Making Rift Valley fever viral particles fluorescent
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i. Abstract

Rift Valley fever virus (RVFV) is a mosquito-borne pathogen that represents a significant
threat to both human and veterinary public health. Since its discovery in the Great Rift Valley
of Kenya in the 1930s, the virus has spread across Africa and beyond, now posing a risk of
introduction into southern Europe and Asia. Despite recent progresses, early RVFV-host cell
interactions remain largely uncharacterized. In this methods chapter, we delineate the
procedure for labeling RVFV particles with fluorescent organic dyes. This approach makes it
feasible to visualize single viral particles in both fixed and living cells and study RVFV entry
into host cells. We provide additional examples with two viruses closely related to RVFV,
namely Toscana virus and Uukuniemi virus. Furthermore, we illustrate how to utilize
fluorescent viral particles to examine and quantify each step of the cell entry program of RVFV,
which includes state-of-the-art fluorescence-based detection techniques such as fluorescence

microscopy, flow cytometry, and fluorimetry.
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1. Introduction

Over the last decades, significant progresses in fluorescence microscopy and other
fluorescence-based techniques have greatly enhanced our comprehension of early virus-host
cell interactions. However, our understanding remains largely fragmented. Our knowledge of
these intricate processes, which involve hundreds of cellular factors with diverse functions, is
confined to a handful of viruses. In this context, we will provide comprehensive protocols to
investigate the entry of the phenuivirus Rift Valley fever virus (RVFV) into both fixed and
living cells. Initially, we will outline a method for labeling RVFV particles with fluorescent
organic dyes. Subsequently, we will introduce a series of experimental procedures to analyze
RVFV binding, uptake, intracellular trafficking, and fusion that rely on the use of fluorescently
labeled viruses in combination with advanced fluorescence microscopy, flow cytometry, and
fluorimetry approaches. To further illustrate our point, we will also employ Uukuniemi virus
(UUKV) and Toscana virus (TOSV), two phenuiviruses closely related to RVFV, as examples.
The procedures delineated with these viruses can be readily adapted to study not only RVFV

but also a wide range of other enveloped viruses.

1.1. The mosquito-borne virus RVFV

RVFV, a bunyavirus of the Phlebovirus genus within the Phenuiviridae family, predominantly
infects livestock and humans [1]. In domestic animals, RVFV can induce fetal malformations,
leading to a high rate of abortion and mortality [2]. In humans, the infection can escalate to
severe forms, encompassing retinitis, acute hepatitis, hemorrhagic fevers, and encephalitis [2].

RVFV is an arthropod-borne virus (arbovirus) transmitted to vertebrate hosts by a variety of



mosquito species, primarily 4edes and Culex. Notably, several major RVFV mosquito vectors
are expanding to new geographical regions, with some already present in Europe and Middle-
East [3].

At the molecular level, RVFV and other phenuiviruses are enveloped viruses, roughly
spherical, with an average diameter of 100 nm [4] (Fig. 1). The viral genome consists of three
single-stranded RNA segments that are replicated exclusively in the cytosol [5]. The segments,
designated as S, M, and L, refer to their respective sizes in nucleic acids, with S the smallest,
M the intermediate-sized, and L the largest. Collectively, the three RNA segments code for two
non-structural proteins, NSm and NSs, which are absent from viral particles, and four structural
proteins, specifically, the RNA-dependent RNA polymerase L, the nucleoprotein N, and the
two envelope glycoproteins Gn and Gc. On the viral particle surface, Gn and Gc assemble into
an icosahedral lattice of protrusions, exhibiting an atypical T = 12 triangulation [4]. Gn and Gc¢

play crucial roles in virus binding and entry into host cells [6,7].

1.2. Entry of RVFV into host cells

Over the past decade, several receptors for RVFV have been identified (Fig. 2). Heparan
sulfates are likely to serve as cell-surface attachment factors [8,9]. The human C-type lectin
DC-SIGN acts as a bona fide entry receptor for RVFV [10]. The expression of DC-SIGN on
the surface of dendritic cells located in the skin dermis, the anatomical site of virus
transmission, makes the lectin a compelling candidate for the initial stages of infection. L-
SIGN, another C-type lectin present on the surface of the liver endothelium, has been
demonstrated to function as an attachment factor and may partially account for the hepatic
tropism of the virus [11]. Recently, low-density lipoprotein receptor-related protein 1 (LRP1)
was also identified as a viral entry factor [12,13]. Given its broad tissue expression, LRP1 may

contribute to the extensive tropism of RVFV [14,15]. However, RVFV can infect tissues



devoid of these receptors, suggesting the virus may utilize alternative receptors, which remain
to be identified.

Following virus binding, it has been proposed that a genetically engineered, non-
spreading strain of RVFV relies on the clathrin-mediated endocytic pathway for productive
entry [16]. In contrast, two reports suggested that the vaccine strain MP12 enters cells
independently of clathrin. The first report indicated a role of actin and numerous kinases with
functions related to macropinocytosis, proposing that RVFV relies on macropinocytosis for
entry [17]. The second study highlighted caveolin, implying that RVFV entry occurs through
caveolin-dependent mechanisms [18].

Once internalized, RVFV is sorted into the degradative branch of the endocytic
machinery and penetrates into the cytosol via acid-activated membrane fusion from late
endosomes. The crystallographic structure of the ectodomain of the RVFV Gc protein has been
obtained in its two states, pre- and post-fusion, with a resolution of less than 2.0 A [19,20],
indicating that Gc is a class 1l membrane fusion protein [7]. Upon endosomal acidification, the
two RVFV glycoproteins Gn and Gc undergo multiple conformational changes, leading to the
fusion of the viral envelope with the endosomal membranes [21]. While acidification below
pH ~5.7 is sufficient to trigger RVFV fusion [16], the overall process depends on additional
factors such as the lipid composition of target membranes, most of which remain to be

identified.

1.3. Utilization of small fluorescent dye molecules for viral particle labeling

The fluorescent labeling of viral particles constitutes a critical initial step in any methodology
aimed at visualizing viruses and tracking single viral particles during their entry process. In
2018, we contributed to a book on Influenza Virus within the series “Methods in Molecular
Biology”, with a chapter focusing on the fluorescent labeling of viral particles using UUKV as

a model virus system [22]. Since then, a variety of novel methods have been developed to



render viral particles fluorescent [23]. Many of these have been applied to bunyaviruses, but to
our knowledge, none to RVFV [24]. One such method involves the genetic engineering of
viruses to carry fluorescent protein reporters or stainable small tags such as clickable amino
acids [25], which exhibits a minimal invasiveness, or the tetracysteine peptide with biarsenical
fluorescent compounds [26]. Fluorescent organic dyes are also commonly employed to non-
specifically stain structural proteins, nucleic acids, and envelope membranes in viral particles.
Inorganic dyes have been used as well to confer fluorescence to viruses [27]. Each of these
approaches has its own set of advantages and disadvantages, as discussed in these recent
reviews [24,23,28].

In this chapter, our focus will be on describing experimental procedures that employ
fluorescent organic dyes. Despite the availability of numerous organic dyes [28], we will limit
our presentation to two specific ones: octadecyl rhodamine B chloride (R18) and Alexa Fluor
(AF) molecules (Fig. 1 and Table 1). Multiple variants of AF molecules exist. Some are thiol-
reactive, i.e., they form covalent bonds with free cysteine residues in the protein targeted for
labeling, while others react with free amine groups. Only the latter will be addressed here.
Collectively, these dyes are characterized by their bright fluorescence, high photostability, and
a broad range of emission colors, spanning from ultraviolet to far red. Such labeling is arguably
the least invasive and most compatible with the analysis of both fixed and living cell samples.

AF molecules are commonly employed for the fluorescent labeling of viral particles.
They react with free amine residues in the viral transmembrane proteins such as RVFV Gn and
Gc. This approach paves the way for tracking single viral particles, thereby enabling the
monitoring of virus binding, uptake, and intracellular trafficking. The dye R18 is lipophilic and
typically utilized to label the envelope of viral particles, given its propensity to insert into lipid
bilayers. A high concentration of R18 dye molecules within the virus envelope results in the

auto-quenching of the fluorescence signal. In this respect, R18 proves to be an invaluable asset



for assessing and quantifying viral membrane fusion. Fusion events result in the release of R18
into the endosomal membrane, leading to a subsequent increase in fluorescence that can be

quantified with a fluorometer (Fig. 2).

1.4. Fluorescence microscopy to track virus entry events

Upon labeling, the fluorescence associated with the viral particles necessitates visualization.
For this purpose, fluorescence microscopy is an evident first choice for imaging virus entry.
Laser scanning confocal microscopy facilitates internal imaging by scanning multiple focal
planes from the bottom to the top of a cell. Derivative technologies have enabled ultrafast
confocal imaging, such as spinning disc microscopy, which are particularly suited to studying
the dynamics of virus entry into cells. Total internal reflection fluorescence (TIRF) microscopy
serves as another example. TIRF microscopy enables the visualization of the plasma membrane
and virus motion at the cell surface with remarkable precision [29,10]. Super-resolution
microscopy, as well as correlative light and electron microscopy (CLEM), provide access to
nanoscale details of virus penetration into cells. Light-sheet microscopy and multiphoton
microscopy are poised to potentially enable the tracking of virus entry in thick samples, such
as live animals, in the near future [30]. For a more comprehensive understanding of these

microscopy techniques, we recommend recent reviews [31-35].

1.5. Quantification and definition of the primary steps in virus entry

The emergence of computer-assisted image analysis and artificial intelligence-driven deep-
learning algorithms has enabled the large-scale quantification of microscopy images. The
convergence of these technologies has greatly accelerated research into how viruses enter their
host cells [36,37]. In many instances, flow cytometry and fluorimetry serve as interesting
alternatives for measuring virus binding, internalization, and fusion. Both methods provide a
good compromise between the number of samples to be analyzed and the speed of analysis.

Moreover, fluorescently labeled viral particles can be employed in combination with the use of



perturbants of the endocytic machinery such as drugs, dominant negative and constitutively
active mutants, and gene silencing. Additionally, cells can also be transfected with plasmids
encoding endocytic markers fused to fluorescent proteins prior to virus exposure and
subsequent analysis [38]. Altogether, these approaches have proven instrumental in providing

new insights into the entry routes used by several bunyaviruses closely related to RVFV [24].

2. Materials

2.1. Virus production

1. 175-cm? cell culture flasks equipped with filter screw caps.

2. Dulbecco's Minimum Essential Medium (DMEM).

3. Glasgow’s Minimum Essential Medium (GMEM).

4. Vero African green monkey kidney epithelial cells cultured in DMEM, supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin.

5. BHK-21 baby hamster kidney cells cultured in GMEM, supplemented with 5% (v/v) FBS,
10% (w/v) tryptose phosphate broth, 1% (v/v) penicillin/streptomycin.

6. Phosphate-buffered saline (PBS).

7. Trypsin-ethylenediaminetetraacetic acid (EDTA).

8. RVFV ZH548, a strain isolated from human cases in Egypt [39].

9. TOSV H4096, a strain from the B lineage of Toscana virus [40].

10. UUKYV 8§23, the prototype strain of UUKV [41,42].

11. Standard 50-mL tubes.

12. An ultracentrifuge and a rotor with buckets equivalent to the SW28 or 32 (Beckman
Coulter).

13. Ultracentrifuge tubes compatible with the SW28 or 32 buckets.

14. Sucrose.

15. 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES).



16. 10x HNE buffer (100 mM HEPES, 1.5 M NaCl, 10 mM EDTA), filtered through a 0.2 um
filtration membrane. The stock solution can be stored at room temperature (RT) for an extended
period.

17. 25% (w/v) sucrose solution: first, dilute 25 g of sucrose in 50 mL of deionized water, then
supplement with 10 mL of 10x HNE buffer, and finally complete to 100 mL with sterile water.
Filter the solution through a 0.2 um filtration membrane.

18. Prepare 1x HNE buffer by diluting the 10x stock solution 1:10 in sterile water.

19. Cut pieces (approximately 3 cm x 3 cm) of Parafilm “M” (Laboratory Film).

2.2. Labeling of viral particles with fluorescent dyes

1. Precast 4-12% Bis[Tris(hydroxymethyl)aminomethane] (Bis-Tris) 10-well gels (Thermo
Fisher Scientific).

2. 3-(N-morpholino) propanesulfonic acid (MOPS) sodium dodecyl sulfate (SDS) running
buffer (Thermo Fisher Scientific).

3. Any protein blue loading buffer. The one used here is the 4x lithium dodecyl sulfate (LDS)
sample buffer (Thermo Fisher Scientific).

4. Gel fixative solution [40% (v/v) methanol and 10% (v/v) acetic acid)].

5. Coomassie blue staining solution [50% (v/v) methanol, 10% (v/v) acetic acid, and 0.25%
(w/v) Serva Blue G (Serva)].

6. Ultrapure bovine serum albumin (BSA).

7. AF and R18 dyes (all from Thermo Fisher Scientific). Resuspend the working stocks in
dimethyl sulfoxide for AF dyes and 100% ethanol for R18 according to the manufacturer’s
recommendations. Aliquot and store at -80 °C.

8. Sucrose.

9. An ultracentrifuge and a rotor with buckets equivalent to the SW60 (Beckman Coulter).

10. Ultracentrifuge tubes compatible with the SW60 buckets.



2.3. Characterization of fluorescently labeled viral particles

1. Any classical 6-well plates.

2. Vero cells.

3. DMEM supplemented with 2% FBS, 1% (v/v) penicillin/streptomycin.

4. Agarose solution A: dissolve 2% agarose in deionized water by microwave heating. Maintain
at 60 °C in an incubator.

5. Agarose solution B: 40% (v/v) DMEM, 4% (v/v) FBS, 5.9% (v/v) sodium bicarbonate [7.5%
(v/v) stock, Gibco], 0.2% (v/v) penicillin/streptomycin, and 2% (v/v) glutamine (100x stock,
Gibco). Maintain at 50 °C in a water bath.

6. PBS.

7. Prepare fixative buffer [4% (w/v) formaldehyde (FA)].

8. A 0.2 % crystal violet solution.

9. Precast 4-12 % Bis-Tris 10-well gels (Thermo Fisher Scientific).

10. Any protein blue loading buffer. The one used here is the 4x LDS sample buffer (Thermo
Fisher Scientific).

11. A fluorescence imaging system such as the Odyssey imaging system.

12. Microscope slides (76 % 26 x 1 mm, Marienfeld).

13. 12-mm microscope cover glasses (Thermo Fisher Scientific).

14. Any confocal microscope.

15. Any wide-field microscope.

2.4. Analysis of virus entry by fluorescence microscopy
1. Various models of Nunc Lab-Tek chambers (Thermo Fisher Scientific), with unique or
multiple wells, suitable for both fixed and live-cell microscopy analysis (see Note 1).

2. Phenol red-free DMEM.



3. Binding buffer [phenol red-free DMEM supplemented with 0.2 % (w/v) BSA and 20 mM
HEPES (pH ~7.4)].

4. Any spinning disc or confocal microscope with live-cell imaging capabilities.

5. Any wide-field microscope with live-cell imaging capabilities.

6. A549 human lung epithelial cells cultured in DMEM supplemented with 10 % (v/v) FBS
and 1 % (v/v) MEM non-essential amino acids (Thermo Fischer Scientific).

7. Opti-MEM I (Thermo Fischer Scientific).

8. Lipofectamine 2000 (Thermo Fischer Scientific).

9. pcDNA3 plasmid coding for PH-PLCAI-EGFP, a fluorescent protein marker in the plasma
membrane conjugated to the enhanced green fluorescent protein (EGFP), or an equivalent
plasmid system coding for fluorescent plasma membrane marker.

10. EDTA.

11. Extracellular matrix (ECM) obtained by detaching cells with EDTA.

12. Any TIRF microscope that allows the illumination of the bottom surface or cytoplasm of
live cells by adjusting the penetration depth between 90 and 200 nm.

13. Human cervical carcinoma epithelial cells HeLa cultured in DMEM supplemented with 10
% (v/v) FBS.

14. Fixative buffer.

2.5. Analysis of virus entry by flow cytometry and fluorimetry
1. U-bottom 96-well plates without cell culture treatment.

2. Binding buffer.

3. Fixative buffer.

4. PBS.

5. A549 cells.

6. Trypan Blue.
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7. Any flow cytometer equipped with a blue laser.
8. Standard 1.5-mL tubes.
9. Any high-sensitivity spectrofluorometer. Here, an FP-8550 fluorometer (Jasco) equipped

with a water bath was used.

3. Methods

3.1. Virus production

1. Propagate cells to approximately 60-80 % confluency within 35 mL of complete growth
medium in 175-cm? cell culture flasks (see Note 2). Use PBS for cell wash steps and Trypsin-
EDTA solution for the detachment of cells, as is standard for cell passaging of adherent cells.

2. Wash cells once with serum-free media before exposure to the virus in 15 mL of serum-free
medium per flask at a multiplicity of infection (MOI) of 0.01 for 1 h at 37 °C (see Note 3).

3. Discard the input virus and replace it with 35 mL of serum-free medium per flask (see Note
4).

4. Incubate infected cells at 37 °C for up to 72 h (see Note 5).

5. Harvest the 35 mL of virus-containing supernatant and collect in 50 mL tubes. Then clear
the supernatant by centrifugation at 2000 x g for 20 min at 4 °C (see Note 6).

6. Pool the virus-containing supernatants and distribute 33.5 mL per SW28/32 tube. Carefully
underlay the supernatant with 2.5 mL of 25 % (w/v) sucrose solution (see Note 7).

7. Concentrate the viral particles by ultracentrifugation at 100000 x g at 8 °C for 2 h
(acceleration and deceleration set to maximum) (see Note 8).

8. After ultracentrifugation, dispose the supernatant. Immediately add 300 pL of HNE buffer
to each tube and cover with parafilm to prevent the virus pellets from drying. Allow the pellets
to dissolve on ice for at least 1 h (see Note 9).

9. Gently resuspend the virus pellets by pipetting up and down several times on ice.
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10. Pool the resuspended virus and make aliquots for long-term storage at -80 °C (see Note

10).

3.2. Labeling of viral particles with fluorescent dyes

1. The viral glycoproteins Gn and Gc in the virus stock are first semi-quantified through SDS-
polyacrylamide gel electrophoresis (PAGE) separation, followed by Coomassie blue staining.
Mix varying amounts of viral proteins (typically 15, 10, and 5 puL of the virus stock) with LDS
sample buffer to a final volume of 20 pL. Then, separate the proteins by SDS-PAGE through
a 10-well precast 4-12 % Bis-Tris gradient gel using a MOPS SDS running buffer.

2. Incubate gels in the fixative buffer for 1 h before staining with the Coomassie solution for
up to 12 h, followed by extensive washing with water (see Note 11). An example for RVFV is
shown in Fig. 3a.

3. The glycoproteins Gn and Gc are normalized against BSA. Measure the intensity of each
band with the Image] software [43]. To this end, define one square and used it to measure each
band, as illustrated in Fig. 3a (box1). Use an empty well (labeled “0” in Fig. 3a) to define the
background level, and subtract this value from all other values. Define a linear regression curve
to correlate the relative unit (RU) and the quantity of protein (Fig. 3b). By applying the equation
of the linear regression curve, it is possible to determine the quantity of Gn and Gce in each
sample (Table 2).

4. Add AF dyes in a range of 1:1 - 1:5 molar ratio of viral envelope glycoproteins to dye while
vortexing (see Note 12). Alternatively, label 10° infectious viral particles, as determined by
plaque-forming unit (pfu) assay, with the lipid dye R18 (20 pM) according to a similar protocol.
Incubate at RT for 2 h in the dark whilst gently mixing on a shaker.

5. Band the fluorescently labeled particles in a sucrose density gradient composed of four steps,
prepared in ultracentrifuge SW60 tubes. For each step, carefully pipette 900 pL of sucrose with

a final (v/v) concentration of 15%, 30%, 45%, and 60% on top of each other, starting with the
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highest concentration. After each layer, the tubes are placed at -80 °C until the solutions are
frozen. Thaw the gradients overnight at 4°C to allow linearization of the gradient.

6. Gently overlay the dye-virus mix (from step 4) onto the gradient. Centrifuge at 100000 x g
at 4 °C for 90 min (acceleration and deceleration set to maximum and minimum respectively).
Subsequently, viral particles exhibiting identical density are typically observed to concentrate
within the 35-40% sucrose range. Unbound dyes usually remain at the top of the gradient (Fig.

4a) (see Note 13).

3.3. Characterization of fluorescently labeled viral particles

3.3.1. Virus titration by pfu assay

1. Seed Vero cells in 6-well plates (5 x 10° cells per well) 18 h before infection by RVFV and
TOSV. To determine the infectious titer of UUKV, please see Note 14.

2. On the day of infection, ensure that cells form confluent monolayers. Wash cells with serum-
free medium.

3. Add 200 pL of 10-fold dilutions of viral particles in serum-free medium (from 102 to 10®)
to the wells. On top, add 800 pL of serum-free medium per well. Incubate at 37 °C for 1 h.

4. During the incubation, gently mix Agarose solution A with Agarose solution B in a water
bath warmed at 50 °C. Once the agarose solution (A+B) cold down to 40-43 °C, add 4 mL of
the solution per well. Then return the plate to an incubator at 37 °C.

5. Wait until the agarose layer hardens, which typically requires at least 1 h, and turn the plate
upside down to prevent water droplets resulting from condensation on the lid from falling onto
the agarose surface. Incubate at 37 °C for 4 days.

6. Remove the agarose with a cone tip by inserting it between the plastic edge of the well and
the agarose layer. Fix the cells with fixative buffer for at least 2 h.

7. Wash cells with PBS. Then stain cells with 0.2 % crystal violet for 20 min.
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8. Thoroughly, but carefully, rinse the cells with water and allow them to dry at RT. The titer
of virus (pfu.mL™) is obtained by counting the number of pfu () at a factor of dilution (f) for
which 7 is comprised between 3 and 30 using the equation 5 x n / f. In the example shown in
Fig. 4b, one can count 19 pfu at the dilution 10”7, Therefore, the titer of this AF546-labeled

RVFV stockis 5% 19/107=9.5 x 10® pfumL.

3.3.2. Assessing integrity of labeled viruses

1. To control for the intactness of fluorescent viruses, dilute viral particles in LDS sample
buffer and separate the viral proteins by SDS-PAGE in 10-well precast gradient gels.

2. Expose the gel to a fluorescence imaging system. Only Gn and Gce should be fluorescently
labeled (Fig. 4c). The absence of fluorescent signal from the nucleoprotein N indicates that the

viral envelope is intact.

3.3.3. Visualization of viral particles

Analyze fluorescently labeled viral particles by microscopy to confirm the homogeneity of the
viral preparation and ensure the absence of aggregates. Add 5 pL of a fluorescently labeled
virus preparation onto a microscopy slide and gently place a coverslip on top. Fig. 4d is an
illustration of AF546-labeled RVFV (RVFV-AF546) imaged by confocal microscopy and
shows both single viral particles and clusters of particles. Of note, wide-field microscopy with
a magnification of 20% is usually sufficient to visualize the particles and detect potential

aggregates.

3.4. Analysis of virus entry by fluorescence microscopy

3.4.1. Live-cell imaging using wide-field and confocal fluorescence microscopy

1. Seed cells in 8-well Nunc Lab-Tek chambers (2.5 x 10* cells per well in 400 pL of complete
medium) (see Note 15) and incubate at 37 °C overnight.

2. The next day, wash cells once with phenol red-free binding buffer and cover the wells with

400 pL of the said pre-warmed binding buffer at 37 °C for 30 min.
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3. Transfer the Nunc Lab-Tek chambers on the stage of the microscope (see Note 16).

4. Add the fluorescently labeled viral particles into the well when the confocal microscope is
set up and ready for imaging (see Note 17). Fig. Sa illustrates RVFV-AF546 on filopodia
monitored with a confocal microscope, highly likely surfing towards the cell body before
endocytosis into Vero cells. In these examples, cells were reverse-transfected with a plasmid
carrying the gene for PH-PLCA1-EGFP, an EGFP-tagged protein associated with the plasma
membrane. DNA transfection was performed 24 h prior to imaging using Opti-MEM 1 and

Lipofectamine 2000 according to the manufacturer’s recommendation.

3.4.2. Live-cell imaging by TIRF microscopy
1. To track fluorescent viral particles using TIRF microscopy, two methods can be applied to
localize viral particles between the cells and coverslip (see Note 18).
(a) In the first case, cells are detached from the culture plate with EDTA and exposed to
the virus in suspension in phenol red-free binding buffer on ice. Virus-bound cells are
then seeded on coverslips and immediately imaged (see Note 19).
(b) The second case involves pre-binding of viral particles to coverslips coated with ECM
and seeding of cells on top of the bound viral particles (see Note 20).
2. A TIRF microscope is used to illuminate the bottom surface or cytoplasm of live cells by
adjusting the penetration depth at 90 and 200 nm, respectively. Trajectories and fluorescence
intensity of virus spots are analyzed by computational analysis with the Image J-based plugin
software Particle Tracker (http://imagej.net/Particle Tracker) [44]. An example of the
trajectory of UUKYV labeled with AF647 (UUKV-AF647) on HeLa cells expressing the virus

receptor DC-SIGN (Hela-DC-SIGN) [10] is shown in Fig. 5b.

3.4.3. Live cell imaging to monitor virus binding and internalization
1. Seed cells in 8-well Nunc Lab-Tek chamber (2.5 x 10* cells per well in 400 pL of complete

medium) and incubate at 37 °C overnight (see Note 21).
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2. The following day, wash cells once with binding buffer and expose the cells to the desired
MOI of fluorescently labeled viral particles diluted in 200 puL binding buffer on ice for 2 h.

3. Wash cells with pre-chilled binding buffer. Rapidly warm to 37 °C by adding 400 uL pre-
warmed complete medium and incubate within the pre-warmed chamber of a classical or
ultrafast confocal microscope (see Note 22).

4. Warming the cells reactivates endocytosis and allows the virus to enter. The imaging must
therefore start immediately after the temperature rises (see Note 23). Fig. 5S¢ depicts UUKV
labeled with AF568 (UUKV-AF568) bound to the surface and subsequently internalized into

the cytoplasm of HeLa-DC-SIGN cells.

3.5. Analysis of virus entry by flow cytometry and fluorimetry

3.5.1. Virus binding

1. Perform binding assays in 96-well plates with U-bottom using 2 x 10° cells in 200 pL of
binding buffer (see Note 24).

2. Pellet cells by centrifugation (300 % g, 4 °C, 5 min) and replace the binding buffer by
fluorescently labeled viral particles at desired concentrations in 100 pL of binding buffer. This
step is carried out at 4 °C with gentle agitation for 2 h.

3. Remove unbound viral particles by a single wash with 200 pL of binding buffer and
resuspend cell pellets in 100 uL of 4% (w/v) FA in PBS for 20 min at 4 °C.

4. Wash cells once with PBS before flow cytometry analysis. To illustrate this approach, a
quantification of the binding of AF488-labeled TOSV (TOSV-AF488) to A549 cells is shown

in Fig. 6a.

3.5.2. Virus internalization
1. For internalization assays, bind AF488-labeled viral particles to cells as described above.

2. After 2 h on ice, wash cells with pre-chilled binding buffer to remove unbound particles.
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3. Rapidly warm infected cells at 37 °C by resuspension in pre-warmed binding buffer
supplemented with 5 % (v/v) FBS to allow virus internalization and keep the cells at 37 °C for
the required time period (see Note 25).

4. To stop internalization, put cells back on ice until flow cytometry analysis.

5. To distinguish between internalized and surface-bound particles, add Trypan Blue to the
cells at a final concentration of 0.04 % (w/v) for 15 sec and immediately process the sample in
the flow cytometer [45]. Trypan Blue is membrane impermeable and thus only able to quench
the fluorescence of green viral particles still exposed on the cell surface. Fig. 6b is an example

of analysis showing the internalization of TOSV-AF488 into HeLa-DC-SIGN cells.

3.5.3. Viral fusion

1. Our approach to analyze acid-activated virus membrane fusion from endosomes depends on
the auto-quenching properties of the lipid dye R18 [36]. This method allows for accurate
quantification of virus fusion with endosomal membranes in living cells (see Note 26).

2. Expose one million of cells to R18-1labeled viruses at a MOI of 5 in 1.5-mL tubes containing
500 pL of binding buffer and incubate on ice for 1 h (see Note 27).

3. After binding, pellet and wash the cells once with pre-chilled binding buffer at 4 °C.

4. Resuspend the cells in pre-warmed complete phenol red-free medium at 37 °C to trigger
virus internalization, and immediately transfer the cells inside the spectrofluorometer at 37 °C
while measuring the fluorescence in real-time (see Note 28). Fig. 7 illustrates the monitoring
of penetration of TOSV labeled with R18 (TOSV-R18) into A549 cells by measuring the

dequenching of the dye R18 with a spectrofluorometer.

4. Notes
1. Alternative cell chambers to Nunc Lab-Tek are available on the market, such as Ibidi cell

culture dishes with or without culture inserts and MatTek culture slides and dishes.
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2. To achieve a confluence of 70-80 % the next day (roughly 24 h), about 10-15 and 15-20
million of Vero and BHK-21 cells, respectively, are seeded. To obtain a homogenous
distribution of cells over the entire flask, keep the flasks on a flat surface, such as a bench, for
5-10 min before incubation at 37 °C. Very often, shelves in incubators are not perfectly flat. It
i1s recommended to use seven flasks, one of which is used as a mock-infected control to detect
cytopathogenic effect (CPE) by comparison with infected flasks. The total volume of 6 flasks
corresponds to the maximal volume that can be loaded into SW28/32 buckets for one round of

ultracentrifugation.

3. Move the flasks back and forth every 10 min. This will minimize the risk that cells drying

out due to the low volume used for infection.

4. Vero and BHK-21 cells can be cultured in the absence of serum for several days. This
represents an advantage in facilitating the subsequent purification of the viral particles required

for the labeling procedure.

5. To preserve the newly produced viral particles, it is important to harvest the supernatant
before infected cells die. Typically, CPE appears in cells infected by phenuiviruses at a MOI
of 0.01 48-72 h post-infection. During this period, cells must be carefully monitored to collect
the virus at the most appropriate moment, i.e., just when cells start to detach from the plastic.
The timing can vary greatly from one virus to another, and for a specific virus, from one
production to another, and must be seriously taken into consideration to establish an efficient

protocol of production.

6. RVFV and other phenuiviruses support several cycles of freezing — thawing without altering
the infectivity of the viral particles. It is therefore possible to stop the protocol at this step by
adding 10 mM final concentration of HEPES and store the supernatant either at 4 °C overnight

or -80 °C for a longer period. In the latter case, the thawing step must be done slowly at RT.
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HEPES helps to buffer the supernatant at neutral pH and protect viral particles against the drop

in pH during the freezing — thawing steps.

7. It is recommended to aspirate a higher volume of 25 % (w/v)-sucrose solution with a 5-mL
pipette than required to underlay the supernatant in the ultracentrifuge tube. This helps to avoid
refluxes of supernatant in the pipette during the procedure, and in turn, facilitates the formation
of a well-defined sucrose cushion. In addition, the sucrose cushion is made in the same buffer

as used to resuspend the virus pellet.

8. The velocity of ultracentrifugation depends on the biophysical properties of the virus studied

(density, volume, etc.).

9. After pouring out the supernatant, excess liquid can be absorbed from the upper rim of the
centrifugation tubes with paper. Avoid contacting the virus pellet during this step. Optionally,
but also depending on the virus produced, the pellets can be dissolved on ice overnight. Finally,
virus pellets can also be resuspended in other buffers than HNE, e.g., Tris-based buffer.
However, HNE is preferred for labeling with AF dyes. These dyes react with free amines,
which are present in large amounts in the Tris buffer itself. This can result in a lower efficiency

of the labeling procedure.

10. It can happen that white aggregates float in suspension after resuspension of the virus
pellets, depending on the cell type and culture media products used. These aggregates can be

easily removed by an additional centrifugation step at 3000 % g for 15 min at 4 °C.

11. A washing solution of 10 % (v/v) acetic acid can also be used for a more efficient
destaining. Note that phenuivirus glycoproteins generally appear with a better focus after SDS-

PAGE and Coomassie blue staining when they are not reduced.

12. Cautionary steps should be taken to ensure that viral infectivity is not impaired by the

labeling, which typically happens when a high molar ratio of viral envelope glycoproteins to
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dyes is used (>1:10). This ratio usually depends on the number of amine groups on the viral
envelope glycoproteins that are free to react with the dye molecules. For instance, a high
number of free amine groups in the phenuivirus glycoproteins Gn and Gc¢ makes it possible to
get bright fluorescent viral particles with a relatively low quantity of dyes (ratio 1:1), and nearly
no impact on viral infectivity. Furthermore, the choice of the dye color depends on the purpose

and constraint/restrictions of each experiment involving fluorescent viral particles.

13. To see a virus band in gradients by eye, a minimal amount of 100 pg of Gn/Gc must be
loaded. Below this quantity, it is extremely difficult to see the virus band. In this latter case,
collect fractions from the gradient and assess each of them for the presence of fluorescently
labeled virions, e.g., by western blot analysis against viral proteins. Furthermore, the
percentage in sucrose for each step as well as the velocity of ultracentrifugation might be

adjusted according to the biophysical properties of the virus studied.

14. Pfu assay is suitable for lytic virus, such as RVFV and TOSV. However, for non-lytic virus
like UUKYV, the titration can be achieved by foci-forming unit assay. This procedure has been
described in detail in a chapter dedicated to UUKYV in the Methods in Molecular Biology series
[22].

15. Imaging of isolated, single cells is usually easier for tracking viral particles in cells. For

this reason, a relatively low number of cells is seeded the day before the experiment.

16. For live-cell imaging, it is recommended to use a microscope equipped with a chamber that

allows for the control of temperature, carbon dioxide, and humidity.

17. Usually, the volume of fluorescently labeled viral particles is negligible in comparison with
the volume of medium in the well. Depending on the virus analyzed, it can take up to several
minutes before the viral particles sediment and attach to the cells. Alternatively, it is possible

to synchronize the binding on ice before warming and imaging. The disadvantage of this latter
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method is that (1) a thermal shock can result in difficulties to get the right focus, and (2) it

requires to set up the microscope very rapidly to not miss the early steps of virus internalization.

18. For the visualization of cell-bound particles by TIRF microscopy, the virions have to be
localized between the cell and the coverslip. Small viruses such as murine polyomavirus can
diffuse into this narrow space, but larger viruses such as RVFV and other phenuiviruses do not.
Therefore, for small viruses, it is possible to seed the cells the day prior infection and
microscopy analysis. The viral particles can be added directly in the well at 37 °C inside the
environmental chamber of the microscope. This has the advantage to enable the presetting of

the microscope for imaging before adding the virus.

19. Imaging starts when cells come into contact with the glass surface, which can take a few
minutes. Furthermore, one technical issue is that it takes a minimum of 5 min to set up the
TIRF microscope and start recording. This means that reactions at 37 °C are already well on

their way before recording starts. To slow down the process, imaging can be performed at RT.

20. To attach viruses on coverslips prior to TIRF microscopy, coverslips are coated with ECM
[46]. This simply consists of seeding cells on the coverslips and detaching them with EDTA a
few days later. The ECM remains on the coverslips. Alternatively, fibronectin or polylysine

can be used to pre-coat coverslips and attach viral particles.

21. For the same reasons as exposed in Note 15, only a low number of cells is seeded the day

before infection and imaging.

22. The choice of a classical or ultrafast confocal microscope, i.e., spinning disc microscope,
depends on the purpose of the experiment. An ultrafast confocal microscope is particularly
appropriate for live-cell imaging. Such a microscope is also substantially faster than a normal
scanning confocal microscope for the analysis of fixed samples when large series of z-stacks

and many fields must be imaged.
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23. The timing for penetration depends on the virus studied. It can vary greatly, from a few

minutes, e.g., Semliki Forest virus, to hours, e.g., human papillomavirus.

24. Both non-adherent and adherent cells can be employed in this assay. When adherent cells
are used, they are first detached from their plastic culture flasks by treatment with 0.5 mM
EDTA in PBS at 37 °C for 10 min. Cells are then extensively washed to get rid of EDTA and
incubated in complete medium at 37 °C for 30 min. This step helps cells to recover from EDTA

treatment. Wash cells at least twice with binding buffer before distribution into 96-well plates.

25. The first 10 min of warming have to be performed in a water bath. Thermal conduction is
much more efficient in water than in the air, and therefore, enables faster warming of the
samples. Results can significantly vary if warming is done in a regular incubator. Depending
of the virus studied, the presence or absence of serum during the warming step must be

carefully considered. This is because it can impact the virus internalization process at large.
26. This approach can also be applied to study fusion with liposomes.

27. This assay can involve the use of both non-adherent and adherent cells. For studies with
adherent cells, see Note 24. Moreover, infection of cells with a lower MOI is possible. In this
latter case, it is recommended to increase the number of cells to keep a level of total

fluorescence sufficiently high to be measured by fluorimetry.

28. For live-cell measurements, it is important to stir the cells with a magnet. Otherwise, cells
will sediment on the bottom of the fluorimeter cuvette. As explained in Note 25, the use of
serum for the virus internalization should be carefully considered. Alternatively, virus
internalization can be performed in a water bath. Cells can be then kept on ice to block
endocytosis. This approach presents the advantage to allow measuring all samples at the same
time. Finally, as explained in Note 23, the timing of internalization depends on the virus that

is investigated.
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Figure legends

Figure 1 — The different fluorescent dyes used to label phenuiviruses. The figure depicts a
phenuiviral particle. The different fluorescent dyes used in this chapter to label RVFV, TOSV,
and UUKYV are also shown. The name of the three viral genomic RNA segments refers to their

size as follows: S (small), M (medium), and L (large). Created with BioRender.com.

Figure 2 — Principle of the R18-based fusion assay. After fusion of the viral envelope with
endosomal membranes, the self-quenched R18 dye molecules become dequenched and the

fluorescence signal dramatically increases. Created with BioRender.com.

Figure 3 — Quantification of viral glycoproteins in virus stocks. (a) RVFV was first pelleted
through a 25 % (w/v)-sucrose cushion. Then, increasing volumes of the virus stock and known
amounts of BSA were separated by nonreducing SDS-PAGE and stained with Coomassie blue.
(b) The intensity of each band of BSA analyzed in (a) was then determined using the gate
‘box1’ with Image] software (values in relative units, RU) and plotted against the
corresponding known amount of BSA. The lane “0” in (a) served as background, and this value
was subtracted from all others. The equation obtained from the linear regression curve of the

BSA standard enabled the determination of the RVFV glycoprotein quantity.

Figure 4 — Characterization of fluorescently labeled viral particles. (a) The picture shows
a sucrose linear gradient after ultracentrifugation. A band that corresponds to RVFV particles

labeled with AF546 (RVFV-AF546) is clearly visible at a density in the 35%-40% sucrose
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range. (b) Pfu assay used for the titration of RVFV-AF546. After 3 days of incubation with
different dilutions of the labeled viral particles at 37 °C, Vero cells were stained with a crystal
violet solution. The plaques were then revealed after gentle washing and drying. (¢) The
fluorescent particles (RVFV-AF546) were analyzed by nonreducing SDS-PAGE followed by
Coomassie blue staining or fluorography. The envelope proteins Gn and Gc were the only
fluorescently labeled proteins. (d) A confocal microscopy picture of individual RVFV-AF546

particles is shown.

Figure 5 — Fluorescence microscopy to analyze virus motion. (a) Vero cells transfected to
express PH-PLCA1-EGFP, an EGFP-tagged marker in the plasma membrane, were exposed to
RVFV-AF546 for 1 h on ice. Next, samples were fixed and imaged with a confocal microscope.
The image shows RVFV particles (red arrowheads) on filopodia. (b) UUKV labeled with
AF647 (UUKV-AF647) was allowed to bind HeLa cells expressing the virus receptor DC-
SIGN (HeLa DC-SIGN) in suspension and on ice. Cells were then seeded on coverslips before
warming to RT and imaging on the bottom cell surface by TIRF microscopy. UUKYV trajectory
was recorded at 1/10 Hz and subjected to computational analysis with the Image J-based plugin
software Particle Tracker [44] (fuchsia line in the lower right circular box). (¢) HeLa DC-SIGN
cells were exposed to UUKV labeled with AF568 (UUKV-AF568) on ice for 1 h. Then, cells
were warmed at 37 °C to trigger endocytosis and imaged by spinning disc confocal microscopy

up to 25 min.

Figure 6 — Flow cytometry to measure virus binding and internalization. (a) Various
amounts of TOSV particles labeled with AF488 particles (TOSV-AF488) were bound to A549
cells on ice, and samples were analyzed by flow cytometry. (b) TOSV-AF488 (MOI ~10) was
bound to A549 cells on ice before warming to 37 °C for 30 min. Internalization was analyzed
by flow cytometry after cell fixation and trypan blue treatment to quench fluorescence due to

cell-surface bound viral particles. RFI, relative fluorescence intensity.
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Figure 7 — Fluorimetry to quantify virus fusion in cells. The binding of TOSV labeled with
R18 (TOSV-R18) was synchronized on ice, and internalization into cells was triggered by rapid
warming. The R18 diffusion was quantified by measuring R18 dequenching in living cells
(blue curve). In the presence of ammonium chloride (NH4Cl, red curve), a weak base that
neutralizes the intracellular pH, virus fusion is completely blocked. Only free R18 diffusion is
measured. The black curve shows the virus fusion-specific R18 release, i.e., blue (fusion + free

diffusion) — red (free diffusion). RFI, relative fluorescence intensity.

Dve Alexa Fluor (AF) Octadecyl rhodamine B
Y succinimidyl esters chloride (R18)
Virus
component | Glycoproteins Gn and Gc¢ Envelope
targeted
React with Free amine groups Lipophylic
Emission | From ultraviolet to far red Yellow

Table 1 — Organic dyes used in this series of protocols. Two types of organic dyes are used
in our procedure to make RVFV and other phenuiviruses fluorescent, namely the AF molecules

and the lipophilic dye R18.
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RU x=y/74.6 X/v RVFV
v =RVFV RU - BG )
(from Fig. 3a) (from Fig. 3b) | (ug.mL) | (ug.mL!/uM)

15 pL 123.8 62.2 0.83 ng 55.6

10 uL 105.8 442 0.59 pg 59.3

742/1.5

5uL 89.9 28.3 0.38 pg 75.9

2.5 uL 81.4 19.7 0.26 pg 105.9
0 (BG) 61.6

Table 2 — Determination of the concentration of the viral glycoproteins Gn and Gc. The

intensity of each volume of virus stock analyzed in Fig. 3a was semi-quantified with ImageJ

software as relative units (column “RU”). The background (BG) was subtracted from these

values (column “RU — BG”). Using the equation defined in Fig. 3b, it was possible to determine

the amount of RVFV Gn and Gec (x = y / 74.6) and finally the concentration of the two

glycoproteins (x / v). In this example, Gn and Gc are considered as a single glycoprotein, and

an average molecular weight of 52 kDa is used to calculate the molarity of both glycoproteins

in the virus stock. The left column gives the average concentration (ug.mL™) and molarity of

RVFV glycoproteins Gn and Gc in the virus stock.
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Fig. 6
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Fig. 7
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