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Abstract

Cellular receptors are essential for virus entry and spread. Their identi cation is fundamental to
understand the tropism and pathogenesis of the infection. Parvovirus B19 (B19V) is a human pathogen
with global prevalence and has a marked tropism for erythroid progenitor cells (EPCs) in the bone
marrow. Globoside, a highly abundant membrane glycosphingolipid (GSL), is required for the infection
and has been historically considered the primary receptor of the virus. However, the pathogenicity
and narrow erythroid tropism of B19V do not correlate with the wide expression pro le of globoside.
Another receptor that is exclusively expressed in EPCs, here named VP1uR, was recently shown to be
required and su cient for virus entry. While VP1uR is the receptor required for entry and infection

in EPCs, the role of globoside is not yet clear.

To clarify the function of globoside in B19V infection, we knocked out the gene B3GalNT1 coding for
the enzyme globoside synthase in UT7/Epo cells. The loss of this enzyme leads to the elimination of
globoside and downstream GSLs. The B3GalNT1 KO cell line was used to investigate the contribution
of globoside to virus entry. We con rmed that globoside does not have the expected function as the
primary receptor required for B19V entry into permissive cells, a function that corresponds to VP1uR.
Instead, we found that globoside has an essential role at a postentry step by facilitating the escape
of the incoming viruses from the acidic endosomal vesicles. We also uncovered that the interaction
of B19V with globoside occurs exclusively at mildly acidic pH values, similar to those encountered
in early endosomes. In an arti cially induced acidic environment, the virus interacts with globoside
on the surface of UT7/Epo cells which enables internalization. The nding that B19V a nity for
globoside is tightly controlled by the pH has major consequences in the overall virus infection. Under
neutral conditions, which are characteristic of the extracellular milieu, B19V does not interact with the
ubiquitously expressed globoside. This strategy prevents the redirection of the virus to nonpermissive
tissues facilitating the selective targeting of the EPCs in the bone marrow. However, considering
the broad expression pro le of globoside, naturally occurring acidic niches in the body, such as the
nasal mucosal surface, become potential targets for the virus, which may facilitate entry through the

respiratory route.

Taken together, pH-dependent receptor switching between the widely expressed GSL globoside and
the restricted VP1uR represents an evolutionary adaptation controlling the erythroid tropism of

B19V.
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1.1 A world of viruses

Viruses are obligate, acellular parasites infecting every living organism. In the most basic way, viruses
consist of a DNA or RNA genome which is encapsulated in a protein shell or capsid. Enveloped viruses
have an additional lipid bilayer surrounding the capsid. Their small size and simplistic structure do
not allow viruses to pack all the genes and proteins required for self-su cient replication. Regardless
of their degree of complexity, they all lack the machinery necessary for protein synthesis. They also
lack any metabolic activity of their own. Viruses are not only small, but they are also highly abundant.
The total amount of viruses in the world is estimated to be 1G' [1], which is more than all living
entities on earth combined. Lines up, all these viral particles would stretch over 100 million light-years

into space [2].

The ongoing COVID-19 pandemic has showcased the colossal impact that such tiny, inanimate particles
can have on humanity. Around 500'000 people die each year from in uenza infections alone [3]. Viral
infections in animals and plants can lead to severe economic losses. Sitill, viruses are a crucial element
of our ecosystem and, as such, they often play an important regulatory role. As an example, it is
estimated that everyday viruses infect and kill roughly 20 % of bacteria in marine ecosystems [4]. The
organic molecules released from the dead bacterial cells stimulate the growth of new bacterial and
algae, which impacts the whole food chain. Another example is the viruses present in the gut, which
have an immunomodulatory role similar to intestinal bacteria [5]. Accordingly, viruses should not be
viewed only as foreign invaders causing disease, but also as an integral part of the animal and human

biology promoting health.

1.2 A tale of receptors

The rst step required for a virus to initiate the infection is the interaction with molecules present on

the plasma membrane. The rst contact with the cell generally relies on charge-based interactions [6],
often mediated by sulfated glycan side chains of proteoglycans [6]. Viruses require specic receptors
to gain entry into permissive cells, a process that may require the contribution of co-receptors [7].
Virus binding to speci ¢ receptors may trigger conformational changes leading to the fusion of the
viral envelope with the cell membrane or induce penetration [7]. Alternatively, receptor binding can
trigger receptor-mediated endocytosis, which may require the transport of virions to a speci c site on
the cell surface [8]. Any molecule on the cell surface can serve as a viral receptor, e.g., proteins of
the immunoglobulin superfamily (human immunode ciency virus [HIV], human rhinovirus), integrins
(rotavirus), tetraspanins (hepatitis C virus [HCV]), lectins (ebola virus) or sialic acid (in uenza virus)

[6]. While some viruses interact with a single receptor and it is su cient to trigger internalization,

2
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others require multiple interactions with receptors and co-receptors before internalization is possible
(e.g. Coxsackie B virus, HCV) [9]. The interaction of a virus with a cellular receptor is inherently

non-physiological, and cells do not bene t from such interaction.

Viruses evolve to recognize speci ¢ cell surface receptors under the pressure of the immune system.
They must nd an equilibrium to maintain e cient receptor binding while evading the immune system.
Cells also evolve to hamper the interaction with viruses, which increases chances of survival. By
altering their surface molecules, cells may reduce viral a nity while maintaining the function of the
receptor [10][11]. Some viruses were also observed to completely swap to another receptor of a similar
structure and exploit another entry pathway into the host if necessary. Alternative receptors can also

lead to a di erent set of symptoms than ordinarily observed [12].

The identi cation of viral receptors is fundamental to understanding the host range and tropism of the
virus and facilitates the development of antiviral strategies. For example, vaccines that elicit a strong
immune response against viral receptor-binding domains are most e cient in preventing infections

[13][24].

1.3 The parvovirus family

The name "parvovirus" derives from the Latin word parvus, meaning "small". The parvovirus family
thus contains some of the smallest viruses known. The parvovirus capsid is a robust, non-enveloped
particle made out of 60 protein monomers, forming a T=1 icosahedral symmetry. The rst parvovirus
identi ed was the Kilham rat virus in 1959 [15], followed by other rodent viruses with similar charac-
teristics, including minute virus of mice (MVM) in 1966 [16]. However, it soon became evident that
parvoviruses infect a plethora of di erent animals, having been found in practically all vertebrates as

well as arthropods.

The Parvoviridae family is divided into subfamilies based on host range and phylogenetic similari-
ties. Members of the Parvovirinae subfamily infect exclusively vertebrates whereas members of the

Densovirinae and Hamaparvovirinae subfamilies infect arthropods.

1.3.1 Parvovirus infection in humans

The rst parvovirus found to infect and cause disease in humans was parvovirus B19 (B19V) in 1974
[17]. B19V has been assigned to the Erythroparvovirus genus. Since then, new parvoviruses with the

ability to infect humans have been discovered in a total of ve di erent genera.

In 1967, adeno-associated viruses (AAV) were found in various human tissues [18]. AAVs belong to

the Dependoparvovirus genus and do not cause disease. These viruses are defective and only replicate

3
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in cells that are co-infected with another DNA virus, generally adenovirus or herpesvirus. Human
bocavirus (HBoV) was rst described in 2005 [19]. The virus belongs to the Bocaparvovirus genus
and infects the lower respiratory tract. It is mostly found in children where it can cause respiratory
disorders, such as bronchitis and pneumonia, as well as gastroenteritis [19][20]. Other, more recently
discovered and less well studied human parvoviruses include the bufavirus (BuV) [21], tusavirus (TuV)
[22] and cutavirus (CutaV) [23] from the genus Protoparvovirus as well as the human parvovirus 4
(PARV4) from the genus Tetraparvovirus [24]. The clinical signi cance of those viruses has not been

fully determined.

1.3.2 Parvovirus infection in animals

Every major farm animal, such as chickens [25], sheep [26], horses [27], cattle [28] and pigs [29] can be
infected by a member of the Parvoviridae family, causing diseases that vary in severity. In chickens,
stunted growth has been observed [25][30], and infections in cattle and pigs during gestation can leads
to fetal death and abortions [29]. Acute outbreaks of parvovirus infections cause serious economic
costs for agricultural services [31]. Parvoviruses are also a concern for pets, especially for cats and
dogs where the infection is often lethal [32]. Feline panleukopenia virus (FPV) can cause diarrhea,
vomiting, fever, and leukopenia (decrease in blood leukocytes) [33] as well as cerebellar hypoplasia in
kittens [34]. The canine parvovirus (CPV) can cause myocarditis as well as enteritis, leading to severe
complications such as leukopenia, vomiting, diarrhea and sudden death [35][36]. Vaccines for FPV

and CPV are available and widely used, but e ciency is oftentimes limited [32][33][37].

1.3.3 The Parvoviridae, a family with multiple faces

The Parvoviridae is a large virus family encompassing multiple human and animal pathogens as well as
viruses with therapeutic applications. Research that focuses on human viruses is, among other things,
important for the development of novel vaccines to combat infections and limit spread. Similarly,
vaccines against the animal viruses of the family aim to improve prospects for both pets and farm
animals. Multiple parvoviruses have also been employed for therapeutic applications: AAV is an
extremely promising vector for gene therapy, with preclinical trials having been conducted for diseases
such as cystic brosis [38][39] and muscular dystrophy [40]. Further, the oncolytic virus H1 (H1-PV), a
rodent protoparvovirus, has been shown to infect and lyse tumor cells and has thus found applications
in cancer therapy [41]. The marked advantage of this virus compared to conventional therapies is that
it does not a ect ordinary human cells, ensuring a high safety in its application and has been veri ed in
phase I/lla trials for glioblastoma [42]. Lastly, members of the Parvoviridae are useful model viruses.

Due to their small genomes with limited coding capabilities, parvoviruses are ideal to study virus-host
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interactions. Moreover, parvoviruses are interesting for viral inactivation studies, as they possess one
of the most robust viral capsids. Lastly, their diminutive size makes them outstanding candidates for

worst-case models in virus- Itration, an important process for the plasma industry [43]

1.4 Parvovirus B19: An introduction

A B
Family Parvoviridae
T
Subfamily Parvovirinae
R
Genus Erythroparvovirus
il
Hheaes EryihrEE?rSéiirus 1

Figure 1: (A) Within the family Parvoviridae, the subfamily Parvovirinae and the genus Erythroparvovirus lies the
species primate erythroparvovirus 1, most commonly known as parvovirus B19 or B19V [44]. (B) Detailed structure of
the B19V capsid resolved by cryo-electron microscopy. Data was recorded using recombinant VP2 particles. Resolution:

2.8 A, image provided by S. Hafenstein.

B19V was discovered in 1974 by Yvonne Cossart [17]. The name B19V derives from the sample
(labeled 19 in panel B) in which the virus was discovered by accident when screening for hepatitis
B surface antigen. B19V is a highly prevalent human pathogen belonging to the Erythroparvovirus
genus (Figure 1A). As the name of the genus indicates, B19V has a marked tropism for erythroid
progenitor cells, and the lytic infection in these cells accounts for the erythroid disorders typically
associated with the infection. Transmission occurs via aerosol droplets that come into contact with
the nasal mucose and the risk of infection increases in winter and spring [45]. No vaccine is currently

available to prevent the infection.

The genome of the virus is protected by a nonenveloped icosahedral capsid with a diameter of roughly
25 nm (Figure 1B). The capsid is composed of 60 protomers, i.e. the minor viral protein 1 (VP1, 86
kDa) and the major viral protein 2 (VP2, 61 kDa) [46]. VP1 shares the same C-terminal amino acid
sequence with VP2, but has an additional 227 amino acids at the N-terminus, the so-called VP1 unique
region (VP1u). The VP2 and the VP1 make up 95 % (57 copies) and 5 % (3 copies) of the capsid,

respectively. Inactivation studies have shown that B19V possesses a highly stable capsid against UV

5



University of Bern Introduction

light [47] and gamma rays [48]. However, heat and acidic pH have been shown to inactivate the virus
[49][50][51]. Viral capsids are metastable structures and, as such, must be able to disassemble at the
right cellular compartment during infection. The susceptibility of B19V to acidic pH may facilitate the
required capsid conformational changes during the endocytic transit of the incoming virus, promoting

nuclear targeting and uncoating.

1.4.1 The viral genome

5-ITR ssDNA (+) 3-ITR
c\-’lﬂ 5596J\b
365 5232
1 )
NS1
ORF: 2 B N
7.5-kDa VP1/VP2
3 a
11-kDa

Figure 2: Properly scaled depiction of a positive sense genome of B19V. It is a 5596 long ssDNA with the ITRs flanking
the genome on either side. At least five proteins are produced from a total of three different ORFs. The nonstructural
protein 1 (NS1) and the 7.5-kDa on the left side of the genome are translated in the early stages of the infection. The

structural proteins (VP1 and VP2), as well as the non-structural protein 11-kDa are important for later infection stages.

As with all parvoviruses, the genome is a short single-stranded DNA (ssDNA) molecule [52]. The virus
packages positive and negative genomes in equal numbers [52]. Structurally, the ssSDNA genome is 5996
nucleotides (nt) in length, and it is anked by two complementary inverted terminal repeats (ITRs,

see Figure 2). The distal 365 nt of each ITR self hybridize, forming hairpin-like structures at the ends

of the genome. The 3' hairpin forms a self-priming structure that is used for the initiation of DNA
replication. It is not yet clear which structural conformation is adopted by the viral DNA within the
virion. However, a highly ordered and dense secondary structure is necessary to t the roughly 2000
nm long genome into the 25 nm capsid [53]. After delivery inside the host nucleus, the ssDNA genome
needs to be converted into a transcriptionally active double-stranded DNA (dsDNA) molecule. Unlike
many other parvoviruses, such as MVM, H1-PV, and AAV, B19V (and other Erythroparvoviruses)
only possesses a single promoter at the left-hand side of the genome [54]. This promoter was shown
to be unusually strong and drives transcription of a single precursor-mRNA [54]. Figure 2 shows the
transcriptional organization of the B19V genome, consisting of a total of three open reading frames
(ORF). To express the proteins encoded at the left (proximal) and right (distal) sides of the genome,
the precursor mRNA undergoes alternative polyadenylation and splicing. A more in-depth look into

the transcriptional strategies and proteins of B19V is presented in subsection 1.5.
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1.4.2 B19V receptors and tropism

Viral receptors are essential for virus entry and spread. Accordingly, their identi cation is fundamental
to understanding the host range, tropism, and pathogenesis of the infection and to developing e ective
antiviral strategies. In 1993, the small membrane glycosphingolipid (GSL), globoside (Gb4) (see
subsection 1.6), was identi ed as the cellular receptor of B19V [57]. The hemagglutination of red blood
cells (RBCs) by B19V could be inhibited in the presence of soluble globoside [57]. More importantly,
individuals lacking globoside due to a rare mutation were found to be resistant to the infection [58].
These ndings represent strong evidence that globoside is the cellular receptor of B19V. However,
attempts to demonstrate the interaction of B19V with globoside have yielded contradictory results.
While some studies con rmed the interplay [59], others were unable to detect the interaction using

various sensitive techniques [60].

OrthoE Reticulocyte RBC

B19V infection
profile

Figure 3: (A) B19V infects cells in the bone marrow. Prominently visible on the right is a giant proerythroblast with
visible inclusions in the nucleus as well as a malformed cytoplasmic membrane. This represents a classical phenotype of
B19V infection. Image adapted from [55]. (B) Schematic depiction of erythropoiesis. The orange hue represents the Epo
dependent stages of differentiation. This coincides with the susceptibility and permissiveness for B19V infection. HSC:
hematopoietic stem cell, BFU-E: burst-forming unit erythroid, CFU-E: colony-forming unit erythroid, E: erythroblast.
Image adapted from [56].
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VP1u

aa 68

aal4

Figure 4: Representation of the B19V capsid with three exposed VP1lu regions. In the native capsid, the VP1u,
containing the RBD and PLA2 domain, is inaccessible [61]. The central amino acids of the RBD (14-68) are predicted
to form three alpha-helices, depicted in dark blue, purple, and light blue. Generated with QUARK [62].

B19V has an extraordinarily restricted tropism for progenitor cells of the erythroid lineage. Speci cally,

the virus infects cells at the erythropoietin (Epo)-dependent stages of di erentiation in the bone mar-
row (Figure 3A)[63][64]. Figure 3B shows the strong correlation between Epo-dependent di erentiation
stages and permissiveness to B19V infection. Cells from the CFU-E to early basophilic erythroblasts,
notably proerythroblasts, are permissive to the infection. The restricted erythroid tropism of B19V
contrasts with the wide expression pro le of globoside (see subsection 1.6.1). As the tropism of B19V
cannot be explained by globoside alone, another receptor or co-receptor has to be involved. In an
attempt to explain the dissonance between globoside expression and B19V tropism, molecules such as
Ku80 autoantigen [65] and integrin o531 [66][67] have been proposed as co-receptors. However, follow-
up studies have shown that neither of the two molecules is exclusively expressed in B19V susceptible

cells [68].

A receptor-binding domain (RBD) was found in the VP1u. The RBD spans amino acids (aa) 5-
80 of the N-terminal of VP1u (see Figure 4)[69]. The phospholipase A2 (PLA2) domain (aa 130-159),
which is also present in the VP1u is not required for uptake and likely plays a role in intracellular
tra cking of incoming virus [69]. The VP1u RBD interacts with an as yet unknown cellular receptor
for uptake [70]. Only cells expressing the VP1u cognate receptor (VP1uR) are permissive for B19V

infection [70]. Furthermore, the VP1uR on its own has proven to be required and su cient for virus
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uptake [71][70], and its expression pro le corresponds precisely with the erythroid tropism of B19V

[72].

1.4.3 B19V associated diseases

B19V is an endemic virus with a worldwide distribution. The main route of transmission occurs
via droplets that come into contact with the upper respiratory mucosa [73]. Alternatively, B19V
can be transmitted through blood transfusion or contaminated plasma-derived therapeutic products
[74][73]. B19V infects and kills erythroid progenitor cells (EPCs) in the bone marrow, which leads
to a temporary cessation of erythropoiesis [75]. Roughly half of young adults (18-24 years old) have
been infected by the virus [76][77], and in people older than 65, the prevalence increases to almost 80
% [76][78]. B19V infection can cause various illnesses and a myriad of symptoms varying in severity.
Chiey, B19V is known as the causative agent of the childhood diseaserythema infectiosum, also
known as fth disease [79]. Often found in schoolchildren,erythema infectiosum is characterized by a
mild rash, usually on the face and/or extremities [80]. In adults, B19V can cause u-like symptoms
and temporary arthralgia [80]. Moreover, in some cases, infections with more dangerous manifestations
are observed. Severe symptoms include transient aplastic crisis, which can lead to severe anemia [75].
In patients with a compromised immune system, persistent anemia can be established [81]. Patients
with HIV may have elevated risks of persistent anemia during B19V infection [82]. Similarly, malaria
patients may su er from severe anemia in the case of a B19V co-infection due to an already diminished
RBC count [83][84]. Myocarditis [85], cardiomyopathy [86] and a general in ammatory response in a
variety of tissues, such as the heart, the brain, and the liver [87] has also been attributed to B19V

infections.

B19V infection during pregnancy can lead to perinatal complications. It is estimated that 1-5 % of
women become infected during pregnancy [88][89], and vertical transmission is estimated to take place
in roughly a quarter of cases [90][91].Hydrops fetalis can develop in roughly 10 % of pregnant mothers
infected with B19V [92][85][90]. Hydrops fetalis is a condition in which an abnormal buildup of uid

is present in various tissues of the fetus and has an up to 50 % perinatal mortality rate [93]. B19V
may also cause spontaneous abortion due fetal organ damage [94]. Despite the recognized risk for
an adverse pregnhancy outcome, the mechanism involved in the dissemination of the virus from the

infected mother to the developing fetus remains unknown.

1.4.4 Immune response to B19V infection

The incubation period of the infection can range anywhere from four days to three weeks, with a median

value of seven days [95][74][96]. During the infection, a viremia is established reaching concentrations

9
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of up to 10" viruses per ml of plasma [97][98]. The peak of viremia coincides with the onset of the
rst clinical symptoms similar to the u or common cold. More speci ¢ symptoms, such as rash and
arthralgia start approximately three to four weeks post-infection.

Flu-like Rash,
symptoms Arthralgia

'\
a-VP1 and N
VP2 IgG N
\
a-VP21gG N
B “~. a-NS11gG
Virus in Moy
saliva b
/ S
[ | | | | | | | [ 7 | | |
0 5 10 15 20 25 30 35 40 Months/Years

Days post infection

Figure 5: Clinical parameters of B19V infection. Viremia and the presence of the virus in saliva is the first detectable
sign of the infection. The production of IgM is followed by IgG [81]. The onset of the main clinical features is denoted by
the blue and red areas. Antibodies against NS1 are represented by a dotted line as they are only present in a minority

of infections. Antibodies against VP2 slowly decline in favour of the more neutralizing VP1 antibodies.

The main defense against B19V infection is mediated by B cell immunity [73]. Both IgM and IgG
antibodies against various viral proteins are produced, mainly targeting the capsid [99][100]. Figure
5 shows the kinetics of antibody production during the infection. IgM antibodies against VP2 epi-
topes are produced rst, leading to decreased viremia. IgM antibodies can persist for some months
but will decline eventually [100]. The presence of IgM is an indication of an ongoing or recent in-
fection. 1gG production occurs after the rst clinical symptoms have abated [101]. They replace the

IgM in the humoral immunity and their level remains stationary, indicating permanent immunity.

The VP1u represents the immunodominant part of the capsid, and as such antibodies against this re-
gion are indispensable for long-term immunity. In contrast, antibodies against VP2 slowly decay over
time after the infection [102]. Accordingly, antibodies that bind the RBD as well as the PLA2 motif

of VP1u were shown to have strong neutralizing properties [103][104][105]. The RBD in the VP1lu
is initially inaccessible to speci c antibodies. However, it becomes exposed during the interaction
of the virus with receptors on susceptible cells [61]. How the VP1u remains masked until interac-

tion with target cells is not well understood. Other parvoviruses (outside of the Erythroparvovirus
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genus) possess a shorter VP1u and their RBDs are located on di erent regions on the capsid sur-
face [106][107][108][109]. Antibodies against the NS1 protein are present in approximately one third
of the infections [110][111]. It has been hypothesized that the presence of anti-NS1 antibodies may
indicate an ine cient clearance of the virus and may be responsible for the development of chronic

arthritis in some patients [110]. However, more recent studies have challenged these ndings and

showed that anti-NS1 can also be found in recovered individuals with no chronic infection [112].

Non-neutralizing or poorly neutralizing antibodies may facilitate viral spread through antibody-
dependent enhancement (ADE). This mechanism occurs through the interaction of the Fc region
of anti-B19V antibodies with Fc receptors expressed in di erent cell types. In cell culture, B19V
internalization was enhanced in the presence of speci ¢ antibodies, suggesting that ADE represents
an alternative virus uptake mechanism into host cells [113][114][113]. While ADE is involved in the
infection of some viruses, such as West Nile virus [115] and Dengue virus [116], it does not seem to
lead to productive B19V infection. However, it may explain the persistence of B19V in various tissues

from immunocompromised patients.

1.5 Replication cycle of B19V

1.5.1 Binding to cells and internalization

The interaction with attachment factors, receptors, and co-receptors expressed on susceptible cells
represents the rst step of the replication cycle of a virus. In the case of B19V, it cannot be discarded
that surface molecules, such as globoside or integrins, play a role in stabilizing the interaction or
facilitating conformational changes in the viral capsid such as the exposure of the RBD in the VP1u.
This is particularly relevant since the RBD is not originally accessible on the native capsid [61][68].
Furthermore, it has been shown that lipid rafts play an important role in the attachment of the virus

to the cells [117]. While VP1uR does not seem to be localized to lipid rafts, it is conceivable that the
aforementioned molecules, in particular the glycosphingolipid globoside, are enriched in lipid rafts.
Following the interaction with the VP1uR, B19V is taken up through clathrin-mediated endocytosis
[117].
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1.5.2 Intracellular tra cking

Following uptake, the clathrin-coated vesicles carrying the virus uncoat and fuse with early endosomes.
B19V spread through the endosomal compartment, eventually reaching the lysosomes [117]. After 10
and 30 min B19V is located in late endosomes and lysosomes respectively [117]. Similar to other
parvoviruses, such as MVM, viral escape from the lysosomes does not appear to be possible [117][118],
potentially due to low PLA2 activity in a strongly acidic environment [119]. This suggests that B19V
escapes from early and/or late endosomes, preventing degradation in lysosomes. The mechanism of
virus escape from the endosomal vesicles remains poorly understood. The low pH of the endosomes is
required for the progression of the infection, as it leads to the necessary capsid conformational changes
that facilitate the translocation of the incoming capsids to the host nucleus where replication takes
place [117][120][121][122][123]. Although the PLA2 activity of the VP1u is required for parvoviruses
to reach the nucleus [119][124], and has been implicated in breaching the endosomal membrane, the
expected endosomal membrane damage has not been observed[117][119][125][126]. After leaving the
endosomal compartment, the tra cking steps towards the nucleus are not well understood. Some
parvoviruses have been shown to accumulate in a perinuclear region via a microtubule and dynein-
dependent transport [127][128][129]. From the perinuclear region, parvoviruses are imported into
the nucleus. Viruses associated with the nucleus have their genome partially externalized but still
associated with the capsid [129]. With a diameter of roughly 25 nm, the virus is small enough to pass
through the nuclear pore complex, which allows the traversal of macromolecules of up to 39 nm [130].
Contrary to many other parvoviruses, B19V does not seem to possess a classical nuclear localization
signal (NLS) motif [131][132][133]. However, the presence of a non-classical NLS sequence mediating

nuclear import cannot be discarded.

1.5.3 Generation of a transcriptionally active genome

Once in the nucleus, the ssDNA of parvoviruses is transformed into a double-stranded transcription
template to generate the viral mMRNAs. This is achieved by extension of the free 3'-OH in one of
the ITRs by a cellular DNA polymerase, potentially DNA polymerase delta [134][135]. Once the
polymerase reaches the 5'-end of the opposite ITR it falls o the viral genome and the two ends
are ligated by a still unidenti ed ligase (Figure 6, steps 1-2) [136][137][138]. This double-stranded
replicative form (dsRF) is the template for DNA replication as well as for transcription of the viral
pre-mRNA [136][139][140]. This form contains the 67 nt long (5214-5280) origin of replication (Ori)
[141].
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Figure 6: Rolling hairpin model of B19V DNA replication. (1) The elongation occurs from the ITR and newly
synthesized DNA is depicted red. (2) Next, a cellular ligase closes the DNA. (3) Expressed NS1 protein nicks the
dsRF at the terminal resolution site (trs). (4-5) The elongation continues from the newly generated 3’-OH while the
NS1 remains bound to the 5-end. (6-7) Newly formed ITRs refold and replication continues, creating a concatemeric
(doublet) form (8). (9) Replication continues to follow the rolling-hairpin model. NS1 is responsible for the cleavage of
the multimeric forms of the DNA to the original single-stranded form to enable packaging. The concatemeric forms are

transcriptionally active and generate early- and late-stage viral proteins.

1.5.4 Transcription of early proteins

The dsRF allows the initiation of transcription from the sole promoter at map unit 6. This p6 promoter
leads to the transcription of a single pre-mRNA (Figure 6, step 2'). Gene expression is controlled by

alternative polyadenylation as well as through di erential splicing.

Polyadenylation  can occur at two sites, which are found at proximal [(pA)p] and distal [(pA)d]
areas of the genome. This is crucial for the production of viral proteins from the left and right sides
of the genome (Figure 7A). The (pA)p readthrough is controlled by replication of the viral genome
[142], which allows access to the (pA)d site and expression of the structural proteins and the 11-kDa
protein[142]. Readthrough of (pA)p is an important permissive factor and determinant of the tropism

of B19V infection.
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Figure 7: (A) The replicative form of the DNA in an accurately scaled view. Prior to transcription, the genome needs
to be converted into a double-stranded form. The p6 promoter drives the expression of precursor mRNAs (pre-mRNA).
With the aid of a proximal and distal polyadenylation site [(pA)p/(pA)d] and differential splicing (D1/D2: splice donor
sites; A1-1, A1-2, A2-1, A2-2: splice acceptor sites) at least five proteins are produced from a total of three ORFs. (B)
Depiction of the most important mRNA transcripts I - VIII. Transcripts not encoding for a protein and those that are
polyadenylated at non-conventional sites are not shown [143]. Red dotted lines represent spliced introns while black lines
illustrate the exons. The expected proteins are indicated by coloured boxes. NS1 (I) and 7.5-kDa (II) are produced early
during the infection, whereas structural proteins (III - VI) and 11-kDa (VII - VIII) are generated later. The 7.5-kDa
protein is also produced from bicistronic mRNAs along with all other viral proteins except NS1 (III, V, VII).
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Di erential splicing enables the processing of pre-mRNAs to the various mature forms (Figure
7B). The key for this processing is the tightly regulated removal of either the rst (D1 to Al-1 or
A1-2) or the second intron (D2 to A2-1 or A2-2) from the pre-mRNA. These narrow regulations are
acquired by speci ¢ motifs, such as exon-splicing and intron-splicing enhancer sites [144]. The binding
of the cellular U1 spliceosomal RNA to the D2 splice site leads to readthrough of the (pA)p site [145].

Alternative splicing has also been shown to in uence di erential polyadenylation [145].

The transcripts that terminate at (pA)p code for the two non-structural proteins NS1 and 7.5-kDa.
NS1 is the rst viral protein expressed during infection and it is the sole protein produced from an
unspliced mRNA. It contains multiple NLS and is almost exclusively found in the nucleus [146]. NS1
is a multifunctional protein that is indispensable for the progression of the infection [147]. Besides the
NLS, NS1 contains a variety of motifs that are crucial for a successful viral replication cycle. Among
other functions, NS1 is necessary for induction of apoptosis, cell cycle arrest [148][149][150] and nicks
the viral DNA at the terminal resolution site (trs) during replication [151]. Its helicase activity and
ability to transactivate the viral promoter play an important regulatory role in the ampli cation of

the genome [150][152]. The function of the 7.5-kDa protein remains unknown. It is produced from
MRNA spliced at D1 to Al1-1. Interestingly, it is the sole protein that can be produced from mRNAs
terminated at (pA)p as well as (pA)d. Thus the 7.5-kDa might play a role both in the early and late

stages of infection.

1.5.5 Replication of the viral genome

Contained within the viral Ori are multiple NS1 binding elements (NSBE) as well as a terminal
resolution site (trs) [141]. NS1 cleaves the dsRF at the trs, creating a 3'-OH which enables the
extension of the DNA through cellular DNA polymerases (Figure 6, steps 3-4). The NS1 remains
bound to the 5'-end of the trs, probably through the NSBE present close to the ITR [141][136]. There,
the helicase activity of NS1 is thought to be important in opening the dsDNA during replication
(see Figure 6, steps 5-6)[151]. As with other parvoviruses, B19V is thought to follow a rolling-hairpin
replication mechanism. This leads to the generation of long concatemeric replicative forms, potentially
with a length multiple times that of the original genome (Figure 6, steps 7-9). Along with the dsRF,
these concatemeric forms are thought to be transcriptionally active and lead to the production of
viral proteins. Out of the concatemers, genome ssDNA molecules are created with the help of the
NS1 endonuclease activity. Various signalling pathways that in uence the B19V DNA replication,
such as DNA damage response, hypoxic signalling, and Epo signalling, are discussed in the following

chapter.
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1.5.6 Viral signalling pathways

Signalling is the second major form of viral tropism, also called receptor-independent tropism [153].
Receptor-independent tropism restricts replication of the virus after cell entry. For successful infection,
a virus requires a suitable intracellular environment with all the necessary factors and signalling
pathways for replication. This means that a virus is unable to infect a cell that expresses the entry
receptor (susceptibility) but lacks important intracellular factors (permissibility). For B19V, multiple

signalling pathways play a complex and interconnected role during viral replication.
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Figure 8: Simplified version of the Epo/EpoR signalling pathway. Upon binding of Epo, Jak2 is recruited, leading
to activation of itself and EpoR through phosphorylation. The most important downstream actors for B19V are the
MEK/ERK and the STAT5 pathways. The former inhibits B19V replication while the latter promotes it.

Epo signalling: Epo signalling was shown to be a prerequisite for B19V infection, whilst not being
required for viral entry [154]. Epo is a glycoprotein that plays an essential role in erythropoiesis.
The cellular receptor for Epo, EpoR, is a dimeric transmembrane receptor. Free Epo is secreted
from the kidney and can bind the EpoR, leading to dimerization and activation of the receptor [155].
Activation of EpoR leads to the activation of cytosolic Janus kinase 2 (Jak2) which, in turn, phos-
phorylates itself and the cytoplasmic tail of EpoR (Figure 8). Without Jak2 or phosphorylation of
EpoR, B19V is unable to start the infection in the target cell [154]. Three downstream branching

pathways are activated through phosphorylation by Jak2: STAT5 (Signal transducer and activator
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of transcription 5), MEK/ERK (mitogen-activated kinase/extracellular signal-regulated kinase), and
PI3K (phosphoinositide-3 kinase) [155]. These three are crucial for the di erentiation and growth of
the EPCs. STAT5 and MEK/ERK directly a ect B19V replication, whereas PI3K is dispensable for
B19V infection. Phosphorylated STAT5 (p-STAT5) is able to bind the replicative form of the B19V
genome at the Ori, which is crucial for replication of the viral genome [156]. p-STAT5 binding leads
to the recruitment of the minichromosome maintenance complex, which promotes the initiation of
viral DNA replication [156]. While STAT5S facilitates replication of the viral genome, Epo-mediated
MEK/ERK activation has a diminishing e ect on the B19V infection [157].

Hypoxia: The O, concentration in the bone marrow is signi cantly lower than that in the blood-
stream. The hypoxic conditions promote B19V infection by improving gene expression and replication
of the DNA [157]. In cell culture, hypoxia leads to increased amounts of infected cells as well as
increasing levels of viable progeny [157]. Hypoxia does not, however, improve the viral entry or traf-
cking of the virus. Instead, it a ects the Epo/EpoR signalling pathway by up-regulation of p-STAT5
and down-regulation of phosphorylated ERK (p-ERK).

DNA damage response (DDR): DDR is a defense mechanism of the cell used to repair its genome
in case of damaged DNA. It also induces cell cycle arrest to prevent the propagation of defective DNA
after heavy DNA damage. DDR is also activated in response to certain viral infections, including B19V
[158][159][160]. The genomic compaosition of B19V with two ITRs divided by a long ssDNA molecule
is a prime example of a structure that triggers DDR. Moreover, viral DNA replication leads to the
creation of new ITRs and nicked genomes, further provoking activation of DDR [159]. Importantly,
the viral infection itself does not lead to signi cant cellular DNA damage [134]. Interestingly, B19V
not only induces DDR through replication of its genome but exploits the various signalling pathways
in order to promote the infection [161][159]. The three major enzymes that are involved in downstream
DDR signalling are all phosphatidylinositol 3-kinase-related kinases, which are activated upon B19V
infection: Ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia and Rad3-related (ATR), and
DNA-dependent protein kinase catalytic subunit (DNA-PKcs)[162][159]. While ATM is dispensable
for the infection, ATR and DNA-PKcs play important roles in B19V replication. Both the activated
forms of DNA-PKcs and ATR pathway lead to phosphorylation of downstream e ectors, such as
replication protein 32 (RPA32) and H2AX [159]. Both are hallmarks of DDR and co-localize with
NS1 inside the nucleus of infected cells [159]. Inhibition of ATR and to a lesser degree of DNA-PKcs
leads to reduced e ciency of replication [159]. B19V may also benet from cellular DDR in other
ways. For example, activation of ATR signalling promotes late S-phase arrest in cells, which in turn

promotes B19V replication [134].
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1.5.7 Late stages of infection

As the viral DNA is replicated in the nucleus, readthrough of the (pA)p site increases, resulting in the
generation of MRNA polyadenylated at (pA)d [142]. This allows the expression of the viral structural
proteins as well as the non-structural 11-kDa. The viral capsid contains approximately 20 times more
VP2 than VP1. In order to maintain a proper ratio between VP1 and VP2, the splicing donor and
acceptor sites D2 and A2-1 are strictly regulated (Figure 7)[163]. Translation of the two structural
MRNASs gives yield to the monomeric capsid proteins which assemble into trimers while still in the
cytoplasm [164][131]. The trimeric capsomers are then transported to the nucleus through a nuclear
localization motif that is only accessible in the non-assembled capsid. Once in the nucleus, 20 of
those timers form the viral capsid, a process that happens spontaneously due to the thermodynamic
favourable symmetrical nature of the virus. The viral DNA is packaged into the capsid through one
of the 12 pores present on the ve-fold axis of symmetry, a process that is likely mediated by NS1
[165][166][64]. As with the two structural proteins, expression of the 11-kDa protein also relies on
distal polyadenylation. Moreover, the binding of a host cell protein, RBM45, to an intronic splicing
enhancer sequence of the viral pre-mRNA facilitates splicing at A2-2 and thus the expression of 11-
kDa [167]. This viral protein is found in vast quantities in the cytoplasm of infected cells [168]. It is
responsible for inducing apoptosis and also improves the production of structural viral proteins through
an unknown mechanism [147]. Moreover, the 11-kDa may inhibit the MEK/ERK pathway, improving
the replication of the viral genome [169][170]. As is the case with most non-enveloped viruses, B19V is
released from the infected cell through lytic egress [64]. Most probably this is mediated by the activity
of 11-kDa and, to a lesser degree, NS1, both inducers of apoptosis[171][172][173].

1.5.8 Limitations of cell culture systems for B19V replication

Almost all the knowledge of the B19V infection stems from cell culture experiments. Infection of
human primary EPCs under hypoxia (1 % O,) is the best method to propagate B19V. However, the
method is laborious and expensive and the viral yield remains modest compared to what is observed
in natural infections. Various cell lines were shown to support B19V infection, such as the erythroid
derived cell lines UT7/Epo [174] MB-02 [175], JK-1 [176], and Ku812Ep6 [177]. In all cases, Epo is
required for virus replication and hypoxia increases the infection e ciency [157][178][179]. However,
these cell lines do not support the late stages of the infection and the production of infectious progeny
is extremely limited or not possible [179]. Improper read-through at (pA)p site leads to high NS1
expression levels but low levels of structural proteins and 11-kDa. While viral capsids can be detected
intracellular and in the supernatant, the vast majority is empty, suggesting that packaging of the

viral DNA is a rate-limiting step for B19V propagation in cell culture [179]. The currently available
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cell lines are therefore only semi-permissive. They are useful to study early steps in the infection,
including uptake, tra cking, and initial replication and transcription events, but they do not allow
e cient propagation of the virus. This situation hinders basic research on B19V, and certain studies,

like mutagenesis, using an infectious clone, are not possible, due to the insu cient progeny mutant
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Figure 9: Images of UT7/Epo cells obtained by confocal microscopy (A) or by using a transmission electron microscope
(TEM) (B). The cells have a diameter of roughly 15 pym. The TEM image highlights the characteristically large nucleus

and comparatively small cytoplasm for these cells. N: nucleus, E: nucleolus, C: cytoplasm.

1.5.9 The conundrum of the B19V route of infection

The exact route of infection for B19V is not well understood. The virus is transmitted via the
respiratory route. Droplets from an infected person are taken up through the mouth or the nose and
lead to infection and viremia a few days later [73]. The rst interaction of B19V with the host occurs
in the airway epithelial cells. It is an open question how the virus interacts with these cells, as the
expression of the VP1uR is limited to EPCs in the bone marrow. Moreover, the virus requires Epo
for propagation, which is not present in the airway epithelium. It is therefore improbable that the
virus has the possibility to replicate in these cells. It is also unlikely that B19V crosses the epithelial
barrier through spaces between cells. This is highlighted by the inability of the B19V PLAZ2 to disturb
tight junctions compared to the PLA2 of HBoV, a parvovirus that infects and replicates in the human
airway [180]. The mechanism underlying the dissemination of B19V from the infected mother to the
fetus also remains unexplained. The mechanism by which the virus crosses the airway epithelium
and the placental barrier must follow an as yet undiscovered pathway, involving di erent receptors

compared to those involved in the productive infection of EPCs in the bone marrow.
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1.6 Globoside

Globoside, also known as P antigen, globotetraosylceramide, Gb4Cer, or Gb4, is a GSL present on the
surface of a wide variety of cell types in multiple organisms (see subsection 1.6.1). GSLs are some of
the most abundant glycolipids on cell surfaces. They are made out of one or multiple glycans linked to
a ceramide core. Globoside consists of a glucose moiety linked to ceramide followed by two galactose
moieties and a terminal N-acetylgalactosamine (Figure 10). Interestingly, the oligosaccharides from
major glycosphingolipids, such as globoside, can also be found linked to proteins, not just to ceramide
[181]. Itis estimated that roughly 15 % of the globoside-glycans are present in the form of glycoproteins

[181]. How these proteins are modi ed remains unknown.

Globoside is of key relevance for this thesis due to its proposed role as the receptor of parvovirus B19.
The current literature concerning the interaction of globoside and B19V is presented in subsection
1.4.2. The following chapters will provide an extensive overview of globoside, i.e., expression pro le,

biosynthesis, and function.

CH,

Figure 10: Structural depiction of globoside. It has the chemical composition GalNAcB1-3Galal-4Gal31-4Gle-Cer.
The membrane-embedded ceramide (blue) is made out of a sphingosine molecule as well as a fatty acid of variable length

(R). The polar headgroup consisting of four sugars extends into the extracellular space.

1.6.1 Expression pro le of globoside

Globoside has been proposed to play a function as the primary receptor of B19V [57]. Individuals
without globoside are resistant to the virus, indicating its essential role in the infection [58]. Ac-
cordingly, the expression pro le of globoside can facilitate the understanding of the mechanism of
virus entry through the respiratory epithelium, dissemination to the bone marrow and the fetus for

productive infection, and back to the respiratory tract for transmission.

Globoside is found on a variety of blood cells, including RBCs [182], platelets [183], undi erentiated

blast-cells [184][67], erythroblasts [184][67], promyelocytes [67], monocytes [185], macrophages [186],
and lymphocytes [187][188]. Moreover, globoside has been found freely in the plasma [189] as well
as associated with serum lipoproteins [190]. Globoside is also expressed in various types of tissue,

including lung, heart, synovium, liver, kidney, smooth muscles, bowel mucosa [183], and placental
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trophoblasts [191]. It is even present on the surface of dental epithelial cells [192]. Interestingly, while
globoside is abundantly expressed on human RBCs [182], only trace amounts are found in rabbit
RBCs [193]. RBCs from other animals such as tamarin, horse, sheep, guinea-pig, chicken and, turkey
also are thought to have a lower globoside content compared to human RBCs, as they are unable to
agglutinate in the presence of B19V [194]. The clear lack of globoside has only been reported on a few
cells, such as in neutrophils [195] and in the brain tissue [183]. The abundant expression of globoside

in the human body stands in direct contrast to the strict tropism of B19V.

1.6.2 Globoside metabolism in the cell

The rst step of GSL synthesis begins in the endoplasmic reticulum (ER) where ceramide is synthe-
sized. Figure 11A highlights the entire cycle of globoside biosynthesis. Ceramide is transported to
the proximal cis-Golgi apparatus, most probably through COPII vesicles [196][197], where it is gluco-
sylated to form glucosylceramide (GlcCer). As is shown in Figure 11B, this reaction is catalyzed by
a glucosyltransferase and occurs at the cytosolic surface of the Golgi apparatus [198]. GlcCer is then
transported to the trans-Golgi network (TGN) in a non-vesicular manner mediated by the lipid-transfer
protein FAPP2 [199]. A membrane pump, most likely P-Glycoprotein, then ips the GlcCer to the
lumen side of the TGN [200][201]. There, GlcCer is galactosylated to form lactosylceramide (LacCer)
[202][203]. In the TGN LacCer is then used as a substrate by the Gb3 synthase A4GalT to produce
Gb3 [204], which in turn is a substrate for B3GalNT1 to create globoside [199][205]. The expression
of globoside is thus controlled by multiple factors, such as the presence of the necessary precursor, the
availability of the required sugars, the compartmentalization of enzymes involved in the synthesis as
well as the expression of the required glycosyltransferases at a genetic level. The sequential action of

the various enzymes involved in their biosynthesis determines the fate of a glycosphingolipid.

Because those biosynthetic pathways are branched, a certain substrate can potentially be used by
multiple glycosyltransferases in the same compartment of the Golgi apparatus. This leads to compe-
tition between the enzymes for their substrate [206]. To this end, it has been shown that globoside is
produced from ceramides that contain long-chain fatty acids (G2:0 and larger), suggesting that the
type of ceramide in uences the a nity of the transferases [207][208]. After its synthesis, globoside is
transported to the plasma membrane, most likely by lipid carrier proteins [209]. Since the ceramide
tail of globoside is inserted into the luminal lea et of the Golgi apparatus, globoside is strongly en-
riched in the exoplasmic lea et after transport to the plasma membrane [210][209]. Glycosphingolipids
targetted for degradation are transported to the lysosome via early and late endosomes after invagi-
nation of the corresponding membrane. There, degradation of globoside takes place with the help

of acid hydrolases, which remove terminal sugars in a speci c and sequential manner [211][212]. For
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short glycosphingolipids with only a few sugar residues, an additional sphingolipid activator protein
is required for successful degradation [212]. Ceramide is then further broken down into sphingosine
and a fatty acid [213]. The degradation products, including monomeric sugars, leave the lysosomes

and can eventually be reused by the cell [212].
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Figure 11: (A) Globoside metabolism cycle in a cell. Synthesis of ceramide starts in the ER out of sphingosine and a fatty

acid coupled to acyl-CoA. This is followed by transport to the cis-Golgi. Compartmentalization of glycosyltransferases
allows the production of specific glycosphingolipids. From the TGN, globoside is transported to the cell surface where
it fulfils various roles (see chapter 1.6.3). Degradation of globoside is a stepwise process that occurs through the acidic
environment of the endosomal route. Sph: sphingosine, Cer: ceramide, IC: intermediate compartment. (B) Detailed

representation of globoside synthesis out of GlcCer in the Golgi through the sequential action of various enzymes.
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1.6.3 The role of globoside in the cell

GSLs can roughly be divided into two functional groups, they can act as signal transducers, playing
an important role in cell proliferation and di erentiation, or they can act as receptors for various
substrates [214]. Globoside is involved in signalling by interacting directly with EGFR (epidermal
growth factor receptor), a receptor tyrosine kinase on the cell membrane [215]. As such, globoside has
the ability to phosphorylate EGFR as well as ERK [215], both players of the ERK/MEK pathway. This
pathway plays a crucial role in the regulation of cell cycle entry and proliferation [216]. As activation

of the MEK/ERK pathway was shown to lead to a lower B19V replication, it seems unlikely that
globoside plays a crucial signalling player during B19V infection. Further, globoside promotes the
formation of ameloblasts by increasing the di erentiation rate of dental epithelial cells [217]. It has
also been proposed that globoside may play a role during early embryogenesis, speci cally for signalling

and adhesion, although the speci ¢ mechanisms are undetermined [218][216].

1.6.4 Globoside expression phenotypes

Globoside and the mutations in uencing its expression are fundamental in understanding B19V in-
fection. There are di erent underlying genetic mechanisms that govern the presence or absence of
the various GSLs. Globoside is found in practically all individuals, no matter their ethnicities. In

individuals with the so-called P¥ or P& phenotypes (referred to as P, from now on), the B3GaINT1

1/2
gene coding for globoside synthase is non-functional. All the othe/r related glycosyltransferases are
una ected, leading to the accumulation of Gb3 [219]. In contrast to this, in individuals with the so-
called p phenotype, globoside synthase is active but A4GalT, the enzyme responsible for the synthesis
of Gbg3, is aberrant, which also leads to the absence of globoside. The p phenotype was found to be
extremely rare, around six in a million [220]. The P’f/2 phenotypes are estimated to be even rarer,
with an estimated frequency of one per million [219], although both p and P%/Q phenotypes seem to be

more frequent in certain regions of Japan and Sweden compared to the rest of the world [220].

1.6.5 Globoside associated diseases

RBCs of the p phenotype show accumulation of LacCer, whereas the ’iF;Q

increased levels of Gb3 [207][221]. Both of these phenotypes also show a general increase in ganglioside

phenotypes have strongly

levels [207][221]. Despite this and the possible e ects of globoside for the cell, discussed in subsection

1.6.3, RBCs from p and F*

/2 individuals appear structurally and functionally normal [207]. Still, it

has been shown that the presence of anti-globoside antibodies (present in p ancf}g phenotypes) can
be the cause for early abortions and miscarriages due to a blood disorder in the fetus [222][223][220].

Next to B19V, other viruses may also be a ected by the presence or absence of globoside. Namely, the
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fusion of HIV with its target cells was shown to be a ected by Gb3. Recent experiments have shown
that mononuclear blood cells expressing increased amounts of Gb3 showed strong inhibition of HIV
infection [219]. This means that individuals with the P’f/2 phenotypes, which show an accumulation
of Gb3 due to a non-functional globoside synthase, are less susceptible to HIV whereas those with the

p phenotype, which completely lack Gb3, are hypersusceptible [219].
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1.7 Thesis outline

At the start of my thesis, the foremost aim was to elucidate the role of globoside for B19V infection.
Previous results in the literature showed that globoside is the primary cellular receptor of B19V, and it
is essential for the infection [67][57]. However, the function of globoside as the B19V receptor remains
controversial due to the contradictory data regarding its interaction with the virus and its ubiquitous

expression pro le, which does not correlate with the restricted viral tropism.

Elucidating the essential role of globoside could improve our fundamental understanding of B19V. As
the project progressed and new data was continuously generated, additional goals could be de ned.

Summarized below are the two most central questions that | set out to answer:

1) What is the exact role of globoside in B19V infection?

2) What is the nature of the VP1uR?

Approach:

In an attempt to untangle con icting results from the literature, the generation of a globoside knockout
cell line was undertaken. In such a manner we aimed to separate the function of globoside from that of
the VP1uR and possible co-receptors. Globoside is not a protein and consequently cannot be directly
removed genetically. Instead, the enzyme responsible for its biosynthesis was targeted. Moreover,
as cells from individuals without globoside are essentially normal [207], we hypothesized that genetic
removal of globoside expression would be possible without a signi cant change in phenotype. The
newly developed CRISPR/Cas9 system was therefore chosen to enable speci c and e cient disruption

of the B3GalNT1 gene and thus prevent the synthesis of globoside.

In order to uncover the nature of the VP1uR, we aimed to employ proximity-based labeling, a state-
of-the-art technique that allows a modifying enzyme to selectively tag proteins with biotin in the
vicinity of the receptor-binding site. To this end, recombinant VP1u was fused to horseradish peroxi-
dase (HRP). The binding of the VP1u-HRP construct to the VP1uR enables HRP to label proximal

proteins, which are subsequently puri ed with neutravidin beads.
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2 Results
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[ Preface |
—

This section will present the key ndings of my PhD studies. A large part of the results is

presented in the form of two publications. Additional ndings that could not yet be nalized

into a paper are included as well. Here, | would like to give a brief summary of the results:

In my rst publication, Globoside is Dispensable for Parvovirus B19 Entry but
Essential at a Postentry Step for Productive Infection , the generation of a globoside
knock-out cell line is detailed. Further, we found that globoside de cient cells still allow uptake

of the virus but do not permit viral replication.

With the second publication, Human parvovirus B19 interacts with globoside

under acidic conditions as an essential step in endocytic tra cking , we went into
further detail to elucidate the still nebulous interplay between B19V and globoside. We were
able to show that the virus only interacts with globoside under acidic (low pH) conditions,
thus proving that no interaction between B19V and globoside occurs in the bloodstream. At
the same time, the interaction of B19V with globoside in the acidic endosomal compartments

was found to facilitate endosomal escape.

Lastly, in chapter 2.1 a proximity labeling based approach for the identi cation of

the VP1uR s described.
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Globoside Is Dispensable for Parvovirus B19 Entry but
Essential at a Postentry Step for Productive Infection

Jan Bieri,® (¥’ Carlos Ros?
2Department of Chemistry and Biochemistry, University of Bern, Bern, Switzerland

ABSTRACT Globoside (Gb4) is considered the primary receptor of parvovirus B19
(B19V); however, its expression does not correlate well with the attachment and re-
stricted tropism of the virus. The N terminus of VP1 (VP1u) of B19V interacts with an
as-yet-unknown receptor required for virus internalization. In contrast to Gb4, the
VP1u cognate receptor is expressed exclusively in cells that B19V can internalize. With
the aim of clarifying the role of Gb4 as a B19V receptor, we knocked out the gene
B3GaINT1 coding for the enzyme globoside synthase in UT7/Epo cells. Consequently,
B3GalINT1 transcripts and Gb4 became undetectable in the knockout (KO) cells with-
out affecting cell viability and proliferation. Unexpectedly, virus attachment, internal-
ization, and nuclear targeting were not disturbed in the KO cells. However, NS1 tran-
scription failed, and consequently, genome replication and capsid protein expression
were abrogated. The block could be circumvented by transfection with a B19V infec-
tious clone, indicating that Gb4 is not required after the generation of viral double-
stranded DNA with resolved inverted terminal repeats. While in wild-type (WT) cells,
occupation of the VP1u cognate receptor with recombinant VP1u disturbed virus
binding and blocked the infection, antibodies against Gb4 had no significant effect.
In a mixed population of WT and KO cells, B19V selectively infected WT cells. This
study demonstrates that Gb4 does not have the expected receptor function, as it is
dispensable for virus entry; however, it is essential for productive infection, explain-
ing the resistance of the rare individuals lacking Gb4 to B19V infection.

IMPORTANCE Globoside has long been considered the primary receptor of B19V.
However, its expression does not correlate well with B19V binding and uptake and
cannot explain the pathogenesis or the remarkable narrow tissue tropism of the vi-
rus. By using a knockout cell line, we demonstrate that globoside does not have the
expected function as a cell surface receptor required for B19V entry, but it has an
essential role at a postentry step for productive infection. This finding explains the
natural resistance to infection associated with individuals lacking globoside, contrib-
utes to a better understanding of B19V restricted tropism, and offers novel strate-

gies for the development of antiviral therapies. Citation Bieri J, Ros C. 2019. Globoside is

. . . . dispensable for parvovirus B19 entry but
KEYWORDS B3GalNT1, Gb4, P antigen, parvovirus B19, glObOSIde, glObOSIde essential at a postentry step for productive

synthase, receptor, virus entry, virus tropism infection. J Virol 93:e00972-19. https://doi.org/
10.1128/JV1.00972-19.
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uman parvovirus B19 (B19V) is a prominent human pathogen which is typically California, Irvine
associated with erythema infectiosum, or fifth disease, a worldwide disease affect- Copyright © 2019 American Society for
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VP2 (58 kDa) and 5% are VP1 (83 kDa) (3). VP1 is identical to VP2 except for an
additional N-terminal region of 227 amino acids, the “VP1 unique region” (VP1u).
Although VP2 proteins are the main component of the capsid, VP1u is critical to elicit
an efficient immune response (4). The N terminus of VP1u is rich in neutralizing epitopes (5,
6), denoting the critical role of this region in the infection process.

B19V has an exceptionally narrow tissue tropism almost exclusively infecting human
erythroid progenitor cells in the bone marrow. During natural infection, B19V can
replicate in cells from the erythroid lineage at the BFU-E and CFU-E stages of differen-
tiation, which accounts for the hematological disorders observed during the infection
(7). The neutral glycosphingolipid globoside (Gb4), also known as P antigen, is consid-
ered the primary cellular receptor of B19V (8). A large body of evidence suggests that
B19V recognizes Gb4 and that its expression is important for infection. Gb4 is expressed in
various types of cells, but it is particularly abundant in human erythroid progenitor cells
in the bone marrow, which are also the natural host cells of the virus (7). B19V exhibits
hemagglutinating activity, which can be inhibited by soluble or lipid-associated Gb4 (9,
10). Binding of B19V to Gb4 was demonstrated by thin-layer chromatography (8).
Cryo-electron microscopy (cryoEM) image reconstructions suggested that B19V binds
Gb4 in the depressions on the 3-fold axes of the capsid (11). Probably the most
convincing finding suggesting the essential role of Gb4 in B19V infection is the fact that
the rare individuals lacking Gb4 are not susceptible to the infection and, accordingly,
have no detectable B19V antibodies (12). The reason for the resistance to B19V
infection has been attributed to the lack of the primary receptor required for virus
internalization. However, attempts to demonstrate the specific role of Gb4 as the
primary receptor required for virus entry into permissive cells have not been undertaken.

The pathogenicity and extreme narrow tropism of B19V do not correlate with the
wide-ranging Gb4 expression. It was shown that different expression levels of Gb4 in
cells do not correlate with B19V binding to the cells and that its expression is required
but not sufficient for productive infection (13). Attempts to demonstrate B19V binding
to membrane-associated Gb4 in vitro failed. No binding signals above background
controls were observed in sensitive assays employing fluorescence-labeled liposomes,
radiolabeled B19 protein capsids, surface plasmon resonance, and isothermal titration
microcalorimetry (10). In this study, cryoEM image reconstruction at high resolution
also failed to confirm B19V binding to Gb4. In another study, binding of B19 virus-like
particles (VLPs) to Gb4 in supported lipid bilayers was reported (14). These contradic-
tory results may be explained by a complex interaction in which glycosphingolipid
clustering, accessibility, and other plasma membrane molecules may influence the
binding to Gb4. Besides Gb4, other glycosphingolipids have been shown to interact
with B19V (15).

Although under certain conditions, the interaction of B19V with Gb4 seems unde-
niable, its role as the primary receptor required for virus entry remains uncertain.
Despite Gb4 expression, some cell lines cannot be infected because the virus cannot be
internalized, thus suggesting that other receptor molecules are critical for the uptake of
the virus into susceptible cells. 581 integrin (16) and Ku80 autoantigen (17) have been
proposed as potential coreceptors for B19V infection. However, the restricted uptake of
B19V does not correspond with their expression profiles. In an earlier study, we showed
that VP1u contains a receptor-binding domain (RBD), which mediates the uptake of the
virus (18, 19). The receptor that binds the VP1u-RBD has not yet been identified, but its
expression profile is far more restricted than that of Gb4, limiting B19V internalization
and infection exclusively in cells at erythropoietin-dependent erythroid differentiation
stages (20). Although VP1u is not accessible in native capsids, interaction with surface
receptors in susceptible cells can render VP1u accessible (21, 22). This process could be
partially reproduced by incubation of native capsids with soluble Gb4 (23).

Nevertheless, despite substantial efforts, the unequivocal interplay of B19V with Gb4
in the context of a capsid-receptor interaction required for virus entry has not yet been
demonstrated. To clarify the role of Gb4 as the primary virus receptor, the B3GalNT1
gene, coding for globoside synthase, was knocked out. The loss of this enzyme, which
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FIG 1 Generation of B3GalNT1 KO UT7/Epo cell line. (A) Schematic depiction of the biosynthetic pathways of the (neo)lacto- and
globo-series. Globoside (Gb4-ceramide) is synthesized out of Gb3-ceramide with the help of globoside synthase (B3GaINT1). (B) A set of
plasmids was employed to disrupt the B3GalNT1 gene. The CRISPR/Cas9 knockout plasmid was used to generate double-strand breaks
at the target site using Cas9 endonuclease. A gRNA specific for the B3GaINT1 gene was used as a guide for Cas9. The homology-directed
repair (HDR) plasmid provided homologous 5" and 3’ arms of the cleavage site and could be used as a template for the double-strand
break, leading to the disruption of the gene and introducing a puromycin resistance and RFP marker. (C) Cells cotransfected with the two
plasmids showed a yellow fluorescence from the GFP and RFP markers (3 days posttransfection). Cells were sorted in consecutive FACS
(13, 42, and 62 days posttransfection) and a single-cell sort to select RFP-expressing cells.

RFP

catalyzes the transition of globotriaosylceramide (Gb3) to Gb4 (24), leads to the
elimination of Gb4 and downstream glycosphingolipids. The B3GaINT1 knockout (KO)
cell line was used to investigate the contribution of Gb4 to virus entry. The results
revealed an unexpected essential role of Gb4 at a postentry step.

RESULTS

Generation of B3GalNT1 KO UT7/Epo cell line. To determine the role of Gb4 in
B19V infection, we sought to generate a UT7/Epo cell line devoid of Gb4. To this end,
the B3GaINT1 gene, coding for globoside synthase, was knocked out. Globoside
synthase is responsible for the biosynthesis of Gb4 from its precursor Gb3 (24). The
knockout of the B3GalNT1 gene would abolish the synthesis of Gb4 and its downstream
glycosphingolipids (Fig. 1A). The strategy of the knockout is depicted in Fig. 1B.
UT7/Epo cells were cotransfected with two plasmids, one coding for Cas9 endonuclease
and one of three genomic RNAs (gRNAs) targeting the B3GalNT1 gene, and a second
plasmid containing homologous arms for homology-directed repair and a cassette con-
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FIG 2 B3GaINT1 KO UT7/Epo cells lack B3GaINT1 transcripts, do not express Gb4, and proliferate normally. (A)
Detection of B3GaINT1T mRNA. Total mRNA was isolated from WT cells and from two single cell-derived RFP-
expressing clones (KO1 and KO2) and used to detect B3GaINT1 transcripts by RT-qPCR. The amplicons were used
in a nested PCR to ensure sufficient sensitivity. Dilutions (1% and 10%) of the WT amplicons were loaded as a
reference. GAPDH mRNA was used as a loading control. (B) Detection of Gb4 by immunofluorescence. WT and KO
cells were stained with anti-Gb4 antibody, fixed, and visualized by confocal microscopy. Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI). (C) Phase-contrast images of WT and KO cells showing no morphological
differences. (D) Cell proliferation of WT and KO cells. Cells were incubated at 37°C and counted at the indicated
days.

taining red fluorescence protein (RFP) and a puromycin coding sequence. Fluorescence-
activated cell sorting (FACS) was used to concentrate RFP-expressing cells by two bulk cell
sortings before performing a final single-cell sort (Fig. 1C).

Knockout cells lack B3GalNT1 transcripts, do not express Gb4, and proliferate
normally. The presence of B3GalNT1 transcripts was tested in the WT and transfected
cells. Total poly(A) mRNA was isolated and used to detect B3GaINT1T mRNA by reverse
transcription-PCR (RT-PCR). While in WT cells, an amplicon of the expected size was
detected, no detectable signal was observed from two independent single cell-derived
RFP-expressing clones. A nested RT-PCR allowed the detection of B3GalNT1 mRNA from
1% of WT cells. Despite the increased sensitivity, B3GaINT1 transcripts remained undetect-
able in the transfected cells (Fig. 2A). The expression of Gb4 was examined by confocal
immunofluorescence microscopy with a specific antibody (25). Gb4 was abundantly
expressed in WT cells; however, no specific signal was detectable in the transfected cells
(Fig. 2B). A common feature of parvoviruses is their dependence on host cell factors
present during cell replication. Hence, it was important to verify that the removal of
B3GalNT1 did not alter the replication rate of the cells compared to the WT cells. The
two cell types showed no visible morphological differences (Fig. 2C) and exhibited
similar growth curves (Fig. 2D).

Gb4 is dispensable for B19V cell attachment and internalization. WT and Gb4
KO UT7/Epo cells were used to compare B19V binding and internalization by confocal
immunofluorescence microscopy. KG1a cells were used as controls. These cells derived
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FIG 3 Gb4 is dispensable for B19V cell attachment, internalization, and VP1u exposure. (A) Detection of B19V
attachment by immunofluorescence. B19V was incubated with cells at 4°C for 1 h, followed by four washes with
cold PBS. Cells were fixed, stained with antibody 860-55D against capsids, and visualized by confocal microscopy.
(B) Detection of B19V internalization by immunofluorescence. B19V was incubated with cells at 37°C for 1 h,
washed four times with PBS, and trypsinized to remove noninternalized viruses. Cells were fixed, stained with
antibody 860-55D, and visualized by confocal microscopy. (C) Quantification of B19V attachment. B19V was
incubated with cells at 4°C for 1 h, followed by four washes with cold PBS. The number of virions bound to the cells
was quantified by PCR. (D) Quantification of B19V internalization. B19V was incubated with cells at 37°C for 1 h,
washed four times with PBS, trypsinized to remove noninternalized viruses, and quantified by PCR. WT cells
incubated at 4°C serve as negative controls (no internalization). (E) Quantification of VP1u exposure from free virus
or bound to cells. Virions were immunoprecipitated with antibody 860-55D against capsids (total capsids) and a
rabbit antibody against the PLA, region (a-VP1u), followed by qPCR. Normal rabbit IgG was used as a negative
control. P values were calculated according to Student’s t test. *, P < 0.05; **, P < 0.01; ns, no significant difference.

from bone marrow acute myelogenous leukemia and lack the VP1u cognate receptor
required for virus internalization (18). B19V was incubated with the cells for 1 h at 4°C.
After several washing steps, the cells were fixed and stained with antibody 860-55D
against intact capsids. As shown in Fig. 3A, B19V was able to bind WT and KO cells
without noticeable differences. Binding to KG1a cells was less efficient. To verify the
capacity of B19V to internalize, the cells were incubated at 37°C for 1 h, trypsinized to
remove noninternalized viruses, fixed, and examined by confocal microscopy. Similar to
the binding assay, no significant difference was observed in cells with or without Gb4.
The virus internalized and displayed the characteristic endocytic distribution (Fig. 3B).
As expected, B19V was unable to internalize KG1a cells, which lack the VP1u cognate
receptor required for virus uptake. The capacity of B19V to bind and internalize WT and
Gb4 KO cells was examined by quantitative PCR (qPCR). B19V was incubated with the
cells for 1 h at 4°C for binding or at 37°C for internalization. Cells incubated at 37°C for
1 h were trypsinized to remove noninternalized virus. Cells incubated at 4°C served as
controls (no internalization). Total DNA was extracted, and the amount of viral DNA was
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FIG 4 Nuclear targeting and viral DNA accessibility are not disturbed in Gb4 KO cells. (A) Absence of cytoplasmic
contamination from two nuclear preparations (Nuc1 and Nuc2). Lamin A/C (nuclear inner membrane), SERCA2
ATPase (endoplasmic reticulum), and GAPDH (cytoplasmic proteins). WC, whole cells. (B) Nuclei from infected cells
were isolated at 10 min and 3 h postinfection and were treated or not with DNase I. Total DNA was extracted and

the viral DNA was quantified by PCR. *, P < 0.05; ***, P < 0.001; ns, no significant difference.

quantified by qPCR. Regardless of the presence or absence of Gb4, B19V was able to
bind (Fig. 3C) and internalize (Fig. 3D) UT7/Epo cells without significant differences,
confirming the results obtained by confocal immunofluorescence microscopy. Similar
results were obtained from two independent single cell-derived knockout clones.

Gb4 is dispensable for VP1u externalization. In previous studies, we showed that
B19V VP1u is not accessible on the capsid surface but becomes accessible upon
interaction with susceptible UT7/Epo cells and erythrocytes at 4°C (21, 22). This con-
formational change was partially reproduced upon incubation of B19V with soluble
Gb4 (23). Later, we demonstrated that this rearrangement is essential to allow the
interaction of VP1u with its cognate receptor required for virus internalization (18-20).
Since B19V is able to internalize in KO cells, it can be assumed that receptor molecules
other than Gb4 can mediate the conformational change. To test this hypothesis, B19V
was incubated with the cells at 4°C to allow attachment. After several washing steps
and cell lysis, the virions were immunoprecipitated with antibody 860-55D against
capsids (total capsids) and an antibody against VP1u, followed by gPCR. While in native
free virions VPTu was mostly not accessible, it became largely exposed following
attachment to WT or to KO cells without significant differences (Fig. 3E). This result
confirms that Gb4 is not required for VP1u exposure and explains the capacity of the
virus to internalize KO cells.

The absence of Gb4 does not affect either the accumulation of the incoming
B19V in the nuclear fraction or the externalization of the viral DNA. To verify
whether the internalized virus is able to follow the infectious route and traffic to the
nucleus in the absence of Gb4, nuclei from infected cells were isolated and tested for
the presence of B19V DNA. The integrity of the isolated nuclei was judged by light
microscopy after trypan blue staining. The purity of the nuclear fraction and the
absence of cytoplasmic contamination were verified using antibodies against lamin
A/C (nuclear inner membrane marker), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; cytosolic marker), and sarco/endoplasmic reticulum Ca2*-ATPase (SERCA;
endoplasmic reticulum marker) (Fig. 4A). Nuclei isolated after 10 min of infection served
as negative controls. Viral DNA was quantified from the purified nuclei by gPCR, and the
results were normalized by the quantification of the B-actin gene. At 3 h postinfection
(pi), similar amounts of viral DNA accumulated in the nuclear fraction from WT and KO
cells (Fig. 4B). In a recent study, we showed that a large proportion of B19V particles
accumulating in the nuclear fraction of the infected cells have the viral DNA accessible
and therefore are sensitive to nuclease digestion (26). As shown in Fig. 4B, the amount
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FIG 5 NS1 expression is blocked in Gb4 KO cells. (A) Detection of NS1 transcripts in WT and KO cells. Cells
were infected with the indicated genome eqlvalents per cell. Total mMRNA was extracted at increasing
hours postinfection (hpi), and the NST mRNA was quantified by RT-qPCR. (B) Detection of NS1 protein by
Western blotting at increasing days postinfection (dpi). Cells were infected with 4 X 10 geq/cell. GAPDH
was used as a loading control. Mock-infected samples were used as a negative control. (C) Detection of
NS1 by immunofluorescence confocal microscopy. Cells were infected with a high dose of B19V (4 X 10°
geq/cell). At 4 days postinfection, the cells were fixed and stained with a human NS1 antibody and a goat
anti-human Alexa Fluor 488.

of nuclease-sensitive virus was also similar between WT and KO cells. These results
indicate that in the Gb4 KO cells, the internalized virus can reach the nuclear fraction
and can externalize the DNA with the same efficiency as in wild-type cells.

Gb4 is essential for NS1 expression. In UT7/Epo cells, the expression of NS1 occurs
early after nuclear entry (27) and is required for DNA replication and productive
infection (28, 29). The presence of NST mRNA in WT and KO cells was tested at increasing
times pi by an NS1-specific quantitative RT-PCR. While increasing amounts of NS1 tran-
scripts were detected in the WT cells, no NS1 transcripts above the background level
were detected in Gb4 KO cells (Fig. 5A). The presence of NS1 proteins was examined by
Western blotting with a monoclonal antibody (MAb) against the NS1 protein (30). In WT
cells, the NS1 protein was detectable from day 1 pi. However, in KO cells, NS1 proteins
remained undetectable up to day 4 pi (Fig. 5B). The absence of NS1 expression in KO
cells was further confirmed by immunofluorescence microscopy with the antibody
against NS1 (Fig. 5C). Similar results were obtained from two independent single-cell-
derived knockout clones.

B19V DNA replication and capsid proteins are not detectable in Gb4 KO cells.
Following second-strand synthesis, NS1 is required to initiate and maintain virus
replication through a rolling hairpin mechanism, which involves the resolution of the
inverted terminal repeats (ITRs) (29). Accordingly, the lack of NS1 in KO cells should
prohibit virus replication and subsequent steps of the infection, such as capsid protein
expression. To verify the capacity of B19V to replicate, WT and KO cells were infected
and at 1 h and 3 days pi, low-molecular-weight DNA was extracted, and B19V DNA
species were examined by Southern blotting. Incoming single-stranded DNA (ssDNA)
species were detected in both cell types. In infected WT cells, monomer and dimer
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FIG 6 B19V DNA replication and capsid proteins are not detectable in Gb4 KO cells. (A) Southern blot analysis of
low-molecular-weight DNA extracted from infected cells at the indicated times postinfection. Linearized pM20
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blot analysis of low-molecular-weight DNA extracted from infected cells at 3 days postinfection and digested or not
with Kpnl. (C) Detection of VP1/VP2 transcripts in WT and KO cells. Cells were infected with the indicated genome
equivalents per cell. mRNA was extracted at increasing hours postinfection (hpi), and the VP1/VP2 mRNA was
quantified by RT-qPCR. (D) Detection of viral capsid proteins by Western blotting with antibody 3113-81C at
increasing days postinfection (dpi). GAPDH was used as a loading control. (E) Detection of viral capsid proteins by
immunofluorescence confocal microscopy. Cells were infected with a high dose of B19V (4 X 10° viruses per cell).
At 4 days postinfection, the cells were fixed and stained with mouse antibody R9283 and goat anti-mouse Alexa

Fluor 488.

replicative forms (mRF and dRF, respectively) were detected, confirming the existence
of an active replication process. However, only a small amount of DNA with a molecular
weight corresponding to mRF was observed in KO cells, probably corresponding to
unprocessed covalently closed double-stranded DNA (dsDNA) or self-hybridized incom-
ing ssDNA of opposite polarity (Fig. 6A). Kpnl digestion confirmed the presence of viral
dsDNA species in WT and KO cells (Fig. 6B).

The active replication of the viral DNA enhances readthrough of the proximal
poly(A) and the polyadenylation of transcripts at the distal poly(A), which encode for
the capsid proteins (31). Therefore, the absence of NS1 and virus replication in the KO
cells should prohibit the generation of transcripts encoding structural proteins. As
expected and regardless of the quantities of virions used, capsid protein mRNA was
undetectable in KO cells (Fig. 6C). While capsid proteins accumulated at increasing days
pi in WT cells, no detectable proteins were observed in KO cells (Fig. 6D). The lack of
capsid protein expression was further confirmed by immunofluorescence microscopy
with an antibody against viral structural proteins (Fig. 6E).
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FIG 7 Transfection with a B19V infectious clone can circumvent the Gb4 block. Transfection of WT and
KO cells with pM20. (A and B) mRNA was extracted 1 h or 72 h posttransfection and quantified by
RT-qPCR with primers for NST mRNA (A) or VP1/VP2 mRNA (B). (C) At 3 days posttransfection, cells were
fixed and stained with antibody R9283 against viral capsid proteins. Arrows indicate cells with positive
staining. ns, no significant difference.

Transfection with a B19V infectious clone can circumvent the Gb4 block.
Transfection with a B19V infectious clone was performed to evaluate the permissive-
ness of KO cells to B19V infection when the full-length dsDNA with resolved ITRs is
directly transferred to the nucleus by nucleofection. The B19V infectious clone was
digested with Sall to release the full-length genomes and used to transfect WT and KO
cells using a Nucleofector device. As shown in Fig. 7A and B, similar amounts of NS1 and
VP1/2 mRNAs were detected in the two cell types. At 4 days posttransfection, the cells
were examined by immunofluorescence microscopy with an antibody against viral
capsid proteins. Although the efficiency of transfection is typically low in UT7/Epo cells,
similar amounts of positively transfected cells were observed in the two cell types (Fig.
7Q). This result demonstrates that Gb4 is dispensable for B19V infection when viral
dsDNA with resolved ITRs are already present in the nucleus.

Interaction of B19V with the VP1u cognate receptor but not with Gb4 is
essential for virus internalization. Although B19V does not require Gb4 for cell
attachment, uptake, and nuclear targeting, a transient interaction with Gb4 at the
plasma membrane may still be important for the infection at a postentry step. In order
to test this hypothesis, WT cells were incubated with the antibody against Gb4, and
subsequently, B19V was added at 4°C to allow virus attachment. In parallel, cells were
preincubated with a AC128 recombinant VP1u (recVP1u) construct, to block the
interaction of B19V with the VP1u cognate receptor, which is required for virus uptake
(18). AC128 lacks the C-terminal 128 amino acids of VP1u and has an intact receptor-
binding domain (RBD). As a control, cells were incubated with a truncated AN29
recVP1u construct. This construct lacks the N-terminal 29 amino acids of VP1u, which
disable the RBD. The expression and purification of the VP1u constructs have been
described elsewhere (18). While the antibody against Gb4 had no effect on virus
binding (Fig. 8A), approximately 50% binding inhibition was observed in the presence
of the AC128 recVP1u (Fig. 8B). Similar cell-binding inhibition was observed when the
cells were incubated with AC128 recVP1u and the Gb4 antibody together (Fig. 8C). Cells
incubated with the truncated AN29 recVP1u or normal chicken IgY had no effect on
virus binding.

October 2019 Volume 93 Issue 20 e00972-19

Journal of Virology

jviasm.org 9

Downloaded from https://journals.asm.org/journal/jvi on 02 March 2022 by 130.92.104.241.



Bieri and Ros Journal of Virology

A *

W
@

ns
1.2x108- 1%1087  ——— 1%108-
% 8.0%105- % g
g % 5x%105+ a 5x10°4
o 4.0%1054 = =
d 0- 0-
AC128 AN29 a-Gb4 Ig¥ a-Gb4  IgY
AC128 AN29
D 106+ E 106-
< 108 é
o 5
E £ 10
= - ns
2 104 2 i
1041-
1h  o-Gb4 IgY 1h  AC128 AN29

FIG 8 Effect of recVP1u and Gb4 antibody in virus binding and NS1 expression in wild-type cells. (A to C)
Quantification of B19V binding to wild-type cells in the presence of chicken anti-Gb4 (A), recVP1u (AC128 mutant;
70 ng) (B), or both (C). (D and E) NST mRNA expression was quantified 24 h postinfection in the presence of
anti-Gb4 (D) or recVP1u (AC128 mutant; 70 ng) (E). NST mRNA was quantified after 1 h as background control.
Normal chicken IgY and truncated recVP1 (AN29 mutant; 70 ng), lacking the receptor-binding domain, were used
as controls. *, P < 0.05; ns, no significant difference.

We next analyzed the effect of the Gb4 antibody and the AC128 recVP1u on B19V
NS1 expression. The presence of the antibody did not affect NS1 expression (Fig. 8D).
In sharp contrast, in the presence of the AC128 recVP1u, NS1 expression was com-
pletely inhibited. As a control, cells incubated with the truncated AN29 recVP1u or
normal chicken IgY had no effect on the infection (Fig. 8E).

B19V selectively infects WT cells in a mixed population of WT and KO cells. In
earlier studies, we showed that not all B19V bound to UT7/Epo cells at 4°C can
internalize the cells after raising the temperature to 37°C. Instead, some viruses detach
from the cells. The detached viruses have VP1u exposed, remain infectious, and are able
to bind cells more efficiently than are viruses exposed for the first time to the cells (23).
The numbers of bound viruses becoming detached from WT or KO cells were similar
(Fig. 9A). We then sought to test whether the virus detached from the Gb4-expressing
cells gains the ability to infect cells without Gb4. To this end, WT and KO cells were
mixed (1:1) and incubated with a high dose of B19V (4 X 10° genome equivalents
[geql/cell) at 37°C. This approach was also intended to explore a possible complement-
ing effect of Gb4 via juxtacrine signaling. As shown in Fig. 9B, a large proportion of WT
cells became infected, as judged by the expression of viral capsid proteins. However,
none of the KO cells, which are recognized by the expression of red fluorescent protein,
were productively infected. The fact that viruses exposed to Gb4-expressing cells
remain unable to infect KO cells further confirms that the interaction with Gb4 at the
plasma membrane, if occurring, is not critical for infection.

DISCUSSION

The cell receptor of a virus plays a central role in the infection, as it represents a
major determinant of the host range, tissue tropism, and viral pathogenesis. The
glycosphingolipid globoside or P antigen (Gb4) has long been considered the primary
cell receptor of B19V (8). Individuals with a rare mutation in the B3GaINT1 gene do not
express Gb4 and are naturally resistant to the infection (12). However, the role of Gb4
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FIG 9 B19V selectively infects WT cells in a mixed population of WT and KO cells. (A) Detachment of B19V
from WT and KO cells. B19V was incubated with the cells at 4°C. Following five washes to remove
unbound virus, the cells were transferred to 37°C to allow internalization and detachment. At 0 min
(background control) and 30 min, the cells were pelleted. The numbers of viruses bound to the cells and
in the supernatant (detached) were quantified by PCR. (B) B19V infection in a mixed population of
UT7/Epo WT and KO cells. WT and KO cells were mixed (1:1) and infected with a high dose of B19V
(4 X 10° viruses per cell). At 4 days postinfection, the cells were washed, fixed in 4% formaldehyde to
preserve the RFP signal, and stained with a mouse antibody R9283 and a goat anti-mouse Alexa Fluor
488. KO cells are recognized by the expression of RFP. ns, no significant difference.

as a B19V receptor remains controversial, as its expression does not correlate well with
virus attachment, internalization, or the remarkable narrow tissue tropism of B19V. To
clarify the role of Gb4 and to explore its function as the primary receptor of B19V, the
B3GalINT1 gene, coding for globoside synthase, was knocked out in UT7/Epo cells,
leading to the elimination of Gb4 and downstream glycosphingolipids (24). The gly-
cosphingolipid PX2, which is also generated by globoside synthase (32), would also be
lost in the B3GaINT1 KO cells. Systematic and quantitative analyses of the progression
of B19V infection in WT and KO cells revealed that Gb4 does not have the expected
function as a cell surface receptor required for B19V entry. Instead, Gb4 has an essential
role at a postentry step for the expression of the incoming viral genomes and productive
infection.

Although Gb4 is dispensable for virus entry, the interaction of B19V with Gb4 cannot
be excluded. There is solid experimental evidence that the interaction may occur under
certain conditions. For example, the interaction should be possible on the surface of
erythrocytes since soluble Gb4 can inhibit B19V-mediated hemagglutination (9, 10). In
an earlier study, we observed that incubation of B19V with erythrocytes or with
UT7/Epo cells triggered conformational changes in the capsid leading to VP1u exter-
nalization (21, 22). This conformational change could be partially mimicked by incuba-
tion of capsids with soluble Gb4 (23). Since VP1u also became exposed following
attachment to KO cells (Fig. 3E), other structures besides Gb4 should be recognized by
B19V at the plasma membrane, which can trigger VP1u exposure. In this respect, it has
been suggested that B19V recognizes several glycosphingolipids (15). A stable inter-
action of B19V with Gb4 could not be demonstrated in a systematic study using various
sensitive assays (10). In another study, the interaction of B19 virus-like particles with
Gb4 was documented (14). These apparently contradictory results may reflect the
existence of an interaction exclusively under specific conditions, such as receptor
clustering, the surrounding molecular environment, or structural conformations. How-
ever, the fact that B19V may recognize Gb4 under certain conditions should not imply
that the interaction occurs at the plasma membrane of host cells and in the context of
a virus-receptor interaction required for entry.
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Glycosphingolipids are mainly associated with the plasma membrane; however,
they are also found in intracellular compartments. Gb4 has been found associated with
secretory granules (33) and intermediate filaments (34, 35). Accordingly, the relevant
interaction with Gb4 may not occur at the plasma membrane but after virus entry. In
line with this concept, we could not block virus attachment and the infection by
targeting plasma membrane Gb4 with specific antibodies. The specificity of the Gb4
antibody used in this study has been thoroughly documented in previous publications
(25) and further confirmed in our experiments where no signal was visible in KO cells
(Fig. 2B). In sharp contrast to the Gb4 antibody, masking the VP1u cognate receptor
with recVP1u disturbed the binding of the virus and completely abrogated the infection
(Fig. 8). Furthermore, in a cell mixture containing equal amounts of WT and KO cells,
B19V infected exclusively the cells expressing Gb4 (Fig. 9). Of note, Gb4 is a relatively
small molecule, and its accessibility at the plasma membrane can be compromised by
surrounding molecules. Pretreatment of cells with pronase or neuraminidase has been
shown to significantly increase the accessibility of the cryptic Gb4 to antibodies (33).

Although B19V capsids may interact with Gb4 intracellularly, the essential role of
Gb4 may not be related to direct physical interaction with incoming B19V capsids.
Instead, the glycosphingolipid may provide a permissive intracellular environment
for B19V replication. Erythropoietin (EPO) signaling is not required for virus entry and
nuclear targeting, but it is essential for virus DNA replication (36). Similar to EPO, Gb4
may also promote signal transduction required for B19V infection. Clustered glycosph-
ingolipids at the cell surface membrane interact with functional membrane proteins,
such as integrins, growth factor receptors, and tetraspanins. Gb4 is involved in a variety
of cellular processes, including cell adhesion, growth, motility, and cell differentiation
(37, 38). Gb4 was found to promote activation of extracellular signal-related kinase
(ERK), to induce the enhanced activity of specific transcription factors, and to accelerate
cell differentiation (39-41). Accordingly, Gb4 may provide the required intracellular
conditions for the expression of the incoming genomes.

Our data suggest that Gb4 is essential at a postentry step between nuclear entry and
before the generation of dsDNA with resolved ITRs. Accumulation of the incoming
capsids in the nuclear fraction and the accessibility of their DNA were similar in WT and
KO cells, suggesting that Gb4 is not required for these steps. However, it cannot be
excluded that Gb4 is required for the translocation of the perinuclear cytosolic capsids
into the nucleus. Following virus entry into the host nucleus, the incoming ssDNA
genome is converted to the double-stranded monomer replicative form (mRF), which
serves as the template for virus replication and transcription. In KO cells, dsDNA
corresponding in size to mRF was barely detectable in KO cells, and the dimer RF (dRF)
typically observed during active DNA replication was not observed (Fig. 6A and B). The
presence of viral dsDNA in KO cells suggests that Gb4 is not essential for second-strand
synthesis from the incoming ssDNA genomes. However, in the absence of Gb4, the mRF
remains transcriptionally inactive (Fig. 6C to E). Without NS1, the viral DNA cannot be
processed further at the terminal resolution sites to initiate active DNA replication by
the rolling hairpin mechanism, explaining the lack of virus replication and protein
expression in the KO cells. It cannot be excluded, however, that all or a proportion of
dsDNA species observed in KO cells originate from hybridized incoming ssDNA of
opposite polarity. Introduction of full-length viral dsDNA with resolved ITRs by trans-
fection can circumvent the block (Fig. 7), suggesting that Gb4 is required at a postentry
step between nuclear entry and the generation of full-length viral dsDNA.

In summary, this study reveals that Gb4 does not have the expected receptor
function in B19V infection, as it is dispensable for virus entry and trafficking. However,
Gb4 is required at a postentry step for productive infection, either through direct
interaction with incoming viruses or by means of signal transduction. The failure of
B19V to infect productively Gb4 KO cells, even at a very high multiplicity of infection or
in the presence of WT cells, explains the natural resistance of the rare individuals
lacking Gb4 to B19V infection. Further studies will aim to investigate the postentry step
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that is defective in Gb4 KO cells, and the information obtained will provide novel
opportunities for the development of selective antiviral therapies.

MATERIALS AND METHODS

Cells and viruses. The human megakaryoblastoid UT7/Epo cells were maintained in Eagle’s minimal
essential medium (MEM) containing 5% fetal calf serum (FCS) and 2 U/ml recombinant erythropoietin
(EPO). The KG1a human erythroleukemia cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM) containing 10% FCS. B19V-infected plasma (4 X 10° genome equivalents [geq]/ul) was obtained
from a donation center (CSL Behring AG, Charlotte, NC). The plasma IgGs were removed by using HiTrap
protein G high-performance (HP) columns (GE Healthcare, Chicago, IL).

Antibodies. The human monoclonal antibody (MAb) 860-55D was purchased from Mikrogen (Neu-
ried, Germany). The antibody recognizes a conformational epitope and does not react with disassembled
capsid proteins (30). The human MAb against NS1 (24) was kindly provided by G. Gallinella. The mouse
antibodies 3113-81C (United States Biological, Boston, MA) and R9283 (Merck, Burlington, MA) were used
in Western blotting and immunofluorescence analyses, respectively. The antibody against the viral PLA,
region was obtained as previously described (22). The polyclonal chicken anti-Gb4 IgY antibody JM07/
164-4 was kindly provided by J. Miithing. The preparation and specificity of the antibody against Gb4
have been reported in previous publications (25). Rabbit anti-GAPDH and mouse anti-SERCA were
purchased from Abcam (Cambridge, MA). Rabbit anti-lamin A/C was purchased from Cell Signaling
Technologies (Danvers, MA).

Generation of B3GalNT1 knockout UT7/Epo cells. One day prior to transfection, 2 X 106 UT7/Epo
cells were seeded in a 6-well plate with 3 ml MEM containing 5% FCS and 2 U/ml EPO. A plasmid to
generate a double-strand break in the target gene (B-1,3-Gal-T3 CRISPR/Cas9 KO green fluorescence
protein [GFP]) and a plasmid for homology-directed repair (3-1,3-Gal-T3 HDR RFP) (Santa Cruz Biotech-
nology, TX) were used for transfection using Lipofectamine 3000 (Invitrogen, CA), according to the
manufacturer’s instructions. Doubly transfected cells were sorted by FACS (FACSAria; BD Biosciences, NJ).
Serial bulk cell sorting was performed to isolate and concentrate RFP-expressing cells, followed by a final
single-cell sorting.

Analysis of B3GaINT1 KO cells. mRNA was isolated using the Dynabeads mRNA Direct kit (Invitro-
gen, CA), according to the manufacturer’s instructions. For detection of the B3GaINT1 mRNA, the Luna
Universal one-step reverse transcription-quantitative PCR (RT-qPCR) kit (New England BioLabs, Ipswich,
MA) was used. The forward primer was 5'-CTCCTGAGTTTCTTTGTGATGTGG-3’, and the reverse primer was
5'-CATTACGTACTTGGCATTGGGG-3'. The nested-PCR forward primer was 5'-CCCCACTACAATGTGATAGA
ACGC-3’, and the reverse primer was 5'-GGCAAAACTCAGTTACCCACC-3'. For the detection of Gb4, cells
were incubated in phosphate-buffered saline (PBS) containing 2% bovine serum albumin at 4°C for
20 min. Subsequently, the cells were resuspended in 50 ul PBS containing 2% goat serum and incubated
with the chicken antibody against Gb4 (0.5 wl) at 4°C for 1 h. After several washing steps with ice-cold
PBS, the cells were fixed with methanol-acetone (1:1) at —20°C for 4 min, blocked with 10% goat serum
in PBS, and incubated with a polyclonal antibody against chicken IgY Alexa Fluor 594 (Abcam). The
proliferation rates of wild-type and transfected cells were examined. For each measurement, 10° cells
were harvested, resuspended in fresh medium, and seeded in a 12-well plate. At different time points,
cells were counted using a Moxi Z automated cell counter (Orflo Technologies, Ketchum, ID).

Virus binding and internalization. Cells (3 X 10°) were resuspended in 50 ul MEM without FCS. For
binding, B19V was added (10* virions per cell) and incubated at 4°C for 1 h. For internalization, the
samples were incubated at 37°C for 1 h, washed 4 times with PBS at 4°C, and trypsinized at 37°C for 4 min
to remove noninternalized viruses. Subsequently, the samples were examined by confocal immunoflu-
orescence microscopy and by gPCR. Cells were fixed with methanol-acetone (1:1) at —20°C for 4 min,
blocked with 10% goat serum in PBS, and incubated with antibody 860-55D against capsids. Anti-human
1gG Alexa Fluor 488 (Invitrogen, Carlsbad, CA) was used as the secondary antibody. For gPCR, DNA was
extracted using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany), according to the manufac-
turer’s instructions, and used for qPCR using iTaq polymerase (iTaq Universal SYBR green supermix;
Bio-Rad, CA) with the following primers: forward, 5'-GGGCAGCCATTTTAAGTGTTT-3’; and reverse, 5'-CC
AGGAAAAAGCAGCCCAG-3'.

Nuclear targeting. Cells (6 X 10°) were resuspended in 100 ul MEM and incubated with B19V (10*
virions per cell) at 4°C for 1 h to allow virus binding. After three washes with PBS, the cells were
resuspended in 500 ul MEM containing 5% FCS and 2 U/ml EPO and incubated at 37°C. After 3 h, cells
were pelleted and washed thrice with PBS, and the nuclei were extracted using the Nuclei EZ Prep kit
(Sigma-Aldrich, MO), as previously described (26). Trypan blue staining was used to evaluate the integrity
of the isolated nuclei. The absence of cytoplasmic contamination was examined with antibodies against
lamin A/C (nuclear inner membrane), SERCA (endoplasmic reticulum), and GAPDH (cytoplasmic proteins).
Total DNA was extracted from the isolated nuclei, and B19V DNA was quantified as specified above.

NS1 and capsid protein expression. The expression of the incoming viral genome in infected WT
and KO cells was examined. NS1 and VP1/VP2 mRNA were detected by quantitative RT-PCR and proteins
by Western blotting and immunofluorescence. UT7/Epo WT and KO cells were incubated with B19V for
up to 4 days. The cells were washed four times with PBS, and mRNA was extracted as described above.
For the detection of NS1 mRNA, the following primers were used: forward primer, 5'-GGGGCAGCATGT
GTTAA-3’; and reverse primer, 5'-AGTGTTCCAGTATATGGCATGG-3'. For the detection of VP1/VP2 mRNA,
the following primers were used: forward primer, 5'-CATGCACACCTACTTTCCCAA-3’; and reverse primer,
5'-GGAGGATGGGGTTTGCATCA-3'. The presence of NS1 and VP1/VP2 proteins was analyzed by Western
blotting and by immunofluorescence using specific antibodies. For immunofluorescence, cells were fixed
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with methanol-acetone (1:1), blocked with 10% goat serum in PBS, and incubated with the antibody
against NS1 or viral structural proteins. Secondary antibodies with conjugated Alexa Fluor 488 (Invitro-
gen) were used against the primary antibodies. The samples were visualized using confocal microscopy
(Zeiss LSM 880).

Southern blot. Cells were infected with B19V (4 X 104 virions per cell), harvested at 1 h or 3 days

postinfection, washed with PBS, resuspended in 50 ul Tris-buffered saline (TBS), and lysed with 750 ul
lysis buffer (10 mM Tris [pH 8], 10 mM EDTA, 0.6% SDS, and 200 ng proteinase K per ml) at room
temperature (RT) for 1 h. NaCl (200 ul, 1 M final concentration) was added and incubated overnight at
4°C. The samples were then spun at 16,000 X g for 30 min to pellet precipitated chromosomal DNA. Total
DNA was extracted from the supernatant and quantified as specified above. The viral DNA species were
separated on a 0.8% agarose gel, depurinated, denatured, and neutralized before being transferred onto
a positively charged nylon membrane (Amersham Hybond-N+; GE Healthcare) by capillary transfer using
20X saline-sodium citrate (SSC) buffer. The DNA was fixed to the membrane by baking. The membrane
was incubated for 2 h in hybridization buffer (7% [wt/vol] SDS, 0.125 M sodium phosphate buffer [pH 7.2],
0.25 M NaCl, 1 mM EDTA, 45% [vol/vol] formamide) at 42°C. DNA was detected by overnight hybridiza-
tion with a 32P-labeled probe of 944 nucleotides (nt) (B19V J35 isolate, nt 773 to 1716). The membrane
was washed four times at 42°C with 2X SSC and 0.1% SDS for 5 min and twice with 0.1X SSC and 0.1%
SDS for 30 min before detection with a phosphorimager (Typhoon FLA 9500; GE Healthcare).

Transfection. The B19V infectious clone pM20 (0.5 ng) (42) was digested with Sall to release the

full-length genome from the plasmid backbone. The linearized genome was transfected into the cells
(10°) using Lipofectamine 3000 reagent (Invitrogen), as described above. B19V NS1 and capsid protein
mRNAs were examined 3 days posttransfection by RT-gPCR, and capsid proteins were analyzed by
immunofluorescence microscopy, as specified above.

Quantification of VP1u exposure from free and cell-bound virus. Virus binding to UT7/Epo WT or

KO cells was carried out at 4°C (2 X 10* viruses per cell) for 1 h. Cells were washed 4X with 1% bovine
serum albumin in PBS (PBSA 1%) and once with PBS. Cells were lysed in lysis buffer (1% NP40, 150 mM
NaCl, 50 mM Tris-HCl [pH 8], 5mM EDTA), and the cell debris was removed by centrifugation at
10,000 X g for 10 min at 4°C. The supernatant was transferred to a new tube and incubated with
antibody 860-55D against the viral capsid (total capsids) or with an antibody against the PLA,-region
(a-VP1u) at 4°C for 1 h. Protein G Plus-agarose (20 ul; Santa Cruz Biotechnology) was added and
incubated overnight at 4°C. The beads were washed 4X with PBSA 1% and once with PBS, followed by
DNA extraction and gPCR.
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Abstract

The glycosphingolipid (GSL) globoside (Gb4) is essential for parvovirus B19 (B19V) infec-
tion. Historically considered the cellular receptor of B19V, the role of Gb4 and its interaction
with B19V are controversial. In this study, we applied artificial viral particles, genetically
modified cells, and specific competitors to address the interplay between the virus and the
GSL. Our findings demonstrate that Gb4 is not involved in the binding or internalization pro-
cess of the virus into permissive erythroid cells, a function that corresponds to the VP1u cog-
nate receptor. However, Gb4 is essential at a post-internalization step before the delivery of
the single-stranded viral DNA into the nucleus. In susceptible erythroid Gb4 knockout cells,
incoming viruses were arrested in the endosomal compartment, showing no cytoplasmic
spreading of capsids as observed in Gb4-expressing cells. Hemagglutination and binding
assays revealed that pH acts as a switch to modulate the affinity between the virus and the
GSL. Capsids interact with Gb4 exclusively under acidic conditions and dissociate at neutral
pH. Inducing a specific Gb4-mediated attachment to permissive erythroid cells by acidifica-
tion of the extracellular environment led to a non-infectious uptake of the virus, indicating
that low pH-mediated binding to the GSL initiates active membrane processes resulting in
vesicle formation. In summary, this study provides mechanistic insight into the interaction of
B19V with Gb4. The strict pH-dependent binding to the ubiquitously expressed GSL pre-
vents the redirection of the virus to nonpermissive tissues while promoting the interaction in
acidic intracellular compartments as an essential step in infectious endocytic trafficking.

Author summary

The neutral glycosphingolipid globoside (Gb4) has been historically considered the cellu-
lar receptor of B19V, however, its wide expression profile does not correlate well with the
restricted tropism of the virus. Here, we show that Gb4 is essential for the infection at a
step following virus uptake and before the delivery of the viral ssDNA into the nucleus.
B19V interacts with Gb4 exclusively under acidic conditions, prohibiting the interaction
on the plasma membrane and promoting it inside the acidic endosomal compartments,
which are engaged by the virus and the GSL after internalization. In the absence of Gb4,
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incoming viruses are retained in the endocytic compartment and the infection is aborted.
This study reveals the mechanism of the interaction between the virus and the glycosphin-
golipid and redefines the role of Gb4 as an essential intracellular partner required for
infectious entry.

Introduction

Parvovirus B19 (B19V) is a human pathogen discovered in 1974 [1]. The virus causes infec-
tions worldwide that vary in severity depending on the age as well as the immunologic and
hematologic status of the host [2,3]. In healthy children, B19V causes a mild disease named
erythema infectiosum or fifth disease [4]. The virus can occasionally lead to more severe com-
plications, such as arthropathies in adults [5], hydrops fetalis in pregnant women [6] and
chronic red cell aplasia in patients with underlying hemolytic anemia [7,8]. The linear single-
stranded DNA genome of 5.6-kb in length is encapsidated within a small, non-enveloped, ico-
sahedral particle consisting of 60 structural proteins, VP1 and VP2 [9]. These proteins share
the same sequence except for an additional amino-terminal VP1 unique region (VP1u) of 227
amino acids. VP1u harbors strong neutralizing epitopes and is crucial to elicit an efficient
immune response against the virus [10]. The two most relevant domains in the VP1uis a
receptor binding domain (RBD) required for virus uptake into host cells [11] and a phospholi-
pase A2 (PLA,) domain required for the infection [12-15], presumably to promote endosomal
escape [16].

B19V is transmitted primarily via the respiratory route [5]. From the respiratory epithe-
lium, the virus particles access the bloodstream by an unknown mechanism. A striking feature
of B19V is its marked tropism for erythroid progenitor cells (EPCs) in the bone marrow [17-
19]. The lytic replication of the virus in this cell population accounts for the hematological dis-
orders typically associated with the infection. The distribution of specific cellular receptors in
concert with essential intracellular factors explains the remarkable narrow tropism of B19V
[19-22].

Historically, the neutral glycosphingolipid (GSL) globoside (Gb4) or P antigen has been
considered the primary cellular receptor of B19V [23]. Gb4 is expressed in target EPCs and the
virus exhibits hemagglutinating activity, which can be inhibited by soluble or lipid-associated
Gb4 [24,25]. The rare persons lacking Gb4 (p phenotype) are naturally resistant to the infec-
tion and their erythrocytes cannot be hemagglutinated by the virus [26]. Despite the solid evi-
dence, the role of Gb4 as the cellular receptor of BI9V has been increasingly questioned. The
restricted tropism of B19V [17-19] does not align well with the wide expression profile of Gb4
[27,28]. Gb4 is the most abundant neutral GSL expressed on the membranes of human red
blood cells (RBCs) [29,30], which cannot be productively infected. Moreover, the degree of
virus attachment to cells does not correspond with the expression levels of Gb4, and although
the presence of Gb4 was shown to be essential for the infection, it was not enough for produc-
tive infection [31].

The fact that the virus cannot internalize certain cells despite the expression of Gb4, sug-
gests that other receptor molecules must be required for the uptake of the virus into susceptible
cells. In line with this assumption, we showed that VP1u is required for virus uptake and iden-
tified a functional RBD at the most amino-terminal part of the protein, which mediates virus
uptake independently of the rest of the capsid [11,19,32]. Different from Gb4, the expression
profile of the VP1u cognate receptor (VP1uR) corresponds to the narrow tropism of B19V,
limiting virus internalization and infection exclusively in cells at erythropoietin-dependent
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erythroid differentiation stages [19,33]. Although VP1u is not accessible in native capsids,
interaction with surface receptors on susceptible cells renders VP1u accessible [34,35]. This
process could be partially reproduced by incubation of native capsids with soluble Gb4 [36],
suggesting that the neutral GSL may assist the uptake process. However, in a recent study, we
showed that in susceptible erythroid cells expressing VP1uR and lacking Gb4, VP1u becomes
exposed and the virus is internalized, highlighting the irrelevance of Gb4 in this process. How-
ever, Gb4 was found to be essential for the internalized virus to initiate the infection [37].

It remains unclear whether B19V requires Gb4 as a host cell binding partner, or indirectly
as a signaling molecule or cellular component required for the infection. The hemagglutina-
tion of human erythrocytes by B19V [24], which express large quantities of Gb4 [29,30], and
the hemagglutination inhibition in the presence of soluble Gb4 [25], strongly indicate that
B19V interacts with Gb4. However, attempts to confirm the interaction have not yet been con-
clusive. The binding of B19 virus-like particles (VLPs) to Gb4 in supported lipid bilayers has
been reported [38], and the complex has been observed by cryoEM image reconstruction [39].
However, other studies using a higher resolution cryoEM failed to confirm the interaction
[25]. In the same study, no binding signals above background controls were detected in vari-
ous highly sensitive assays employing fluorescence-labeled liposomes, radiolabeled B19 cap-
sids, surface plasmon resonance, and isothermal titration microcalorimetry [25]. These
inconsistent observations suggest that either the interaction between B19V and Gb4 does not
occur or requires specific conditions that have not yet been identified.

In this study, we have addressed the interplay between B19V and Gb4, the conditions
required for the interaction, and the infection step where the GSL is essential. To this end, the
hemagglutinating activity and adsorption capacity of native virions and virus-like particles
(VLPs) to Gb4 expressed on human erythrocytes and erythroleukemia cells were examined
under different experimental conditions. The role of Gb4 was investigated by following the
infection of native virus and engineered capsids, differing in their capacity to interact with
Gb4, in wild-type and Gb4 knockout erythroid cells. The study confirms the binding of B19V
to Gb4, identifies the strict conditions modulating the interaction and redefines the essential
role of the GSL at a post-internalization step for the infectious trafficking of the incoming
virus.

Results

Gb4 is essential at a post-internalization step and before the delivery of the
viral genome into the nucleus for replication

In an earlier study, we established a Gb4 knockout (KO) UT7/Epo cell line and demonstrated
that Gb4 is essential for productive infection, but it is not required for virus attachment and
internalization, which is mediated by the VP1u cognate receptors (VP1uR) [32,37]. Here, we
used a recombinant VP1u construct (S1A and S1B Fig) to demonstrate that VP1uR expression
is not altered in Gb4 KO cells. The expression of VP1uR in cells was sufficient to trigger virus
attachment and uptake, however, in the absence of Gb4, the intracellular capsids failed to initi-
ate the infection (Fig 1A and S2 Fig). In sharp contrast, blocking VP1uR by pre-incubation of
cells with recombinant VP1u abolished attachment and internalization (Fig 1B).

To test the capacity of VP1uR to mediate virus internalization without the involvement of
Gb4 or any other additional receptor(s) or attachment factor(s), recombinant VP1u subunits
were chemically coupled to bacteriophage MS2 capsids, as previously described with some
modifications [19] (S1C and S1D Fig). The engineered capsids were incubated with wild-type
(WT) or with Gb4 KO UT7/Epo cells for 1h at 4°C for virus attachment or at 37°C for virus
internalization. Regardless of the presence or absence of Gb4, the VP1u decorated particles
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Fig 1. Gb4 is essential at a post-internalization step and before the delivery of the viral genome into the nucleus
for replication. (A) Detection of VP1u cognate receptor (VP1uR) and Gb4 in UT7/Epo wild-type (WT) and Gb4
knockout (KO) cells by immunofluorescence (IF). Cells were incubated with either recombinant VP1u labelled with
anti-FLAG antibody or anti-Gb4 antibody, washed, fixed and stained with secondary antibodies for confocal
microscopy. B19V uptake (1h at 37°C) was detected with the antibody 860-55D against intact capsids, while progeny
virus (72h at 37°C) was detected with the antibody 3113-81C against viral capsid proteins. (B) B19V uptake (1h) and
infection (72h) in cells pre-incubated with recombinant VP1u (VP1u AC126) (S1 Fig) for 30 min at 4°C to block the
VP1uR. (C) Attachment (1h at 4°C) and uptake (1h at 37°C) of fluorescently labelled (Atto 488) MS2 bacteriophage
capsids with conjugated recombinant VP1u AC126 from B19V (MS2-Atto***-VP1u) (S1 Fig). As a control,
unconjugated fluorescently labelled MS2 bacteriophage capsids were used (MS2-Atto*®®). Nuclei were stained with
DAPI. (D) NSI mRNA quantification by RT-qPCR after transfection of genomic ssDNA (1h and 48h) in WT and Gb4
KO cells. The results are presented as the mean + SD of three independent experiments. ns, not significant. (E)
Detection of capsid protein expression (3113-81C; green) after transfection of genomic ssDNA (48h) in WT and Gb4
KO cells.

https://doi.org/10.1371/journal.ppat.1009434.9g001

were able to bind and internalize into the cells without detectable differences (Fig 1C). This
result indicates that virus uptake is activated by the interaction of VP1u with VP1uR, without
the contribution of other capsid regions.

To better define the step of the infection where Gb4 is required, the viral ssDNA genome
was extracted from native virions and directly introduced into the cells by transfection. This
approach allows bypassing the cytoplasmic trafficking steps but not the second-strand synthe-
sis, which is the first step in viral DNA replication. As shown in Fig 1D, a similar amount of
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NS1 mRNAs was detected in transfected WT and Gb4 KO cells. The capacity of B19V to infect
Gb4 KO cells following transfection was further confirmed by immunofluorescence micros-
copy with an antibody against viral capsid proteins (Fig 1E). These results together indicate
that Gb4 is not required for virus attachment and uptake, but instead plays an essential role at
an intracellular trafficking step before the delivery of the viral genome into the nucleus for
replication.

In the absence of Gb4, internalized B19V is arrested in the endosomal
compartment

Following interaction with VP1uR, B19V is internalized by clathrin-mediated endocytosis and
rapidly spreads throughout the early-late endosomes and lysosomes [32,40]. Thereafter, cap-
sids move progressively from the endo-lysosomal compartment, which typically appears as a
dense perinuclear signal, to a more dispersed spatial arrangement with limited or no co-locali-
zation with endo-lysosomal markers [40]. To further circumscribe the trafficking step where
Gb4 is required, we followed the intracellular progression of the virus in the presence (WT
cells) or absence of Gb4 (Gb4 KO cells) by immunofluorescence microscopy with antibodies
targeting B19V capsids (860-55D) and endo-lysosomal markers (M6PR and Lamp1). The
results revealed a striking difference depending on the presence or absence of Gb4. As
expected, at 30 min post-infection (pi), B19V co-localized with late endosomes and lysosomes
in WT and Gb4 KO cells. At 3h pi, co-localization of incoming viruses with endo-lysosomal
markers decreased in WT cells and their clustered spatial distribution changed to a more scat-
tered arrangement. In contrast, in cells lacking Gb4, the internalized virus did not show the
same progression and remained associated with the endo-lysosomal markers, showing no
cytoplasmic spreading of capsids as observed in Gb4-expressing cells (Fig 2A). The distinct
endocytic progression of incoming capsids in presence or absence of Gb4 was further con-
firmed by quantitative analysis of intracellular fluorescent foci per cell (Fig 2B and S3 Fig).

This observation suggests a role of the GSL in the infectious endocytic trafficking of BI9V.
To further corroborate this assumption, we compared the endocytic trafficking of native B19V
and MS2-VP1u particles. Similar to BI9V, MS2-VP1u can internalize into the host cell
through VP1uR interaction, however, these artificial capsids lack potential interaction sites
harbored in the B19 capsid structure, such as a putative Gb4 binding site. Besides, MS2-VP1u
lacks the PLA, domain, which is required for endosomal escape [16,41] (S1A Fig). Accord-
ingly, following uptake these particles remained steadily associated with endo-lysosomal mark-
ers (54 Fig). WT and Gb4 KO cells were infected with B19V for 30 min at 37°C to allow virus
internalization followed by incubation with MS2-VP1u for an additional 1h at 37°C. At 3h pi,
the cells were examined by confocal immunofluorescence microscopy. In WT cells, B19V and
MS2-VP1u had a different distribution with limited co-localization. BI9V appeared more scat-
tered, while MS2-VP1u exhibited the characteristic endo-lysosomal distribution. In cells lack-
ing Gb4, both B19V and MS2-VP1u displayed the same intracellular distribution with a strong
co-localization (Fig 2C). The scattered signal observed at 3h piin WT cells did not co-localize
with early-late endosomes (EEA1, M6PR), lysosomes (Lamp1), recycling endosomes (Rab11),
Golgi apparatus (Giantin) or trans-Golgi network (TGN46), however, it co-localized partially
with the cis-Golgi marker GM130 (Fig 2D).

B19V interacts with soluble and membrane-associated Gb4 in a pH-
dependent manner

Various studies conducted to investigate the binding of BI9V with Gb4 generated contradic-
tory results, which was attributed to the rigorous conditions required for the interaction
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Fig 2. In the absence of Gb4, internalized B19V is arrested in the endosomal compartment. (A) Co-localization of
incoming B19V capsids (860-55D; green) with endo-lysosomal markers (M6PR and Lampl; red) in UT7/Epo WT and
Gb4 KO cells at 30 min and 3h pi. (B) Quantitative analysis of scattered cytoplasmic foci (B19V capsid signal) not
colocalizing with endocytic markers at 3h pi (S3 Fig). Unpaired Students t-test with Welch’s correction (not assuming
same SD) was used for statistical comparison. ****, p<0.0001. (C) Co-localization of incoming B19V capsids (860-55D;

green) with MS2-Atto®”*-VP1u in UT7/Epo WT and Gb4 KO cells at 3h pi. (D) Co-localization of B19V capsids (860-
55D; green) with a cis-Golgi marker (GM130; red) in WT cells at 3h pi.

https://doi.org/10.1371/journal.ppat.1009434.g002

Gba KO

[23,25,38]. The endosomal retention of incoming capsids in cells lacking Gb4 suggests a possi-
ble interaction inside acidic endosomes, which are engaged by both the virus and the GSL
shortly after internalization [40,42]. To test this hypothesis, the interaction with Gb4 expressed
on human red blood cells (RBCs) was examined under characteristic acidic endosomal condi-
tions. Interestingly, hemagglutination by B19V is routinely performed at low pH because it
enhances the reaction [24,43], however, the underlying mechanism has not been elucidated.
Inspired by this phenomenon, the hemagglutinating activity and the binding capacity of the
virus to RBCs were quantitatively analyzed under a wide range of pH conditions. As shown

in Fig 3A, hemagglutination of RBCs by B19V occurs exclusively under acidic conditions

(pH < 6.4). In contrast, hemagglutination with equal amounts of minute virus of mice
(MVM), a parvovirus that binds sialic acid on erythrocytes, is not influenced by pH. Increasing
the number of B19 virions did not influence the results (Fig 3B). Accordingly, the low pH-
dependent hemagglutination of RBCs by B19V is due to the intrinsic nature of the interaction
between the virus and Gb4. As a control, the visualization of RBCs at neutral or acidic condi-
tions by scanning electron microscopy did not reveal detectable differences in cell integrity

(S5 Fig).

To confirm that the hemagglutination is caused by the interaction of the virus with Gb4,
the binding of BI9V to RBCs was quantified in the presence of soluble Gb4. Globotriaosylcera-
mide (Gb3), which is the precursor of Gb4 was used as a control. Compared to pH 7.4, a sharp
increase (> 2 logl0) in the binding of B19V to RBCs was observed at pH 6.3. While the
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Fig 3. B19V interacts with soluble and membrane Gb4 in a pH-dependent manner. (A) Hemagglutination of
human RBCs (0.5% in 100 pl PiBS) by B19V or MVM (5x10%) at different pH values. (B) Hemagglutination of RBCs
with a 20-fold increase of B19V particles at pH 7.4 and 6.3. (C) Quantitative analysis of BI9V binding to RBCs at pH
7.4 and 6.3 in the presence or absence of GSLs (Gb3 or Gb4). Virus (5x10°) was incubated directly with RBCs (0.5% in
100 pl PiBS) at the indicated pH or pre-blocked with 5x10"* molecules (Gb3 or Gb4) for 1h at pH 6.3 prior to
incubation with RBCs. After 1h at room temperature, the erythrocytes were washed four times with the corresponding
buffer and the viral DNA was extracted and quantified. The results are presented as the mean + SD of three
independent experiments. ****, p<0.0001; ns, not significant. (D) Hemagglutination inhibition test in the presence or
absence of different amount (0.013-1.6 pM) of GSLs (Gb3 or Gb4) at pH 6.3. (E) Hemagglutination inhibition test in
the presence of anti-Gb4 or non-specific IgY antibodies at pH 6.3 (antibodies were incubated with RBCs 1h before
adding the virus). (F) Hemagglutination of RBCs (0.5% in 100 pl PiBS) by VLPs (5x10°) at different pH values. (G)
Detection of VLPs bound to RBCs at different pH values by Western blot using antibody 3113-81C. (H)
Hemagglutination inhibition test in the presence or absence of different amount (0.013-1.6 pM) of Gb3 or Gb4 at pH
6.3.

https://doi.org/10.1371/journal.ppat.1009434.g003

presence of soluble Gb3 did not prevent the interaction, a significant inhibition of the binding
was observed in the presence of soluble Gb4 (Fig 3C). Confirming this observation, Gb4

(> 0.2-0.4 uM) but not Gb3 inhibited hemagglutination of RBCs in a dose-dependent manner
(Fig 3D). Likewise, hemagglutination was inhibited in the presence of a specific antibody
against Gb4 (Fig 3E).

To verify that binding to Gb4 is exclusively due to a pH-mediated capsid rearrangement,
the interaction was also tested with B19 virus-like particles (VLPs) consisting of VP2
(VP2-only particles). Recombinant baculoviruses that express VP2-only VLPs were prepared
using the Bac-to-Bac system. The purity of the VP2 particles was verified by SDS-PAGE and
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their integrity was examined by electron microscopy and by dot blot with an antibody against
intact capsids (S6 Fig). Similar to the plasma-derived B19V, hemagglutination of erythrocytes
by VLPs was also pH-dependent (Fig 3F). A minor shift in the pH required for hemagglutina-
tion between VLPs (6.4 full, 6.6 partial) and B19V (6.3 full, 6.4 partial) was observed. Since the
accurate quantification of BI9V by PCR is not possible for VLPs, this minor variation might
be explained by differences in the number of particles applied. The pH-dependent binding of
VLPs to erythrocytes was examined by Western blot with an antibody against VP2. The bind-
ing at the different pH values correlated well with the HA (Fig 3G). Similar to native B19V,
hemagglutination by VLPs was inhibited in a dose-dependent manner by Gb4 but not by Gb3
(Fig 3H). Together, these results demonstrate that B19V does not bind to Gb4 expressed on
cellular membranes, which are typically exposed to neutral pH conditions. The interaction
occurs exclusively under acidic conditions and is mediated by the VP2 region of the capsid.

Different to the extracellular environment, the early endosomal
compartment provides optimal conditions for Gb4 interaction

B19V binding to Gb4 expressed on human erythrocytes was tested at various pH conditions
and quantified by qPCR. The results revealed a progressive increase in affinity at decreasing
pH values, reaching a maximum at pH 6.0 (Fig 4A), which corresponds to the average pH
measured in early endosomes [44,45]. At neutral pH, the binding affinity decreased more than
3 logs to background levels, confirming that B19V does not recognize Gb4 expressed on the
plasma membrane.

Parvovirus capsid proteins are fine-tuned to rearrange in response to pH conditions, but
also to other cellular cues encountered during entry. Besides the low pH, early endosomes are
characterized by a depleted Ca®" environment [46,47]. Divalent cations have been shown to
play important roles in the capsid stability of parvoviruses and their depletion can trigger
structural rearrangements and alter capsid integrity [48-50]. The influence of divalent cations
in the interaction was examined at pH 6.3, which is close to the hemagglutination threshold
and therefore more sensitive to affinity fluctuations between the virus and the GSL. Neither
the sequestration of Ca** by EGTA or Mg>* by EDTA nor their addition influenced the low
pH-dependent hemagglutination activity of B19V. The HA was also undisturbed in a complex
solution, such as cell culture media (MEM, minimal essential medium) (Fig 4B). Low pH-

5 CaCl, (mM) E MgCl, (mM)
w
=
P~
-
o
(]
w
5
101 | I L LA
o - (=} &£ owm O [
o ™~ ™~ @ wwo o "]

Fig 4. Determination of the optimal conditions required for B19V and Gb4 interaction. (A) Determination of the
optimal pH for B19V binding to Gb4. RBCs (0.5% in 100 pl PiBS) were incubated with B19V (5x10°) at pH values
ranging from 8.5 to 5.5. After 1h, cells were washed in the corresponding buffer, and viral DNA was extracted and
quantified by qPCR. (B) Hemagglutination at neutral (7.4) or acidic (6.3) pH was carried out in the presence of
divalent cations (Ca** or Mg>*), chelating agents (5 mM EGTA or EDTA) or in minimal essential medium (MEM).
B19V was incubated with the different buffers for 1h before incubation with the erythrocytes. HA, hemagglutination
assay.

https://doi.org/10.1371/journal.ppat.1009434.g004
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mediated binding of B19V to Gb4 was also independent of the temperature (S7 Fig). These
results indicate that contrary to the extracellular milieu, the conditions found in the early
endosomal compartment are optimal for the interaction between incoming viruses and Gb4.

pH acts as a switch to regulate the affinity between B19V and Gb4

The interaction of viruses with cellular partners is highly dynamic and influenced by the differ-
ent environmental conditions encountered during the process of entry, resulting in affinity
fluctuations. These affinity changes are finely tuned to promote binding or dissociation with
the target molecules. During entry, B19V is initially exposed to the acidic conditions of the
endosomal compartment, followed by the neutral pH of the cytosol, where the dissociation
from the GSL would facilitate the virus targeting to the nucleus. To investigate pH-dependent
changes in binding affinity, the dissociation of B19V from Gb4 expressed on human erythro-
cytes was examined by adjusting the pH from 6.3 to 7.4. As shown in Fig 5A, more than 95%
of the particles bound to Gb4 on erythrocyte membranes at pH 6.3 dissociated when the pH
was restored to 7.4. Moreover, preincubation of viruses or RBCs separately at pH 6.3 did not
allow hemagglutination at neutral pH (S8 Fig). Additionally, the reversibility of the interaction
was tested by direct visualization of the hemagglutination reaction with VLPs. Under light
microscopy, the erythrocytes appeared dispersed at pH 7.4 and formed large clusters at pH 6.3,
conforming with the HA. The erythrocyte clusters were not detected when the acidic pH was
neutralized (Fig 5B), indicating that binding of VLPs to Gb4 is also reversible.

Although the interaction is reversible, binding of B19V to Gb4 may trigger irreversible cap-
sid conformational changes that prepare the virus for subsequent infection steps or even ren-
der the incoming capsids independent of Gb4. To test this hypothesis, viruses bound to Gb4 at
low pH were released by exposure to neutral pH and used to infect WT and Gb4 KO cells. The
previous interaction of the virus with Gb4 on the surface of RBCs at low pH changed neither
their capacity to infect WT cells nor their inability to infect Gb4 KO cells (Fig 5C). These
results together reveal that pH acts as a regulatory switch, modulating the affinity between the
virus and the GSL.
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Fig 5. pH acts as an affinity switch to regulate binding and dissociation between B19V and Gb4. (A) B19V (510°)
was incubated with RBCs (0.5% in 100 pl PiBS) for 1h at pH 7.4 or 6.3. The cell suspensions were washed twice with a
buffer of the same pH, except for one sample incubated at pH 6.3 and washed at pH 7.4. RBCs were incubated 30
additional minutes in the washing buffer at room temperature, washed twice, and viral DNA was extracted and
quantified by qPCR. The results are presented as the mean + SD of three independent experiments. *, p<0.05; **,
P<0.01. (B) Visualization of the hemagglutination reaction by VLPs. RBCs were incubated with VLPs (510°) at pH 7.4
or 6.3 for 1h at room temperature. Prior to visualization by phase contrast microscopy, the samples were diluted with a
buffer of the same pH or neutralized to pH 7.4. (C) Infectivity of Gb4-dissociated virus. Viruses bound to RBCs at pH
6.3 and dissociated at pH 7.4 were quantified by gPCR. Equal amounts of native and Gb4-dissociated virus were added
to UT7/Epo WT or Gb4 KO cells. After 1h or 24h, cells were washed four times and NS1 mRNA was extracted and
quantified by RT-qPCR. The results are presented as the mean + SD of three independent experiments. ns, not
significant.

https://doi.org/10.1371/journal.ppat.1009434.g005
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Low pH-mediated interaction of B19V with Gb4 initiates active membrane
processes

Multivalent interactions of certain ligands, such as toxins, lectins and viruses with GSLs have
been shown to change membrane properties resulting in membrane invaginations and vesicle
formation [51-58]. The multimeric configuration of the B19V capsid and the small size of Gb4
would favor multivalent interactions with the GSL and the subsequent changes in membrane
properties. To examine the capacity of B19V binding to Gb4 to initiate active membrane pro-
cesses, we sought to induce the interaction of the virus with Gb4 expressed on UT7/Epo cells.
Even though Gb4 is expressed abundantly on the plasma membrane of UT7/Epo cells, the neu-
tral pH conditions at the cell surface prohibit the interaction. To force the binding to the GSL,
WT and Gb4 KO cells were incubated with the virus at pH 6.3 for 1h at 37°C. In WT cells, a
92-fold average increase in virus attachment was observed at acidic compared to neutral pH. In
sharp contrast, the pH conditions had no significant effect on virus attachment in Gb4 KO cells,
confirming that Gb4 is responsible for the pH-dependent binding enhancement in WT cells (Fig
6A). Virus attachment was also analyzed under VP1uR blocking conditions. To this end, WT
and KO cells were either incubated with functional (AC126) or non-functional (AN29, lacking
the RBD) recombinant VP1u (S1A Fig). Subsequently, the cells were incubated with B19V at
37°Cfor 1h at pH 7.4 or 6.3. As expected, when VP1uR was not blocked, WT and KO cells
exhibited a comparable virus binding at pH 7.4, whereas at pH 6.3 virus binding was substan-
tially increased only in WT cells. Under VP1uR blocking conditions, virus attachment was inhib-
ited, except for WT cells at pH 6.3, which represents viruses bound exclusively to Gb4 (Fig 6B).

We next analyzed the capacity of B19V bound to Gb4 to trigger membrane processes result-
ing in virus uptake. To this end, WT cells were preincubated with recombinant VP1u AC126
to block VP1uR. Subsequently, the virus was incubated with the cells at pH 6.3 for 1h at 4°C to
allow attachment to Gb4 or 37°C to allow attachment and uptake. After the incubation, the
cells were washed with PBS pH 7.4 to detach non-internalized capsids. While most of the viral
particles were removed from cells incubated at 4°C, cells incubated at 37°C displayed a strong
intracellular accumulation of capsids (Fig 6C).

To examine the capacity of the Gb4-mediated uptake to initiate the infection, viruses were
incubated with cells under VP1uR-blocking conditions at pH 6.3 to allow binding to Gb4. Sub-
sequently, NS1 mRNA was quantified after 24h by qPCR and the presence of progeny capsids
was examined after 72h by immunofluorescence. Although there was a modest increase of
NS1 mRNA mediated by Gb4 entry (Fig 6D), no capsid proteins were produced after three
days (Fig 6E). Expectedly, Gb4-mediated uptake did not result in infection, since the interac-
tion with extracellular Gb4 was induced under conditions that are not expected to occur dur-
ing the natural infection. However, this experimental approach demonstrated that binding of
B19V to Gb4 can stimulate active membrane processes similar to those observed with other
ligands interacting with GSLs.

VLPs consisting of VP2, lack the entire VP1. Without the VP1u, these particles are unable
to recognize the VP1uR and thus cannot be internalized into permissive cells [32,36]. These
capsids are particularly useful because they allow the study of Gb4 interaction in a more spe-
cific way without the interference of the VP1uR.

The pH-dependent interaction of VLPs with WT and Gb4 KO UT7/Epo cells was examined
by Western blot with an antibody against VP2. The results showed a low pH-dependent inter-
action with Gb4 exclusively in WT cells (Fig 7A). This result was corroborated by immunoflu-
orescence microscopy with an antibody against intact capsids (Fig 7B).

We next tested the capacity of VLPs bound to Gb4 to internalize into UT7/Epo cells. Cells
were incubated with VLPs at pH 6.3 at 4°C or 37°C. After 1h, the cells were washed, fixed and
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Fig 6. Low pH-mediated interaction of B19V with Gb4 initiates active membrane processes. (A) Quantification of
B19V attachment to UT7/Epo WT and Gb4 KO cells at neutral and acidic pH. Cells were infected with BI9V (10* geq/
cell) at 37°C for 1h followed by four washes. DNA was extracted and quantified by gPCR. The results are presented as
the mean * SD of three independent experiments. ***p<0.001; ns, not significant. (B) Detection of BI9V capsids (860-
55D) in UT7/Epo WT and Gb4 KO cells under neutral or acidic pH by IF. Cells were incubated for 30 min with
functional (AC126) to block the VP1uR or non-functional (AN29) recombinant VP1u, as a control (S1 Fig) at 4°C.
Subsequently, BI9V (510* geq/cell) was added for 1h at 37°C. (C) Gb4-mediated uptake of native B19V. Cells were
preincubated with functional VP1u AC126 for 1h at 4°C prior to infection to block the VP1uR followed by incubation
with B19V at 4°C or 37°C for 1h at pH 6.3. Non-internalized virus was removed by a washing step at neutral pH.
Internalized viruses were detected by IF with antibody 860-55D against capsids. (D) Infectivity assay at neutral and
acidic pH. WT cells were incubated for 30 min at 4°C with functional recombinant VP1u (AC126) to block the VP1uR
or non-functional (AN29), as a control. Subsequently, B19V (510* geq/cell) was added for 1h at 37°C in a buffer with the
indicated pH. Cells were washed after 1h or further incubated for 24h at 37°C. NS1 mRNA was extracted and quantified
by RT-qPCR. The results are presented as the mean + SD of three independent experiments. ns, not significant. (E)
Alternatively, 72h post-infection, capsid protein expression was examined by IF with antibody 3113-81C.

https://doi.org/10.1371/journal.ppat.1009434.g006

examined by confocal immunofluorescence microscopy. Pictures taken from the top and the
middle sections revealed the presence of internalized capsids in cells incubated at 37°C, but
not at 4°C (Fig 7C). Alternatively, following 1h incubation at 4°C or 37°C, cells were washed
with PBS pH 7.4 to detach non-internalized capsids. While most of the viral particles were
removed from cells incubated at 4°C, cells incubated at 37°C displayed a strong intracellular
signal (Fig 7D). Collectively, these results confirm that the low pH-mediated interaction of
B19V with Gb4 is mediated by the VP2 region and induces changes in membrane properties
resulting in vesicle formation.

Erythrocytes do not play a significant role as viral decoy targets during
B19V infection

B19V can establish high-titer viremia during the acute phase of the infection. Gb4 is the most
abundant neutral GSL expressed on RBCs [29,30]. Since RBCs cannot be infected by viruses,
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Fig 7. pH-mediated interaction of VP2-only particles with Gb4 triggers the uptake process independently of the
VP1uR. (A) Detection of VLPs bound to WT and Gb4 KO UT7/Epo cells at different pH values by Western blot using
antibody 3113-81C. VLPs (10'°) were incubated with cells (3x10°) at the indicated pH values for 1h at 37°C. GAPDH
expression was used as a loading control. (B) Detection of VLPs (860-55D) in UT7/Epo WT and Gb4 KO cells under
neutral or acidic pH by IF. (C) Gb4-mediated uptake of VLPs. Top and middle sections of cells incubated with VLPs at
4°Cor 37°C for 1h at pH 6.3. (D) Gb4-mediated uptake of VLPs. Cells were incubated with VLPs at 4°C or 37°C for 1h
at pH 6.3. Non-internalized virus was removed by a washing step at neutral pH. Internalized particles were detected by
IF with antibody 860-55D against capsids.

https://doi.org/10.1371/journal.ppat.1009434.9007

binding of BI9V to Gb4 expressed on erythrocytes would trap the virus and hinder the infec-
tion. The interaction of BI9V with RBCs was tested in the natural environment of the blood.
To this end, B19V was spiked into fresh blood samples (pH 7.4) without B19V-specific anti-
bodies. After incubation for 1h, the erythrocytes were separated from the plasma by centrifu-
gation and washed at neutral pH. As shown in Fig 8A, BI19V was consistently found in the
plasma fraction in three distinct blood samples. The absence of significant B19V binding to
RBCs was further confirmed by immunofluorescence microscopy with an antibody against
intact capsids. As expected, decreasing the pH to 6.3 triggered a substantial binding of the
virus to RBCs (Fig 8B). Besides the neutral pH of the blood, an unknown component(s) of the
plasma has been shown to inhibit the hemagglutination activity of BI9V [24]. Consistent with
this observation, the binding efficiency of B19V to RBCs increased approximately 10-fold
when no blood plasma components were present (Fig 8C). Since the conditions for the interac-
tion with Gb4 are largely suboptimal in the blood, we conclude that despite the abundant
expression of Gb4, the erythrocytes do not play a significant role as viral decoy targets during
B19V viremia.

Discussion

B19V has a marked tropism for erythroid progenitor cells (EPCs) in the bone marrow [17-19].
The narrow tropism of B19V is mediated by multiple factors highly restricted to the Epo-
dependent erythroid differentiation stages [21,59-64]. A virus demanding such strict condi-
tions for replication would also require a selective receptor exclusively expressed in the target
cells. This strategy would allow the virus to avoid nonpermissive cells, which have the potential

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1009434  April 20, 2021 12/22



PLOS PATHOGENS pH controls the interaction of B19V with Gb4 in intracellular compartments

A B Mock B19Y C

i 3 RBCs 1.5%107
b T
= Plasma ~
1074 E
3 1054 g
ol >
2 10 3
3 105 b2y
@ o
w
104 :n:.
103-

pH 74 63 74 63
purified virus plasma virus

Fig 8. Erythrocytes do not play a significant role as viral decoy targets during B19V viremia. (A) Freshly collected
blood samples (with EDTA as anticoagulant) and tested negative for antibodies against B19V, were spiked with B19V
(10° virions) and incubated for 1h at 37°C. The plasma and the RBC fractions were separated by centrifugation, the
RBCs were washed with PBS (pH 7.4) and the viral DNA was extracted from both fractions and quantified by qPCR.
(B) Detection of BI9V in the RBC fraction by IF with an antibody against intact capsids (860-55D). (C) A component
(s) in human plasma inhibits binding of B19V to RBCs. RBCs (0.5% in 100 ul PiBS) were incubated at pH 7.4 or 6.3
with B19V (5x10°) directly from an infected plasma sample or after purification by iodixanol density gradient
centrifugation. After 1h at room temperature, the erythrocytes were washed four times with the corresponding buffer
and viral DNA was extracted and quantified. The results are presented as the mean + SD of three independent
experiments. *, p<0.05; ***, p<0.001.

https://doi.org/10.1371/journal.ppat.1009434.9008

to hamper the infection by diverting viruses away from target tissues. The neutral glycosphin-
golipid (GSL) globoside (Gb4) has been historically considered the primary cellular receptor of
B19V [23,26]. However, Gb4 is not the receptor that would be expected for a virus with the
remarkable restricted tropism of B19V. Gb4 is expressed in a multitude of cell types that are
not permissive to the infection [27,28], and is the major neutral GSL of RBCs, which cannot
support viral infections [29,30]. Accordingly, the interaction between the virus and the GSL
either does not occur or requires strict conditions.

In an earlier study, we identified a functional RBD in the VP1u region of B19V, which
mediates virus attachment and uptake in EPCs through interaction with a yet unidentified
receptor, referred to as VP1uR [11,32]. In contrast to the ubiquitous expression of Gb4,
VP1uR expression is restricted to EPCs, which are the only cells that BI9V can productively
infect [19,32]. In a follow-up study, we showed that B19V was able to attach and internalize
cells expressing VP1uR but lacking Gb4. However, in the absence of Gb4, the internalized
virus was unable to initiate the infection [37]. These findings together reveal that VP1uR is the
cellular receptor of B19V responsible for the restricted virus uptake in permissive erythroid
cells, whereas Gb4 is an essential factor required at a post-internalization step.

In this study, the mechanism of the interaction of B19V with Gb4 and the step of the infec-
tion where the GSL is required were investigated. We confirmed that the genetic removal of
the gene encoding for Gb4 in UT7/Epo cells does not disturb the expression and function of
the VP1uR, and consequently, the uptake of B19V is also not affected (Fig 1A-1C). However,
Gb4 is required after virus internalization and before the delivery of the ssDNA into the
nucleus for replication (Fig 1D and 1E). It has been previously shown that during the first
hour following B19V uptake in UT7/Epo cells, the incoming capsids colocalize with endo-lyso-
somal markers, appearing as a dense perinuclear signal. Subsequently, the virus signal becomes
more scattered and colocalization with endocytic markers decreases gradually [40]. As shown
in Fig 2A, 30 min post-internalization in WT and Gb4 KO cells, the virus signal colocalizes
intensively with endo-lysosomal markers. As expected, 3h piin WT cells, capsid signal
becomes more scattered and less co-localized with endo-lysosomal markers. In contrast, in
cells lacking Gb4, the virus signal does not progress and remains associated with endosomal
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markers, suggesting a role of Gb4 in the infectious endocytic trafficking of BI9V. Furthermore,
in Gb4 KO cells, B19V behaves like artificial MS2-VP1u capsids, which are unable to escape
from endosomes (Fig 2B and S3 Fig).

The finding that pH acts as a switch to modulate the affinity between B19V and Gb4 has
major implications in the virus tropism, infection and spread. Under neutral conditions,
which are characteristic of the extracellular milieu, B19V does not interact with the ubiqui-
tously expressed Gb4. This strategy prevents the redirection of the virus to nonpermissive
tissues facilitating the selective targeting of the EPCs in the bone marrow. We and others
observed a strong association of B19V to RBCs in viremic blood samples [35,65]. The blood
sample used in our studies was acidic due to anaerobic glycolysis, a process that occurs natu-
rally during blood storage [66]. In the study of Chehadeh et al., the RBCs were washed in acidic
PBS and stored in Alsever’s solution, which is an acidic solution (pH 6.1) routinely used as an
anticoagulant and preservative. In other studies, when B19V was spiked into a fresh blood
sample to mimic viremia, the virus was mostly associated with the plasma fraction and those
found in the RBC fraction were easily removed by a washing step. [67]. This result was con-
firmed in our studies, where no significant binding to RBCs was observed when B19V was
spiked into fresh blood samples with an experimentally verified neutral pH (Fig 8A and 8B).
Besides a suboptimal pH for Gb4 binding, blood plasma contains an inhibitor(s) that interferes
with hemagglutination (Fig 8C) [24]. Our results revealed that during B19V viremia, the fairly
constant neutral pH of the blood and the presence of an inhibitor(s) hinder the stable binding
of the virus to Gb4 on RBCs, which would otherwise divert the virus with an overwhelming
amount of decoy targets and thereby hamper the infection.

The acidic pH conditions required for the interaction exclude the binding to Gb4 expressed
on the plasma membrane, which is typically exposed to neutral pH conditions. However, Gb4
is also found in intracellular compartments. GSLs are continuously internalized from the cell
surface by clathrin-dependent and independent mechanisms in invaginated vesicles. These
vesicles fuse with early endosomes, resulting in the glycan component of the GSL facing the
vesicle lumen [42,68]. From early endosomes, GSLs can be recycled back to the plasma mem-
brane, transported to the Golgi apparatus or to late endosomes and finally lysosomes where
they undergo terminal degradation by specific lysosomal enzymes [42,69-71]. Although B19V
is internalized via clathrin-dependent endocytosis [40], and Gb4 is mostly internalized via cla-
thrin-independent endocytosis [42], both reach the early endosomes. The acidic luminal pH in
early endosomes around 6.0 and the depleted Ca®* levels coincide with the optimal conditions
required for the interaction with Gb4 (Fig 4). Accordingly, incoming B19V can potentially
interact with Gb4 inside early endosomes as an essential step in the infectious trafficking. In
line with this assumption, the absence of Gb4 resulted in endosomal retention of the incoming
capsids (Fig 2).

Multivalent interactions of certain ligands, such as bacterial toxins, lectins and viruses, with
GSLs trigger membrane curvature and invaginations that ultimately result in vesicle formation
[51-58]. In our studies, the interaction under acidic conditions of BI9V and VLPs with Gb4 in
the exoplasmic membrane leaflet resulted in virus uptake (Figs 6C, 7C and 7D), suggesting
that similar active membrane processes are induced by the multivalent binding of the capsid
with Gb4 molecules. Further research will aim to characterize changes in membrane properties
mediated by the interaction of the virus with GSL-enriched areas of the endosomal membrane
and the influence of additional intracellular factors in the interplay between B19V and Gb4.

In summary, this study provides mechanistic insight into the interaction of B19V with Gb4
and its essential role as an intracellular interacting partner required for infectious trafficking.
The finding that pH acts as an affinity switch to modulate the interaction between the virus
and the GSL contributes to a better understanding of B19V restricted tropism, infection and
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spread. In the future, studies will aim at elucidating the precise function of Gb4 in B19V endo-
cytic trafficking, which will deepen our understanding of membrane dynamics induced by the
interaction of viruses with GSLs and inspire novel strategies interfering with the early steps of
the infection.

Materials and methods
Cells and viruses

The human megakaryoblastoid cells UT7/Epo were cultured in Eagle’s minimal essential
medium (MEM) containing 5% fetal calf serum (FCS) along with 2 U/ml recombinant eryth-
ropoietin (Epo). Whole blood samples from anonymous donors were washed three times with
PBS. Packed red blood cells (RBCs) were resuspended in an equal volume of Alsever’s solution
(4.2 g/l NaCl, 8 g/l sodium citrate, 0.55 g/1 citric acid, 20.5 g/l dextrose) and stored at 4°C.
ExpiS{9 cells for recombinant baculovirus production were cultured at 27°C and 125 rpm in
ExpiSf CD Medium (Thermo Fisher Scientific, Waltham, MA). B19V-infected plasma sample
was obtained from a donation center (CSL Behring AG, Charlotte, NC) and virus concentra-
tion (3x10° geq/pl) was determined by qPCR. B19V was concentrated by ultracentrifugation
through a 20% sucrose cushion and further purified by iodixanol density gradient ultracentri-
fugation, as previously described [50]. Plaque-purified MVM was obtained from ATCC (VR-
1346).

Antibodies

The human monoclonal antibody 860-55D against intact capsids was purchased from Mikro-
gen (Neuried, Germany). The monoclonal mouse antibody 3113-81C (US Biological, Boston,
MA) was used for the detection of viral proteins by Western blot as well as for the detection of
progeny virus by immunofluorescence. A polyclonal chicken anti-Gb4 IgY antibody was a gift
from J. Miithing (University of Miinster). Antibodies against late endosomes (M6PR, ab2733),
lysosomes (Lamp1, ab25630), cis-Golgi (GM130, ab52649) and GAPDH (ab9485) were
obtained from abcam (Cambridge, UK). A rat anti-FLAG monoclonal antibody (200474) was
purchased from Agilent (Santa Clara, CA). MS2 capsid proteins were detected with a poly-
clonal rabbit antibody (ABE76-1, Merck Millipore, France).

Generation of MS2-VP1u bioconjugate

Fluorescent MS2 VLPs bioconjugated to BI9V VP1u were produced as previously described
[19]. Briefly, MS2 coat protein or truncated VP1u (AC126/AN29) proteins were expressed in
E. coli BL21(DE3) cells for 4h at 37°C. Assembled MS2 capsids in cell lysate were purified by
ultracentrifugation through a sucrose cushion. Recombinant VP1u was purified twice with
nickel nitrilotriacetic acid (Ni-NTA) agarose. Chemical crosslinking between MS2 VLPs and
truncated VP1u proteins was carried out in two steps. First, surface lysines on MS2 capsids
were modified with fluorescent dyes (NHS-Atto488 or NHS-Atto633) and the heterobifunc-
tional maleimide-PEG24-N-hydroxysuccinimide ester crosslinker (Thermo Fisher Scientific).
Second, purified fluorescent maleimide-activated MS2 capsids were incubated with reduced
VP1u proteins to achieve bioconjugation. After quenching of the reaction, MS2-VP1u con-
structs were pelleted by ultracentrifugation.

Production and purification of B19 virus-like particles

Recombinant B19 virus-like particles (VLPs) consisting of VP2 were produced using the
ExpiSf Expression System Starter Kit (Thermo Fisher Scientific) following the manufacturer’s
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instructions. Briefly, the B19 VP2 gene was cloned into a pFastBacl plasmid and used to create
recombinant bacmids, which were transfected into ExpiSf9 cells to generate recombinant
baculovirus. This virus was able to express VP2 particles by infection of ExpiSf9 cells at a mul-
tiplicity of infection of 5. Infected ExpiSf9 cells were lysed 72h pi and the assembled B19 VP2
particles were purified by ultracentrifugation through a sucrose cushion followed by a separa-
tion on a sucrose gradient. Positive fractions were identified by dot blot and exchanged into a
storage buffer (20 mM Tris-HCI, [pH 7.8], 10 mM NaCl, 2 mM MgCl,) using desalting col-
umns. Quantification of VP2 particles was determined by absorbance at A280 with NanoDrop
(NanoDrop2000, Thermo Fisher Scientific), as well as by comparison to a reference B19V sam-
ple on a dot blot.

Immunofluorescence

For surface staining, UT7/Epo cells were incubated at 4°C with anti-Gb4 antibody or with
anti-FLAG-tag labelled recombinant VP1u prior to fixation. UT7/Epo cells were fixed with a
mixture of methanol and acetone (1:1) at -20°C for 4 min. RBCs were fixed with 1% glutaralde-
hyde at room temperature for 10 min. Fixed cells were blocked with 10% goat-serum prior to
staining with antibodies. Bound primary antibodies were detected with secondary antibodies
with conjugated Alexa Fluor dyes and analyzed using confocal microscopy (LSM 880, Zeiss,
Germany).

Virus binding and internalization

For each experiment, either UT7/Epo cells (3x10°) or alternatively a 0.5% RBC suspension
were prepared in 100 pl PiBS (20 mM piperazine-N,N’-bis[2-ethanesulfonic acid], 123 mM
NaCl, 2.5 mM KCl) of varying pH or PBS. B19V was added to UT7/Epo cells (10* geq/cell for
PCR analysis, 5x10* geq/cell for immunofluorescence analysis) or to RBCs (5x10°) and incu-
bated at 4°C or 37°C for 1h. Cells were washed 4 times at room temperature. Subsequently, the
samples were prepared for immunofluorescence analysis or qJPCR. For qPCR, B19V DNA was
isolated by the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. The following primers were used, forward primer: 5-GGGGCAGCATGT
GTTAA-3’; reverse: 5- AGTGTTCCAGTATATGGCATGG-3".

Transfection

B19V DNA was isolated and quantified as described earlier. The viral DNA was transfected
into UT7/Epo cells (2x10°) seeded one day prior using lipofectamine 3000 reagent (Invitrogen)
according to the manufacturer’s instructions. BI9V NS1 mRNA and viral capsid proteins were
analyzed 2 days post infection using immunofluorescence as described above or RT-qPCR.
Viral mRNA transcripts were isolated using the Dynabeads mRNA DIRECT Kit (Invitrogen)
according to the proposed protocol. Identical primers as indicated above were employed.

NS1 mRNA and capsid protein expression

Infection of UT7/Epo cells was examined by quantification of viral NS1 mRNA and by immu-
nofluorescence staining of viral proteins. Cells were washed four times 1h after virus binding
and incubated in medium for up to three days. The cells were harvested and washed four times
with PBS. For immunofluorescence analysis the cells were fixed as described above and stained
with a monoclonal mouse antibody against the viral capsid proteins followed by staining with
a goat anti-mouse IgG Alexa Fluor 488 (Invitrogen). Viral mRNA was extracted and analyzed
as described for transfected cells.
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Hemagglutination assay

RBCs were washed 3 times and brought to a concentration of 1% in PiBS. Glycosphingolipids
(Gb3 [Globotriaosylceramide] and Gb4, Matreya LLC, PA) were dissolved in DMSO (5 mg/ml
and 25 mg/ml respectively) and diluted to the desired concentration immediately before use.
When applicable, B19V or VP2 particles (5x10°) were incubated for 30 min in 50 pl of the indi-
cated buffers along with Gb3/Gb4 prior to hemagglutination experiments. 50 ul 1% RBC solu-
tion were then added to each well and incubated for 1h at room temperature.

Western blot analysis of VP2 particles binding

A total of 10'° VP2 particles were added to either a 0.5% RBC solution or to 3x10° UT7/Epo
cells in 100 pl PiBS of varying pH. The cell suspension was incubated for 1h at 37 °C. The cells
were subsequently washed three times and resuspended in 2x Laemmli buffer containing 0.1M
dithiothreitol. Samples were boiled and resolved on a 10% SDS-PAGE and transferred to a
PVDF membrane. The membrane was blocked overnight at 4°C using 5% milk in TBS-T.
Viral proteins were detected using the same mouse antibody described above followed by far-
red fluorescent based detection using an 680RD goat anti-Mouse IgG secondary antibody
(LI-COR Biosciences, Lincoln, NE) in the case of RBCs or with chemiluminescent detection
using an HRP-conjugate for the UT7/Epo cells.

Cell cycle analysis

UT7/Epo cells (1.5x10°) were seeded in 1 ml MEM in a 12-well plate and infected with BI9V
containing plasma (40°000 geq per cell) or mock infected. Cells were harvested 3 days post
infection and washed with PBS containing 1% albumin (PBSA), resuspended in 300 ul PBSA
and fixed by dropwise addition of 700 pl ethanol cooled to -20°C. Tubes were carefully
inverted five times stored at 4°C for 1h. The cells were pelleted and washed twice with PBSA.
Cells were incubated with 100 pug RNase A for 30 min at 37°C and stained with 1 pg 4’,6-diami-
dino-2-phenylindole (DAPI). Cells were sorted on a Cytoflex flow cytometer (Beckman Coul-
ter) and analyzed using FCS express 7 (De Novo Software).

Analysis

Data analysis was performed using GraphPad Prism and presented as the mean of three inde-
pendent experiments + standard deviation (SD). Differences in the binding of BI9V to Gb4,
NS1 mRNA synthesis, and cell cycle arrest at the G2/M-phase, were evaluated by Student’s t-
test. A P value less than 0.05 was considered statistically significant.

Supporting information

S1 Fig. B19V VP1u constructs and engineered MS2 particles. (A) Schematic depiction of the
functional (AC126) and non-functional (AN29) recombinant VP1u constructs. (B) SDS-PAGE
of purified recombinant VP1u constructs under reducing conditions. (C) Schematic depiction
of an MS2 particle showing Atto fluorophores and VP1u constructs incorporated on the capsid
surface. (D) Crosslinking between recombinant MS2 capsid proteins and VP1u constructs was
verified by Western blot using an anti-MS2 antibody.

(TIF)

S2 Fig. B19V induces cell cycle arrest in WT but not in Gb4 KO UT7/Epo cells. Cells were
fixed 3d pi and cellular DNA was stained with DAPI. Cell cycle progression was analyzed
using flow cytometry. The results are presented as the mean + SD of three independent
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experiments. **, p<0.01; ns, not significant.
(TIF)

$3 Fig. Quantitative analysis of intracellular fluorescent foci per cell. Cells exhibiting peri-
nuclear cluster of endosomes in focus (encircled by a dotted line) were selected for analysis.
Distinct, clearly visible fluorescent spots (B19V capsids; green) not colocalizing with endocytic
markers (red) were counted.

(TIF)

S4 Fig. Internalized MS2-VP1u particles remain sequestered inside the endosomes. UT7/
Epo cells (3x10°) were incubated with 2 ul Atto 488-labeled MS2-VP1u at 4°C for 1h, washed
and further incubated at 37°C for 30 min and 3h. Cells were fixed and labeled with antibodies
against late endosomes (M6PR) and lysosomes (Lamp1) and visualized under confocal micros-

copy.
(TIF)

S5 Fig. RBCs integrity is not compromised by exposure to mild acidic conditions. Scanning
electron microscopy of RBCs exposed to pH 7.4 or 6.3 for 2h. RBCs were fixed with 1% glutar-
aldehyde, dehydrated by subsequent treatment with increasing concentrations of ethanol.
Specimen were mounted and analyzed on a scanning electron microscope (Zeiss) with a
100°000-fold magnification. Bar, 10 um.

(TIF)

S6 Fig. Purity and integrity of B19 VLPs. (A) Capsid protein purity of VLPs (VP2-only parti-
cles) was verified by SDS-PAGE. Capsid integrity was analyzed by electron microscopy (B),
and by dot blot hybridization with an antibody against intact capsids (860-55D) (C). Bar;

100 pm.

(TIF)

S7 Fig. Effect of temperature on the low pH-mediated interaction of B19V with Gb4. RBCs
(0.5% in 100 pl PiBS) were incubated with BI9V (5x10%) at pH 7.4 or 6.3 at different tempera-
tures for 1h. The cells were subsequently washed at room temperature or at 4°C and viral
DNA was extracted and quantified by gPCR.

(TIF)

S8 Fig. Preincubation of viruses or RBCs separately at acid pH does not support hemagglu-
tination at neutral pH. B19V (5x10°) and RBCs (0.5% in 100 ul PiBS) were incubated sepa-
rately at acidic pH for 1h. Subsequently, the HA was performed at neutral (7.4) of acidic (6.3)
pH. HA, hemagglutination assay.

(TIF)
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S1 Fig. B19V VP1u constructs and engineered MS2 particles.

(A) Schematic depiction of the functional (AC126) and non-
functional (AN29) recombinant VP1u constructs. (B) SDS-PAGE of
purified recombinant VP1u constructs under reducing conditions.
(C) Schematic depiction of an MS2 particle showing Atto
fluorophores and VP1u constructs incorporated on the capsid
surface. (D) Crosslinking between recombinant MS2 capsid proteins
and VP1u constructs was verified by Western blot using an anti-MS2
antibody.
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S2 Fig. B19V induces cell cycle arrest in WT but not in Gb4 KO
UT7/Epo cells.

Cells were fixed 3d pi and cellular DNA was stained with DAPI. Cell
cycle progression was analyzed using flow cytometry. The results are
presented as the mean £ SD of three independent experiments.

** p<0.01; ns, not significant.
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S3 Fig. Quantitative analysis of intracellular fluorescent foci per

cell.

Cells exhibiting perinuclear cluster of endosomes in focus (encircled
by a dotted line) were selected for analysis. Distinct, clearly visible
fluorescent spots (B19V capsids; green) not colocalizing with
endocytic markers (red) were counted.



Fig. S4
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S4 Fig. Internalized MS2-VP1u particles remain sequestered inside
the endosomes.

UT7/Epo cells (3x10°) were incubated with 2 ul Atto 488-labeled
MS2-VP1u at 4°C for 1h, washed and further incubated at 37°C for
30 min and 3h. Cells were fixed and labeled with antibodies against
late endosomes (M6PR) and lysosomes (Lamp1) and visualized
under confocal microscopy.



Fig. S5

S5 Fig. RBCs integrity is not compromised by exposure to mild
acidic conditions.

Scanning electron microscopy of RBCs exposed to pH 7.4 or 6.3 for
2h. RBCs were fixed with 1% glutaraldehyde, dehydrated by
subsequent treatment with increasing concentrations of ethanol.
Specimen were mounted and analyzed on a scanning electron
microscope (Zeiss) with a 100’000-fold magnification. Bar, 10 pm.
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S6 Fig. Purity and integrity of B19 VLPs.

(A) Capsid protein purity of VLPs (VP2-only particles) was verified by
SDS-PAGE. Capsid integrity was analyzed by electron microscopy (B),
and by dot blot hybridization with an antibody against intact capsids
(860-55D) (C). Bar; 100 um.
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S7 Fig. Effect of temperature on the low pH-mediated interaction of
B19V with Gb4.

RBCs (0.5% in 100 pl PiBS) were incubated with B19V (5x10°) at pH
7.4 or 6.3 at different temperatures for 1h. The cells were
subsequently washed at room temperature or at 4°C and viral DNA
was extracted and quantified by gPCR.
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S8 Fig. Preincubation of viruses or RBCs separately at acid pH does
not support hemagglutination at neutral pH.

B19V (5x10°) and RBCs (0.5% in 100 pl PiBS) were incubated
separately at acidic pH for 1h. Subsequently, the HA was performed
at neutral (7.4) of acidic (6.3) pH. HA, hemagglutination assay.
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2.1 Additional results: Attempting the identi cation of VP1uR

2.1.1 Introduction
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Figure 12: Overview of the strategy employed to identify the VP1uR. (A) HRP attaches Tyramide-SS-Biotin covalently

=]
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to tyrosine residues of proteins that are in spatial proximity to the enzyme. The biotin tag permits purification of marked
proteins with the help of neutravidin beads. The disulfide bond allows elution from the beads with the help of a reducing
agent without the need to break the biotin-neutravidin bond. (B) Scheme of the experimental approach. The interaction
of VP1u-HRP with the VP1uR on target cells allows labeling of proteins in the proximity of HRP with the Tyramide-
SS-Biotin.
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The RBD in the VP1u interacts with an as yet unknown receptor molecule (VP1uR) expressed exclu-
sively on permissive EPCs to facilitate virus uptake [70]. Identi cation of VP1uR would yield many
bene ts both for B19V research speci cally but also for other related applications. Concerning the
virus, knowledge of the receptor would allow a deeper understanding of B19V tropism and pathogen-
esis and pave the way for the development of antiviral drugs and vaccines. Moreover, considering the
erythroid-speci c expression pro le of the VP1uR [224], its identi cation would facilitate the develop-
ment of a speci ¢ biomarker for Epo-dependent erythroid di erentiation stages. As an example, the
presence of immature nucleated RBCs in the bloodstream is an indicator of various health disorders
such as leukemia and cancer [225][226]. Currently, many biomarkers are employed simultaneously
in order to identify hematopoietic cells. Using the VP1uR as a marker can simplify the technique,
making it faster, cheaper and more sensitive [227]. Another useful application of the VP1uR is the
speci ¢ delivery of drugs to erythroid cells. With recombinant VP1u as a guide, a payload can be
delivered speci cally to erythroid progenitors in the bone marrow. Drug delivery to these cells can
be valuable for diseases such as erythroleukemia and sickle cell disease which speci cally a ect EPCs
[228][229]. A promising option for treatments would be the delivery of drugs to cancer cells or the
repair of faulty genes with the help of gene editing. The identi cation of the VP1uR can help spur

the development of the aforementioned techniques and treatments.

Previous attempts in our lab to identify the VP1uR by cross-linking and pull-down approaches failed
due to the instability of the receptor-ligand complex in detergents typically used for receptor solubiliza-
tion, emphasizing the limitations of these traditional techniques. The recombinant VP1u was allowed
to bind to the cells followed by cross-linking to the VP1uR and pull-down through tags incorporated
into the VP1u (unpublished results). A novel approach based on proximity labeling (PL) allows selec-
tive tagging of molecules in close spatial proximity to a ligand. To this end, the recombinant VP1u of
B19V can be fused to a labeling enzyme, bringing the enzyme close to the cellular receptor. This in
turn allows labeling of the unknown receptor as well as any nearby, possible interaction partners. This
approach has some marked advantages compared to a classical cross-linking procedure. Speci cally,
PL approaches do not require long-lasting, stable interaction between the ligand and receptor. labeling
takes place in real-time as the interaction takes place, even if it is only transient. This can then be
followed by a pull-down of tagged proteins and mass spectrometry (MS) analysis to identify labeled
molecules. BiolD and APEX2 are two frequently used PL methods for tagging proximal molecules
with biotin. While BiolD uses the FE. coli biotin ligase BirA [230], APEX2 uses ascorbate peroxidase
[231]. For both methods, the enzyme and ligand are usually expressed as fusion proteins within a cell
in order to tag intracellular interaction partners [230][231]. BiolD is not optimized for labeling cell

surface receptors, as it functions optimally in the reducing intracellular environment [231]. APEX2
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could be used for surface tagging, but activated ascorbate peroxidase for cross-linking is di cult to
obtain. For this reason, a novel method based on APEX2 has recently been developed. The technique,
"selective proteomic proximity labeling using tyramide" (SPPLAT), only di ers from APEX2 in the

use of HRP instead of ascorbate peroxidase [232][233]. HRP shows strong activity outside of cells and
can thus be used to e ciently label cell surface molecules. Figure 12A shows how in the presence
of H2O2, HRP converts tyramide molecules into radicals, which di use a short distance (10-100 nm)
before attaching covalently to exposed tyrosines [234][235]. It is therefore crucial that the HRP is
brought as close as possible to the VP1uR, which is achieved by the coupling to VP1u (Figure 12B).
The tyramide reagent is coupled to biotin which allows the pull-down and isolation of labeled proteins

by neutravidin-based a nity puri cation.

2.1.2 Methods

Cell culture

UT7/Epo cells were cultured in Eagles 59-B medium, a special MEM (Minimum Essential Medium,
Gibco) containing neomycin (20 ng/ml), streptomycin (20 pg/ml), penicillin (10 pg/ml) and 5 % fetal

calf serum (FCS, AMIMED) at 37 °C in 5 % CO,. Additionally, the cells were supplemented with 2
U/ml recombinant human erythropoietin (Epo, Janssen-Cilag). Ku812Ep6 cells were maintained in
RPMI 1640 (ThermoFisher Scienti ¢, 11875093) with 10 % FCS and 6 U/ml Epo. HUDEP cells are
reprogrammed and immortalized from umbilical cord blood CD34+ hematopoietic stem cells [236].
They were grown in in IMDM (ThermoFisher Scienti ¢, 12440053) with 15 % BIT 9500 (Stemcell

Technologies, 09500), 50 ng/ml SCF (Gibco, PHC2115), 1M dexamethasone (Sigma-Aldrich, D2915-
100MG), 1 ug/ml doxycycline (Sigma-Aldrich, D9891-5G) and 3 U/ml Epo.

Generation of an HRP-VP1u construct

The recombinant VP1u are truncated at their C-terminus ( C128), contain an arti cial cysteine for
cross-linking, and carry a FLAG-tag for detection. A total of 10 mg recombinant lyophilized VP1u
were added to a 15 ml falcon tube and dissolved in 1 ml dH20 (nal concentration: 10 mg/ml).
Proteins were reduced by the addition of 5ul 1 M TCEP (Lucerna-Chem, P1021). The solution was
incubated at room temperature for 30 min and 100ul of a 10 mg/ml solution of HRP-Maleimide
(ImmunoChemistry Technologies, 6294) were added to the reduced VP1u. The cross-linking reaction
was allowed to proceed for 1 h at RT followed by overnight incubation at 4°C. After the coupling, the
reaction was loaded onto anAKTA size exclusion column (Superdex 200 increase 10/300) in order to
separate reacted from free components. Fractions of 400 were collected and proteins were separated
by SDS-PAGE. Fractions containing the construct were pooled and subsequently concentrated using

spin columns with a 30 kDa molecular weight cut-o (Merck Millipore, UFC503008). Concentrated
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VP1u-HRP was frozen at -80°C in small aliquots.

Immuno uorescence analysis

For each condition, 3 x 10° cells were harvested and washed with PBS. For each sample, 0,5
of VP1u-HRP were incubated with 2 pug of rat anti-FLAG (Agilent, 200474) for 30 min at 4 °C.
Afterwards, the cells were resuspended with the labeled VP1u-HRP and incubated for 1 h at A" under
constant agitation. Cells were washed three times with ice-cold PBS and xed with a 1:1 mixture of
methanol and acetone. Fixed samples were blocked with 10 % goat serum (Agilent, X0907) in PBS
for 20 min. Subsequently, samples were incubated for 1 h with 1ul goat anti-rat Alexa Fluor 488
(ThermoFisher Scienti ¢, A-11006) in 500 ul 2% goat serum in PBS. Samples were washed multiple

times with PBS and mounted on a microscopy slide.

Proximity-based biotinylation of VP1uR

All the steps were performed at 4°C or on ice unless stated otherwise. Recipes of bu ers are listed
below. For each cell line, two samples with up to 15x 10° cells each were prepared in a 15 ml falcon
tube blocked with PBSA 1 %. Cells were washed twice with PBS at room temperature to remove
residual medium and then resuspended in PBS to a nal concentration of 5« 10° cells per ml. VP1u-
HRP (5 ug/ml) was added to one sample followed by incubation for 2 h shaking at 60 rom. The
other sample was used as a control and g¢g/ml VP1u and 1 ug/ml HRP were added (unconjugated).
Cells were pelleted at 700x g for 5 min, washed once with ice-cold PBSA 0.2 %, then resuspended
in tyramide labeling bu er (equal volume as for the incubation with VP1u-HRP) and incubated for

2 min. Catalase (Sigma-Aldrich, C9322) was added to a nal concentration of 100 U/ml to stop the
reaction, followed by incubation for 5 min, shaking at 60 rpm. Cells were then washed three times
with ice-cold PBSA 0.2 %, using 1 ml per 5x 10° cells. Cells were lysed by the addition of ice-cold
lysis bu er (500 pl per 5 x 10° cells) to the pellet. Samples were vortexed brie y and incubated for
15 min. Benzonase (1ul, Millipore, E1014) was added and incubated for 30 min followed by brief
vortexing. Samples were spun at 12'006 g for 10 min to remove insoluble material. In the meantime,
a total of 100 ul per 5 x 10° cells of neutravidin bead slurry (ThermoFisher Scienti ¢, 29200) were
transferred to a fresh 1.5 ml tube and washed once with PBSA 1 % and twice with lysis bu er for 1
min at 500 x g (100 ul of slurry per 15 x 10° initial cells). The lysate supernatant was added to the
beads and incubated for 1 h under constant agitation. The beads were then transferred to a mini spin
column and washed four times with wash bu er 1 and twice with wash bu er 2 by centrifuging for

1 min at 500 x g. Beads were subsequently resuspended in elution bu er (6@l per 100 ul of bead
slurry) and incubated for 20 min under agitation. Eluted proteins were separated from the beads by
centrifugation. The elution step was repeated once and the fractions were combined. Proteins were

concentrated by vacuum drying.
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Bu ers
All bu ers were prepared as freshly as possible and stored at Z_ for no more than one month. Protein

inhibitor cocktails were added immediately before use.
Tyramide labeling bu er:

e 50 mM Tris-HCI pH 7.4

e 0.03 % H202, freshly added

e 80 ug/ml Tyramide-SS-Biotin from 10 mg/ml stock in DMSO, 0.45 um Itered (Iris Biotech,
LS-3570.0250)

Lysis bu er:

e 20 mM Tris-HCI pH 7.4

e 5 mM EDTA pH 8.0

e 150 mM NacCl

e 1 % Triton X-100 v/v

e 0.1 M sodium thiocyanate

e 1 x Protease inhibitor cocktail (Roche, 11836153001)
Wash bu er 1:

e 10 mM Tris-HCI pH 7.4

e 1 % Triton X-100

e 1 mM EDTA pH 8.0

e 0.5 % SDS wiv

e 500 mM NacCl

0.1 M Sodium thiocyanate

e 1 x Protease inhibitor cocktail
Wash bu er 2:

e 10 mM Tris-HCI pH 7.4
1 % Triton X-100

1 mM EDTA pH 8.0
0.5 % SDS wiv

0.1 M Sodium thiocyanate

e 1 x Protease inhibitor cocktail

Elution bu er:
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5 mM TCEP
100 mM Tris pH 7.4
1 % SDS wiv

¢ 0.1 M sodium thiocyanate

e 1 x Protease inhibitor cocktail

Identi cation of proteins

Puri ed biotinylated proteins were separated on an SDS-PAGE over roughly 1.5 cm. Fixation and
staining of proteins were performed using Coomassie gel stain (ThermoFisher Scienti ¢, 24615). After
destaining with dH>O, a sterile scalpel was used to cut the resolved bands into three or four horizontal
slices. The slices were collected and stored in separate 1.5 ml tubes. Gel pieces were overlaid with a
mixture of 20:80 dH,O and ethanol and stored at 4°C. Proteins were identi ed by MS analysis at the

Core Facility Proteomics & Mass Spectrometry in Bern.
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2.1.3 Results

VP1u-HRP construct can e ciently bind susceptible cells
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Figure 13: (A) Absorbance graph of eluted proteins from an AKTA column. Peaks represent the various protein species
present after the cross-linking. mAU: Milli-absorbance units. (B) SDS-PAGE analysis of VP1u-HRP after concentrating
desired fractions using a spin column. BSA at various concentrations was used to allow quantification of individual

VP1u-HRP bands. (C) Visualization of VP1u-HRP on the cell surface of cells known to express VP1uR after allowing

binding at 4 °C.

The VP1u-HRP construct was generated through maleimide cross-linking. In order to remove unre-
acted VP1u and HRP from active constructs, size-exclusion chromatography was performed. Elution
was performed with PBS and the elution pro le is depicted in Figure 13A. The nal construct was
analyzed for quantity and quality on an SDS-PAGE (Figure 13B). Bands of various molecular weights
can be observed on the gel, indicating a heterogeneous degree of labeling. The molecular weight of
HRP with the cross-linkers is 45 kDa, the one of the recombinant VP1u is 14 kDa. The majority

of the HRP seems to harbor two, three, or four VP1u subunits (73, 86, 101 kDa respectively). It
was reported that HRP contains six lysine side chains but not all of them are readily accessible for
labeling [237][238]. The observed degree of labeling was deemed satisfactory, as VP1u dimers are al-

ready very e cient at binding to VP1uR compared to monomers [69]. Importantly, the HRP was still
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active after the cross-linking as con rmed by colorimetric reaction with luminol (not shown). It was
then investigated whether the VP1u-HRP could actually bind the VP1uR on susceptible cells (Fig-
ure 13C). Tested were the megakaryoblastic UT7/Epo, the monocytes Ku812Ep6 as well as HUDEP
(Human umbilical cord blood-derived erythroid progenitors). The VP1u-HRP construct was able
to e ciently bind all three cell lines, con rming that the VP1u remains functional. Binding ap-

peared to be exceptionally e cient in Ku812Ep6 cells and somewhat weaker in the HUDEP cells.

Proximity-based labeling unveils multiple VP1uR candidates

After verifying that the construct was able to bind the VP1uR, we set out to enzymatically tag cell
surface proteins in proximity to the binding site, as described in the "Methods". Initially, UT7/Epo
cells were analyzed due to the simplicity of culturing and good VP1uR expression. With the help
of MS analysis, over 1000 proteins were found to be enriched compared to the control, most of them
surface membrane proteins. As the labeling radius of this technique is estimated to be up to 100
nm around the HRP [234][235], it is expected that not only VP1uR is biotinylated, but also neigh-
boring proteins. To narrow down the list of possible candidates, two additional cell lines, Ku812Ep6
and HUDEP, were used. We theorized that while the VP1uR will be a common denominator in all
tested cells, other unrelated proteins may not be labeled to the same degree. Additionally, a technical
replicate of UT7/Epo cells was performed to further increase robustness. The selection process was
then carried out as follows: First of all, the relative abundance of each protein was established using
the "MaxQuant" scoring algorithm. Then, the ratio of relative abundance of the sample of interest
and its control was calculated. All proteins that were less than tenfold enriched ( vefold in the case
of HUDEP cells) were removed. Common hits among all experiments were then selected. Further,
proteins that were above fteen times more or less abundant in a given cell line compared to the other
two cell lines were also discarded. Lastly, hits for mitochondrial, ribosomal, and nuclear proteins, as
well as other proteins that were evidently not membrane receptors, were sorted out manually. This
narrowed down the list to less than 100. In table 1, the top ten hits, sorted by relative abundance in

UT7/Epo or Ku812Ep6 cells, are listed.
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Protein list UT7/Epo

1 Leukosialin / CD43

2 Integrin beta-1, Isoform 2-5 of Integrin beta-1

3 Junctional adhesion molecule A, Isoform 2 of Junctional adhesion molecule A
4 Integrin alpha-5

5 CD81 antigen

»

4F2 cell surface antigen heavy chain, Isoform 3+4 of 4F2 cell surface antigen heavy chain

7 55 kDa erythrocyte membrane protein, Isoform 2+3 of 55 kDa erythrocyte membrane protein

8 Myeloid-associated di erentiation marker
9 Integrin alpha-4
10 Isoforms OA3-293, OA3-305 and OA3-312 of Leukocyte surface antigen CD47

Protein list Ku812Ep6

1 Leukosialin / CD43
2 Junctional adhesion molecule A, Isoform 2 of Junctional adhesion molecule A

3 55 kDa erythrocyte membrane protein, Isoform 2+3 of 55 kDa erythrocyte membrane protein

4 Integrin beta-1, Isoform 2-5 of Integrin beta-1

5 CD44 antigen

6 4F2 cell surface antigen heavy chain, Isoform 3+4 of 4F2 cell surface antigen heavy chain
7 Cadherin-1, Isoform 2 of Cadherin-1

8 Intercellular adhesion molecule 2

9 Isoforms OA3-293, OA3-305 and OA3-312 of Leukocyte surface antigen CD47

10 Nectin-1, Isoform Gamma+Alpga of Nectin-1

Table 1: VP1uR candidates. All proteins listed are common in all three cell lines tested and were strongly enriched
compared to control samples. The two lists show candidates ordered according to their relative abundance in UT7/Epo

and Ku812Ep6 cells respectively.
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3 Discussion
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[ Preface |
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While each of the two publications already contain a dedicated discussion section, | believe it is

important to bring together all the key ndings of my thesis with a more in-depth interpretation
of my results, including the work to identify the VP1uR. Another purpose of this chapter is
to revisit the two goals of my thesis and critically evaluate how far those questions have been

answered.

3.1 Globoside is an intracellular receptor required for endosomal
escape

Globoside has been the proposed receptor of B19V since 1993 [57]. Confounding data in the years
following this discovery challenged the seemingly clear-cut receptor role of globoside [183][60][59]. The
rst goal of this thesis was to elucidate the role of globoside in B19V infection by generating a glo-
boside knockout cell line. Genetic disruption of the B3GalNT1 gene encoding for globoside synthase
in the semi-permissive UT7/Epo cell line led to the complete elimination of globoside. B19V binding
and internalization were not altered in the globoside knockout cell line, however, the infection was
blocked. In sharp contrast, blocking the VP1uR with recombinant VP1u abolished virus internaliza-

tion, con rming that the VP1uR, and not globoside, is the entry receptor for the virus.

Although globoside was not required for binding and uptake, its presence was essential at a post
internalization step. Transfection of the viral genome showed that the presence or absence of globoside
does not impact the replication of the virus in the nucleus, nor the production of viral proteins.
Accordingly, globoside must be required at a tra cking step after VP1uR-mediated uptake and before
translocation of the virus to the nucleus. Indeed, we found that in cells lacking globoside the virus
was unable to reach the nucleus and remained sequestered in the late endosomes and lysosomes.
In contrast, in cells expressing globoside, an increasing proportion of incoming viruses were found
in isolated vesicles devoid of markers for endosomes, lysosomes, Golgi or ER [239]. These results
suggested that B19V may interact with globoside inside the acidic endosomes as an essential step for

endosomal escape.

Globoside is constantly internalized from the cell surface and is transported to early endosomes
[211][212], where it can interact with incoming B19V [117]. Accordingly, acidic pH may play a critical
role by increasing the a nity of the virus for globoside. In line with this hypothesis, we con rmed
that B19V interacts with globoside exclusively under acidic conditions similar to those present in
early endosomes (pH 6.0) [239]. It is well known that low pH in the endosomal compartments is

crucial for the infection of many viruses, including parvoviruses [117][120][240]. The acidic pH leads
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to conformational changes in the capsid and subsequent endosomal escape of the virus, presumably
assisted by the PLA2 activity present in the VP1u. However, besides the PLA2 activity, our ndings
suggest that B19V exploits the acidic endosomal pH to change the a nity for receptors. At acidic
pH, the anity for VP1uR decreases (unpublished results) and increases for globoside [239]. It is
therefore likely that the virus swaps VP1uR for globoside in the acidic early/late endosomes. The in-
teraction of B19V with globoside inside the endocytic compartments may induce membrane curvature
and invaginations, leading to the formation of budding vesicles, as observed by confocal microscopy
[239]. This phenomenon has already been described following the binding of certain ligands with
glycosphingolipids. The bacterial Shiga toxins 1 and 2 (Stx1 and Stx2) bind Gb3, the precursor of
globoside, and have a low a nity for globoside [241][242]. Certain subtypes, such as Stx2e, show
inverse behavior and preferentially bind globoside [243][244]. GM1, a ganglioside with a similar base
structure as globoside, acts as the receptor for cholera toxin (Ctx) ofVibrio cholerae [245], as well
as for simian virus 40 (SV40) [246]. Binding of Stx, Ctx or SV40 to their respective receptor induces
GSL rearrangement and membrane bending [247][248][208]. This occurs due to the multimeric nature
of the binding, meaning that many cellular receptors bind each toxin molecule or viral capsid protein.
The cell membrane adopts a slightly negative curvature to allow the equidistant binding of multiple
receptors [247][248][249]. Elongated tubular structures are formed and scission leads to the formation
of budded vesicles [247][248][249]. The fate of SV40 after uptake is the ER [250], while Ctx and Stx
tra ck through the Golgi to the ER [251][252]. Likely, B19V can also establish such powerful multi-
meric interaction with globoside in the endosomal membrane, which triggers the formation of tubular

structures and budding vesicles containing the virus.

Although globoside may assist endosomal escape by the formation of budding vesicles, the following
tra cking steps remain unclear. Brefeldin A (BFA), a drug that disturbs transport from ER to
Golgi, was shown to disturb the infection of SV40 [253]. We have also observed that BFA strongly
disturbs the intracellular tra cking of B19V (unpublished results). This result suggests that the
vesicles budding from endosomes may transport the virus to the Golgi apparatus, which in contrast
to the endosomes has the optimal pH and calcium ion concentration required for the lipolytic activity

of PLA2 [61](unpublished results).

For many years, globoside has been considered the primary cellular receptor of B19V, notably sup-
ported by the observation that individuals lacking globoside cannot be infected and the capacity of
soluble globoside to inhibit the hemagglutination activity of B19V[57][58]. Our ndings are not in
con ict with these observations. We found that globoside is required for the infection and accord-
ingly, individuals without globoside should be resistant to the infection. The assays that revealed the

capacity of globoside to inhibit hemagglutination were performed at acidic pH, which promotes the
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interaction. Other ndings, such as the blocking of infection with anti-globoside antibodies or with
soluble globoside [60][57] could not be reproduced in our studies and are likely a result of non-speci c
interactions. Taken together, we revealed that globoside is not the cellular receptor of B19V required
for uptake into permissive cells, a function that corresponds to the VP1uR. Instead, globoside is an

essential intracellular factor required for endosomal escape.

3.2 Globoside as a gateway for transmission and dissemination

The binding of B19V to globoside expressed on the plasma membrane can be induced in cells exposed to
acidic conditions and results in virus uptake without productive infection [239]. These ndings suggest
that, although globoside does not function as the primary receptor for virus uptake into permissive
cells, it may still serve as a receptor in cells exposed to acidic conditions to allow entry. The airway
epithelial cells are exposed to an acidic environment [254][255][256][257][258][259] and although they do
not express the VP1uR, they do express globoside (unpublished results). Preliminary results indicate
that B19V does not infect these cells but can breach the epithelial barrier in a globoside and pH-
dependent manner (unpublished results). These ndings suggest that globoside and low pH mediate
the transmission of B19V through the respiratory tract and explain the absence of B19V antibodies

in individuals lacking globoside [58], as their respiratory epithelium would be impermeable to the

Virus.

The fact that the a nity for globoside is tightly controlled by the pH explains how a virus with such

a strict erythroid tropism can utilize the ubiquitously expressed globoside for infection. The neutral
pH of the blood prohibits the interaction with globoside expressed on the nonpermissive RBCs. If
B19V would bind globoside on nonpermissive RBCs, the virus would not be able to e ciently target

the permissive erythroid cells in the bone marrow.

Acidic niches are also established in the placenta through the activity of sodium/proton exchangers
[260]. Similar to the airway epithelial cells, the human placenta does not express the VP1uR (unpub-
lished results). However, globoside is expressed in trophoblast cells, which represent the main cellular
barrier of the placenta [191][261]. Globoside expression depends on the gestational age, being particu-
larly detectable in the rst and second trimester, and low or undetectable in the third trimester [261].
Perinatal complications due to B19V infection are more frequent in the rst and second trimester
[262], and thus correlates with the expression of globoside on the placenta. Similar to the airway
epithelium, the presence of globoside in the trophoblasts may serve as an entry portal to invade the
placenta and spread to the fetus. However, it cannot be excluded that vertical transmission to the

fetus is mechanistically di erent from the passage of the virus through the airway epithelial cells.
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This possibility is supported by the fact that the viral a nity for globoside is strongly reduced in the

presence of plasma, even at acidic pH values [194][239].

Globoside-dependent uptake of the virus could occur similarly to Stx or Ctx, where the interac-
tion of the lectins with the receptor can lead to internalization in a clathrin-independent manner
[263][264][265][249][266]. Due to the lack of EpoR signaling in the airway epithelial cells and tro-
phoblasts, it is improbable that B19V can establish a productive infection in those cells. Rather,
globoside facilitates the transport of B19V across the host cellular barrier by transcytosis. Other
parvoviruses, such as AAV, are known to utilize transcytosis in a serotype- and host-speci ¢ manner
[267][268][269].

Since globoside is a ubiquitous molecule, every acidic niche in the body can become a potential target
for the virus. Expanding upon this concept, acidic conditions can also be found in the lymph nodes
(LN) [270]. T-cells themselves are the source of this acidity through the production of lactic acid,
leading to a mean extracellular pH of 6.3 [270]. Ordinarily, the low pH is an important mechanism
to inhibit T-cell e ector functions while still within the LN [270]. Since T-cells express globoside
[187], they could represent another important cellular target for B19V. After crossing the airway
barrier, the virus may accumulate in the interstitial uid, eventually being transported to the LN via
lymphatic vessels. There, interaction with T-cells could be relevant for the spread of the virus within

the body.

3.3 Identity of the VP1uR

The uptake receptor of B19V, VP1uR, is expressed exclusively on cells during the Epo-dependent
stages of erythropoiesis, mainly on CFU-E, proerythroblasts, and early basophilic erythroblasts (see
Figure 3)[70][72]. Previous attempts to identify the receptor by classical cross-linking and pull-down
assays were unsuccessful, probably due to the instability of the interaction complex. Here, we uti-
lized a PL-based approach, SPPLAT. With the aid of a functional VP1u-HRP construct, we were
able to tag proteins in close proximity to the VP1u binding site on the cell. The HRP activates
Tyramide-SS-Biotin in the presence of HO,, which in turn covalently binds exposed tyrosine residues
of nearby proteins. Proteins were then solubilized, and puri ed with the aid of the biotin tag, followed
by MS analysis. The whole experiment was performed at £C in order to prevent the internal-
ization of the VP1u-HRP construct. The initial experiment using UT7/Epo cells did not yield a
candidate receptor with the expected restricted erythroid expression. A likely explanation is that
speci ¢ post-translational modi cations (PTM) in the VP1uR are involved in the interaction with the

virus. Alternatively, the VP1uR may consist of two or more cell surface molecules that arrange in a
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di erentiation-stage speci ¢ manner.

To narrow down the receptor candidates, additional cell types were analyzed. As selection criteria,
the cell should express detectable levels of the VP1uR but di er considerably from the UT7/Epo
cells. This was important to facilitate the identi cation of irrelevant, nonspecic hits. For this
reason, Ku812Ep6, cells from monocytopoiesis, as well as HUDEP, immortalized late-stage EPCs
from CD34+ umbilical cord blood, were chosen. Fewer than 100 common hits remained after the
selection process described in section 2.1. Proteins with the highest relative abundance in either
UT7/Epo or Ku812Ep6 cells can be found in table 1. Importantly, all of the proteins listed are
present in the proerythroblast stages of erythropoiesis [271]. At the same time, none are signi cantly
enriched in the proerythroblast stage compared to earlier or later points of di erentiation [271]. In
short, there does not seem to be a clear candidate with the expression pro le of the VP1uR. This
further increases the likelihood that an erythroid-related isoform or PTM may be involved in the
interaction. Still, some of the more interesting candidates are worth discussing. As an example,
leukosialin (CD43) is present on a multitude of hematopoietic cells, including those permissive for
B19V replication [272][273]. Moreover, it is heavily glycosylated, a process that is tightly regulated
and is lineage-speci ¢ [274][275][276][277][278][279]. Other interesting candidates are the various alpha
and beta integrins. Integrins have already previously been proposed as co-receptor required for B19V
attachment [66] and therefore represent promising candidates. The junctional adhesion molecule A
was also found to possess di erent possible glycosylation patterns [280] and is already known to serve
as a receptor for reoviruses [281]. The 4F2 cell-surface antigen heavy chain (SLC3A2) and nectin-1
also represent candidates with known receptor functions. SLC3A2 has been shown to act as a cofactor
necessary for HCV entry via clathrin-mediated endocytosis [282]. Nectin-1 has already been shown to
ful Il an important function for herpes simplex virus and pseudorabies virus uptake [283]. Strikingly,
nectin-1 is expressed almost exclusively at the proerythroblast stages of EPC di erentiation, albeit
at low levels [271]. Interestingly, EpoR was not detected in any of the experiments, suggesting that
it is exclusively involved in essential signaling pathways but not located in close spatial proximity
to the VP1uR. The diculty to identify the VP1uR by PL methods emphasizes the limitations of

the technique. Namely, the target needs to be both a protein and have an exposed tyrosine residue
for tagging. Moreover, if the protein is very hydrophobic or present in lipid rafts, solubilization may
not be possible despite labeling it with biotin. Furthermore, there is an inherent bias for ubiquitous
proteins, as there is an increased likelihood of them being present in the vicinity of the VP1uR. Lastly,
the labeling radius of activated tyramide increases with incubation time with the labeling bu er, up

to 100 nm [235][234]. Tagging of non-speci c proteins is therefore unavoidable. More selective tests

will be necessary to assess the involvement of each possible candidate in B19V uptake. Recently, an
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analogous approach to SPPLAT, based on the prokaryotic ubiquitin-like protein (Pup), was shown
to be a useful alternative for cell surface receptor labeling [284]. This method holds the advantage
of a shorter tagging radius of roughly 6 nm, signi cantly reducing the risk of labeling non-specic

molecules [284].

3.4 Outlook

Today, there is an urgent need to understand the mechanism of parvovirus B19 transmission, infection,
and dissemination to the fetus. The lack of knowledge regarding B19V infection can be largely
attributed to the long-lasting confusion concerning the cellular receptors of the virus. The results of
this thesis clarify the role of globoside in B19V infection, which should not be viewed as the primary
cellular receptor required for uptake and productive infection. Instead, globoside is an interacting
cellular partner facilitating the breaching of cell membrane barriers under the strict control of the

environmental pH. Those barriers can be the endosomal membrane during virus entry into permissive

cells, or host cellular barriers, such as the airway epithelium, or the placenta.

An important topic for further research is the mechanistic understanding of the membrane curvature
and vesicle formation induced by the multimeric interaction of B19V capsids with globoside molecules.
The goal here is to understand how the capsid-globoside complex induces local changes in the physical
properties of membranes resulting in uptake if the interaction occurs at the cell surface, or endosomal
escape if the interaction occurs inside endosomes. The use of giant multilamellar vesicles (GUVS)
decorated with globoside may be an interesting approach for studying the process in a simplied

model.

B19V infection poses a signi cant risk for pregnant mothers. Only half of the pregnant women show

antibodies against B19V [77] and infection with B19V occurs in at least 1 % of pregnancies [88][89].
This in turn can eventually lead to hydrops fetalis in roughly 10 % of those pregnancies [92][85][90].
Understanding the cellular process involved in globoside-mediated virus uptake and transport across
host epithelial and placental barriers will facilitate the rational development of novel antiviral medi-

cation and vaccination.

Cellular receptors are essential for virus entry and spread. Thus, their identi cation is fundamental
to understanding the tropism and pathogenesis of the infection. Unveiling the nature of the VP1uR
has proven to be an ambitious project. Still, initial results yielded promising results and several
receptor candidates were identi ed. Alternative approaches based on proximity labeling can narrow
down the list of candidates. Finally, the use of speci ¢ antibodies or genetic knockouts will facilitate

the identi cation of the VP1uR.
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[ Preface |
—

In this chapter, | would like to highlight the most central and crucial techniques that were

used to conduct my experiments. While the general methodology is already described in the
above publications, this chapter allows me to present a more in-depth view of some of the
key methods applied in my PhD studies. This means that the focus lies mostly on techniques
that have not yet been well established in our lab or where the corresponding publications do
not go into su cient detail. Hopefully, this will prove to be helpful for future scientists that

attempt similar experiments so they will have a solid foundation and good reproducibility for

their research.

4.1 Southern blot

UT7/Epo WT or KO cells (3 x 10°) were seeded in 10 ml culture medium in a 75 cfh ask. B19V
containing plasma was diluted in 10 ml culture medium without FCS and added to the seeded cells,
resulting in 4 x 10* genome equivalents per cell. Cells were harvested after 1 h or after 72 h. Harvested
cells were washed 4< with PBS at RT. Cells were resuspended in 5Qul TBS, followed by the addition
of 750 w lysis buer (0.6 % SDS, 10 mM Tris-HCI pH 7.5, 10 mM EDTA) and 10 ul Proteinase
K (600 mAU/mI, Qiagen, 19157). The tubes were inverted 10x and incubated at RT for 1 h. To
precipitate the SDS and the chromosomal DNA along with it, 2001l 5 M NaCl solution were added.
Tubes were inverted ten times and incubated for 16 h at 4°C. The lysates were spun at 16'000x

g for 30 min at 4 °C, followed by the extraction of 600 ul supernatant using the DNeasy Blood &
Tissue kit (Qiagen, 69506). The enrichment of viral DNA compared to genomic DNA was veri ed by
RT-gPCR (NS1 primer pair for viral DNA, ACTBL2 primer pair for cellular DNA, see subsection 6.2

& 6.3). The extracted DNA (20 ul) was mixed with 5 pl 6 x DNA loading dye (New England Biolabs,
B7024S), loaded and resolved along with a 2-Log DNA ladder (New England Biolabs, N3200S) on a
0.8 % agarose gel in TAE overnight at 25 V. The ladder was cut o, stained with GelRed (Biotium,
41003) and photographed under UV light next to a ruler. The rest of the gel was cut to a size that
preserved the desired molecular weight range, depurinated for 10 min in 0.125 M HCI, rinsed with
dH->O and TAE followed by a denaturation step for 2 x 15 min in 0.5 M NaOH, 1.5 M NaCl. The
gel was neutralized 2x for 15 min in 1 M NacCl, 0.5 M Tris-HCI pH 7.4. A positively charged nylon
membrane (GE Healthcare, RPN203B) was oated in dH,O for 1 min and later submerged in 20X SSC
(3 M NacCl, 0.3 M sodium citrate) for 5 min. The transfer to the positively charged nylon membrane
was performed with 650 ml 20X SSC through upward capillary blotting for 16 h (the membrane was
placed above the gel, followed by three soaked Iter papers and an 8 cm tall stack of paper towels).

A 500 g weight was placed on top of the towels to facilitate the transfer. The membrane was dried on
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Component Final concentration
Tris-HCI pH 7.8 50 mM
MgCl» 5 mM

BSA 50 pg/mi

DTT 10 mM
d(GAT)TP 0.04 mM
o-32P-dCTP 100 pCi

DNA template (773-1716 bases, J35 isolate) g

Table 2: Components of the Southern blot probe for hybridization to B19V DNA.

paper towels until mostly dry. In an oven, the membrane was baked at 90C for 1 h to immobilize

the DNA. The membrane was prehybridized in a hybridization oven at 42°C for 90 min with 8 ml
hybridization bu er (7 % SDS (w/v), 0.125 M sodium phosphate pH 7.2, 0.25 M NaCl, 1 mM EDTA,

45 % formamide (v/v)) containing 50 pg/ml salmon sperm DNA (Invitrogen, 15632011) which was
boiled at 95°C for 10 min beforehand. The bu er was then replaced with an identical bu er containing

a radiolabeled probe for overnight incubation at 42°C. The probe was prepared by nick-translation

at 15 °C for 1 h, using the reaction components from table 2. This was followed by puri cation of
the probe using a PCR clean-up kit (Promega, A9281). The membrane was subsequently washed at
42°C for 2 x 5 min with 2X SSC + 0.1 % SDS and 2x 15 min with 0.1X SSC + 0.1 % SDS. The
semi-dry membrane was subsequently sealed in a plastic membrane and exposed to a phosphor image

screen overnight. Visualization was carried out with a phosphorimager (Typhoon FLA 9500).

4.2 Transfection of UT7/Epo cells and generation of Gb4 KO cells

The UT7/Epo cell line was transfected with lipofectamine 3000 (Invitrogen, L3000001) due to the
low cytotoxicity of the reagent for the cells. Cells (10 for a 6-well plate, 2 x 10 for a 12-well plate)
were prepared one day before the transfection growth medium. Transfection for CRIPSR/Cas KO was
performed using 5pg of DNA (2.5 ug of CRISPR KO plasmid [Santa Cruz Biotechnology, sc-424114]
+ 2.5 ug of HDR plasmid [Santa Cruz Biotechnology, sc-424114-HDR]). The CRISPR KO and HDR
plasmids encode GFP and RFP respectively, which was used to di erentiate between positive and
negative transfected cells. For transfection reactions with the B19V infectious clone, 1ug of DNA was
used. Two solutions were prepared as indicated in table 3 and mixed well. The contents of solution

2 were added to solution 1 and incubated for 5 min. The DNA-lipid complexes were then added

95



University of Bern Methods

drop-wise to the cells and incubated for up to three days at 37C and 5 % CO,.

Solution 1:

Opti-MEM 125 ul

Lipofectamine 3000 3.75ul

Solution 2:
Opti-MEM 125 ul
Plasmid DNA 1-5 ug

P3000 reagent 2ul/ ug DNA

Table 3: Composition of transfection solutions.

Cells transfected with the B19V infectious clone were subsequently harvested, washed at 760g with
PBS and analyzed either by RT-gPCR or xed for immuno uorescence staining. CRISPR/Cas KO
transfected cells were then selected by uorescence-activated cell sorting (FACS). Cells were harvested
from the transfection well and spun at 700 x g for 3 min to pellet them. The pellet was washed
with 10 ml PBS and the centrifugation step was repeated. The pellet was carefully resuspended in 1
ml ice-cold PBS containing 2 % FCS. Cells expressing both RFP and GFP were sorted into a tube
containing 3 ml FCS. Sorted cells were then pelleted and seeded out into a new ask containing fresh
culture medium. For the generation of clones, single cells expressing RFP (the GFP signal is lost after
a few passages) were sorted into 96-well plate wells containing conditioned medium. For the next two
weeks, cells were maintained in conditioned medium followed by the expansion of positive colonies into
cell culture asks. Successful knock-outs were veri ed by RT-gPCR for the presence of B3GalNT1

MRNA transcripts (see subsection 6.2 & 6.3).

4.3 Baculovirus recombinant protein expression system

Preparation of a pfastBacl-VP2 construct

The baculovirus protein expression system allows for the production of recombinant virus-like particles.
This method is especially useful due to its safety, scalability, and high protein expression level. The
VP2 ORF of the B19V infectious clone was ampli ed in a PCR using a primer pair which introduced
restriction sites for EcoRI and Hindlll (see subsection 6.2 & 6.3). The PCR amplicon was puri ed using
a PCR clean-up kit (Promega, A9281). The puried PCR amplicon was quanti ed using nanodrop

and prepared for cloning into a pfastBacl plasmid (ThermoFisher Scienti ¢, A38841, see subsection
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6.4). To this end, 10 ug of the amplicon were digested with 20 u each of EcoRI-HF (NEB, R3101S),
HindllI-HF (NEB, R3104S) and Dpnl (NEB, R0176S) in 1X CutSmart Bu er in a heat block for 2 h

at 37 °C, 500 rpm. The digested DNA was once more puri ed with the PCR clean-up kit. pfastBacl
(1 ng) was digested with 20 u each of EcoRI-HF and HindllI-HF in 5ul in 1X CutSmart Bu er in a
heat block for 1 h at 37 °C, 300 rpm. Enzymes were heat-inactivated at 8GC for 20 min. Further,
the plasmid was dephosphorylated by the addition of 0.65ul of 10X antarctic phosphatase (AnP)
buer and 5 u AnP (NEB, M0289S). Incubation at 37 °C for 1 h was followed by heat-inactivation
at 80 °C for 2 min. Ligation was carried out in a total of 20 ul with the 6.5 ul dephosphorylated
plasmid, 2 ul 10X T4 ligation buer, 1 ng digested VP2 ORF, and 1ul T4 ligase (NEB, M0202S).
The mixture was incubated at 4 °C for 30 min, at 16 °C for 30 min, and at RT for 10 min followed
by heat-inactivation at 65 °C for 10 min. For transformation, 10-beta E. coli (NEB, C3019H) were
thawed on ice and transferred to a pre-cooled 14 ml bacterial-culture tube. 21l ligation mix (100 ng)
were added to the cells and incubated on ice for 30 min. The tube was subsequently transferred to a
42 °C water bath for 30 sec followed by 5 min on ice. SOC medium (50Ql, NEB, B9020S) were added
to the cells, followed by incubation at 37°C, 225 rpm for 1 h. The bacterial suspension (25Ql) and a
1:10 dilution thereof was then spread on pre-warmed agar plates (40 g/l Miller Agar) containing 100
png/ml ampicillin (Merck, A5354). The plates were incubated overnight at 37 °C. Growing colonies
were isolated and diluted in 100ul PBS. 2 ul of this solution were analyzed by PCR with the "Insert
Check" primer pair, using the ligated plasmid as a positive control (see subsection 6.2 & 6.3). Positive
colonies were added to 5 ml LB-Medium containing 100ug/ml ampicillin and incubated overnight at
37°C, 225 rpm. The following day 700ul of overnight culture were transferred to a 1.5 ml Eppendorf
tube and mixed with a 300 ul solution of glycerol and H,O (1:1) and stored at -70°C. Plasmid DNA
was isolated from the remainder of the culture using a miniprep kit (Promega, A1460). lug of plasmid
was sent for sequencing using the "F check insert" primer as well as the primer "FW-4" (see subsection
6.2 & 6.3).

Generation of a B19V VP2 bacmid

DH10Bac cells (ThermoFisher Scienti c, A38841) were thawed on ice and transferred to a pre-cooled
14 ml bacterial-culture tube. pFastBac-VP2 (5 ul, 0.2 ng/ul) was added and the cells were incubated
on ice for 30 min. Subsequently, cells were heat-shocked in a water bath at 42 for 45 seconds.
Cells were chilled on ice for 2 min followed by the addition of 900ul SOC medium. The cells were
transferred to 37 °C, 225 rpm for 4 h. Dilution series of 10!, 1072 and 102 of the cells in PBS were
created and 100ul were distributed to agar plates containing kanamycin (50 ug/ml), gentamycin (7
ug/ml), tetracycline (10 pg/ml), 100 ug/ml X-Gal (Millipore, BG-3-G) and IPTG (40 pg/ml). Plates
were incubated at 37°C for 24-48 h. White colonies were picked, added to 100l H,O and restreaked

on an identical plate overnight. White colonies were once again picked and dissolved in 1Q0 H,0. Of
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each colony, 2ul were analyzed by PCR using "F Transposition" and "R Insert Check" primers (see
subsection 6.2 & 6.3). PCR-positive colonies were used to inoculate 200 ml LB-Medium containing
kanamycin (50 pg/ml), gentamycin (7 pg/ml,) and tetracycline (10 pg/ml). Incubation for 16 h at
37°C, 225 rpm. Bacmids were isolated from the bacteria with the "HiPure Plasmid Maxiprep Kit"

(ThermoFisher Scienti ¢, K210006) using the following protocol:

e 200 ml overnight culture of E. coli containing recombinant baculovirus genome were pelleted at
4000 x g at 4°C for 10 min. The supernatant was removed.

e Bacterial pellets were resuspended in 20 ml Resuspension Bu er (R3). Cells were thoroughly
homogenized.

e 10 ml Lysis Bu er (L7) were added to each tube. Tubes were then carefully inverted ten times
and incubated at RT for 5 min (and not longer).

e 10 ml Precipitation Bu er (N3) were added to each tube. Tubes were inverted ten times to mix
contents.

e Mixtures were centrifuged at 12'000 x g at RT for 10 min. The supernatant was centrifuged
again to ensure that no more debris was present.

¢ 30 ml Equilibration Bu er (EQ1) were added to a Maxi Column and allowed to ow through by
gravity.

e Bacterial lysates were loaded on the equilibrated column and allowed to drain by gravity.

e 60 ml Wash Bu er (W8) were added and allowed to elute by gravity. A new sterile 50 ml tube
was placed under the column.

e 15 ml Elution Bu er (E4) were added to the column to elute bacmid DNA. The column was
discarded afterward.

e 10.5 ml isopropanol were added to the elution tube and the solution was mixed well. The tube
was centrifuged at 12'000x g at 4 °C for 30 min and the supernatant was carefully removed.

e The DNA pellet was carefully resuspended in 5 ml 70 % ethanol.

e The tube was centrifuged at 12'000x g at 4 °C for 5 min. The supernatant was carefully
removed and the pellet was air-dried for no more than 10 min.

¢ The pellet was resuspended in 0.2 ml TE Bu er (TE) without pipetting to avoid shearing the

DNA. The tube was stored on ice for at least 10 min to allow DNA to dissolve.

The puri ed bacmid was analyzed by PCR using the "Transposition F/R" primers and Q5 polymerase
(see subsection 6.2 & 6.3). The generated amplicons were puri ed with a PCR clean-up kit and &l
were run on a 1 % agarose gel in X TAE bu er and GelRed (Biotium, 41003). The expected size of
the amplicon was 4000 bp. The remaining amplicon was used for sequencing using the "Insert Check"

and "FW-4" primers ((see subsection 6.2 & 6.3).
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Generation of PO stock of recombinant baculovirus

ExpiSf9 insect cells were cultured in ExpiSF CD medium (ThermoFisher Scienti ¢, A3767801) on an
orbital shaker at 125 rpm and 27°C. The cells were grown until they reached a density between 5
10° and 10 x 10°. For transfection with the bacmid, 62.5 x 10° cells were pelleted at 300x g for

5 min and resuspended in 25 ml of fresh medium. The transfection mixture was prepared in 1 mi
Opti-MEM | Reduced Serum Medium (ThermoFisher Scienti ¢, 31985062). 30wl ExpiFectamine Sf
Transfection Reagent (ThermoFisher Scienti c, A38841) were added to the medium and the mixture
was inverted eight times and incubated for 5 min at RT. 75 ug of bacmid were added to the mixture,
which was again inverted eight times and incubated for 5 min at RT. The mixture was then added
drop-wise to the ExpiSf9 cells. The cells were allowed to grow for roughly 96 h until a clear increase
in the average diameter of the insect cells was observed. The cell suspension was transferred to a
50 ml falcon tube and centrifuged at 300x g for 5 min. The supernatant contained the PO stock of
recombinant baculovirus and was stored at -8C0C in aliquots. The PO stock was quanti ed by PCR:
The supernatant containing the PO stock was diluted in dH,O (1:10? - 1:10°) and boiled for 5 min at
90°C. 2 ul were ampli ed in a PCR using primers against the gp64 region of the virus (see section 6).
Production of recombinant VP2

ExpiSf9 cells were seeded in fresh, prewarmed medium in a new ask to a nal density of % 10°/ml
one day before infection. ExpiSf Enhancer solution (10Qul) (ThermoFisher Scienti ¢, A38841) were
added to the cells immediately after seeding. After 16-24 h, cells were infected with 100-10Q0 of
PO stock (optimal quantities have to be determined empirically). Cell density should not exceed 7x
10°/ml at the time of infection. After the addition of the virus, the cells were incubated at 27 °C for
three days or until viability of the cells had dropped to roughly 60-70 % and cells show clear cytopathic
e ects. The cell suspension was then transferred to a 50 ml falcon tube and cells were pelleted for 20
min at 1000 x g, 4°C. The pellet fraction was resuspended in 7.5 ml TNTM bu er (25 mM Tris-HCI
pH 8.0, 100 mM NacCl, 0.2 % Triton X-100, 2 mM MgCly). The cell suspension was freeze-thawed
three times. Benzonase (Merck, E1014-5KU) was added (1:10'000) and the cell lysate was incubated
for 30 min at room temperature. Debris was pelleted by centrifugation for 15 min at 12'000x g,

4 °C. The supernatant was Itered consecutively through a 0.45um and 0.1 um Iter. The cleared
lysate was loaded on top of a sucrose cushion consisting of 20 % sucrose in TNET buer (50 mM
Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.2 % Triton X-100). Centrifugation was performed

in a Beckman 70-Ti rotor, for 3 h at 45'000 rpm, 4°C. The lowest 1.5 ml of the centrifugation was
used to resuspend the pellet, which was then diluted in an equal amount of TNE bu er (TNET bu er
without Triton X-100). Gradient centrifugation was performed with a Beckman SW41 rotor. The 10
% sucrose solution containing the VLPs was layered on top of an OptiPrep gradient (Sigma-Aldrich,

D1556-250ML). The OptiPrep (60 %) was diluted in MEM, starting from the bottom: 1 ml 55 %,
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then 1.5 ml each of 45-15 % (in 10 % increments). Centrifugation was performed overnight for 16 h at
30'000 x rpm, 4 °C. Starting from the top of the gradient, 750 ul fractions were collected in tubes with
low protein binding. A dot blot was performed to identify fractions containing the VLPs by using the
3113-81C antibody (see subsection 6.1). A bu er exchange of positive fractions was performed using a
PD10 column (GE Healthcare, 17-0851-01). The columns were equilibrated with ve column volumes
of TNM bu er (20 mM Tris-HCI pH 7.8, 10 mM NacCl, 2mM MgCl ). The VLPs were loaded on top of
the column and allowed to enter, followed by TNM until 2.5 ml total volume had entered the column.
The VLPs were eluted by continuous addition of 0.5 ml TNM bu er. Fractions were collected and

quanti ed by nanodrop and SDS-PAGE. The VLPs were frozen and stored at -80°C.

4.4 |mmuno uorescence

Before xation, a coverslip was placed in a 12-well plate for each condition and rinsed once with
ethanol and twice with PBS. An appropriate number of cells were resuspended in roughly 2@l PBS
and spotted on a washed coverslip. Cells were allowed to settle for 5 min before the addition of a
-20 °C chilled solution of methanol and acetone (1:1). The plate was transferred to a -20C freezer
for 4 min. The xation solution was then removed and the slides were allowed to air-dry. From here
onwards, all steps were performed at room temperature. The dried slides were rehydrated by addition
of 500 ul PBS and incubation for 5 min. This rehydration step was repeated once. The samples
were subsequently blocked for 20 min with 30Qul of a 10 % goat serum solution (Agilent, X0907) in
PBS. The slides were then incubated for 1 h upside down on a 3l drop of 2 % goat serum in PBS
containing the primary antibody. A list of antibodies can be found in subsection 6.1. The coverslips
were replaced to the 12-well plate and washed ve times with PBS over the course of 1 h. Secondary
antibodies (Alexa Fluor 488 or 594 antibodies, ThermoFisher) were diluted 1:500 in 50Q of 2 % goat
serum in PBS. Incubations with the secondary antibody were performed in the dark for 1 h, shaking.
The coverslips were washed once more over the course of 1 h. When working with UT7/Epo cells,
the samples were quenched of endosomal auto uorescence by addition of 302 mM CuSOy in 50
mM ammonium acetate followed by a 5 min incubation (see Figure 14). The quenching solution was
removed and the xed cells were rinsed twice with PBS. The coverslips were subsequently rinsed with
dH,0O and ethanol and allowed to dry. The dry coverslips were mounted cell-side down on a 1l

drop of mounting agent (ThermoFisher, P36962) placed on a glass slide.

When staining globoside, cells were blocked with PBSA 1 % and incubated with the primary antibody
at 4 °C before to xation. Unbound antibody was washed away by sequential centrifugations performed

at 4 °C. Cells were then xed and processed as described above.
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untreated + CuSO,

Figure 14: Fixed UT7/Epo cells without (A) and with (B) CuSOy4 treatment. The background fluorescence is roughly
localized to the endosomal compartments and is also present in live cells. Copper ions were found to be the acting
component of the quenching buffer, efficiently reducing the background fluorescence without affecting specific signals

from antibodies [285].

4.5 Hemagglutination

Hemagglutination was used to analyze the interaction (or lack thereof) of RBCs with an antigen.
RBCs were obtained from complete blood containing EDTA as an anticoagulant (Blutspendezentrum
Bern). The whole blood was centrifuged to separate RBCs and plasma. All centrifugations were
performed at 400 x g for 3 min. The plasma was removed and the cells were washed>3 with PBS.
For storage, the cells were resuspended in Alsever's solution (4.2 g/l NaCl, 8 g/l sodium citrate, 0.55
g/l citric acid, 20.5 g/l dextrose) equal to the cell volume and stored at 4 °C for up to 2 weeks.
Before a hemagglutination experiment, the RBCs were washed Z with PBS and once with the
bu er used for the experiment. Each hemagglutination reaction was performed in a round-bottom
96-well plate (ThermoFisher, 262162). The wells of the plate were blocked with 15Q. PBSA 1 %
before any experiment to improve the settling of the RBCs. The PBSA 1 % was then completely
removed and 50l reaction bu er containing the desired antigen were added to the wells. After
establishing the desired dilution series of the antigens, 5@l of a 1 % solution (v/v) of RBCs in the
desired bu er were added to each well, for a total volume of 10Qul. The plate was incubated without
any agitation at RT for at least 1 h. Images were obtained by photographing the plate on top of a

transilluminator.
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6.1 Antibodies

Name Dilution Source

Human MAD IgG 860-55D 1:100 (IF) Mikrogen, 94406,

Mouse MAb IgG 3113-81C 1:100 (IF), 1:1500 (WB) US biological, P3113-81C-100ug

Chicken PADb IgY «-globoside 1:100 (IF) J. Mathing [286]
Mouse MAb x-M6PR 1:100 (IF) Abcam, ab2733
Mouse MAb «-LAMP1 1:50 (IF) Abcam, ab25630

6.2 Primers

All primers were obtained from Microsynth.

Primer name Primer sequence
F B3GalNT1 mRNA 5-CTC CTG AGT TTC TTT GTG ATG TGG-3'
R B3GalNT1 mRNA 5'-CAT TAC GTA CTT GGC ATT GGG G-3'

F B3GalNT1 mRNA nested 5'-CCC CAC TAC AAT GTG ATA GAA CGC-3'
R B3GalNT1 mRNA nested 5-GGC AAA ACT CAG TTA CCC ACC-3'
F GAPDH mRNA control 5'-GCC AAA AGG GTC ATC ATC TCT G-3'

R GAPDH mRNA control 5'-CCT GCT TCA CCA CCT TCT TG-3'

F ACTBL DNA 5-GTG GGA TCC ATG AGA CAA CC TC-3
R ACTBL DNA 5'-GTG GT ATC TGG GTA AGA GCC C-3

F NS1/B19V DNA 5'-GGG GCA GCA TGT GTT AA-3

R NS1/B19V DNA 5-CCA TGC CAT ATA CTG GAA CAC T-3

F Insert Check 5-GTT GGC TAC GTA TAC TCC GG-3'

R Insert Check 5'-ATG GTG CTC TGG GTC ATA TGG-3'
FW-4 5'-CAA GGA ATT TCT GGA GAC AGC-3

F Transposition 5'-CCC AGT CAC GAC GTT GTA AAA CG-3
R Transposition 5'-AGC GGA TAA CAA TTT CAC ACA GG-3'
F gp64 5-CGG CGT GAG TAT GAT TCT CAA A-3
R gp64 5-ATG AGC AGA CAC GCAGCT TTT-3
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6.3 PCR Programs

Genomic PCR: After DNA extraction or, in case of nested PCR, after dilution of the initial amplicon

the following mastermix was prepared:

Component Volume per sample Final concentration
Luna Universal 2x mix (NEB, M3003) 10 ul 1 x
Forward Primer 1l 500 nM
Reverse Primer 1l 500 nM
dH,O 6 w

Total volume per sample: 18 wl

The 2 ul DNA extract or standard were added to the 18 ul mastermix and run with the following
protocol. In case of nested PCR, the product of a prior PCR run was diluted 1:10'000 in dHO and

used instead.

B19 DNA quanti cation Nested PCR B3GaINT1

Duration [s] Temperature [ °C] Duration [s] Temperature [ °C]
300 95.0 600 95.0

10 95.0 15 95.0

15 55.0 20 56.0

20 72.0 go to step 3 (3%) 30 72.0; go to step 3 (3%)
60 95.0 60 95.0

Melting curve | 65.0 - 95.0 Melting curve | 65.0 - 95.0
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Colony PCR pFastBacl-VP2

Bacmid Transposition Colony PCR

Duration [s]

Temperature [ °C]

Duration [s]

Temperature [ °C]

300 95.0 120 95.0

15 95.0 20 95.0

15 55.0 20 55.0

25 72.0; go to step 2 (3%) 45 72.0; go to step 3 (3%)
60 95.0 60 95.0

Melting curve | 65.0 - 95.0 Melting curve | 65.0 - 95.0

Quanti cation of Baculovirus PO stock

Duration [s]

Temperature [ °C]

120

10

35

60.0; go to step 2 (3%)

Melting curve

65.0 - 95.0
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RT-qPCR:

was performed using the following mastermix:

Reverse transcription was performed in a one-step reaction. Reverse transcription PCR

Component Volume per sample Final concentration
Luna Universal 2x mix (NEB, M3003) 10 ul 1 x
Luna Reverse Transcriptase (NEB, E3005) l 1x
Forward Primer 1w 500 nM
Reverse Primer 1yl 500 nM
dH,O 5ul

Total volume per sample: 18 ul

2 ul isolated mRNA or standards were added

protocol:

to the 18ul mastermix and run with the following

B19 NSL1 infectivity assay

B3GalNT1 mRNA / GAPDH mRNA

Duration [s] Temperature [ °C] Duration [s] Temperature [ °C]
600 55.0 600 55.0

300 95.0 60 95.0

10 95.0 10 95.0

15 55.0 20 57.0

20 72.0 go to step 3 (3%) 30 60.0 go to step 3 (3%)
60 95.0 60 95.0

Melting curve | 65.0 - 95.0 Melting curve | 65.0 - 95.0
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Cloning with Q5 Polymerase was performed using the following set-up:

Component Volume per sample Final concentration
Q5 High-Fidelity 2 x Master Mix (NEB, M0492) 25 wl

Forward Primer 2.5 ul 500 nM
Reverse Primer 2.5ul 500 nM
DMSO 2 ul

dH-.0O 18 - [volume DNA] ul

Total volume per sample:

50 - [volume DNA] ul

PCR programs using Q5 polymerase:

Cloning of VP2 ORF

Duration [s]

Temperature [ °C]

300 95.0

15 95.0

20 58.0

90 72.0 go to step 2 ()
15 95.0

20 68.0

90 72.0 go to step 5 (3%)

Analysis of isolated bacmids

Duration [s]

Temperature [ °C]

300 95.0
45 95.0
45 60.0
240 72.0 go to step 2 (k)
600 72.0
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6.4 Plasmids

o
A pFastBac™1
= 4776 bp |

Figure 15: The pFastBacl plasmid used in the generation of recombinant baculovirus genomes. The multiple cloning
site (MCS, marked in blue) contains the necessary restriction sites EcoRI and HindlIII for the introduction of the B19V
VP2 ORF. The two sequences marked with Tn7L and Tn7R denote the complementary sequences that enclose the part

of the plasmid that will be transposed to the bacmid.
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pFastBacl with VP2 insert
6364 bp

5
(4198 .. 4218) R Insert Check

(3873 .. 3892) F Insert Check

Figure 16: The pFastBacl with the inserted VP2 gene sequence of B19V. Primers that were used for colony PCR as

well as for sequencing are denoted in purple.
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