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SUMMARY: 33 
Here, we describe a simple method that combines RNA fluorescence in situ hybridization (RNA-34 
FISH) with immunofluorescence to visualize severe acute respiratory syndrome coronavirus 2 35 
(SARS-CoV-2) RNA. This protocol may increase understanding of the molecular characteristics of 36 
SARS-CoV-2 RNA-host interactions at a single-cell level. 37 
 38 
ABSTRACT: 39 
This manuscript provides a protocol for in situ hybridization chain reaction (HCR) coupled with 40 
immunofluorescence to visualize severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 41 
RNA in cell lines and three-dimensional (3D) cultures of human airway epithelium. The method 42 
allows highly specific and sensitive visualization of viral RNA by relying on HCR initiated by probe 43 
localization. Split-initiator probes help amplify the signal by fluorescently labeled amplifiers, 44 
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resulting in negligible background fluorescence in confocal microscopy. Labeling amplifiers with 45 
different fluorescent dyes facilitates the simultaneous recognition of various targets. This, in turn, 46 
allows the mapping of the infection in tissues to better understand viral pathogenesis and 47 
replication at the single-cell level. Coupling this method with immunofluorescence may facilitate 48 
better understanding of host-virus interactions, including alternation of the host epigenome and 49 
immune response pathways. Owing to sensitive and specific HCR technology, this protocol can 50 
also be used as a diagnostic tool. It is also important to remember that the technique may be 51 
modified easily to enable detection of any RNA, including non-coding RNAs and RNA viruses that 52 
may emerge in the future. 53 
 54 
INTRODUCTION: 55 
SARS-CoV-2 is a novel human betacoronavirus that emerged at the end of 2019, causing an 56 
unprecedented pandemic a few months later. Because the virus is new to science, much of its 57 
biology and its impact on host cells remain unknown. Therefore, mapping the virus-cell and -58 
tissue tropism during infection is important if its basic biological characteristics and its effects on 59 
the host are to be understood. Several techniques are used to examine virus-host interplay 60 
including biochemical, biological, and physical assays. In situ hybridization is a common method 61 
that employs labeled complementary DNA, RNA, or modified nucleic acid probes, which localize 62 
to specific DNA or RNA sequences in a cell or tissue.  63 
 64 
A new RNA fluorescent in situ hybridization (RNA-FISH) method has been developed that 65 
incorporates modifications to increase sensitivity by amplifying the signal-to-noise ratio via an 66 
HCR1. HCR allows the study of RNA localization at a single-cell level. Owing to its high specificity, 67 
sensitivity, and resolution, this method is useful not only for basic science studies, but also for 68 
applicatory projects, e.g., diagnostics. Recently, the feasibility of this method was demonstrated 69 
for detecting SARS-CoV-2 RNA localized to ciliated cells within fully differentiated 3D human 70 
airway epithelium (HAE) cultures2. HAE cultures constitute one of the most advanced tools used 71 
to study viral infection in the context of the “natural infection” microenvironment3,4. 72 
 73 
Several reports on human coronaviruses (HCoV), including SARS-CoV-2, highlight the importance 74 
of epigenetic modifications with respect to HCoV infection and pathophysiology [reviewed in 5], 75 
e.g., the methylation pattern of the gene encoding the angiotensin-converting enzyme 2 (ACE-2) 76 
receptor6,7. Interestingly, mass-spectrometric screening identified several epigenetic factors that 77 
interact with the SARS-CoV-2 proteome8. More specifically, nonstructural protein 5 (NSP5) binds 78 
to the epigenetic regulator, histone deacetylase 2, and the catalytically inactive NSP5 (C145A) 79 
interacts with tRNA methyltransferase 1 (24). Additionally, NSP16 methyltransferase activity is 80 
blocked by the methyltransferase inhibitor, sinefungin9. However, the exact role of these 81 
epigenetic factors in COVID-19 remains unclear. Replication of HCoV takes place in the cytoplasm 82 
of the infected cell, and triggers inflammatory responses that are regulated by epigenetic 83 
modifications10.  84 
 85 
For instance, HCoV-229E fine-tunes nuclear factor-kappa B signaling and profoundly reprograms 86 
the host cellular chromatin landscape by increasing acetylation of H3K36 and H4K5 in certain 87 
regions11. The Middle East respiratory syndrome-related coronavirus infection increases levels of 88 



   

H3K27me3 and depletes H3K4me3 at the promoter regions of subsets of specific interferon-89 
sensitive genes12. Additionally, viral RNA triggers cell immune responses, as demonstrated for 90 
flaviviruses13, retroviruses14,15, and coronaviruses16. The epigenetic markers on viral RNA may 91 
play a role in recognition by cellular sensors, as shown for m7A methylation of human 92 
immunodeficiency virus-1 RNA17. However, questions remain: What is the impact of SARS-CoV-2 93 
RNA on the immune response, and are epigenetic marks involved? 94 
 95 
Here, an optimized RNA-FISH method coupled with immunofluorescence analysis of cell lines and 96 
3D tissues (fully differentiated HAE) has been described. Although cytological methods, such as 97 
FISH and immunofluorescence, are used widely, this new-generation in situ hybridization method 98 
based on HCR has never been used for virus detection (except in a recent publication)2. In 99 
general, immunostaining and FISH require the following steps: permeabilization to enable 100 
penetration of probes or antibodies; fixation in which cellular material is fixed and preserved; 101 
detection in which antibodies or nucleic acid probes are applied; and finally, mounting of the 102 
samples for visualization.  103 
 104 
Although existing protocols share these general features, they vary markedly with respect to the 105 
parameters involved. Here, an optimized, simple, immuno-RNA-FISH protocol has been described 106 
to detect SARS-CoV-2 RNA in HAE cultures and Vero cells. The technique comprises the following 107 
steps: (1) fixation of cells with paraformaldehyde; (2) permeabilization with detergent or 108 
methanol (MeOH); (3) rehydration through a graded series of MeOH solutions (HAE cultures 109 
only); (4) detection; (5) amplification using HCR technology to detect SARS-CoV-2 RNA; (6) 110 
immunostaining; and (7) imaging under a confocal microscope. 111 
 112 
PROTOCOL: 113 
 114 
1. Buffer preparation 115 
 116 
1.1. For 500 mL of 2x PHEM buffer, combine 18.14 g of piperazine-N,N′-bis(2-ethanesulfonic 117 
acid (PIPES), 6.5 g of 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), 3.8 g of 118 
ethylene glycol tetraacetic acid (EGTA), and 0.99 g of magnesium sulfate (MgSO4). Make the 119 
volume up to ~400 mL with distilled water (dH2O), stir, and adjust the pH to 7.0 using 10 M 120 
potassium hydroxide (KOH) or sodium hydroxide (NaOH). Make the final volume up to 500 mL, 121 
and then split into 50 mL aliquots. Store at -20 °C until required. 122 
 123 
NOTE: The buffer will not be clear until the pH reaches 7.0. 124 
 125 
1.2. Prepare a stock solution of 37% w/v paraformaldehyde (PFA). For 50 mL, mix 18.5 g of 126 
PFA and 35 mL of dH2O in a glass bottle. Place the bottle on a magnetic stirrer with heating. Add 127 
900 µL of 1 M KOH or NaOH, and stir until the solution becomes clear. Allow to cool and transfer 128 
to a 50 mL conical centrifuge tube; top up to 50 mL with dH2O. The solution can be stored at -20 129 
°C until required. 130 
 131 
NOTE: Formaldehyde should be handled in a fume hood while wearing protective gloves and a 132 



   

lab coat. 133 
 134 
1.3. Prepare fixation buffer (3.7% PFA buffered with PHEM). For 50 mL, combine 5 mL of 37% 135 
PFA solution, 25 mL of 2x PHEM buffer, and 20 mL of dH2O in a 50 mL conical centrifuge tube. 136 
Store at -20 °C until required. 137 
 138 
NOTE: After thawing, the buffer can be stored at 4 °C for up to 3 months. 139 
 140 
1.4. Prepare PBST (0.1% Tween-20 in 1x phosphate-buffered saline [PBS]). For 50 mL, add 50 141 
µL of 100% Tween-20 to 50 mL of 1x PBS and mix well.  142 
 143 
NOTE: The solution can be stored at room temperature (RT). 144 
 145 
1.5. Prepare rehydration buffers by combining MeOH/PBST in ratios of 3:1, 1:1, and 1:3 (final 146 
volume of 100 mL of each; see Table 1). 147 
 148 
NOTE: MeOH is very toxic and flammable. As it can damage the optic nerve, it should be handled 149 
in a fume hood avoiding any open flames. As mixing MeOH and PBST generates an exothermic 150 
reaction, combine the solutions on ice. 151 
 152 
1.6. For 1000 mL of 20x SSC, combine 175.3 g of sodium chloride (NaCl) and 88.2 g of sodium 153 
citrate in a beaker, and fill up with 800 mL of dH2O. Stir until dissolved, and adjust the pH to 7.2 154 
using NaOH. Add dH2O to a total volume of 1000 mL, and autoclave or filter through a 0.22 µm 155 
filter into an autoclaved bottle. 156 
 157 
1.7. For 50 mL of 5x SSCT, combine 12.5 mL of 20x SSC buffer with 37.5 mL of dH2O, and add 158 
50 µL of 100% Tween-20. Mix well. 159 
 160 
1.8. For 50 mL of 50% 5x SSCT/50% PBST, combine 25 mL of 5x SSCT with 25 mL of PBST. 161 
 162 
1.9. For 50 mL of 2x SSC, combine 5 mL of 10x SSC buffer with 45 mL of dH2O. Mix well. 163 
 164 
NOTE: All SSC buffers should be stored at RT in the dark. 165 
 166 
2. Target definition, probes, and amplifiers 167 
 168 
2.1. Use the tools available on the manufacturer’s website to design amplifiers and probes. 169 
Ensure that the probes are complementary to the reverse DNA strand of the SARS-CoV-2 N gene 170 
(Supplementary Figure 1). 171 
 172 
2.2. Determine the best probe set size (a set of 20 probes is sufficient for visualization). 173 
 174 
2.3. Set the amplifiers used for target RNA detection. 175 
 176 



   

2.3.1. Use HCR amplifier B1 labeled with Alexa Fluor 647. 177 
 178 
NOTE: An HCR amplifier comprises metastable HCR hairpins h1 and h2. Multiplexed experiments 179 
can be designed using this protocol. If this is planned, choose a different HCR amplifier (B1, B2, 180 
…) for each target RNA to be imaged within the same sample (e.g., amplifier B1 for target 1, 181 
amplifier B2 for target 2, …).  182 
 183 
3. Cell culture and infection with SARS-CoV-2 184 
 185 
3.1. Culture Vero (monkey kidney epithelial cells) cells in Dulbecco’s modified Eagle medium 186 
containing 5% fetal bovine serum. 187 
 188 
3.1.1. Seed 50,000 cells onto coverslips (No. 1, 15 × 15 mm) in a 12-well plate. 189 
 190 
3.2. Prepare fully differentiated HAE cultures as described18 on permeable Transwell insert 191 
supports with a membrane (diameter = 6.5 mm) and culture in bronchial epithelial growth 192 
medium until fully confluent. 193 
 194 
3.3. Virus infection 195 
 196 
3.3.1. Inoculate cells with SARS-CoV-2 at 1000x median tissue culture infectious dose (TCID50) 197 
per mL 198 
 199 
3.3.2. Incubate cells for 2 h at 37 °C. 200 
 201 
3.3.3. Wash cells twice with PBS to remove unbound virus. 202 
 203 
3.3.4. Culture cells for 48 h. 204 
 205 
4. SARS-CoV-2 RNA-FISH in Vero cells cultured on coverslips 206 
 207 
DAY 1 208 
 209 
4.1. Fixing and permeabilizing cells 210 
 211 
4.1.1. Fix infected cells with 3.7% w/v PFA solution for 1 h at RT. 212 
 213 
4.1.2. Aspirate the 3.7% PFA solution, and wash the cells twice using 1x PBS. 214 
 215 
4.1.3. Permeabilize the cells with PBST solution for 10 min at RT with agitation. 216 
 217 
4.1.4. Aspirate the PBST, and wash the cells twice with 1x PBS. 218 
 219 
4.2. Detection  220 



   

 221 
4.2.1. Aspirate the 1x PBS solution, and wash the cells twice with 2x SSC at RT. 222 
 223 
4.2.2. Aspirate the 2x SSC solution, and prehybridize the samples by adding at least 300 µL of 224 
probe hybridization buffer. Cover the wells containing the cells, and incubate at 37 °C for 30 min. 225 
 226 
4.2.3. Prepare the probe solution by adding 1.2 pmol of probe mixture to the probe 227 
hybridization buffer. 228 
 229 
4.2.3.1. Use 1.2 µL of the 1 µM probe stock to prepare 300 µL of working stock. 230 
 231 
4.2.4. Remove the prehybridization solution, and transfer the coverslips to a humidified 232 
chamber. 233 
 234 
4.2.4.1. Pipette 30–50 µL of probe solution onto parafilm to form individual droplets. 235 
 236 
4.2.5. Incubate the samples overnight (12–18 h) at 37 °C. 237 
 238 
DAY 2 239 
 240 
4.2.6. Transfer the coverslips back into a 12-well plate, and remove excess probe solution by 241 
washing for 4 x 5 min with 400 µL of probe wash buffer at 37 °C. 242 
 243 
NOTE: As an alternative to placing 30–50 µl aliquots onto parafilm and under coverslips for 244 
incubation, add 300 µL of probe solution directly to coverslips in a 12-well plate. This procedure 245 
is simpler, but requires substantial amounts of reagents. Heat the probe wash buffer to 37 °C 246 
before use. Calculate the amount of buffer needed, and transfer it to a 15 mL conical centrifuge 247 
tube. 248 
 249 
4.2.7. Wash samples for 2 x 5 min with 5x SSCT at RT. 250 
 251 
4.2.8. Replace the 5x SSCT solution with 1x PBS, and store the samples at 4 °C until amplification. 252 
 253 
4.3. Amplification  254 
 255 
4.3.1. Remove the 1x PBS solution from the wells, and add at least 300 µL of amplification buffer 256 
to each well. Incubate the samples for 30 min at RT. 257 
 258 
4.3.2. Prepare each HCR hairpin (h1 and h2) by snap-cooling the desired volume in separate 259 
tubes. 260 
 261 
4.3.2.1. To prepare 300 µL of amplification solution, use 18 pmol of each hairpin (e.g., for 262 
300 µL, use 6 µL of a 3 µM stock hairpin solution). 263 
 264 



   

4.3.2.2. Transfer the hairpin solution into tubes. 265 
 266 
4.3.2.3. Incubate at 95 °C for 90 s. 267 
 268 
4.3.2.4. Cool to RT for 30 min in the dark. 269 
 270 
4.3.3. Prepare a hairpin mixture by adding the snap-cooled “h1” and “h2” hairpins to the 271 
amplification buffer. 272 
 273 
4.3.4. Place drops of 30–50 µL of hairpin mixture onto parafilm. 274 
 275 
4.3.5. Incubate the samples overnight (12–18 h) in the dark at RT. 276 
 277 
DAY 3 278 
 279 
4.3.6. Transfer the coverslips back into the 12 well plate, and remove excess hairpins by washing 280 
for 5 x 5 min with 5x SSCT at RT with agitation. 281 
 282 
4.3.7. Aspirate the 5x SSCT buffer, and replace it with 1x PBS. 283 
 284 
NOTE: If required, use the RNA-FISH samples in a standard immunofluorescence assay, followed 285 
by staining of nuclei (see section 5). 286 
 287 
4.4. Nuclear staining and slide mounting 288 
 289 
4.4.1. Aspirate the 1x PBS solution, and replace it with 4′,6-diamidino-2-phenylindole (DAPI, 0.2 290 
µg/mL) in 1x PBS solution. 291 
 292 
4.4.2. Incubate the samples for 10 min at RT in the dark. 293 
 294 
4.4.3. Aspirate the DAPI solution, and wash the cells twice with 1x PBS. 295 
 296 
4.4.4. Place two drops of 10 µL each of mounting medium; ensure that the drops are separated 297 
sufficiently to allow two coverslips to be placed on a single slide. 298 
 299 
4.4.5. Remove excess liquid by tapping the coverslips on a clean towel, and then place them in 300 
antifade mounting medium with the cells facing down. 301 
 302 
4.4.6. Place the mounted samples on a dry, flat surface in the dark and let them cure. 303 
 304 
4.4.7. Following curing, seal the edges of the coverslips with VALAP sealant or nail polish to 305 
prevent the samples from drying out. 306 
 307 
5. SARS-CoV-2 RNA-FISH in HAE cultures 308 



   

 309 
DAY 1 310 
 311 
5.1. Fixing and permeabilizing the HAE culture 312 
 313 
5.1.1. Aspirate the medium, and fix the infected cells using 3.7% PFA solution for 1 h at RT. 314 
 315 
5.1.2. Aspirate the 3.7% PFA solution, and wash the cells twice with 1x PBS. 316 
 317 
5.1.2.1. Replace the 3.7% PFA solution with 1x PBS under a Transwell insert. 318 
 319 
5.1.3. Discard the PBS, and dehydrate the samples using 2 x 5 min washes with 100% MeOH 320 
prechilled to -20 °C. 321 
 322 
5.1.4. After the second wash, replace the buffer with fresh, chilled MeOH for permeabilization 323 
under the Transwell insert. Store overnight at -20 °C. 324 
 325 
DAY 2 326 
 327 
5.2. Rehydration 328 
 329 
Rehydrate the samples through a graded series of MeOH/PBST solutions (each for 5 min) on ice: 330 
75% MeOH/25% PBST, 50% MeOH/50% PBST, 25% MeOH/75% PBTS, and 100% PBST (twice). 331 
 332 
5.2.1. Wash the cells for 5 min on ice with 50% 5x SSCT/50% PBST.  333 
 334 
5.2.2. Wash cells for 5 min on ice with 5x SSCT.  335 
 336 
5.2.3. Replace the 5x SSCT buffer with 1x PBS. 337 
 338 
5.3. Detection  339 
 340 
5.3.1. Incubate the cells (inside the Transwell insert) for 5 min on ice with 100 µL of probe 341 
hybridization buffer. Next, transfer the plate to incubator for 30 min at 37 °C (prehybridization). 342 
 343 
NOTE: The probe hybridization buffer must be pre-heated to 37 °C before use. Calculate the 344 
required volume: 100 µL is needed for a single Transwell insert. 345 
 346 
5.3.2. Prepare the probe solution. As 1 mL of probe solution requires 4 pmol of probe, add 4 µL 347 
of 1 µM probe stock solution to 1 mL of probe hybridization buffer, and mix well. 348 
 349 
NOTE: For RNA detection, use 100 µL of probe solution per Transwell insert. Leave the probe 350 
solution on ice until the end of the prehybridization step. 351 
 352 



   

5.3.3. Remove the prehybridization solution, and add the probe solution. 353 
 354 
5.3.4. Incubate the cells overnight (12–18 h) at 37 °C. 355 
 356 
DAY 3 357 
 358 
5.3.5. Remove excess probe by washing for 4 x 15 min with 100 µL of probe wash buffer at 37 359 
°C. 360 
 361 
5.3.6. Wash the samples for 2 x 5 min with 5x SSCT at RT. 362 
 363 
5.3.7. Replace the 5x SSCT with 1x PBS, and store the samples at 4 °C until amplification. 364 
 365 
5.4. Amplification  366 
 367 
5.4.1. Preamplify the samples by incubating them with amplification buffer for 30 min at RT. 368 
 369 
5.4.2. Prepare each hairpin by snap-cooling the desired volumes in separate tubes. 370 
 371 
5.4.2.1. To prepare 500 µL of amplification solution, use 30 pmol of each hairpin (e.g., for 372 
500 µL, use 10 µL of 3 µM stock hairpin solution). 373 
 374 
5.4.2.2. Transfer the hairpin solution to the tubes. 375 
 376 
5.4.2.3. Incubate at 95 °C for 90 s. 377 
 378 
5.4.2.4. Cool to RT for 30 min in the dark. 379 
 380 
5.4.3. Prepare the hairpin solution by adding all snap-cooled hairpins to 500 µL of amplification 381 
buffer at RT. 382 
 383 
5.4.4. Remove the preamplification solution, and add the complete hairpin solution. 384 
 385 
5.4.5. Incubate the samples overnight (12–18 h) at RT in the dark. 386 
 387 
5.4.6. Remove excess hairpins by washing with 5x SSCT at RT as follows: 2 x 5 min, 2 x 15 min, 388 
and 1 x 5 min. 389 
 390 
5.4.7. Replace the 5x SSCT solution with 1x PBS, and store at 4 °C for not more than 2–3 days or 391 
proceed directly to nuclear staining. 392 
 393 
NOTE: If required, use the RNA-FISH samples in a standard immunofluorescence assay, followed 394 
by nuclear staining (see section 6). 395 
 396 



   

5.5. Nuclear staining and slide mounting 397 
 398 
5.5.1. Aspirate the 1x PBS solution, and replace it with DAPI solution (0.2 µg/mL) in 1x PBS. 399 
 400 
5.5.2. Incubate the samples for 10 min at RT in the dark. 401 
 402 
5.5.3. Aspirate the DAPI solution, and wash the cells twice with 1x PBS. 403 
 404 
5.5.4. Place the cut-out membrane from the Transwell inserts onto 10 µL of antifade mounting 405 
medium with the cells facing up, and add extra mounting medium (5 µL) to the membrane. 406 
 407 
5.5.5. Cover the membranes with coverslips. 408 
 409 
5.5.6. Cure the mounted samples on a dry, flat surface in the dark. 410 
 411 
5.5.7. Following curing, seal the edges of the coverslips with VALAP sealant or nail polish to 412 
prevent the samples from drying out. 413 
 414 
6. Immunofluorescence analysis of Vero cells and HAE cultures 415 
 416 
NOTE: Perform the immunofluorescence assay on day 3 for cell lines or day 4 for HAE cultures. 417 
Use a different approach for each model. All differences are indicated clearly. 418 
 419 
6.1. Aspirate the 1x PBS solution from the wells. 420 
 421 
6.2. Block the samples by incubation with 1% w/v bovine serum albumin in PBST solution for 422 
30 min at 37 °C. 423 
 424 
6.3. Prepare primary antibodies by preparing appropriate dilutions in blocking solution, and 425 
incubate. 426 
 427 
6.3.1. For Vero cells on coverslips: 428 
 429 
6.3.1.1. Place drops (30–50 µL) of antibody solution onto parafilm in a humidity chamber. 430 
 431 
6.3.1.2. Place coverslips onto the antibody drops with the cells facing down. 432 
 433 
6.3.2. For HAE, replace the blocking agent in the inserts with antibody solution (100 µL), and 434 
incubate the samples in a humidified chamber. 435 
 436 
NOTE: Adjust the time and temperature for each incubation with primary antibody. Typical 437 
parameters are 1 h at RT or overnight at 4 °C. 438 
 439 
6.4. Wash the samples for 3 x 5 min with PBST. 440 



   

 441 
6.4.1. For cells on coverslips, transfer to a 12-well plate and add PBST solution. 442 
 443 
6.4.2. For HAE cultures, replace the antibody solution with PBST solution. 444 
 445 
6.5. Check the light sources and filters available for the confocal microscope. 446 
 447 
6.6. Choose secondary antibodies according to the host species. Choose the fluorophore 448 
parameters (excitation and emission wavelengths, spectrum width, and excitation efficiency 449 
according to the available light source). 450 
 451 
NOTE: Spectral parameters can be modeled using online tools (see Table of Materials). 452 
 453 
6.7. Prepare appropriate secondary antibody solutions by diluting them with blocking 454 
solution. 455 
 456 
6.8. Incubate with secondary antibodies (as in 6.4), but incubate for 1 h at 37 °C. 457 
 458 
6.9. Wash the samples as in step 6.4. 459 
 460 
6.10. Nuclear staining and slide mounting 461 
 462 
6.10.1. For cells on coverslips 463 
 464 
6.10.1.1. Aspirate the PBST, and replace it with DAPI (0.2 µg/mL) in 1x PBS solution. 465 
 466 
6.10.1.2. Incubate the samples for 10 min at RT in the dark. 467 
 468 
6.10.1.3. Aspirate the DAPI solution, and wash the cells twice with 1x PBS. 469 
 470 
6.10.1.4. Place the coverslips onto drops of 10 µL of mounting medium with the cells facing 471 
down. 472 
 473 
6.10.1.5. Seal the coverslips with nail polish. 474 
 475 
6.10.2. For HAE cultures 476 
 477 
6.10.2.1. Aspirate the 1x PBST, and replace it with DAPI (0.2 µg/mL) in 1x PBS solution. 478 
 479 
6.10.2.2. Incubate the samples for 10 min at RT in the dark. 480 
 481 
6.10.2.3. Aspirate the DAPI solution, and wash the cells twice with 1x PBS. 482 
 483 
6.10.2.4. Place the cut-out membranes onto drops of 10 µL of mounting medium with the 484 



   

cells facing up, and add extra (5 µL) mounting medium to the membrane. 485 
 486 
6.10.2.5. Cover the membranes with coverslips. 487 
 488 
6.10.2.6. Seal the coverslips with nail polish. 489 
 490 
7. Confocal microscopy 491 
 492 
7.1. Define the tracks by specifying the fluorophores used. 493 
 494 
7.2. Choose the scanning mode and speed. 495 
 496 
7.3. Adjust the laser power, gain, and offset values for each fluorophore by comparing them 497 
with respective negative controls: for virus, mock-infected cells; for cellular proteins, samples 498 
stained with isotype control antibodies from an appropriate host. 499 
 500 
7.4. To acquire a 3D image, activate z-stack mode, and set the top and bottom limits. Set the 501 
step size/number. 502 
 503 
NOTE: For more details on coronavirus imaging, see19. 504 
 505 
REPRESENTATIVE RESULTS: 506 
The immuno-RNA-FISH protocol described in this manuscript was carried out using two cellular 507 
systems: a Vero cell line and a 3D HAE culture. The major steps for both cellular models are shown 508 
in Table 2. The RNA-FISH protocol for visualization of SARS-CoV-2 in HAE cultures includes steps 509 
that are typical for tissue samples, i.e., permeabilization with 100% MeOH and rehydration 510 
through a graded series of MeOH-PBS and 0.1% Tween solutions. Immunofluorescence was 511 
performed after RNA-FISH was complete. Z-stack images were acquired and processed. 512 
 513 
Figure 1 shows immuno-FISH in mock-inoculated control Vero cells or cells infected with SARS-514 
CoV-2. Figure 2 shows immuno-FISH in mock-inoculated control HAE cultures or cultures infected 515 
with SARS-CoV-2. Figure 3 shows optimization of the permeabilization protocol in Vero cells: 70% 516 
ethanol overnight at -20 °C or 0.1% Tween-20 in PBS for 5 min at RT. Permeabilization with 517 
detergent results in a clear, specific signal for SARS-CoV-2 subgenomic RNA, whereas using 518 
ethanol results in a blurry unfocused image.  519 
 520 
FIGURE AND TABLE LEGENDS: 521 
 522 
Figure 1: Immuno-RNA-FISH to detect SARS-CoV-2 RNA and β-tubulin in Vero cells. Localization 523 
of SARS-CoV-2 subgenomic RNA in (A) infected and (B) mock-inoculated Vero cells. Viral RNA was 524 
visualized by FISH (red). β-tubulin is stained with antibodies against mouse β5-tubulin (1:100, 525 
overnight incubation at 4 °C) and with Alexa fluorophore 488-conjugated secondary antibodies 526 
(1:400, 1 h incubation at RT). Nuclei were stained with DAPI (blue). Each image is a single confocal 527 
plane. Scale bar = 20 µm. Abbreviations: SARS-CoV-2 = severe acute respiratory syndrome 528 



   

coronavirus 2; FISH = fluorescence in situ hybridization; DAPI = 4′,6-diamidino-2-phenylindole. 529 
 530 
Figure 2: Human airway epithelial cells infected with SARS-CoV-2. Localization of SARS-CoV-2 531 
subgenomic RNA in (A) infected and (B) mock-inoculated HAE cultures. Viral RNA was visualized 532 
by FISH (red). Ciliated cells are visualized using antibodies against mouse β5-tubulin (1:100, 533 
overnight incubation at 4 °C) and with Alexa fluorophore 488-conjugated secondary antibodies 534 
(1:400, 1 h incubation at RT). Nuclei were stained with DAPI (blue). Each image represents a max 535 
projection reconstructed from confocal image stacks (thickness = 3 µm). Scale bar = 10 µm. 536 
Abbreviations: SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; FISH = 537 
fluorescence in situ hybridization; HAE = human airway epithelium; DAPI = 4′,6-diamidino-2-538 
phenylindole. 539 
 540 
Figure 3: Optimization of permeabilization conditions for Vero cells. Permeabilization of Vero 541 
cells with (A) 70% ethanol and (B) with 0.1% Tween-20 in PBS. Permeabilization with detergent 542 
results in a clear specific signal for SARS-CoV-2 subgenomic RNA, whereas ethanol results in a 543 
blurry image. Viral RNA is shown in red. Nuclei were stained with DAPI (blue). Each image 544 
represents a max projection reconstructed from confocal image stacks (thickness = 3 µm). Scale 545 
bar = 10 µm. Abbreviations: SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; PBS 546 
= phosphate-buffered saline; DAPI = 4′,6-diamidino-2-phenylindole. 547 
 548 
Supplemental Figure 1: SARS-CoV-2 N gene sequence (5'-3') 549 
 550 
Table 1: Preparation of gradient methanol/PBST solutions for rehydration. To rehydrate human 551 
airway epithelium samples after overnight incubation in absolute methanol (MeOH), a slow 552 
exchange of the environment is necessary. To do this, slow exchange must occur by incubating 553 
with buffers in which the proportions of MeOH and PBST (0.1% Tween-20 in 1x phosphate-554 
buffered saline) change gradually. Reagent volumes sufficient to prepare 100 mL of each solution, 555 
enough to perform several experiments, are listed. 556 
 557 
Table 2: Workflow of the Immuno-RNA-FISH protocol in cell lines and HAE cultures. Immuno-558 
RNA-FISH is feasible in both cellular models, but requires different approaches. The main steps 559 
are shown, along with the buffers used (in parentheses), followed by the duration and 560 
temperature of incubation. In several steps, critical differences in the volume of incubation 561 
reagent per sample are given to simplify the calculations. If the volume is not specified, it is 562 
selected arbitrarily so that it completely covers the sample (usually 200 µL) with agitation. 563 
Abbreviations: FISH = fluorescence in situ hybridization; HAE = human airway epithelium; PFA = 564 
paraformaldehyde; DAPI = 4′,6-diamidino-2-phenylindole; BSA = bovine serum albumin; PBS = 565 
phosphate-buffered saline; MeOH = methanol. 566 
 567 
DISCUSSION: 568 
Immuno-RNA-FISH is a reliable method for double-staining of RNA and cellular proteins. Here, a 569 
modified immuno-RNA-FISH protocol has been described that allows detection of SARS-CoV-2 570 
RNA and cellular proteins in cell lines and HAE cultures. This protocol can be adapted for use in 571 
different cell models including cell monolayers or specific tissues. The method relies on the 572 



   

concept of an HCR initiated by appropriate probe localization. Next, the use of split-initiator 573 
probes to begin amplification of the signal by fluorescently labeled amplifiers results in minimal-574 
to-no background fluorescence when observed using a confocal microscope. Amplifiers can be 575 
labeled with different fluorescent dyes and are compatible with different probes designed to 576 
recognize various targets; therefore, they may be used simultaneously. The procedures described 577 
in this protocol are simple, but time-consuming (3–4 days). Nevertheless, the results are 578 
characterized by a low noise-to-signal ratio, unlike other protocols that use directly labeled 579 
fluorescent probes. 580 
 581 
Vero cells and HAE cultures were used here. Different protocols are required for cells on a 582 
coverslip and cells in tissue culture. Most of the differences are encountered when handling the 583 
cells (whether on coverslip or a membrane) and the amounts of material used. General RNA-FISH 584 
protocols require permeabilization using ethanol or methanol solutions as well as an overnight 585 
incubation at -20 °C. Importantly, using detergent for permeabilization is more beneficial for 586 
immunofluorescence, shortens the procedure by 1 day, and allows more efficient planning of the 587 
experiment. The primary approach was to follow general protocols involving permeabilization 588 
with alcohol or detergent to see if any undesirable effects were noticeable. Importantly, 589 
overnight permeabilization of Vero cells with 70% ethanol solution resulted in an unspecific, 590 
blurred signal; by contrast, permeabilization with Tween-20 allowed clear and specific 591 
visualization of SARS-CoV-2 RNA and shortened the protocol by 1 day (Figure 3). 592 
 593 
The same approach was tested on HAE cultures after overnight incubation with absolute 594 
methanol at -20 °C (according to general RNA-FISH protocols for tissue samples) and 0.1% 595 
Tween-20 for 5 min at RT. Incubation with Tween-20 resulted in a non-specific signal, which 596 
disqualifies this reagent (data not shown). Overnight incubation with methanol led to a highly 597 
specific signal with no artifacts. Importantly, detachment of the Transwell membrane was 598 
observed because methanol dissolved the glue. This problem was handled by detaching the 599 
membrane and proceeding with the coverslip protocol. Classical RNA-FISH procedures use 600 
proteinase K to improve sensitivity as this removes proteins and clears RNA-protein complexes, 601 
making cells penetrable by chemicals and dyes. The present protocol omitted this step as 602 
proteinase K prevents protein staining. No differences were observed in the sensitivity of RNA-603 
FISH when proteinase K was absent (data not shown). 604 
 605 
Performing immunofluorescence assays following RNA-FISH did not affect the RNA signal and 606 
resulted in successful combination of both methods. Therefore, the complete protocol 607 
represents a convenient way of visualizing RNA and its interactions with proteins at the single-608 
cell level. Of note, fixation of cells (required for immuno-RNA-FISH) does not allow time-lapse 609 
experiments to examine dynamic events at the single-cell level. Visualization of SARS-CoV-2 RNA 610 
allows analysis of SARS-CoV-2 replication within a cell and, when coupled with 611 
immunofluorescence, allows the study of intracellular SARS-CoV-2 RNA/host protein interactions 612 
including interplay with the epigenome. Finally, this protocol has a wide variety of applications 613 
including the detection of SARS-CoV-2 and other emerging viruses at single-cell resolution. 614 
Thanks to sensitive and specific HCR technology, it can also be used as a diagnostic tool. 615 
 616 
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Buffer Volume of methanol [mL] Volume of PBST [mL]

75% MeOH/25% PBST 75 25

50% MeOH/50% PBST 50 50

25% MeOH/75% PBST 25 75

100% PBST 0 100

Total 100 mL
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Module Step Vero cells

Fixation

Rehydration

Detection (pre-hybridization)
(Probe hybridization buffer) 30 min at 37 °C, 200-

300 µL

Detection (Probe solution) 12-18 h at 37 °C, 30 - 50 µL

(Probe wash buffer) 4 x 5 min

Amplification (pre-hybridization)
(Amplification buffer) 30 min at room temperature, 

200-300 µL

Amplification
(Amplifiers solution) 12-18 h at room temperature 

in dark place, 30-50 µL

Amplifiers washing (5x SSCT) 5 x 5 min

Blocking

Primary antibody incbation

(Antibody solution of apropriate concentration in 

blocking solution) 2 h at room temperature / 

overnight at 4 °C, 30-50 µL

Primary antibody washing

Secondary antibody incubation
(Antibody solution of apropriate concentration in 

blocking solution) 1 h at 37 °C, 30-50 µL

Secondary antibody washing

Nuclear staining 

RNA Fluorescence in situ 

hybridization (RNA FISH)

ImmunoFluorescence (IF)

(1% BSA in PBST) 30 min at 37 °C

(PBST) 3 x 5 min at room temperature

(PBST) 3 x 5 min at room temperature

(DAPI solution) 10 min at room temperature, then 2 x 5 min with 1x PBS

(3.7% PFA) 10-40 min at room temperature or overnight at room temperature

Probe washings
(5 × SSCT) 2 x 5 min

Permeabilization
(PBST: 0.1% Tween-20 in 1x PBS) 10 min at room 

temperature
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HAE cultures

(0.1% Tween-20 in 1x PBS) 2 × 5 min at room 

temperature

(100% MeOH) overnight at -20 °C

(Graded methanol (MeOH)/PBST) 5 x 5 min, 50% 

5x SSCT/PBST wash 5 min, 5x SSCT wash 5 min on 

ice

(Probe hybridization buffer) 5 min on ice, then 30 

min at 37 °C, 100 µL

(Probe solution) 12-18 h at 37 °C, 100 µL

(Probe wash buffer) 4 x 15 min

(Amplification buffer) 30 min at room 

temperature, 100 µL

(Amplifiers solution) 12-18 h at room temperature 

in dark place, 100 µL

(5x SSCT) 2 x 5 min, 2 x 15 min, 1 x 5 min

(Antibody solution of apropriate concentration in 

blocking solution) 2 h at room temperature / 

overnight at 4 °C, 100 µL

(Antibody solution of appropriate concentration in 

blocking solution) 1 h at 37 °C, 100 µL

(1% BSA in PBST) 30 min at 37 °C

(PBST) 3 x 5 min at room temperature

(PBST) 3 x 5 min at room temperature

(DAPI solution) 10 min at room temperature, then 2 x 5 min with 1x PBS

(3.7% PFA) 10-40 min at room temperature or overnight at room temperature

(5 × SSCT) 2 x 5 min



Name of Material/ Equipment Company Catalog Number Comments/Description

Confocal Microscope LSM 880 ZEISS 

Grant Bio, Mini Rocker- Shaker Fisher Scientific 12965501

Incubator Galaxy170R New Brunswick CO170R-230-1000

Thermomixer Comfort Eppendorf 5355 000 011

15 mm x 15 mm NO. 1 coverslips LabSolute 7695022

1.5 mL tubes FL-MEDICAL 5.350.023.053

12-well plate TTP 92412

Conical centrifuge tube Sarstedt 5.332.547.254

parafilm Sigma P7793-1EA

serological pipets VWR Collection 612-5523P, 612-5827P

slide glass PTH CHEMLAND 04-296.202.03

Transwell ThinCerts Grainer bio-one 665641

Alexa fluorophore 488-conjugated secondary 

antibodies Invitrogen

β5‑tubulin Santa Cruz Biotechnology  sc-134234

DAPI Thermo Scientific D1306

Disodium phosphate Sigma S51136-500G
EGTA BioShop EGT101.25

HCR Amplification Buffer Molecular Instruments, Inc. BAM01522
Buffer can be also prepared  <doi:10.1242/dev.165753: 

Supplementary information>

HCR amplifier B1-h1 Alexa Fluor 647 Molecular Instruments, Inc. S013922

HCR amplifier B1-h2 Alexa Fluor 647 Molecular Instruments, Inc. S012522

HCR Probe Hybridization Buffer Molecular Instruments, Inc. BPH03821
Buffer can be also prepared  <doi:10.1242/dev.165753: 

Supplementary information>

HCR probe set for SARS-CoV-2 Ncapsid Molecular Instruments, Inc. PRE134

HCR Probe Wash Buffer Molecular Instruments, Inc. BPW01522
Buffer can be also prepared  <doi:10.1242/dev.165753: 

Supplementary information>

HEPES BioShop HEP001.100

Magnesium sulfate heptahydrate Sigma 63138-250G

Methanol Sigma 32213-1L-M

Monopotassium phosphate Sigma P5655-100G

Paraformaldehyde Sigma P6148-1KG

PIPES BioShop PIP666.100

Potassium Chloride Sigma P5405-250G

Prolong Diamond Antifade Mounting Medium Invitrogen P36970

Sodium Chloride BioShop SOD001.5

Reagents

Materials

Equipment
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Trisodium Citrate 2-hydrate POCH  6132-04-3

Tween-20 BioShop TWN580.500

Software

Fluorescence Spectraviewer Modeling spectral parameters

ImageJ Fiji Acquiring and processing z-stack images



  

 

                                                                                                                          Krakow, 9th of November 2020 

Malopolska Centre of Biotechnology 

Malopolska Centre of Biotechnology 
Gronostajowa 7a 
30-387 Kraków 

 

 

Dear Editor,  

We warmly thank you for the reviews of our manuscript entitled: "Visualization of the SARS-

CoV-2 by immuno RNA-FISH.", which were very helpful. You will find enclosed a rebuttal 

letter that addresses each of the editorial and peer review comments individually.  

We have incorporated all recommended changes and feel that the manuscript is improved as a 

result. 

We hope that you will find our manuscript suitable for publication in Journal of Visualized 

Experiments and look forward to hearing from you. 

                                                                                                                                                                                                                                         

 

Yours Sincerely, 

Anna Kula-Pacurar, PhD 
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ANSWERS TO THE EDITORIAL COMMENTS 

 

Comment 1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 

Our manuscript has been proofread by the Bioedit editing service (www.bioedit.com). 

 
Comment 2. Please revise the following lines to avoid previously published work: 104-109, 

An Immuno-RNA FISH technique presented in this manuscript was used in the study described in the 
Journal of Virology (Milewska A, Kula-Pacurar A et. al., 2020, DOI: 10.1128/JVI.00957-20), and that is 
why we included this our citation in the present manuscript.  

 
Comment 3. For in-text formatting, corresponding reference numbers should appear as numbered 
superscripts after the appropriate statement(s). 

We changed the reference numbering, as suggested by the Editor.  

 

ANSWERS TO THE REVIEWERS’ COMMENTS 

 
Reviewer #1: 

Manuscript Summary: 
In this paper Kula-Pacurar and collaborators describe a method to simultaneously visualize SARS-CoV-
2 RNA, by fluorescence in situ hybridization (RNA FISH), and a protein of interest, by 
immunofluorescence. They propose two variants of the method, one for lab cells on coverslips and 
one for human airway epithelium (HAE) cultures. 
I have no major concerns. The protocol is clear and very well detailed, with useful caution alerts and 
note. 
 

We thank the reviewer for these nice comments. 

 
Minor Concerns: 
The authors could add an additional paragraph just before the protocol with a list of all lab 
equipment needed as well as basic reagents. 

As suggested by the reviewer, we included list of equipment to the already existing file containing list 
of reagents.  

 
Reviewer #2: 
Manuscript Summary: 
Although the protocol highlights a technique that can be of value to study host-viral interaction, there  

 

https://doi.org/10.1128/jvi.00957-20
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are some major steps that needs further explanation for readers to be able to understand and 
replicate the protocol. 
 
Major Concerns: 
Comment 1.  Why is probe not be added to the well of 12 well plate like other steps? Taking coverslip 
out is very difficult and can even lead to breaking of coverslip. Furthermore, drying is a possibility in 
overnight incubation with 30- 50ul probe on coverslip with parafilm. 

 

We thank the reviewer for this important comment. This is our standard procedure that allows us to 
decrease the amount of expensive reagents such as probes, amplifiers, and antibodies for IF.  
Importantly, the incubation in humidified chamber prevents the cells from drying out.  We included a 
note information in the new version of our manuscript: 

« NOTE: As an alternative to placing 30–50 µl portions onto parafilm and placing under coverslips for 

incubation, 300 µl of probe solution can be added directly to coverslips in a 12-well plate. The latter 

procedure is simpler but required substantial amounts of reagents. «  

Comment 2. Day2 amplification step has sudden mention of hairpin. Assuming the author mean "HCR 
amplifier B1" by hairpin, it needs to be mentioned and clarified in section 2.3.1, line 166. 
 

We agree with the reviewer that the text was unclear. We clarified this point in the section 2.3.1 by 
adding the following sentence: “An HCR amplifier comprises metastable HCR hairpins h1 and h2.”  

Minor Concerns: 
Comment 1. Is there a specific reason why authors do not grow mammalian cells the same way as HAE 
cells? if so, authors need to explain as having both cultures grown in similar conditions/surfaces 
increases reliability and reproducibility of the protocol. 

Preparation of HAE 3D cultures requires a different and laborious protocol than simply culturing 
mammalian cells on a coverslip.  The protocol starts with the isolation of primary human epithelial cells 
from conductive airways resected from transplant patients. Cells are mechanically detached from the 
tissue after protease treatment and cultured on plastic in bronchial epithelial growth medium (BEGM). 
Subsequently, cells are transferred onto permeable Transwell insert supports and cultured in BEGM. 
After the cells reach full confluence, the apical medium is removed, and the basolateral medium is 
changed to an air-liquid interface (ALI). Cells are cultured on the interphase of air and media for 4 to 6 
weeks, when they differentiate to form pseudostratified mucociliary epithelia.  

In our manuscripts, we cited a previously published protocol that describes how to prepare HAE 
cultures.  

“Fully differentiated HAE cultures were prepared as described 18 on permeable Transwell insert 
supports with a membrane (diameter = 6.5 mm) and cultured in bronchial epithelial growth medium 
until reaching full confluence.” 
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18 Fulcher, M. L., Gabriel, S., Burns, K. A., Yankaskas, J. R. & Randell, S. H. Well-differentiated human 
airway epithelial cell cultures. Methods Mol Med 107, 183-206, doi:10.1385/1-59259-861-7:183 
(2005). 

Comment 2. 1hr vs overnight fixation in PFA can make a difference in results as over-fixation can cause 
background and nonspecific binding. 

 

We agree and apologize for this confusion. We removed “the overnight incubation” as it was simply 
our mistake.  

 



SARS-CoV-2 N gene sequence (5'-3') 

ATGTCTGATAATGGACCCCAAAATCAGCGAAATGCACCCCGCATTACGTTTGGTGGACCCTCAGATT
CAACTGGCAGTAACCAGAATGGAGAACGCAGTGGGGCGCGATCAAAACAACGTC 

GGCCCCAAGGTTTACCCAATAATACTGCGTCTTGGTTCACCGCTCTCACTCAACATGGCAAGGAAGA
CCTTAAATTCCCTCGAGGACAAGGCGTTCCAATTAACACCAATAGCAGTCCAGATG 

ACCAAATTGGCTACTACCGAAGAGCTACCAGACGAATTCGTGGTGGTGACGGTAAAATGAAAGATC
TCAGTCCAAGATGGTATTTCTACTACCTAGGAACTGGGCCAGAAGCTGGACTTCCC 

TATGGTGCTAACAAAGACGGCATCATATGGGTTGCAACTGAGGGAGCCTTGAATACACCAAAAGAT
CACATTGGCACCCGCAATCCTGCTAACAATGCTGCAATCGTGCTACAACTTCCTCAA 

GGAACAACATTGCCAAAAGGCTTCTACGCAGAAGGGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGT
TCCTCATCACGTAGTCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAGTAGGGG 

AACTTCTCCTGCTAGAATGGCTGGCAATGGCGGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGAT
TGAACCAGCTTGAGAGCAAAATGTCTGGTAAAGGCCAACAACAACAAGGCCAAACT 

GTCACTAAGAAATCTGCTGCTGAGGCTTCTAAGAAGCCTCGGCAAAAACGTACTGCCACTAAAGCAT
ACAATGTAACACAAGCTTTCGGCAGACGTGGTCCAGAACAAACCCAAGGAAATTTTG 

GGGACCAGGAACTAATCAGACAAGGAACTGATTACAAACATTGGCCGCAAATTGCACAATTTGCCC
CCAGCGCTTCAGCGTTCTTCGGAATGTCGCGCATTGGCATGGAAGTCACACCTTCGGG 

AACGTGGTTGACCTACACAGGTGCCATCAAATTGGATGACAAAGATCCAAATTTCAAAGATCAAGTC
ATTTTGCTGAATAAGCATATTGACGCATACAAAACATTCCCACCAACAGAGCCTAAAA 

AGGACAAAAAGAAGAAGGCTGATGAAACTCAAGCCTTACCGCAGAGACAGAAGAAACAGCAAACT
GTGACTCTTCTTCCTGCTGCAGATTTGGATGATTTCTCCAAACAATTGCAACAATCCAT 

GAGCAGTGCTGACTCAACTCAGGCCTAA 
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