investigated the effects of nasally introduced SARS-CoV-2
inoculum and the viral kinetics of a primary infection. Importantly, all participants were
young adults between the ages of 18 and 29 and the inoculum was a low 10 TCIDsp,
increasing patient safety but narrowing the study scope especially since elderly are at higher
risk of severe COVID19 22, For other respiratory diseases like influenza and rhinovirus

123, 124, 125 Yet human

infections, human challenge studies are much more common
challenge studies have not only been conducted for respiratory viruses but also vector-
borne diseases like malaria where challenge studies are now an integral part of the vaccine
and drug development cycle 17:126:127,128 The causative agent for malaria is transmitted via
mosquito vectors and human infection is either introduced by direct sporozoites injection
125,130 o1 through bites of infected mosquitoes 125 131132 A similar approach could be taken

for Zika virus. Indeed, in 2016 a human challenge study was proposed for Zika virus but was
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ultimately denied by the ethics committee due to concerns about bystander risks that were
not involved in the study and the justified benefits amidst many other studies conducted
simultaneously 33, However, since the 2016 epidemic, many of the initial parameters have

134 3nd the idea

since changed and there is more information available to mitigate risks
might be revisited. Our data on Zika virus target cells in the skin further support a human
challenge model with mosquito/skin contact, similar to what is already standard procedure
for malaria research. More focus is shifting towards the use of human challenge studies as
recently evidenced by a call made to consider a human infection models in HCV research
135 However, even though therapeutics against HCV are excellent 13, to this date no human
challenge studies have been approved, indicating that challenging humans with viruses is

not without its hurdles yet.

On the nose: SARS-CoV-2 and nasal epithelia

In chapter 6, we investigated the potential of low molecular weight heparins (LMWHSs) as
therapeutics against SARS-CoV-2 infection and observed a decrease in binding as well as
infection when cells were inoculated with LMWHs prior to SARS-CoV-2 exposure. From the
array of LMWHs tested for their inhibitory potential against SARS-CoV-2, enoxaparin
displayed the most efficient block against SARS-CoV-2 binding ** and was subsequently used
for follow-up studies. In order to ascertain the preventative effect of LMWHs on human
nasal cells stationed at one of the first sites of interaction with SARS-CoV-2, we retrieved
epithelial cells from the human noses. The cells removed from these tissues were inoculated
with LMWHSs as well as SARS-CoV-2 shortly after collection in order to maintain their
phenotypic integrity. As we observed a decrease of SARS-CoV-2 binding and infection upon
LMWH inoculation in vitro **, we were interested to investigate whether LMWHs retain their
antiviral properties in vivo.

Therefore, we designed a non-randomized controlled trial (chapter 7). Importantly, this
approach is not a human challenge model as it did not involve infection of human study
participants and instead relied on ex vivo infection of human tissues post treatment ¥’
(Figure 1). The epithelial cells retrieved from human nasal mucosa were inoculated with
SARS-CoV-2 ex vivo in both chapter 6 and 7 '* 137, However, in chapter 7, the LMWH
enoxaparin was applied with the aid of a nose spray directly into the nostril of healthy
participant in vivo before epithelial cell retrieval **’. This approach allowed for the
combination of controlled application of a therapeutic directly to humans with ex vivo virus
inoculation and analysis. Another advantage of this specific set-up is the opportunity to
administer both a placebo as well as the medication (enoxaparin) to the same individual,
decreasing the chance of differences between donors. Moreover, the small sample size and
single center approach allowed for swift prove of concept that demonstrated the safety of
LMWHs as intervention. But most importantly, this approach allowed for testing of the
efficacy of LMWHSs as prevention against SARS-CoV-2 infection without the need of a human
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virus challenge, an approach that was not a possibility with such a high-risk, pandemic virus

at the time.
in vivo enoxaparin treatment
() Healthy study @) Saline solution (3" Enoxaparin (4)Nasal cells removed
participant sprayed into left nostril sprayed into right nostril  after 30 min incubation
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collected and phenotyped seeded into plate to nasal epithelial cells  analyzed after 4 hours

Figure 1 | Schematic overview non-randomized controlled trial. Firstly, healthy volunteers are recruited and a
general health check as well as a lateral flow test to exclude SARS-Cov-2 infection are performed. A spray
containing saline solution is then sprayed into the left nostril of the participant. After 30 minutes, nasal epithelial
tissue is removed with a brush. Subsequently, enoxaparin is sprayed into the right nostril of the same participant
with the same device. After 30 minutes of incubation, nasal epithelial tissue is again removed with a brush. The
brushes containing the nasal cells are deposited in collection tubes filled with cell medium and transported into a
laboratory. The epithelial cells are removed from the brushes through centrifugation and counted. A part of the
cells is then phenotyped via flow cytometry while the other part is seeded in a culture plate. The seeded cells are
exposed to SARS-CoV-2 for four hours. Additionally, some cells are exposed to SARS-CoV-2 and enoxaparin. After
four hours, the cells are lysed and SARS-Cov-2 binding is analyzed via RT-PCR. Created with Biorender.com

We further employed a 3D epithelial cell model of polarized normal human bronchial
epithelial cells. Due to the prolonged culture time of more than 50 days these polarized
epithelial cells closely resemble human nasal epithelial cells as they produce mucus and
have beating cilia 1. The epithelial cells are cultured at an air-liquid interface to further
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mimic human airway epithelium 3% 3%, These 3D cultures contain epithelial cells in a
monolayer that can be inoculated with SARS-CoV-2 to investigate infection over multiple
time points. Unlike with the primary nasal epithelial cells, we were able to investigate
SARS-CoV-2 infection in the 3D cultures as well as long-term effects of enoxaparin in vitro
137 Moreover, 3D cultures could be sprayed with enoxaparin prior to virus inoculation,
similar to applications in humans. The cells used in the 3D culture model described in
chapter 7 are normal bronchial epithelial cells of primary human origin, that in 3D cultures
closely resemble human tissues 3% 140 141 Alternatively, primary human epithelial cells
removed during bronchoscopy can also be directly used and cultured 42,

To summarize, human cells/tissues located at virus entry sites enabled the study of early
infection events without the need of animal models. The freshly isolated cells retained
phenotypic characteristics comparable to cells characterized in ex vivo models whereas 3D
culture models can mimic physiological conditions for long-term cultures. The possibility to
treat and stimulate these tissues prior to virus inoculation further provide an intriguing
target to study viral therapies and preventative methods as well as their toxicity, helping
the advancement of research from bench to bedside. Challenging humans directly with
viruses takes this approach one step further but it does not fit all viruses or tissues and the
risks and benefits need to be carefully considered.

Low molecular weight heparins as protection against
infection

In chapters 5%, 6 1* and 7 13" we investigated whether heparin and LMWHs inhibit infection
and transmission of HCV and SARS-CoV-2. Heparin is a linear glycosaminoglycan that is
commonly used as an anticoagulant and antithrombotic drug 1*3. Even though heparin is still

144 it has been widely replaced

administered more than 80 years after its initial discovery
by LMWHs like enoxaparin, dalteparin and tinzaparin, due to their smaller size, higher
pharmacokinetic predictability and lower risk of side effects 14> 146, LMWHs are fractured
from heparin through depolymerization and consist of short polysaccharide chains 147/ 148,
Since the start of the SARS-CoV-2 pandemic, the potential of heparin and LMWHSs during
viral infections has shifted into focus again. Subcutaneous administration of heparin and
LMWHSs to COVID-19 patients was associated with decreased mortality and better clinical
outcome 149 150.151 ‘notentially due to anti-inflammatory properties of the drugs 1°% 13,

Moreover, heparin and LMWHSs have been shown to prevent virus binding by us (chapters
5, 6 and 7 **4%137) and others > 1% 155, SARS-CoV-2 binds heparin with similar affinity as it
does HSPGs '> 27 and it has been hypothesized that heparin occupies binding sites on
SARS-CoV-2 that subsequently cannot engage with host HSPGs 2 154, Therefore, these

anticoagulants have been proposed to be repurposed as antivirals 1# 1% 27154,
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Intranasal injection or nebulization of heparin has been explored in a phase 3 trial for people

156 and in a pre-clinical study of asthmatic children

at risk of respiratory distress syndrome
reducing bronchial hyper reactivity to medication **’. In this thesis we could demonstrate
the intranasal injection with LMHW is safe, easy to use and resulted in protection of human
epithelial cells against SARS-CoV-2 infection (Chapter 7 37) marking it as a viable
prophylactic treatment against SARS-CoV-2. Importantly, the protection against
SARS-CoV-2 was similar between the original Wuhan strain and two of the latest VoC, Delta

(B.1.617.2) and Omicron (BA.5) 37, underscoring the broad-spectrum activity of LMWHs.

Heparin and LMWHs are safe, available in abundance, cheap and easily applicable. By
blocking the binding to HSPGs, they target a wide range of different viruses. This feature
makes them particularly attractive as antivirals in the early stages of a pandemic with
airborne viruses when no specific preventative and therapeutic antiviral strategies are
available yet.

Concluding remarks and future prospective

Despite differences in their mode of transmission, (pandemic) viruses often encounter
similar cellular and molecular host factors at human barrier tissues. The cells located at
these barrier sites can in turn either perturb or aid invading viruses in establishing disease.
While it can be advantageous for the virus to employ multiple transmission routes, it also
presents an opportunity for generalized therapeutic approaches.

In this thesis we have studied four distinct viruses (Zika virus, SARS-CoV-2, HIV-1 and HCV)
with unique and overlapping transmission routes. Human in vitro and ex vivo models
allowed the study of host-virus interactions in a physiologically relevant environment and
provided us with important insights into early infection events. Cellular compositions and
phenotypes can vary between tissues and influence infection while cell activation state and
changes in the microbiota influence susceptibility and increase the potential of a virus to
disseminate away from the barrier and into other tissues.

Once a virus encounters the human host, it first has to attach to host cells. We unraveled
an important role for the ubiquitously expressed HPGS not only as attachment receptors
supporting infection but also as facilitators of viral dissemination on cells that are not
permissive for infection. The expression of the HSPG Syndecan 4 as well as the CLR langerin
on LCs changes depending on activation state and indicate that receptor expressing
influences the role cells play in viral protection or exacerbation.

Based on clinical and fundamental studies, including those presenting in this thesis, HSPG
binding of viruses can be prevented by applying heparin or its LMWH derivatives. LMWHs,
are already on the market and commonly used as anticoagulants. The potential of LMWHs
as preventive antiviral therapy has the further advantage to both abrogate infection and
dissemination. During the emergence of a new pandemic virus, a swift abrogation of
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transmission is crucial to slow down the spread. However, protection against a new virus is
difficult to achieve without any knowledge on the pathogen to develop virus specific
antivirals or vaccination. LMHWs present a class of medication that is safe to use, easy to
apply to mucosal surfaces like the nose, and most importantly, protect against a broad
spectrum of viral pathogens.

The rise of mutated SARS-CoV-2 VoC underscored the need for fast acting antivirals with
broad tropism to curb further spread even in demographics with high immunity obtained
through vaccination or previous infection with an older strain. Our data demonstrated that
LMWHs block viral attachment to the same extent for different SARS-CoV-2 VoC and it can
be speculated that they also protect against future variants that effectively evade vaccine
induced immunity. Even though the WHO declared an end to the COVID-19 global health
emergency in May 2023 %8, the threat of SARS-CoV-2 to public health remains, even if the
virus is considered endemic. Moreover, as seen in the past few years, the world is on high
alert for newly emerging viruses as well as variants of concern and therefore the use of
LMWHs as therapeutic to protect against new viral pandemics might be a valuable tool in
the future and should be explored further.
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ADDENDUM

Summary

Unravelling early pathogenesis of pandemic and epidemic
viruses: Infection and viral dissemination at barrier tissues

In this thesis, we describe the interactions of four different viruses: Zika virus, SARS-CoV-2,
HIV-1 and HCV with cells and molecules at human epithelial barrier tissues. We aimed to
better understand what happens at the earliest stages of infection once a viral pathogen
has breached the skin or mucosal surfaces. Immune cells like DCs at barrier tissues are
crucial for host defense and prevention of disease exacerbation but can be corrupted by
viruses to invade the host and disseminate the virus to other organs.

In chapter 2, we investigated how dendritic cell (DC) subsets located in the skin and vaginal
mucosa, contribute to Zika virus infection and dissemination of the virus to other target
cells. Strikingly, monocyte derived DCs (moDC) were readily infected by Zika virus whereas
neither skin nor vaginal Langerhans cells (LCs) were susceptible to infection. We further
observed that moDC infection was facilitated by DC-SIGN, a c-type lectin (CLR) expressed on
some DC subsets but not LCs. Interestingly, both moDCs and LCs successfully captured and
transmitted Zika virus to target cells, regardless of infection. These data indicate an
important role for DC subsets in the skin and vaginal mucosa as Zika virus targets for
infection and/or dissemination.

In chapter 3 we investigated the role of vaginal LCs, either immature or activated, during
HIV-1 infection. Interestingly, while immature vaginal LCs were refractory to HIV-1 infection,
LC activation rendered them susceptible. We determined that in contrast to skin-derived
LCs, immature vaginal LCs expressed a range of TLRs, including TLR4. Subsequently,
immature vaginal LCs stimulated with bacterial TLR4 agonists could be infected with HIV-1,
similar to vaginal LCs activated through migration. Moreover, TLR4 stimulated LCs
transmitted HIV-1 to target cells whereas immature LCs did not, indicating that these cells
are no longer protective. These data suggest that TLR stimulation, as happens during
bacterial co-infection, increases susceptibility of vaginal LCs to HIV-1 infection and indicates
a role for the vaginal microbiome during sexual transmission of HIV-1.

The interactions of TLRs expressed on moDCs with SARS-CoV-2 were studied in chapter 4.
Neither SARS-Cov-2 spike protein alone nor the wild type SARS-CoV-2 isolate were able to
activate TLR4. Moreover, SARS-CoV-2 did not activate, infect or incite cytokine production
in exposed moDCs, indicating that SARS-CoV-2 evades recognition by TLRs to prevent
activation of the immune response. Strikingly, moDCs rendered susceptible to SARS-CoV-2
infection by ectopic expression of ACE-2 produced high levels of type | IFNs and other
cytokines, indicating that intracellular receptors rather than extracellular TLRs, are
responsible for immune activation during SARS-CoV-2 infection.

In chapter 5 we studied Heparan sulfate proteoglycans (HSPGs) as crucial attachment
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receptors for HCV. We observed that the HSPG Syndecan 4 is upregulated on activated LCs,
and is crucial for HCV transmission, whereas langerin abrogated both HCV infection and
transmission. These data indicate that the two receptors have adversary effects either
increasing or decreasing HCV transmission. Hence, we identified Syndecan 4 expressed on
activated LCs as an important receptor for HCV capture and transmission that might explain
HCV dissemination from mucosal barrier sites following sexual transmission. Importantly,
heparin and low molecular weight heparins (LMWHs) blocked the engagement of Syndecan
4 with HCV and decreased HCV transmission, indicating a potential role for LMWHs as
preventative therapy against HCV dissemination.

In chapter 6. we studied which (co-)receptors are involved in SARS-Cov-2 attachment,
infection and transmission. We identified Syndecan 1 and 4 as crucial attachment receptors
for SARS-CoV-2 that aided ACE-2 mediated infection of epithelial cells. Both the SARS-CoV-
2 pseudovirus as well as the replicating SARS-CoV-2 patient isolate strongly bound to
Syndecans expressed on epithelial cells and this interaction could be blocked by adding
heparin or LMWHSs. We showed that antibodies isolated from COVID-19 patients deterred
interactions of SARS-CoV-2 with Syndecan 1, indicating a protective mechanisms of
neutralizing antibodies not involving ACE-2 block. Moreover, Syndecans expressed on DCs
and LCs are crucial for SARS-CoV-2 transmission, irrespective of ACE-2 mediated infection.
These data indicate that Syndecans are not only important attachment receptors required
for SARS-CoV-2 infection of epithelial cells but are also involved in viral dissemination from
entry sites to organs throughout the body. Importantly, LMWHSs efficiently inhibited SARS-
CoV-2 engagement with Syndecans on primary epithelial cells, suggesting a use for them to
prevent SARS-CoV-2 infection.

The use of LMWHs as therapeutics against SARS-CoV-2 in a non-randomized controlled trial
is described in chapter 7. We evaluate safety parameters of LMWH when applied to nasal
mucosa in healthy volunteers and analyzed the efficacy of LMWHSs to prevent SARS-CoV-2
infection ex-vivo. We selected the LMWH enoxaparin as a candidate therapeutic against
SARS-CoV-2 and administered enoxaparin to healthy volunteers with the help of a nasal
spray in one nostril while all study participants received a placebo in the other nostril as a
control. No adverse effects of enoxaparin treatment were observed for any of the study
participants. Nasal epithelial cells retrieved with a brush, were phenotyped and inoculated
with SARS-CoV-2 ex vivo. Importantly, cells treated with enoxaparin bound SARS-CoV-2
significantly less than the placebo treated cells, while not displaying any changes in
phenotype. This accounted not only for the ancestral SARS-CoV-2 strain but also the Delta
and Omicron VoC. Additional in vitro enoxaparin administration did not further abrogate
SARS-CoV-2 binding, suggesting that the in vivo administered dose of enoxaparin is
sufficient. These data let us to conclude that enoxaparin might be used as an easy and safe
preventative therapeutic against SARS-CoV-2 infection with broad protection also against
VoC.
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In Chapter 8 we discuss the findings from this thesis in a broader context. We studied
four wild type viruses that all strongly influenced global health in the last decades. And
through the ex vivo access of human tissues, we gained insight into early virus-host-

interactions at different barrier tissues.
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Het ontrafelen van vroege pathogenese van pandemische

en epidemische virussen: infectie en virale verspreiding bij
barriereweefsels

In dit proefschrift beschrijven we de interacties tussen vier verschillende virussen: het Zika-
virus, SARS-CoV-2, hiv en HCV met cellen en moleculen in menselijke
epitheelbarrieretissues. We probeerden beter te begrijpen wat er gebeurt in de eerste
stadia van infectie nadat een virus de huid of slijmvliezen heeft doorbroken. Immuuncellen
zoals DC's in barriereweefsels zijn cruciaal voor het reguleren van de afweer van de gastheer
en het voorkomen van verergering van de ziekte, echter kunnen ze gecorrumpeerd worden
door virussen om de gastheer binnen te dringen en het virus naar andere organen te
verspreiden.

In hoofdstuk 2 onderzochten we hoe dendritische cel (DC) subsets die zich bevinden in de
huid en vaginale slijmvliezen bijdragen aan de Zika-virusinfectie en de verspreiding van het
virus naar andere cellen. Opvallend genoeg werden van monocyt-afgeleide DC's (moDC's)
efficiént geinfecteerd door het Zika-virus, terwijl zowel de huid- als de vaginale Langerhans-
cellen (LC's) niet vatbaar waren voor infectie. We hebben verder waargenomen dat de
infectie van moDC's werd vergemakkelijkt door DC-SIGN, een c-type lectine (CLR) dat wordt
uitgedrukt op sommige DC-subsets maar niet op LC's. Interessant genoeg wordt Zika-virus
efficiént gebonden door zowel moDC's als LC's en deze cellen dragen het virus over aan
andere cellen. Deze resultaten geven aan dat DC-subsets in de huid en vaginale slijmvliezen
een belangrijke rol spelen als Zika-virus doelwitten voor infectie en/of verspreiding.

In hoofdstuk 3 onderzochten we de rol van vaginale LC's, zowel niet-geactiveerd als
geactiveerd, tijdens een hiv-infectie. Interessant genoeg waren niet-geactiveerde vaginale
LC's ongevoelig voor hiv-infectie, terwijl geactiveerde LC’s juist vatbaar waren voor hiv. We
ontdekten dat in tegenstelling tot uit huid verkregen LC's, vaginale LC’s een reeks van TLR's
tot expressie brachten waaronder TLR4. Vervolgens konden niet-geactiveerde vaginale LC's,
gestimuleerd met bacteriéle TLR4-agonisten, worden geinfecteerd met hiv, vergelijkbaar
met vaginale LC's die geactiveerd waren door migratie. Gestimuleerde TLR4-LC’s dragen hiv-
1 over aan andere cellen, terwijl niet-geactiveerde LC's dat niet deden, wat aangeeft dat
deze TLR4-geactiveerde LC’s niet langer beschermend zijn. Deze gegevens suggereren dat
TLR-stimulatie, zoals bij bacteriéle co-infectie, de vatbaarheid van vaginale LC's voor hiv-
infectie verhoogt en wijzen op een rol van het vaginale microbioom tijdens seksuele
overdracht van hiv.

De interacties van TLR's op moDC's met SARS-CoV-2 werden bestudeerd in hoofdstuk 4.
Noch het spike-eiwit van SARS-CoV-2 alleen, noch het wildtype SARS-CoV-2-isolaat konden
TLR4 activeren. Bovendien leidde SARS-CoV-2 niet tot infectie van moDC'’s en ook niet to
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cytokine productie in moDC's, wat aangeeft dat SARS-CoV-2 herkenning door TLR's ontwijkt
om activering van het immuunrespons te voorkomen. Opvallend genoeg produceerden
moDC's, die vatbaar waren gemaakt voor SARS-CoV-2-infectie door ectopische expressie
van ACE-2, hoge niveaus type l-interferon en andere cytokines. Dit geeft aan dat
intracellulaire receptoren, maar niet extracellulaire TLR's, verantwoordelijk zijn voor
immuun activatie tijdens SARS-CoV-2-infectie.

In hoofdstuk 5 hebben we Heparaansulfaat proteoglycanen (HSPG's) bestudeerd als
cruciale receptoren voor het Hepatitis C virus (HCV). We hebben waargenomen dat het
HSPG Syndecan 4 werd opgereguleerd op geactiveerde LC's en cruciaal was voor HCV-
overdracht, terwijl langerin zowel HCV-infectie als -overdracht onderdrukte. Deze gegevens
geven aan dat de twee receptoren tegenstrijdige effecten hebben, waarbij HCV-overdracht
wordt verhoogd of verminderd. Daarom hebben we Syndecan 4, dat tot expressie wordt
gebracht op geactiveerde LC's, geidentificeerd als een belangrijke receptor voor HCV-
opname en -overdracht, wat de verspreiding van HCV vanuit barriereweefsels na seksuele
overdracht zou kunnen verklaren. Belangrijk is dat heparine en
laagmoleculairegewichtheparines (LMWH's) de binding van Syndecan 4 aan HCV
blokkeerden en HCV-overdracht verminderden, wat wijst op een mogelijke rol voor LMWH's
als preventieve therapie tegen HCV-verspreiding.

In hoofdstuk 6 hebben we onderzocht welke (co-)receptoren betrokken zijn bij SARS-CoV-
2-binding, -infectie en -overdracht. We hebben Syndecan 1 en 4 geidentificeerd als cruciale
bindingsreceptoren voor SARS-CoV-2 die ACE-2-gemedieerde infectie van epitheelcellen
ondersteunen. Zowel het SARS-CoV-2-pseudovirus als het replicerende SARS-CoV-2-isolaaat
bond sterk aan Syndecans op epitheelcellen, en deze interactie kon worden geblokkeerd
door heparine of LMWH's toe te voegen. We hebben aangetoond dat antilichamen
geisoleerd uit COVID-19-patiénten interacties van SARS-CoV-2 met Syndecan 1
verhinderden, wat wijst op een beschermend mechanisme van neutraliserende
antilichamen dat niet afhankelijk is van ACE-2-blokkade. Bovendien zijn Syndecans die tot
expressie worden gebracht op DC's en LC's cruciaal voor SARS-CoV-2-overdracht, ongeacht
de ACE-2-gemedieerde infectie. Deze gegevens geven aan dat Syndecans niet alleen
belangrijke receptoren zijn die nodig zijn voor SARS-CoV-2-infectie van epitheelcellen, maar
ook betrokken zijn bij de virale verspreiding naar organen in het hele lichaam. Belangrijk is
dat LMWH's SARS-CoV-2-interactie met Syndecans op primaire epitheelcellen efficiént
remmen, wat wijst op een gebruik ervan om SARS-CoV-2-infectie te voorkomen.

Het gebruik van LMWH's als therapeutica tegen SARS-CoV-2 in een niet-gerandomiseerde
gecontroleerde studie wordt beschreven in hoofdstuk 7. We hebben veiligheidsparameters
van LMWH geévalueerd wanneer deze werd aangebracht op het neusslijmvlies bij gezonde
vrijwilligers en de werkzaamheid van LMWH's geanalyseerd om SARS-CoV-2-infectie ex vivo
te voorkomen. We hebben LMWH Enoxaparine geselecteerd als een kandidaat-
therapeutisch middel tegen SARS-CoV-2 en toegediend aan gezonde vrijwilligers met
behulp van een neusspray. Enoxaparine werd toegediend in één neusgat, terwijl de studie-
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deelnemers een placebo kregen in het andere neusgat ter controle. Er werden geen
nadelige effecten van Enoxaparine-behandeling waargenomen bij de studie-deelnemers.
Neusepitheelcellen verkregen met een borsteltje werden gefenotypeerd en ex vivo
geinoculeerd met SARS-CoV-2. Cellen behandeld met Enoxaparine bonden minder SARS-
CoV-2 dan cellen behandeld met een placebo, terwijl er geen veranderingen in fenotype
werden waargenomen. Dit gold niet alleen voor de voorouderlijke SARS-CoV-2-stam, maar
ook voor de Delta- en Omicron-varianten. Extra in vitro toediening van Enoxaparine had
geen verdere invloed op de binding van SARS-CoV-2, wat erop wijst dat de in vivo
toegediende dosis Enoxaparine voldoende is. Deze gegevens leiden tot de conclusie dat
Enoxaparine mogelijk kan worden gebruikt als een eenvoudige en veilige preventieve
therapie tegen SARS-CoV-2-infectie met brede bescherming, ook tegen varianten of
concern.

In hoofdstuk 8 bespreken we de bevindingen van dit proefschrift in een bredere context.
We hebben vier virussen bestudeerd die allemaal een sterke invloed hebben gehad op de
mondiale gezondheid in de afgelopen decennia. Door de ex vivo toegang tot menselijk
weefsel hebben we inzicht gekregen in vroege virus-host-interacties bij verschillende
barrieretissues. Onze bevindingen hebben implicaties voor de ontwikkeling van nieuwe
strategieén om infectie en verspreiding van deze virussen te voorkomen.
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PhD Portfolio

Summary of PhD Training and Teaching

PhD student: Julia Eder
Period: October 2017 — June 2023

PhD Supervisors: Prof. Dr. T.B.H. Geijtenbeek and Dr. N.A. Kootstra

Courses Year ECTS
AMC World of Science 2017 0.7
Advanced Immunology 2018 2.9
Project management 2018 0.6
Infectious Diseases 2018 1.3
Entrepreneurship in Health and Life Sciences 2021 1.5
Research Integrity 2022 2.0
Oral Presentations

Dutch Society of Immunology Congress (NVVI) 2017 0.5
Winterschool

EXIM seminar 6x 2018-2023 3.0
European Congress of Immunology (ECI) 2018 0.5
Dutch Annual Virology Symposium (DAVS) 2019 0.5
European Congress of Virology (ECV) 2019 0.5
Netherlands  Conference on  HIV  Pathogenesis, 2019 0.5
Epidemiology, Prevention and Treatment (NCHIV)

Dutch Society of Immunology Congress (NVVI) 2019 0.5
Winterschool

Dutch Society of Immunology Congress (NVVI) 2020 0.5
Winterschool

UvA Open Days lecture 2021 0.5
European Congress of Immunology (ECI) 2021 0.5
Dutch Young Virologists Seminar (DYVS) 2021 0.5
AI&Il PhD retreat 2021 0.5
Al&Il Annual meeting 2022 0.5
16™ International Symposium on Dendritic Cells 2022 (DC 2022 0.5

2022)
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PhD Portfolio

15" International Symposium on Dendritic Cells 2022 (DC 2018 0.5

2018)

European Congress of Virology (ECV) 2019 0.5

Dutch Society of Immunology Congress (NVVI), 2022 0.5

Winterschool

(Inter)national Conferences

Dutch Society of Immunology Congress (NVVI) 2017, 2019, 2020, 2.5

Winterschool, Noordwijkerhout, NL 2022 (May), 2022
(December)

15" International Symposium on Dendritic Cells 2022, 2018 0.5

Aachen, DE

European Congress of Immunology (ECI), Amsterdam, NL 2018 0.5

Dutch Annual Virology Symposium (DAVS), Amsterdam, NL 2019 0.5

European Congress of Virology (ECV), Rotterdam, NL 2019 0.5

Netherlands  Conference on HIV ~ Pathogenesis, 2019 0.5

Epidemiology, Prevention and Treatment (NCHIV),

Amsterdam, NL

European Congress of Immunology (ECI), Online 2021 0.5

Netherlands  Conference on  HIV  Pathogenesis, 2021 0.5

Epidemiology, Prevention and Treatment (NCHIV), Online

Al&Il Annual meeting, Amsterdam, NL 2022 0.5

16™ International Symposium on Dendritic Cells 2022, 2022 0.5

Cairns, Australia

Seminars, Workshops and Masterclasses

Weekly EXIM Seminars 2017-2022 5.0

Yearly EXIM retreat 2018, 2022 1.0

Yearly Al&Il meeting 2018, 2019, 2022 1.5

Al&IlI PhD retreat 2018, 2021 1.0

Dutch Arbovirus Research Network meeting 2018 0.5

Cellular Imaging — From Pixel to publication 2018 0.2

Masterclass Prof. Dr. Fauci 2019 0.5

Career Thursdays 2019 0.5

SARS-CoV-2 work meetings 2020-2021 1.0

Dutch Young Virologists Seminar (DYVS) 2021-2022 1.0
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Lecturing and Student supervision

Supervision of medical students during Immunology 2018 0.5
course

Supervision of Master student internship 2018, 2021 4.0
Assessment of High school students (Viruskenner) 2019, 2020, 2022 0.6
Supervision of Master student literature thesis 2020 1.0
Lecture as part of UvA Master Biomedical Sciences 2021, 2022 1.0
Grants

Al&Il work visit grant 2019

Keystone scholarship 2020

ECI Participation grant 2021

Al&Il Travel grant 2022

NVVI Travel grant 2022

Other Activities

Member of the Al&II PhD committee 2018-2020 1.5
Blogpost Proefdiervrij 2022

Blogpost “Behind the paper” Nature Portfolio 2023

Total 47.8
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Curriculum Vitae

Julia Eder was born in Schwarzach im Pongau, Austria on April 29",
1992. After graduating from a higher-level secondary commercial
college in 2011 she started her study of Biomedicine and
Biotechnology at the University for Veterinary Medicine in Vienna.
From there she graduated with a Bachelor in Science (BSc.) with
honors in 2015. After completing her bachelor’s degree, Julia
moved to the Netherlands where she was accepted into the

Research Master Biomedical Sciences at the Vrije Universiteit (VU)
in Amsterdam. As part of this study she completed two research ,
internships at the Department of Experimental Immunology at thg-/.-\msterdam UMC —
location Amsterdam Medical Centers (AMC). During her first internship she studied the
distribution and functionality of lymphoid cell subsets in fetal lung under the supervision of
Dr. Bianca Blom. Her second internship was completed in the group of Prof. Dr. Teunis
Geijtenbeek, where she researched the role of Heparan sulfate proteoglycans during
Hepatitis C transmission of human primary Langerhans cells. This sparked a keen interest in
the interplay between viruses and host receptors involved in binding, infection and
transmission. After graduation from the VU cum laude with a Master’s degree in 2017, she
therefore returned to the group of Prof. Dr. Geijtenbeek to pursue a PhD in immunology.
For the past 4 years she has been studying the interaction of different viruses with cell
surface attachment receptors. Since March 2020, Julia has strongly focused on the newly
emerged SARS-CoV-2 virus and together with Marta Bermejo-Jambrina and Killian Vlaming
has set up a study that looks at the importance of Heparan sulfate proteoglycans in viral
attachment and subsequent infection and virus transmission. Since the start of this project,
a whole new line of research on SARS-CoV-2 has been set up in the Host Defense group that
now involves a whole team of people as well as healthy volunteers donating their epithelial
cells for research into infection prevention. Outside of her work, Julia likes to read fiction,
collect plants and go hiking in her native country. The work she has performed for the past
years is summarized in this thesis.
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Dear Ard, | will forever be thankful for everything you did for me these past years. You
listened to me when | had to vent and complain and made sure there was dinner when |
was coming home. You never complained about the long hours | spent at work and never
did anything but encourage me in everything | did. | could not wish for a more supportive
partner and | hope we can still continue to make our life together in this next chapter.
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