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SUMMARY:  35 
Here, we present a protocol to generate pseudotyped particles in a BSL-2 setting incorporating 36 
the spike protein of the highly pathogenic viruses Middle East respiratory syndrome and severe 37 
acute respiratory syndrome coronaviruses. These pseudotyped particles contain a luciferase 38 
reporter gene allowing quantification of virus entry into target host cells. 39 
 40 
ABSTRACT:  41 
The protocol aims to generate coronavirus (CoV) spike (S) fusion protein pseudotyped particles 42 
with a murine leukemia virus (MLV) core and luciferase reporter, using a simple transfection 43 
procedure of the widely available HEK-293T cell line. Once formed and released from producer 44 
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cells, these pseudovirions incorporate a luciferase reporter gene. Since they only contain the 45 
heterologous coronavirus spike protein on their surface, the particles behave like their native 46 
coronavirus counterparts for entry steps. As such, they are the excellent surrogates of native 47 
virions for studying viral entry into host cells. Upon successful entry and infection into target cells, 48 
the luciferase reporter gets integrated into the host cell genome and is expressed. Using a simple 49 
luciferase assay, transduced cells can be easily quantified. An important advantage of the 50 
procedure is that it can be performed in biosafety level 2 (BSL-2) facilities instead of BSL-3 51 
facilities required for work with highly pathogenic coronaviruses such as Middle East respiratory 52 
syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS-53 
CoV). Another benefit comes from its versatility as it can be applied to envelope proteins 54 
belonging to all three classes of viral fusion proteins, such as the class I influenza hemagglutinin 55 
(HA) and Ebola virus glycoprotein (GP), the class II Semliki forest virus E1 protein, or the class III 56 
vesicular stomatitis virus G glycoprotein. A limitation of the methodology is that it can only 57 
recapitulate virus entry steps mediated by the envelope protein being investigated. For studying 58 
other viral life cycle steps, other methods are required. Examples of the many applications these 59 
pseudotype particles can be used in include investigation of host cell susceptibility and tropism 60 
and testing the effects of virus entry inhibitors to dissect viral entry pathways used.  61 
 62 
INTRODUCTION: 63 
Host cell entry constitutes the initial steps of the viral infectious life cycle. For enveloped viruses, 64 
this involves binding to a single host cell receptor or several receptors, followed by fusion of viral 65 
and cellular membranes. These essential functions are carried out by viral envelope 66 
glycoproteins1,2. The coronavirus envelope glycoprotein is called the spike (S) protein and is a 67 
member of the class I viral fusion proteins2-6. Studying viral envelope glycoproteins is critical for 68 
understanding many important characteristics of a given virus, such as: lifecycle initiation, its host 69 
and cellular tropism, interspecies transmission, viral pathogenesis, as well as host cell entry 70 
pathways. Viral pseudotyped particles, also named pseudovirions, are powerful tools that enable 71 
us to easily study the function of viral fusion proteins. Pseudotyped particles or pseudovirions 72 
are chimeric virions that consist of a surrogate viral core with a heterologous viral envelope 73 
protein at their surface. The protocol’s main purpose is to show how to obtain coronavirus spike 74 
pseudotyped particles that are based on a murine leukemia virus (MLV) core and contain a 75 
luciferase reporter gene. As examples, the method to produce pseudotyped particles with the 76 
spike proteins of the highly pathogenic severe acute respiratory syndrome (SARS) and Middle 77 
East respiratory syndrome (MERS) coronaviruses are presented. The protocol describes the 78 
transfection procedure involved, how to infect susceptible target cells, and infectivity 79 
quantification by luciferase assay.  80 
 81 
Since the entry steps of the pseudovirions are governed by the coronavirus S at their surface, 82 
they enter cells in a similar fashion to native counterparts. As such, they are excellent surrogates 83 
of functional infectivity assays. Pseudotyped particles are usually derived from parental model 84 
viruses such as retroviruses (MLV7-22 and the lentivirus human immunodeficiency virus - HIV23-35) 85 
or rhabdoviruses (vesicular stomatitis virus - VSV36-47). When used in pseudotyping, the parental 86 
viruses’ genomes are modified to remove essential genes, rendering them defective for 87 
accomplishing a complete replication cycle. This feature allows them to be used in intermediate 88 



   

biosafety level facilities (BSL-2) and is an important advantage over using highly pathogenic 89 
native viruses that require higher biosafety facilities (BSL-3, BSL-4 which are not as readily 90 
available) when conducting virus entry studies. Here, the S proteins of risk group 3 pathogens 91 
SARS-CoV and MERS-CoV are used as examples of viral envelope proteins being incorporated into 92 
MLV pseudotyped particles, generating SARS-CoV S and MERS-CoV S pseudovirions (SARS-Spp 93 
and MERS-Spp, respectively). These pseudovirions have been successfully used in studies 94 
focusing on entry events of these viruses48-51.  Another advantage is that the technique described 95 
here is not limited to pseudotyping coronavirus S proteins: it is very flexible and can be used to 96 
incorporate representatives of all three classes of viral fusion proteins. Examples include 97 
influenza hemagglutinin (HA, class I)52, Ebola virus glycoprotein (GP class I), E1 protein of the 98 
alphavirus Semliki Forest virus (SFV, class II), and VSV glycoprotein (G, class III)53. In addition, 99 
more than one kind of viral glycoprotein can be co-incorporated into a pseudotyped particle, as 100 
in the case of influenza HA- and NA- pseudotyped particles51.  101 
 102 
Based on the work performed by Bartosch et al.20, this protocol describes the generation of MLV 103 
pseudotyped particles with a three-plasmid co-transfection strategy using the widely available 104 
and highly transfection-competent HEK-293T cell line54. The first plasmid encodes the MLV core 105 
genes gag and pol but lacks the MLV envelope env gene. The second plasmid is a transfer vector 106 
that encodes a firefly luciferase reporter gene, an MLV Ψ-RNA packaging signal, along with 5’- 107 
and 3’-flanking MLV long terminal repeat (LTR) regions. The third plasmid encodes the fusion 108 
protein of interest, in this case either the SARS-CoV S or MERS-CoV S protein. Upon co-109 
transfection of the three plasmids using a transfection reagent, viral RNA and proteins get 110 
expressed within transfected cells allowing generation of pseudotyped particles. Since MLV is 111 
used as pseudovirion backbone, this occurs at the plasma membrane: the RNAs containing the 112 
luciferase gene reporter and packaging signal get encapsulated into nascent particles that also 113 
incorporate plasma membrane-expressed coronavirus spike proteins. The particles that bud out 114 
from cells contain the coronavirus S protein at their surface and are harvested for use in 115 
infectivity assays. Because pseudotyped particles harbor the coronavirus S protein and not the 116 
MLV envelope protein, when used for infecting cells, they behave like their native coronavirus 117 
counterparts for entry steps. The viral RNA containing the luciferase reporter and flanking LTRs 118 
is then released within the cell and the retroviral polymerase activities enable its reverse 119 
transcription into DNA and integration into the host cell genome. Quantification of the infectivity 120 
of viral pseudotyped particles in infected cells is then performed with a simple luciferase activity 121 
assay. Because the DNA sequence that gets integrated into the host cell genome only contains 122 
the luciferase gene and none of the MLV or coronavirus protein-encoding genes, they are 123 
inherently safer to use than replication-competent native viruses. 124 
 125 
In addition to being safer surrogates and highly adaptable to allow incorporation of various kinds 126 
of envelope glycoproteins, the pseudotyped particles described here are also highly versatile and 127 
can be used to study many aspects of virus entry. This includes but is not limited to: testing host 128 
cell susceptibility to virus infection, analyzing the cellular entry pathways an enveloped virus 129 
uses, studying the effects of pharmacological inhibitors and drug screenings, conducting 130 
neutralization antibody assays, characterizing host cell entry of enveloped viruses that cannot be 131 
cultured, and generating viral vectors for gene delivery, stable cellular expression of genes of 132 



   

interest, or gene silencing. 133 
 134 
PROTOCOL:  135 
 136 
1. Cell seeding for pseudotyped particle production  137 
 138 
NOTE: Perform this step in the biosafety cabinet.  139 
 140 
1.1. By standard cell culture techniques, obtain an 80-90% confluent 75 cm2 flask of HEK-293T/17 141 
cells passaged in complete Dulbecco's Modified Eagle's Medium (DMEM-C) containing 10% 142 
(vol/vol) fetal bovine serum (FBS), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 143 
(HEPES), 100 IU/mL penicillin, and 100 μg/mL streptomycin. Prepare DMEM-T medium for 144 
transfections (its composition is the same as DMEM-C but without antibiotics). 145 
 146 
1.2. Wash cells with 10 mL of pre-warmed (37 °C) Dulbecco’s Phosphate Buffered Saline (DPBS) 147 
twice. 148 
 149 
NOTE: Handle HEK293T/17 cells with care as they easily detach. 150 
 151 
1.3. Aspirate the supernatant and detach cells with 1 mL of 0.25% trypsin solution pre-warmed 152 
at 37 °C. Place the flask of cells at 37 °C, 5% CO2 incubator for 3−5 min or until cells start detaching. 153 
 154 
NOTE: Avoid incubating cells with trypsin for more than 5 minutes as this typically leads to cell 155 
clumping. 156 
  157 
1.4. Deactivate trypsin by adding 4 mL of DMEM-C medium and count cells using a cell counting 158 
slide and light microscope. 159 
 160 
NOTE: To avoid having to count too many cells, an additional dilution step may be required 161 
beforehand. Remember to factor in this dilution when calculating the actual cell density of 162 
trypsinized cells. 163 
 164 
1.5. Dilute cells to 5 x 105 cells/mL with DMEM-C. 165 
 166 
1.6. Seed 6-well tissue culture plate with 2 mL of cell solution per well and gently move the plate 167 
back and forth and side to side to evenly distribute cells, avoiding circular motion. 168 
 169 
NOTE: This is a key step. Evenly distributed cells will ensure that cells do not clump at the center 170 
of wells. In turn, this will ensure good transfection efficiencies and pseudotyped particle 171 
production. 172 
 173 
1.7. Incubate the plate overnight (16-18 h) in a 37 °C, 5% CO2 cell culture incubator. 174 
 175 
2. Three-plasmid co-transfection 176 



   

  177 
NOTE: Perform this step in the biosafety cabinet. 178 
 179 
2.1. Observe cells under an inverted light microscope to check for the cell morphology and 180 
density.  181 
 182 
NOTE: Ideally, cell density should be in the 40-60% confluency range. It is critical that cells are 183 
neither too confluent (80−90% confluent) nor too sparsely distributed (20−30% confluent) in 184 
each well. A cell density of 40−60% confluency will ensure good pseudotyped particles 185 
production. 186 
 187 
2.2. Plasmids mix 188 
 189 
2.2.1. Calculate the plasmid mix for each envelope glycoprotein following the quantities for one 190 
well of a 6-well plate shown in Table 1. Multiply quantities if transfecting several wells and 191 
include an extra well to avoid running out of mix. 192 
 193 
NOTE: Along with the SARS-CoV S and MERS-CoV S encoding plasmids, include empty vector 194 
control for the generation of negative control particles which lack viral envelope glycoproteins 195 
(∆env particles) along with a positive control glycoprotein such as vesicular stomatitis virus (VSV) 196 
G glycoprotein that is known to robustly infect a very wide range of cells (VSV-Gpp). Plasmids are 197 
available upon request. 198 
 199 
2.2.2. Mix calculated volumes of plasmids and reduced serum cell culture medium (see Table of 200 
Materials) in a microcentrifuge tube. 201 
 202 
2.3. Lipid-based transfection reagent mix (see Table of Materials)   203 
 204 
2.3.1. Calculate the volumes for the transfection reagent mix from the quantities shown in Table 205 
2 for one well (1:3 transfection ratio, multiply quantities as needed). Include extra wells to avoid 206 
running out of transfection reagent mix. 207 
 208 
2.3.2. Mix calculated volumes of lipid-based transfection reagent (3 µL per well) and reduced 209 
serum cell culture medium (47 µL per well) in a microcentrifuge tube, making sure to add the 210 
transfection reagent into the reduced serum cell culture medium and not the other way around. 211 
 212 
2.4. Incubate both mixes (for one well: 50 µL of plasmids mix and 50 µL of lipid-based transfection 213 
reagent mix) separately for 5 min at room temperature. 214 
 215 
2.5. Add the contents of the transfection reagent mix to the plasmids mix at a 1:1 ratio (for 1 216 
well: 50 µL of each mix) 217 
 218 
2.6. Perform thorough up-down pipetting of the resulting mix. 219 
 220 



   

2.7. Incubate the mix for at least 20 min at room temperature. 221 
 222 
2.8. Aspirate the spent medium of cells. 223 
 224 
2.9. Add gently 1 mL of pre-warmed (37 °C) reduced serum cell culture medium per well. 225 
 226 
2.10. Add dropwise 100 µL of transfection mix to each well. 227 
 228 
NOTE: Exercise care when adding the transfection mix to wells of HEK-293T as they detach easily. 229 
 230 
2.11. Incubate cells in a 37 °C, 5% CO2 cell culture incubator for 4-6 h. 231 
 232 
2.12. Add 1 mL per well of pre-warmed (37 °C) DMEM-T medium, which does not contain 233 
antibiotics  234 
 235 
NOTE: This is a key step. Transfection reagents increase cell permeability and increase sensitivity 236 
to antibiotics. To ensure good transfection efficiency and pseudotyped particle production, it is 237 
important to avoid using cell culture medium containing antibiotics 238 
 239 
2.13. Incubate cells in a 37 °C, 5% CO2 cell culture incubator for 48 h. 240 
 241 
3. Pseudotyped particles collection 242 
 243 
NOTE: Perform this step in the biosafety cabinet. 244 
 245 
3.1. Observe cells under inverted light microscope to check for cell morphology and general 246 
condition. Also check the color of the medium which should be light pink/slightly orange. 247 
 248 
NOTE: This is an important step. If there is too much cell death associated with the transfection 249 
or the medium color turned orange/yellow (acidic pH), this will typically be associated with lower 250 
yields in infectious pseudotyped particles 251 
 252 
3.2. Transfer supernatants of transfected cells to 50 mL conical centrifuge tubes. 253 
 254 
3.3. Centrifuge tubes at 290 x g for 7 min to remove cell debris. 255 
 256 
3.4. Filter clarified supernatants through a sterile 0.45 µm pore-sized filter. 257 
 258 
3.5. Make small volume aliquots (e.g., 500 µL or 1 mL) of pseudotyped virus solution in cryovials. 259 
 260 
3.6. Store at -80 °C. 261 
 262 
NOTE: The protocol can be paused here. Pseudotyped particles are stable at -80 °C for many 263 
months but once thawed, avoid re-freezing them as they will lose infectivity 264 



   

 265 
4. Pseudotyped particle infection of susceptible cells  266 
 267 
NOTE: Perform this step in the biosafety cabinet.  268 
 269 
4.1. Cell seeding of susceptible cells in 24-well plate 270 
 271 
4.1.1. Obtain by standard cell culture techniques 80−90% confluent 75 cm2 flask of susceptible 272 
cells: Vero-E6 cells for SARS-CoV pseudotyped particles (SARS-Spp) and Huh-7 cells for MERS-CoV 273 
S pseudotyped particles (MERS-Spp). 274 
 275 
NOTE: To confirm whether the pseudotyped particles that have been produced are infectious, it 276 
is important to carefully choose an appropriate susceptible cell line for pseudovirion infectivity 277 
assays. Using poorly permissive cells will lead to low infectivity. 278 
 279 
4.1.2. Wash cells twice with 10 mL of pre-warmed (37 °C) DPBS. 280 
 281 
4.1.3. Aspirate the supernatant and detach cells with 1 mL of 0.25% trypsin solution pre-warmed 282 
at 37 °C. Place the flask of cells at 37 °C, 5% CO2 incubator for 3−5 minutes or until cells start 283 
detaching. 284 
 285 
NOTE: Avoid incubating cells with trypsin for more than 5 minutes as this typically leads to cell 286 
clumping. Huh-7 cells are especially sensitive to this effect. 287 
 288 
4.1.4. Deactivate trypsin by adding DMEM-C medium and count cells using a cell counting slide 289 
and light microscope. 290 
 291 
4.1.5. Dilute cells to 5 x 105 cells/mL with DMEM-C. 292 
 293 
4.1.6. Seed wells of a 24-well plate with 0.5 mL of cell solution per well and gently move the plate 294 
back and forth and side to side to evenly distribute cells, avoiding circular motion 295 
 296 
NOTE: This is a key step. Evenly distributed cells will ensure that cells do not clump at the center 297 
of wells. In turn, this will ensure good infectivity assays. For each pseudotyped particle (SARS-298 
Spp, MERS-Spp) and condition, prepare three wells for three experimental replicates. Include 299 
wells for the non-infected (N.I.), empty vector ∆env particles and positive control particles such 300 
as VSV-Gpp 301 
 302 
4.1.7. Incubate the plate overnight (16−18 h) in a 37 °C, 5% CO2 cell culture incubator  303 
 304 
4.2. Pseudotyped particle infection 305 
 306 
4.2.1. Observe cells under light microscope and visually confirm that there is a confluent carpet 307 
of cells. 308 



   

 309 
4.2.2. Bring cryovials of pseudotyped virus to thaw on ice. 310 
 311 
4.2.3. Wash cells three times with 0.5 mL pre-warmed (37 °C) DPBS 312 
 313 
NOTE: This is a key step. Cells that are not properly rinsed prior to infection typically lead to poor 314 
infectivity readouts 315 
 316 
4.2.4. Aspirate the supernatants of cells. 317 
 318 
4.2.5. Inoculate cells with 200 µL of thawed pseudotyped particle solution. 319 
 320 
4.2.6. Incubate cells in a 37 °C, 5% CO2 cell culture incubator for 1−2 h. 321 
 322 
4.2.7. Add 300 µL of pre-warmed (37 °C) DMEM-C medium. 323 
 324 
4.2.8. Incubate cells in a 37 °C, 5% CO2 cell culture incubator for 72 h. 325 
 326 
5. Infectivity quantification by luciferase assay readout  327 
 328 
NOTE: Perform initial steps in the biosafety cabinet.  329 
 330 
5.1. Thaw luciferin substrate (stored at −80 °C) and 5x luciferase assay lysis buffer (stored at 331 
−20 °C) until they reach room temperature. 332 
 333 
5.2. Dilute luciferase assay lysis buffer to 1x with sterile water. 334 
 335 
5.3. Aspirate supernatants of cells infected with pseudotyped particles. 336 
 337 
5.4. Add 100 µL of 1x luciferase assay lysis buffer to each well. 338 
 339 
5.5. Place the plate on a rocker and incubate for 15 min with rocking at room temperature (from 340 
this point onwards the plate can be handled outside of a biosafety cabinet). 341 
 342 
5.6. Prepare microcentrifuge tubes for each well by adding 20 µL of luciferin substrate in each 343 
tube. 344 
 345 
5.7. Turn on the luminometer. 346 
 347 
5.8. Perform luciferase activity measurement one well at a time by transferring 10 µL of lysate to 348 
one tube containing 20 µL of luciferin substrate. 349 
 350 
5.9. Flick the tube gently to mix contents, but avoid displacing the liquid on walls of tube. 351 
 352 



   

5.10. Place the tube in device and close lid. 353 
 354 
5.11. Measure the luminescence value of the tube by using the luminometer. 355 
 356 
5.12. Record the relative light unit’s measurement. 357 
 358 
5.13. Repeat steps 5.8-5.12 until all wells are analyzed. 359 
 360 
NOTE: With the appropriate equipment such as a plate reading luminometer, this process can be 361 
performed automatically. The assay will need to be scaled to the plate format (e.g., 96-well plate 362 
format). 363 
 364 
6. Data analysis 365 
 366 
6.1. Calculation and plotting of relative luciferase units’ averages and standard deviations  367 
 368 
6.1.1. Use a graph plotting software to calculate luciferase assay measurement averages and 369 
standard deviations of experimental and biological replicates. 370 
 371 
6.1.2. Plot data as bar chart with standard deviations. 372 
 373 
NOTE: When performing statistical analyses on data, make sure to include at least three biological 374 
replicates in data sets. 375 
 376 
REPRESENTATIVE RESULTS:  377 
Representative results of infectivity assays of SARS-CoV S and MERS-CoV S pseudotyped particles 378 
are shown in Figure 1. As expected, for both Figure 1A and 1B, the VSV G pseudotyped positive 379 
control particles (VSV-Gpp) gave very high average infectivity in the 106 to 107 relative luciferase 380 
units (RLU) range respectively. For SARS-CoV S pseudotyped particles (Figure 1A) infection of 381 
susceptible Vero-E6 cells, a strong average infectivity was measured at around 9.8 x 104 RLU. This 382 
value is almost 3 orders of magnitude higher than the values measured for the non-infected 383 
control (1.1 x 102 RLU), or the ∆env particles (1.5 x 102 RLU), which do not harbor any viral 384 
envelope glycoproteins at their surface. Similarly, for MERS-CoV S pseudotyped particles (Figure 385 
1B) infection of Huh-7 cells, a high average infectivity was measured at around 1.0 x 106 RLU. This 386 
is almost 4 orders of magnitude higher than the values measured for the non-infected control 387 
(0.8 x 102 RLU), or the ∆env particles (2.0 x 102 RLU). An additional infectivity assay was performed 388 
in which the SARS-Spp and MERS-Spp were serially diluted and used to infect Vero-E6 cells (Figure 389 
2A). This assay confirms that the luciferase activity measured is dependent on the concentration 390 
of the particles used to infect cells. To confirm the role of angiotensin converting enzyme 2 (ACE2) 391 
and dipeptidyl peptidase 4 (DPP4), the receptors of SARS-CoV and MERS-CoV, respectively, in 392 
mediating attachment and entry of the pseudotyped particles, we used poorly-permissive HEK-393 
293T cells and transfected them to express either ACE2 or DPP4 (Figure 2B). The transfected cells 394 
were then used for an infectivity assay. This analysis demonstrates that upon overexpression of 395 
ACE2 and DPP4, there is a ~4-log and ~2-log increase for SARS-Spp and MERS-Spp infectivity, 396 



   

respectively, confirming that receptor usage of pseudovirions is similar to that of native viruses. 397 
 398 
The examples shown here demonstrate the importance of including negative (non-infected, ∆env 399 
particles) as well as positive control (VSV-Gpp) conditions when producing pseudotyped particles. 400 
Indeed, the positive control VSV-Gpp particles allow us to assess whether a particular batch of 401 
pseudotyped particles was successful in yielding functional and infective pseudovirions. Expected 402 
results of typical infection by VSV-Gpp particles in most mammalian cell lines are in the 106−107 403 
RLU range. Problems with HEK-293T/17 producer cells (high passage number, issues with cell 404 
densities) or poor transfection efficiencies can impact overall pseudotyped particle production 405 
and infectivity. Furthermore, the negative control conditions are also important as they allow us 406 
to assess the baselines of RLU measurements in a particular cell line (non-infected condition) and 407 
non-specific internalization of particles (∆env infection) which is not mediated by a viral envelope 408 
protein. Ideally, for a given type of particle pseudotyped with a viral envelope protein of interest, 409 
it is recommended to obtain values that are a few orders of magnitude higher than the negative 410 
control values, as shown here in Figure 1A,B. However, if for a given cell type a pseudotyped virus 411 
infection gives very little infectivity (i.e., close to negative controls such as in Figure 2B in non-412 
transfected N.T. conditions) it does not necessarily mean that the pseudotyped particle 413 
production was faulty. It could well be that the particular cell line used is not or poorly permissive 414 
to infection. It is recommended to check whether a given cell type is expected to be susceptible 415 
to infection by the virus being investigated. Transfecting poorly permissive cells with plasmid(s) 416 
expressing the viral receptor(s) can allow more efficient viral entry and infection to occur, as 417 
shown in Figure 2B, where upon transfection of ACE2 and DPP4 receptors in target HEK-293T 418 
cells, there is a ~4- and ~2-log increase in infectivity, respectively. 419 
 420 
FIGURE AND TABLE LEGENDS: 421 
Table 1. Quantities of plasmids and reduced serum cell culture medium required to transfect 422 
one well of a 6-well plate of HEK-293T/17 cells for pseudotyped particle production. From the 423 
concentration of plasmid preparations, calculate the required volume to reach the required 424 
amount of plasmid DNA. If more than one well is transfected with the same plasmids, multiply 425 
volumes by required number of wells to transfect, and include an extra well in calculations to 426 
avoid running out of mix in later steps. The total amount of DNA being transfected is 1 µg/well. 427 
Plasmids are available upon request to authors. 428 
 429 
Table 2. Quantities of transfection reagent and reduced serum cell culture medium required to 430 
transfect one well of a 6-well plate of HEK-293T/17 cells for pseudotyped particle production. 431 
Multiply volumes by required number of wells to transfect and include extra wells in calculations 432 
to avoid running out of mix in later steps. The transfection reagent: plasmid DNA ratio used is 433 
3:1.  434 
 435 
Figure 1. Coronavirus S-pseudotyped particle infectivity assays in susceptible host cells using a 436 
murine leukemia virus (MLV) backbone and luciferase reporter gene. (A) SARS-CoV S 437 
pseudotyped particle infectivity assay in Vero-E6 cells. (B) MERS-CoV S pseudotyped particle 438 
infectivity assay in Huh-7 cells. For both (A) and (B), plotted data corresponds to the average 439 
relative luciferase units from three independent experiments, with error bars corresponding to 440 



   

standard deviation (s.d.). Data plotted in log10 scale on y-axis. N.I.: non-infected control; ∆env: 441 
infection with pseudotyped particles lacking viral envelope glycoproteins and VSV-Gpp: infection 442 
with pseudotyped particles bearing positive control VSV G envelope glycoprotein. Other 443 
abbreviation used, SARS-Spp: infection with SARS-CoV S pseudotyped particles, MERS-Spp: 444 
infection with MERS-CoV S pseudotyped particles. 445 
 446 
Figure 2. Concentration-dependence of CoV S-pseudovirion infectivity and role of ACE2 and 447 
DPP4 receptors in SARS-Spp and MERS-Spp entry. (A) Concentration-dependence of SARS-Spp 448 
and MERS-Spp infectivity measured by luciferase activity assay. Pseudovirions were serially 449 
diluted and used to infect Vero-E6 cells. (B) Infectivity assay of SARS-Spp and MERS-Spp in poorly 450 
permissive HEK-293T target cells transfected to express ACE2, and DPP4 receptors, respectively. 451 
Data plotted in log10 scale on y-axis as in Figure 1 from duplicate experiments, with error bars 452 
corresponding to standard deviation (s.d.). N.T.: non-transfected control HEK-293T cells; ACE2: 453 
angiotensin converting enzyme 2 (SARS-CoV receptor) and DPP4: dipeptidyl peptidase 4 (MERS-454 
CoV receptor). Other abbreviations used are the same as in Figure 1. 455 
 456 
DISCUSSION:  457 
This protocol describes a method to efficiently produce pseudotyped particles bearing the S 458 
protein of risk group 3 coronaviruses, SARS-CoV and MERS-CoV, in a BSL-2 setting. These 459 
particles, which incorporate a luciferase reporter gene, enable us to easily quantify coronavirus 460 
S-mediated entry events by a relatively simple luciferase assay48-51. In infectivity assays using 461 
permissive cells, we confirm that the luciferase activity measured is dependent on the 462 
concentration of particles. In addition, ACE2 and DPP4 receptor transfection allows for more 463 
efficient entry in poorly permissive cells lines, such as HEK-293T cells. The method is highly 464 
adaptable to other viral envelope glycoproteins and has been used extensively48-53,55-59, often to 465 
complement other assays like biochemical analyses or native virus infections.  466 
 467 
The protocol we describe here is based on the retrovirus MLV that incorporates a luciferase 468 
reporter. However, it is important to emphasize that there is a very wide array of other 469 
pseudotyping systems that have been successfully developed for packaging coronavirus 470 
S12,13,25,26,30-32 and other viral envelope glycoproteins10,11,14,16,17,23,24,29,33,38,40,42,44,46. Some of these 471 
other systems are based on the commonly used MLV retroviral core7-20, or based on the widely 472 
used lentiviral HIV-1 pseudotyping system using different strategies23-35, or with the rhabdovirus 473 
vesicular stomatitis virus (VSV) as core, which allows to incorporate a wide variety of envelope 474 
glycoproteins, and again with various strategies employed37-47. In addition, other reporters such 475 
as fluorescent proteins like GFP11,13 and RFP36, or enzymes other than luciferase like β-476 
galactosidase16,17 and secreted alkaline phosphatase (SEAP)42 have been successfully employed 477 
for measurements. Furthermore, in the assay presented in this protocol, a transient transfection 478 
was used to express the MLV and CoV S genes and proteins. However, there are other strategies 479 
for expression, such as generation of stable cell lines for production of pseudotyped viruses7,14. 480 
As each of these systems have their advantages and disadvantages, it is important to consider 481 
the following important parameters when deciding which pseudotyping system best suits an 482 
investigator’s needs: pseudovirion core (MLV, HIV-1, VSV or others), how selective a particular 483 
pseudotyping core is in incorporating a specific viral envelope glycoprotein, reporter for assay 484 



   

readout (GFP, luciferase, SEAP or other), and the transfection strategy (number of plasmids 485 
involved in co-transfection, transient transfection or generation of stable cell lines).  486 
 487 
There are a number of critical steps in the method that are important to emphasize. Cell density, 488 
particularly of the HEK-293T/17 producer cell line is a critical factor in ensuring successful 489 
transfection. A cell density in the range of 40-60% confluency was found to be optimal. Higher 490 
densities typically result in low transfection efficiencies and low particle production. Also, it is 491 
important to keep in mind that HEK-293T/17 cells are less adherent than other cell lines. Care 492 
should be exercised when handling them to avoid detaching them unnecessarily. One option is 493 
to treat cell culture plastic surfaces with poly-D-lysine to enhance adherence. Furthermore, 494 
higher cell passage often results in poor transfection rates. After adding the transfection reagent 495 
to HEK-293T/17 cells, it is also important to remember that cell permeability increases. This is 496 
why at this point it is best to avoid using medium containing antibiotics as they may increase 497 
cytotoxicity. Before collecting pseudotyped particles, check the color of transfected HEK-293T/17 498 
cell supernatants. Typically, after 48 h of transfection, the cell culture medium color takes an 499 
orange-pink tinge. Yellow-colored medium usually translates to poor pseudotyped particles 500 
yields and is often a result of issues with cell seeding density or high passage number. 501 
 502 
In this protocol, pseudotyped particle production is performed in a 6-well plate format. To 503 
increase volume of produced particles, several wells of a 6-well plate can be transfected with the 504 
same plasmids mix and the supernatants can be pooled together. The pool can then be clarified, 505 
filtered and aliquoted. Alternatively, to scale production up, other kinds of vessels (e.g., 25, or 75 506 
cm2 flasks) can be used. In this case, transfection conditions should be scaled up accordingly. In 507 
this protocol, the infectivity assay is performed using a 24-well plate format and a luminometer 508 
that only allows measurements one tube at a time. For high throughput screenings, other formats 509 
are also possible, such as 96-well plate format and a plate reader luminometer. Volumes and 510 
reagents for the luciferase assay need to be adapted accordingly. Storage of pseudotyped 511 
particles in cryovials at -80 °C maintains their stability for several months without noticeable 512 
decrease in infectivity. It is not recommended to subject them to freeze-thaw cycles as this will 513 
decrease their infectivity over time. Thus, it is best to store them in small aliquots such as 0.5-1 514 
mL and thaw them before an infection. 515 
 516 
The method presented here has several limitations. An important one is the fact that 517 
pseudotyped particles recapitulate only viral entry events. To analyze other steps in the 518 
infectious life cycle, other assays are required. Furthermore, as MLV particles bud at the plasma 519 
membrane, it is important to bear in mind that the envelope glycoprotein being studied needs 520 
to also traffic to the plasma membrane for incorporation into pseudovirions during production. 521 
As such, it is important to know where in the cell a particular viral envelope glycoprotein is 522 
expressed in transfection conditions, such as by visualizing subcellular localization with an 523 
immunofluorescence assay, and/or by checking for retention signals within the protein. Also, 524 
while the protocol describes steps to produce and test infectivity, it does not detail how to 525 
measure incorporation of viral envelope glycoproteins into pseudotyped particles. One method 526 
is to perform western blot assays on concentrated solutions of particles, as previously 527 
described50,51 for MERS-CoV S incorporation. In these assays, the S envelope glycoprotein of 528 



   

MERS-CoV is probed along with the capsid (p30) protein of MLV, which allow us to normalize 529 
incorporation of the S protein into particles. Other examples of such assays analyzing viral 530 
envelope glycoprotein incorporation into pseudovirions have been performed for SARS-CoV S 531 
incorporation in an HIV-1 lentiviral pseudovirion system32 , Ebola glycoprotein (GP) in another 532 
MLV pseudotyped particle system17, and influenza hemagglutinin (HA) and neuraminidase (NA) 533 
in VSV pseudovirions38. A recent development in characterizing pseudotyped particle production 534 
is the use of innovative imaging devices such as Nanosight: it enables us to directly visualize, 535 
quantify, and size viral particles50. The device provides detailed information on overall particle 536 
production; however, it is important to keep in mind that it does not provide information on 537 
envelope glycoprotein incorporation. A future direction for the application of these versatile 538 
pseudovirion particles is to analyze individual viral fusion events using single particle tracking, 539 
microfluidics and total internal reflection fluorescence microscopy60-62. Such approaches were 540 
successfully applied to influenza virus and feline coronavirus particles as well as influenza HA- 541 
and NA-pseudotyped VSV-based pseudovirions63. The deployment of such techniques applied to 542 
coronavirus S-pseudotyped MLV-based particles is currently being developed. 543 
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Plasmid/reagent

pCMV-MLVgagpol MLV gag and pol encoding plasmid

pTG-Luc transfer vector with luciferase reporter

pcDNA-SARS-S, pcDNA-MERS-S or empty vector

Reduced serum cell culture medium
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Quantity 

300 ng

400 ng

300 ng

To 50 µL



Reagent

Transfection reagent

Reduced serum cell culture medium
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Quantity 

3 µL

47 µL



Name of Material/ Equipment

Human embryonic kidney (HEK) HEK-293T/17 cells 

African green monkey kidney epithelial Vero-E6 cells

Human hepatic Huh-7 cells 

Inverted light microscope with 10 × objective 

Dulbecco’s modification of Eagle's medium (DMEM) with 4.5 g/L glucose, L-glutamine without sodium pyruvate

Heat-inactivated fetal bovine serum (FBS)

1 M N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) 

100 × penicillin-streptomycin (PS) solution

Dulbecco’s phosphate buffered saline (DPBS) with Ca2+ and Mg2+ 

0.25% trypsin, 2.21 mM ethylenediaminetetraacetic acid (EDTA) 1 × solution 

Cell counting slides with grids 

Opti-minimal essential medium (Opti-MEM)

Lipofectamine 2000 transfection reagent

0.45 µm pore-size sterile filter 

10 mL syringes 

5 × luciferase assay lysis buffer 

Luciferin, substrate for luciferase assay

Sterile water 

GloMax 20/20 luminometer 
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Company

ATCC

ATCC

Japan National Institutes of Biomedical Innovation, Health and Nutrition

Nikon

Corning Mediatech

Thermo Fisher Scientific, Gibco

Corning Mediatech

Corning Mediatech

Corning Mediatech

Corning Mediatech

Kova

Thermo Fisher Scientific, Gibco

Thermo Fisher Scientific, Invitrogen

Pall

BD

Promega

Promega

VWR

Promega



Catalog Number

CRL-11268

CRL-1586

JCRB0403

TS100

10-017-CV

1614071

25-060-Cl

30-002-Cl

21-030-CV

25-053-Cl

87144

31985-070

11668-027

4184

309604

E1531

E1501

E476-1L

2030-100



Comments/Description

Clone 17 cells are highly competent for transfection.
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of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 

Spike protein pseudotyped particles based on the murine leukemia virus with luciferase 
reporter for studying entry of highly pathogenic coronaviruses

Jean K. Millet, Tiffany Tang, Lakshmi Nathan, Javier A. Jaimes, Hung-Lun Hsu, Susan Daniel, 
and Gary R. Whittaker

x

x
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 
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Rebuttal for JoVE59010 
 
 
Editorial comments: 
Changes to be made by the author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 
or grammar issues. 
The manuscript text has been proof-read for spelling mistakes and grammatical errors. 
 
2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial products should 
be sufficiently referenced in the Table of Materials and Reagents. You may use the generic term followed 
by “(see table of materials)” to draw the readers’ attention to specific commercial names. Examples of 
commercial sounding language in your manuscript are: Opti-MEM, Lipofectamine, falcon, GloMax, 
GraphPad Prism, etc. 
Commercial sounding language has been replaced with generic terms: reduced serum cell culture medium, 
transfection reagent, conical centrifuge tube, luminometer, graph plotting software. 
 
3. Please add more details to your protocol steps. There should be enough detail in each step to supplement 
the actions seen in the video so that viewers can easily replicate the protocol. Please ensure you answer 
the “how” question, i.e., how is the step performed? Alternatively, add references to published material 
specifying how to perform the protocol action. See examples below. 
More details on the protocols steps have been added, in particular 11 notes have been added and/or 
amended and citations of published materials have been inserted in the discussion to specify how to 
perform certain protocol actions. Please see our responses below for details on which steps have been 
amended. 
 
4. 1.3: Please specify the trypsin concentration and the reaction time. Does “warm” mean 37 °C? 
The details of temperature (37 ˚C) and incubation time (3-5 minutes) for trypsin-mediated cell detachment 
have been added to the manuscript text. In addition, all instances where the word “warm” is used in text 
has been changed to “pre-warmed (37 ˚C)”. 
 
5. 1.4: What volume of DMEM-C medium is used? 
4 mL of DMEM-C is typically used to deactivate trypsin. This has been added to manuscript text. In addition, 
a note has been added to suggest that an additional dilution step may be required prior to the cell counting 
step. 
 
6. 2.1: This step is unclear. What is observed, cell density? 
The sentence was modified to explain that cell morphology and density need to be observed. 
 
7. 2.2.1, 2.3.1: Please note that calculations are not appropriate for filming. Please consider un-highlighting 
this step as well as note. 
Steps 2.2.1. and 2.3.1. have be un-highlighted. 
 
8. 4.1.3: Please specify the trypsin concentration and the reaction time. 
The details of temperature (37 ˚C) and incubation time (3-5 minutes) for trypsin-mediated cell detachment 
have been added to the manuscript text. 
 
9. 5.5: What is the incubation temperature? 
The incubation temperature (room temperature) has been added to manuscript text. 
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10. Tables 1 and 2: Please replace commercial language (Opti-MEM and Lipofectamine) with generic 
terms. 
Generic terms (reduced serum cell culture medium and transfection reagent) have replaced commercial 
names in tables 1 and 2. 
 
11. Figure 1: Please define error bars in the figure legend. 
The error bars definition is already in the figure legend of figure 1: “with error bars corresponding to standard 
deviation”. However, to put more emphasis on the definition of the error bars, the abbreviation “s.d.” was 
added. Error bars were also defined in the new figure 2 legend. 
 
12. Figure 1 legend: Please shorten the figure legends. Details of the methodology should not be in the 
Figure Legends, but rather the Protocol. 
Figure 1 legend has been shortened to remove details on the methodology and focus more on data 
presentation and abbreviations used. The legend of figure 2 has been similarly kept short. 
 
13. References: Please do not abbreviate journal titles. 
The references section has been modified to include full journal titles. New citations added in the revised 
version of the manuscript were also verified to ensure they all include full journal titles. Please note that 
since the modifications were performed through a reference manager application, the modified text for 
citations does not appear highlighted in the manuscript document even though “track changes” was turned 
on. 
 
 
Reviewers' comments: 
 
Reviewer #1: 
 
In this manuscript, the authors describe a pseudotyped virus package and infection method based on a 
three-plasmid system, and use pseudotyped SARS-CoV and MERS-CoV as examples. Overall, the 
manuscript is generally well written and the assay is straightforward. Below are some comments for 
improving the manuscript. 
 
1. There are a variety of applications for the pseudotyped virus system, and the authors did not specifically 
talk about the entry of coronaviruses, so "entry" could be removed from the title. 
We thank the reviewer for the very helpful comments and suggestions. We agree to remove the word “entry” 
in the title to broaden the protocol’s applications. 
 
2. In the PROTOCOL section, it would be helpful for the readers by labeling key steps for pseudotyped 
virus package and infection, as well as providing more notes to the critical steps to which special attentions 
need to be paid. 
In all, 11 notes have been added or amended and important steps have been labeled as key. 
 
3. Figure 1: The title in the Y-axis is wrong. Could be just "Relative luciferase units" (without log10), or 
change the labeling if the data were calculated as log10. 
The data in figure 1 is presented as log10. As suggested by the reviewer, the mistake has been corrected 
by changing the y-axis labeling as log instead of powers of 10. 
 
4. More representative results will be useful to explain this assay. For example: 
 
1) Western blot figures could be added to show the expression of MLV antigen and SARS-CoV or MERS-
CoV S protein from the generated pseudotyped viruses in order to demonstrate that the coronavirus S 
proteins are incorporated into the pseudotyped particles. 



We agree that verifying CoV S incorporation into MLV pseudotyped particles is an important assay to 
perform after producing these particles. This is a technique we routinely perform, as described for MERS-
CoV S MLV pseudotyped particles in the figure A shown below and in the following manuscripts: Millet and 
Whittaker, 2014 PMID: 25288733 and Millet et al., 2016 PMID: 2016. Similar assays have also been 
performed by others using MLV pseudovirions pseudotyped with other glycoproteins: Ebola Virus GP - 
Wool-Lewis and Bates 1998 PMID: 9525641 or SARS-CoV S pseudotyped HIV-1 lentivirus – Bertram et 
al., 2011 PMID: 21994442 and influenza HA and NA in VSV pseudotyped particles – Zimmer et al., 2014 
PMID: 24814925. These latter examples and citations have been added to the discussion in the paragraph 
that specifically states that it is important to perform such analysis to obtain information on how well a 
particular viral envelope glycoprotein is incorporated into a pseudovirion. We believe that these statements 
and citations in the discussion are sufficient to guide readers to other publications that detail the procedures 
to perform such western blot assays.  

 
Figure A: western blot analysis of MERS-Spp incorporation of S protein. Assay performed on concentrated 
(centrifuged) supernatants containing MERS-Spp. Western blot performed using anti-MERS-CoV S 
antibodies (top) and anti-MLV p30 capsid antibodies. 
 
2) Infectivity data from a serial dilution of pseudotyped SARS-CoV and MERS-CoV would be needed to 
confirm that pseudotyped virus infection is concentration-dependent, since this type of virus is single cycle 
and cannot replicate in infected cells. 
We agree and performed an infectivity assay in Vero-E6 cells in which both SARS-Spp and MERS-Spp 
pseudotyped particles have been serially diluted and confirm that the luciferase assay measurements are 
concentration-dependent for both types of particles. This assay has been added as panel A of a new figure, 
fig. 2. 
 
5. There are other assays for packaging pseudotyped SARS-CoV and MERS-CoV, such as those based 
on two plasmids encoding Env-defective, luciferase-expressing HIV-1 and MERS-CoV or SARS-CoV spike 
proteins, respectively, which are convenient and effective. The authors should cite these references and 
discuss differences with these assays. 
We agree with the reviewer and have added many citations from other groups in the introduction and a new 
paragraph in the discussion to detail other pseudotyping systems that are readily available as well as 
comparisons with the system we present (HIV-1-, VSV- and other MLV-based pseudovirion systems).  
 
6. In addition to infect Vero E6 cells, pseudotyped SARS-CoV can also infect other cell lines such as 293T 
cells expressing SARS-CoV receptor human angiotensin I converting enzyme 2 (hACE2/293T). Similarly, 
except for infecting Huh-7 cells, pseudotyped MERS-CoV based on the two-plasmid system can also infect 
293T cells expressing MERS-CoV receptor dipeptidyl peptidase 4 (DPP4/293T), MDCK, Caco-2, HEP-G2, 



and other cells. Have the authors tested infectivity of the produced pseudotyped SARS-CoV and MERS-
CoV in other cell types? This should be discussed. 
Yes, we have tested infectivity of pseudotyped particles in different cell types such as in a previous study 
with MERS-Spp (Millet and Whittaker, 2014, PMID: 25288733): Vero-E6, Huh-7, MDCK MRC-5, and WI-
38 cells. As suggested by the reviewer, we have performed an experiment in which the poorly permissive 
(for both SARS-CoV and MERS-CoV) HEK-293T cell line was transfected to express the respective 
receptors of the human coronaviruses: ACE2 and DPP4. The transfected cells were then infected with 
SARS-Spp and MERS-Spp. The assay shows that upon expression of the respective receptor, there is a 
~4- and ~2-log increase in infectivity for SARS-Spp and MERS-Spp, respectively. The data of this 
experiment has been added as panel B of figure 2. 
 
Reviewer #2: 
 
Jean Millet et al described that establishment of pseudo-type viral particle with luciferase for coronavirus 
by using murine leukemia virus. In this manuscript they provided reasonable methods and results. I think 
that this manuscript is suitable for the Journal of visualized experiments. 
We thank the reviewer for the comments and remarks on our methodology manuscript. 
 
 
Reviewer #3: 
 
The authors have a strong tendency to the self-citation: 18 of 23 cited publications were done by Whittacker 
and/or Millet. Even if the authors are specialists in the study of protein S of coronaviruses, it is important to 
put the work into perspective. This article appears as not original promotion.  
We thank the reviewer for the candid comments and suggestion to improve our manuscript. We agree it is 
important to position the method presented here into a wider perspective. To address this issue, we have 
added abundant citations in the introduction to inform readers of the wide array of pseudotyping systems 
available, based primarily on HIV-1, MLV and vesicular stomatitis virus (VSV). In addition, a new paragraph 
in the discussion gives elements of comparison between the wide variety of other pseudotyping systems 
and suggests which parameters to consider when choosing such pseudotyping systems. This should give 
readers some guidance to make informed decisions on which pseudotyped particle production methodology 
best matches their needs. In all, we have added 16 citations on MLV-based pseudotyping systems, as well 
as 13 citations on HIV-based pseudotyping systems and 12 article citations on VSV-based pseudotyping 
systems. All of these new citations were performed by other groups. In total, there are now 46 cited 
publications on pseudotyping systems performed by others in the manuscript, giving the reader some 
perspective on other pseudovirion production methods and positioning our protocol into a much larger 
methodological framework. 



Response to Editorial comments for JoVE59010  

1. The editor has formatted the manuscript to match the journal's style. Please retain the same. 
We have retained the same journal style. 
 
2. Please address all the specific comments marked in the manuscript. 
We have addressed all of the specific comments marked in the manuscript. 
 
3. For the protocol section, Please ensure that the highlight is no more than 2.75 pages. Please combine 
short actions to 2-3 actions per step. Please use complete sentences throughout.  
We have checked that the highlighted section is no more than 2.75 pages. 
 
4. Figures and Tables: Please upload all figures and tables individually to your editorial manager 
account. 
We have individualized the tables as two separate Excel files. 
 
5. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. 
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from 
[citation].” 
We have not used figures from previous publications. 
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