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Abstract

Astrovirus VA1/HMO-C (VA1) is the representative genotype of mamastrovirus 9, a species of the 

single stranded, positive-sense RNA viral family, Astroviridae. Astroviruses have been 

traditionally considered pathogens of the gastrointestinal tract, but they have been recently 

associated with neurological diseases in humans, cattle, mink, sheep, and pigs. VA1 is the 

astrovirus genotype most commonly identified from human cases of meningoencephalitis and has 

been recently propagated in cell culture. VA1 can now be used as a model system to study 

pathogenesis of the neurological diseases associated with astrovirus infection. In this unit, we 

describe two fundamental assays to quantify replication and propagation of VA1, a qRT-PCR to 

measure viral RNA and a TCID50 assay to measure infectious viral particles.
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INTRODUCTION

The application of a broad number of molecular assays and metagenomic sequencing have 

detected a diverse number of novel viral genomes (Chiu et al., 2008; Finkbeiner, Allred, et 

al., 2008; Gaynor et al., 2007; Greninger et al., 2009; Holtz et al., 2009; Janowski, 

Krishnamurthy, et al., 2017; Krishnamurthy, Janowski, Zhao, Barouch, & Wang, 2016; 

Nishizawa et al., 1997; Phan et al., 2011; Shi et al., 2016; Wang et al., 2003). However, the 

understanding of the fundamental biology of these novel viruses is severely limited because 

only a small minority have been successfully propagated in cell culture, including a novel 

astrovirus genotype (Chiu et al., 2010; Hao et al., 2012; Janowski, Bauer, Holtz, & Wang, 

2017; Woo et al., 2005).

Since 2008, three novel astrovirus species have been identified from human specimens 

through molecular assays and metagenomic sequencing, including mamastrovirus 6, 8, and 9 

(Finkbeiner, Allred, et al., 2008; Finkbeiner, Holtz, et al., 2009; Finkbeiner, Kirkwood, & 

Wang, 2008; Finkbeiner, Li, et al., 2009; Jiang et al., 2013; Kapoor et al., 2009; Meyer et al., 

2015; Phan et al., 2014). Like mamastrovirus 1 (classic human astroviruses), these novel 

astrovirus species have been predominantly detected from human stool samples and were 

considered to also be primarily pathogens of the gastrointestinal tract (Bosch, Pinto, & Guix, 

2014). Humans are frequently exposed to the novel human astroviruses, with >50% 

seropositivity in adulthood to two genotypes (Burbelo et al., 2011; Holtz et al., 2014).
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However, astrovirus research has garnered further interest because of the recent discovery 

that some members of this viral family are neurotropic. To date, astroviruses have been 

described in nine cases of meningoencephalitis in humans and have been associated with 

neurological disease in cattle, minks, sheep, and pigs (Arruda et al., 2017; Blomstrom, 

Widen, Hammer, Belak, & Berg, 2010; Boros et al., 2017; Brown et al., 2015; Cordey et al., 

2016; Fremond, 2015; Lum et al., 2016; Naccache et al., 2015; Pfaff et al., 2017; Quan et al., 

2010; Sato et al., 2016; Selimovic-Hamza, Boujon, Hilbe, Oevermann, & Seuberlich, 2017; 

Wunderli et al., 2011). Astrovirus VA1/HMO-C (VA1; mamastrovirus 9), is the most 

frequently detected astrovirus genotype in human cases of encephalitis (Brown et al., 2015; 

Fremond, 2015; Lum et al., 2016; Naccache et al., 2015; Quan et al., 2010). Subsequently, 

the originally detected genotype of this species, VA1, has been successfully propagated in 

cell culture (Janowski, Bauer, et al., 2017). With this important laboratory reagent, the 

fundamental biology of VA1 can be studied and this virus may serve as an experimental 

model of astrovirus central nervous system infection.

We have described some of the biology of VA1 in cell culture, and VA1 appears to have 

divergent in vitro biology when compared to mamastrovirus 1 (Janowski, Bauer, et al., 

2017). The addition of trypsin to cell culture media is necessary for propagation of 

mamastrovirus 1 (Lee & Kurtz, 1981). In addition, pretreatment of the virus with trypsin 

prior to inoculation also increases infectivity (Bass & Qiu, 2000; Mendez, Fernandez-Luna, 

Lopez, Mendez-Toss, & Arias, 2002). It is currently hypothesized that the mamastrovirus 1 

coat requires further cleavage by trypsin to generate an infectious particle (Bass & Qiu, 

2000; Mendez et al., 2002). In contrast, VA1 does not require trypsin to be added during any 

step for propagated in cell culture (Janowski, Bauer, et al., 2017). The significance of this 

difference remains to be determined and whether it reflects different pathogenicity of these 

viruses.

This unit describes the methods used to propagate VA1 in cell culture (Basic Protocol 1) and 

methods for quantification of viral RNA (Basic Protocol 2) and titration of infectious virus 

by a TCID50 assay (Basic Protocol 3). Additionally, this unit describes the maintenance of 

Caco-2 cells (Support Protocol 1), the primary cell line that supports astrovirus replication.

Caution:

Koch’s postulates for astroviruses causing gastroenteritis in humans have been fulfilled. The 

role of astroviruses in causing neurological diseases is currently under investigation; 

therefore, it is recommended that assays using astroviruses be performed in a Class II 

biological safety cabinet in a BSL-2 facility. Contaminated reusable laboratory items and 

surfaces should be disinfected with 10% bleach (v/v) and 70% ethanol. Other laboratory 

waste should be autoclaved prior to discarding.

BASIC PROTOCOL 1

Propagation of astrovirus VA1 in Caco-2 cell culture

The Caco-2 cell line is the prototypical cell line used in astrovirus research as it supports 

replication of all mamastrovirus 1 serotypes and mamastrovirus 9. In addition, most of the 
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studies of the replicative cycle of the mamastrovirus 1 have been performed in Caco-2 cells. 

This protocol can be used to make additional stocks of astrovirus VA1. This protocol should 

be performed using sterilized equipment in BSL-2 conditions using a Class II biological 

safety cabinet.

Materials

Astrovirus VA1 stock

Caco-2 cells (ATCC HTB-37)

Caco-2 cell medium

Dulbecco’s Modified Eagle Medium with high glucose (DMEM)

T75 flasks or other sterile tissue culture plates or flasks

Serological pipettes and pipette controller

Disposable glass Pasteur pipettes

15 mL conical centrifuge tubes

1.5 mL microcentrifuge tubes

Vacuum aspirator and collection vessel for cell culture media

Tissue culture incubator (set at 37°C and 5% CO2)

Water bath set to 37°C

−80 °C freezer

Sorvall Legend RT centrifuge and rotor for conical tubes or tissue culture plates

Generation of additional astrovirus VA1 stock virus—Small scale astrovirus stocks 

can be created in T75 tissue culture flasks, while larger preparations may utilize several 

T175 or larger tissue culture flasks. The following example describes infection of a single 

T75 flask.

1. Grow a single T75 flask to 80–100% confluency with Caco-2 cells (see support 

protocol 1 for propagation of Caco-2 cells in cell culture).

Unlike other cell lines, Caco-2 cells remain biologically active once they reach 

confluency. Once confluent, they will form a monolayer with tight junctions, and 

the cells will differentiate with apical/basal polarity.

2. On the day of infection, prepare an inoculum of astrovirus VA1 suspended in 

warmed DMEM. For a single T75 flask with Caco-2 cells at 100% confluency, 

there are approximately 7.5×106 total cells. For a MOI of 0.001, 7.5×103 TCID50 

units are suspended in 7.5 mL of DMEM.

For generation of viral stocks, commonly a low MOI (0.001–0.01) is used to 

reduce the generation of defective particles. Using approximately 50% the 

recommended volume for a flask enables a higher density of virus to be 
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inoculated onto the cells, increasing the probability that infectious viral particles 

will bind to their target receptors.

Unlike classic human astroviruses (mamastrovirus 1), VA1 does not require 

preactivation of viral particles with trypsin or incubation with trypsin in the cell 

culture media after inoculation.

3. Remove the cell media by using a disposable Pasteur pipette with a vacuum 

aspirator and add 7.5 mL of inoculum. Incubate the flask in a tissue culture 

incubator set at 37°C and 5% CO2 for 1 hour.

4. After one hour, aspirate the inoculum and add 15 mL of warmed DMEM to the 

flask.

5. Aspirate the DMEM wash and add 15 mL of fresh Caco-2 cell medium

Cell lysis and generation of viral stock

1. For maximal production of infectious particles, incubate the cells for 5–7 days at 

37°C with 5% CO2.

We have observed that the maximum yield of infectious particles occurs between 

5–7 days. Further incubation beyond this time period does not result in further 

increases in the viral titer of the cell lysate.

2. Freeze thaw the flask three times. First, place the flask at −80°C until the 

contents are fully frozen (approximately 30 minutes). Next, thaw the flask in a 

37°C warm room until the contents have thawed (approximately 30 minutes). 

Repeat this process for two further cycles.

During freezing, ice crystals will form, promoting lysis of the cells during 

repeated freeze-thaw cycles. Freezing the cells may also be performed in an 

ethanol/dry ice bath. Alternative methods that could be used for cell lysis include 

sonication or bead homogenization. We have not observed any differences in 

efficiency of recovery of infectious VA1 particles by using any alternative 

protocol of cell lysis.

3. Collect the cell lysate into a 15-mL centrifuge tube and centrifuge at 1,000 g x 5 

min at 4°C.

Centrifugation removes cellular debris from the final viral stock.

4. Aliquot the viral stock into 1.5 mL microcentrifuge tubes and store at −80°C.

Alternatively, the viral stock can be filtered through a 0.22 µm filter to remove 

any potential bacterial contaminants. Further purification of the viral particles 

could also be performed after this step.
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SUPPORT PROTOCOL 1

Propagation of Caco-2 cells in tissue culture

Caco-2 cells are derived from a human case of colorectal adenocarcinoma. The cells 

differentiate when grown to confluency and develop characteristics that mimic the 

epithelium of the gastrointestinal tract. For this reason, this cell line is commonly used in a 

variety of experimental protocols including permeability assays for pharmaceutical drugs. 

Caco-2 cells support replication and propagation of human astroviruses, including VA1, and 

have been often used to study host-virus interactions during infection.

The difficulties with working with this cell line include a slow doubling time, rated at 62 

hours by ATCC. In addition, Caco-2 cells are sensitive to cell density as they often grow 

poorly at low density and at high density they will begin to differentiate. For these reasons, 

practicing good Caco-2 culture technique is essential for proper maintenance of this cell line 

in tissue culture.

Materials

Caco-2 cells (ATCC HTB-37) frozen in liquid nitrogen

Caco-2 cell medium

Dulbecco’s phosphate buffered saline (DPBS)

Trypsin-EDTA 0.25%

Dry ice

Sterile T75 flasks

Sterile 15mL conical centrifuge tubes

Serological pipettes and pipette controller

Disposable glass Pasteur pipettes

Water bath set to 37°C

Sorvall Legend RT centrifuge and rotor for conical tubes

Vacuum aspirator and collection vessel for cell culture media

Thawing an aliquot of Caco-2 cells

Steps should be carried out in a Class II biological safety hood. The following protocol 

utilizes T75 flasks for tissue culture, but volumes can be scaled up and down according to 

the number of cells required for downstream experiments.

1. Pre-warm Caco-2 cell medium in a 37°C water bath. Place 9 mL of prewarmed 

media into a 15 mL conical centrifuge tube.

We have optimized our protocols for VA1 and Caco-2 cells using the Caco-2 cell 

medium. Other protocols for classic human astroviruses have used the same or 

slightly different media compositions for Caco-2 cells including Eagle’s 
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modified minimum essential media or different concentrations of FBS. Currently, 

it is unclear if these different media compositions affect astrovirus infection in 

Caco-2 cells.

2. Retrieve a cryogenic tube of Caco-2 cells frozen in liquid nitrogen. Place on dry 

ice.

It is important to keep the cells frozen until ready for thawing.

3. Dip the cryogenic tube of Caco-2 cells into the water of a 37°C water bath to 

thaw the aliquot. Do not submerge the tube under water as the contents could be 

contaminated by the water bath. Only thaw the contents partially, until a small 

bead of ice remains in the tube.

Because the cells are frozen in media containing dimethyl sulfoxide (DMSO), 

they must be rapidly thawed and diluted into fresh media. DMSO is toxic to cells 

at high concentrations.

4. Pipette the contents of the cryogenic tube containing the Caco-2 cells into the 15 

mL conical centrifuge tube containing pre-warmed Caco-2 media.

5. Centrifuge the tube at 300 x g for five minutes to pellet the cells at room 

temperature.

Centrifuging the cells will enable aspiration of the media containing DMSO.

6. Aspirate off the media while being careful to not to disturb the cell pellet.

7. Resuspend the cells in 15mL of fresh warmed Caco-2 cell medium.

8. Pipette cell suspension into a T75 flask.

9. Incubate the flask at 37°C with 5% CO2.

10. 24 hours after thawing, feed the cells fresh Caco-2 media by aspirating the media 

and then adding fresh media to the flask.

After thawing, dead cells will be floating in the culture media. Removing these 

dead cells will aid in propagation of the cells. Most Caco-2 cells will be adherent 

to the plastic surface 24 hours after thawing and most cells will flatten out on the 

surface by 48 hours.

11. Incubate the cells at 37°C with 5% CO2 cells until 80–90% confluency and 

replace the media every 3–4 days.

Caco-2 cells may take several days after thawing to return to their baseline 

metabolic activity. Slow growth may be observed in the first few days after 

thawing.

Subculturing Caco-2 cells

1. Once the cells reach 80–90% confluency, they can be passaged for subculturing. 

Aspirate off the media and add 15 mL of DPBS to the T75 flask.
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If the cells are allowed to grow to confluency, the cells will begin to differentiate 

which may affect downstream experiments (Figure 1).

Addition of DPBS further dilutes residual FBS which contains trypsin inhibitors. 

In addition, the DPBS does not contain calcium and magnesium, important co-

factors in cell adherence to the tissue culture flask.

2. Aspirate off the DPBS and add 3 mL of warmed 0.25% Trypsin-EDTA to the 

flask.

3. Incubate the cells at 37°C for approximately five minutes or until all cells are 

detached and floating.

As trypsin can be toxic to cells, only incubate the cells in trypsin for the 

minimum time needed for cell detachment. It is not recommended to tap the 

flask on a surface for promoting cell detachment as this often results in clumping 

and uneven distribution of the Caco-2 cells when passaging.

4. Dilute the cells suspended in trypsin with 10 mL of fresh Caco-2 cell medium.

FBS in the media contains trypsin inhibitors and other proteins that will 

inactivate the trypsin. Using at least a ratio of Caco-2 cell medium to trypsin of 

3:1 (v:v) is recommended to inactive the trypsin and to reduce cell toxicity.

5. Pipette the media/cell suspension into a 15 mL conical centrifuge tube and 

centrifuge at 300 x g for 5 minutes.

6. Aspirate off the supernatant while being careful to not to disturb the pellet.

7. Resuspend the cells in fresh Caco-2 cell medium. A subcultivation ratio of 1:2–

1:4 is often used for Caco-2 cells. For a 1:2 ratio, resuspend the cells in 30 mL of 

media, and pipette 15 mL into two T75 flasks.

Cells can also be quantified at this step by a hemocytometer.

8. Gently rock the flask to allow for even distribution over the surface.

9. Incubate the flask at 37°C with 5% CO2.

BASIC PROTOCOL 2

Quantification of astrovirus VA1 replication by quantitative reverse transcription PCR (qRT-
PCR)

With newer molecular assays like real time PCR, viral RNA copies can be quantified over 

time to demonstrate ongoing viral replication. qRT-PCR can also be used as a sensitive assay 

to detect virus from clinical or animal specimens.

Materials

Astrovirus VA1 stock

Caco-2 cells (ATCC HTB-37)

Caco-2 cell medium
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Dulbecco’s Modified Eagle Medium (DMEM, high glucose)

Guanidinium thiocyanate phenol reagent (TRIzol: Invitrogen cat. no. 15596018 or 

Tri-Reagent: Sigma-Aldrich cat. no. T9424)

Sterile tissue culture plates or flasks

Serological pipettes and pipette gun

1.5 mL microcentrifuge tubes

P-1000 micropipette and tips

P-1000 multichannel micropipette

P-200 multichannel micropipette and tips

P-100 multichannel micropipette and tips

Sorvall Legend RT centrifuge and rotors for conical tubes and 96-well plates

95–100% ethanol

Direct-zol 96-well RNA extraction kit (Zymo Research cat. no. R2056) which 

includes:

96-well column extraction plate

96-well collection plates (x2)

Pre-wash buffer

Wash buffer

Elution buffer

PCR plate adhesive film (Thermo Fisher Scientific cat. no. 232702)

Forward primer AJ0071: 5’-CTAGTGGTGGGGAAGAAC-3’

Reverse primer AJ0072 5’-CCTTGGCTATTTGCTTTGC-3’

TaqMan probe AJ0073 5’-/56-FAM/CCATGACTT/ZEN/TGCTTTGGACCTCCC/

3IABkFQ/−3’

In vitro transcribed VA1 RNA

Taqman Fast Virus 1-step master mix (Thermo Fisher Scientific cat. no. 4444434)

DEPC treated water

Sterile disposable reagent reservoirs

MicroAmp 96-well base (Thermo Fisher Scientific cat. no. N8010531)

MicroAmp Optical 96-well reaction plate with barcode (Thermo Fisher Scientific cat. 

no. 4306737)

MicroAmp Optical adhesive film (Applied Biosystems cat. no. 4311971)

MicroAmp Adhesive film applicator (Applied Biosystems cat. no. 4333183)
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ViiA 7 Real-Time PCR system

ViiA software

Infection of Caco-2 cells

Viral multi-step growth curves are performed with a low inoculum of virus (multiplicity of 

infection, MOI, 0.001–0.01) to measure replication and propagation of a virus over several 

cycles of infection. The following example describes a multi-step growth curve of astrovirus 

VA1 in Caco-2 cells grown in a 24-well plate format with samples collected at 1, 12, 24, 36, 

48, and 96 hours after inoculation.

1. After counting cells by a hemocytometer, we commonly plate 1×105 Caco-2 

cells in existing media per well in a 24-well plate. Use six different 24-well 

plates as each plate will be harvested at a different time-point.

This protocol will use reagents containing guanidinium thiocyanate and phenol 

which can aerosolize and is toxic to cells in culture. Any plastic coming into 

contact with these reagents cannot be placed back in the cell incubator and must 

be discarded according to your local environmental health and safety policies.

2. Allow cells to incubate for at least 48 hours.

Allowing the Caco-2 cells to reach confluency and develop tight-junctions 

between cells results in reduced cell detachment in subsequent wash steps. 

Decreasing cell detachment will reduce well-to-well variability.

3. Aspirate the media from each well and add 500 µL warmed DMEM to each well 

(working volume).

4. Dilute astrovirus VA1 stock in DMEM to achieve a MOI of 0.001–0.01 per well. 

Use 50% of the working volume for the inoculum (for a 24-well plate, use 250 

µL per well).

For example, the wells of a 24-well plate typically yield 2×105 Caco-2 cells per 

well when fully confluent. When using a MOI of 0.01, 2×103 TCID50 units will 

be added to each well. Each well will be inoculated using a 250 µL inoculum, so 

2×103 TCID50 units will be suspended in DMEM to a final total volume of 250 

µL.

5. Aspirate the DMEM wash and add the inoculum to each well.

6. Incubate the cells at 37°C with 5% CO2 for one hour. Gently rock the plates 

every 20 minutes to promote mixing of the media within the wells.

7. Aspirate off the inoculum and add 500 µL of warmed DMEM to each well.

Adding fresh DMEM will serve as a wash to remove unbound viral particles.

8. Aspirate off the DMEM and add 500 µL freshly warmed Caco-2 cell medium to 

each well.

9. Incubate all but one of the 24-well plates at 37°C with 5% CO2. Label each plate 

as the 1, 12, 24, 36, 48, and 96-hour timepoints.
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Harvesting samples for multi-step growth curve

Samples will be harvested at 1, 12, 24, 36, 48, and 96 hours after inoculation. The 1-hour 

sample will be harvested immediately after washing the cells with DMEM and adding fresh 

Caco-2 cell medium.

1. Using a P-1000 micropipette, collect the media (supernatant fraction) from the 

first well and add it to a labeled 1.5 mL microcentrifuge tube.

2. Add 400 µL of guanidinium thiocyanate-phenol reagent to the well, using the 

micropipette to rinse the plastic surface to collect the cellular fraction. No cells 

should remain attached.

3. Remove the guanidinium thiocyanate-phenol reagent and pipette it into a 

separately labeled 1.5 mL microcentrifuge tube.

4. Collect all other supernatant and cell fractions from the wells for the 1-hour 

timepoint.

5. Store samples at −80°C.

6. At the indicated times (12, 24, 36, 48, 96 hours) repeat the collection for the 

labeled samples for those timepoints and store samples at −80°C.

Any plasticware or tips coming into contact with guanidinium thiocyanate-

phenol reagent must be discarded according to your local environmental health 

and safety policies.

RNA extraction

RNA from cellular and supernatant fractions will be extracted using a 96-well column-based 

extraction kit. Smaller scale extractions can be performed using individual columns. 

Alternative protocols for using chloroform are also available.

1. Thaw previously collected supernatant and cellular fractions on ice. Plan plate 

layout of samples for future reference.

2. Dilute 100 µL of supernatant in 300 µL guanidinium thiocyanate-phenol reagent.

For most forms of commercially produced guanidinium thiocyanate-phenol 

reagent, a maximum ratio of 100 µL of liquid sample can be extracted with 300 

µL of guanidinium thiocyanate-phenol reagent.

3. Add an equal volume of ethanol to the supernatant or cell fractions in 

guanidinium thiocyanate-phenol reagent.

For example, 400 µL of ethanol is added to 400 µL of supernatant mixed with 

guanidinium thiocyanate-phenol reagent.

4. Place the 96-well extraction plate on top of a collection plate and transfer 

samples to the columns of the 96-well extraction plate.

5. Centrifuge at 2,500 x g for five minutes at room temperature.
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6. Discard the collection plate now containing guanidinium thiocyanate-phenol 

reagent and place the 96-well extraction plate on top of a new collection plate.

7. Add 800 µL of pre-wash buffer to each well and centrifuge at 2,500 x g for five 

minutes.

8. Pour out flow-through from the collection plate and add 750 µL of pre-wash 

buffer to each well of the extraction plate. Centrifuge at 2,500 x g for five 

minutes.

9. Pour out flow-through from the collection plate and repeat centrifugation at 

2,500 x g for five minutes to dry the column.

10. Add 50 µL of elution buffer to each well and centrifuge at 2,500 x g for five 

minutes.

11. Resulting plate can be immediately used for qRT-PCR or frozen at −80°C.

If RNA samples are to be used immediately, the samples should be kept on ice to 

minimize degradation.

qRT-PCR of samples

Using the extracted RNA, the copies of VA1 can now be quantified by qRT-PCR. This 

protocol utilizes a master mix that contains the reagents for the reverse transcription and 

PCR steps. The primers and probe used in this protocol target a highly conserved region 

between ORF1b and ORF2 in the VA1 genome. Generation of a standard curve of VA1 

genomic copies will allow conversion of the qRT-PCR cycle threshold value to RNA copies.

To minimize the potential of amplicon contamination, the reaction master mix should be 

setup in a dedicated PCR hood system. In a separate hood, the reaction mix should be added 

to the RNA samples in a PCR plate. Used pipette tips should be carefully discarded to 

minimize contamination of the laboratory.

1. Thaw reagents, RNA standards, and RNA samples on ice. Place equipment into 

PCR hoods and UV treat the equipment for at least 15 minutes.

2. Make a sufficient quantity of qRT-PCR master mix for the experimental samples. 

(Table 1).

3. Transfer 5 µL of the RNA samples to the qRT-PCR plate while being careful to 

not introduce air bubbles into the samples. Also transfer serial dilutions of 

previously quantified in vitro transcribed VA1 RNA and negative control samples 

containing water only.

Great care must be taken when pipetting samples with a multichannel pipette to 

minimize cross-contamination of samples. After transfer, the RNA plate can be 

resealed and stored at −80°C.

4. Pour qRT-PCR master mix into a sterile disposable reagent reservoir and pipette 

15 µL of the master mix to each well containing RNA. Carefully pipette up and 
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down to mix the samples while avoiding introduction of bubbles into the 

mixture.

5. Seal the PCR plate with an optical adhesive film using the film applicator to form 

a strong seal around each well.

6. Centrifuge the PCR plate at 300 x g for two minutes.

7. Run the qRT-PCR reaction on the real-time PCR machine.

For the astrovirus VA1 reaction using a Fast PCR system, a reverse transcription 

step is run for 5 minutes at 50°C then 20 seconds at 95°C to inactivate the reverse 

transcriptase. Then 40 cycles of amplification are performed using the following: 

95°C for 3 seconds and 55°C for 30 seconds.

8. Use the serial dilutions of in vitro transcribed astrovirus VA1 RNA to develop a 

standard curve to convert cycle threshold values to RNA copies.

SUPPORT PROTOCOL 2

Production of astrovirus VA1 in vitro transcribed RNA

To generate a standard curve, a known quantity of astrovirus VA1 RNA is used to convert 

cycle threshold values to RNA copies. This protocol utilizes a plasmid already containing a 

region that encompasses the amplification site for qRT-PCR. This plasmid (pCR4-TOPO) 

also contains a T7 priming site for RNA transcription.

Alternatively, RT-PCR can be performed on RNA extracted from the viral stock to generate 

an amplicon containing the amplification site. This amplicon can then be cloned into a 

plasmid and used in the following protocol.

Materials

Plasmid DW639

Spe-I (New England Biolabs ca. no. R0133S)

Cutsmart Buffer (New England Biolabs ca. no. B7204S)

MEGAscript T7 Transcription Kit (Thermo Fisher Scientific ca. no. AM1334)

RNeasy Mini Kit (Qiagen ca. no. 74104)

1.5 mL microcentrifuge tubes

RNase-free water

Nanodrop spectrophotometer

1. Linearize 5 µg of purified DW639 plasmid dissolved in water by incubating with 

10 units of Spe-I in Cutsmart Buffer overnight at 37°C.

Plasmid DW639 contains the target region of VA1 used in qRT-PCR with the 

amplicon downstream of a T7 promoter site. For any plasmid using this protocol, 

the correct orientation and insertion site of the amplicon into a plasmid must be 
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determined prior to selection of a restriction enzyme used for digestion. In 

addition, the restriction enzyme selected for linearization should not have a 

corresponding restriction digest site within the amplicon.

The T7 polymerase is very processive. Linearization of the plasmid significantly 

enhances transcription efficiency of T7 polymerase as it prevents formation of 

multimers of RNA transcripts.

2. Terminate the reaction by adding 1/20th the volume of 0.5 M EDTA, 1/10th 

volume of 3 M sodium acetate, and 2 volumes of ethanol. Mix and incubate the 

mixture at −20°C for 15 minutes.

3. Pellet the DNA using a microcentrifuge at top speed (>8,000 x g) and resuspend 

in dH2O at a final concentration of 0.2–1 µg/µL.

4. Add 1 µg of linearized plasmid to the MEGAscript T7 reaction mixture.

The MEGAscript T7 reaction mixture includes 2 µL each of 75 mM ATP 

solution, 75 mM CTP solution, 75 mM GTP solution, and 75 mM UTP solution, 

2 µL of 10x reaction buffer, 2 µL of enzyme mix, and sufficient water with 

linearized plasmid for a final volume of 20 µL.

5. Incubate the mixture at 37°C for four hours.

6. Place the reaction on ice and add 80 µL of RNase-free water.

7. Add 350 µL of Buffer RLT from the RNeasy Mini kit.

8. Add 250 µL of 96–100% ethanol and mix.

9. Transfer sample to a spin column from the RNeasy Mini kit and centrifuge for 

>15 seconds at >8,000 x g.

10. Empty the spin column and add 500 µL of Buffer RPE. Centrifuge for >15 

seconds at >8,000 x g.

11. Empty the spin column and add 500 µL of Buffer RPE. Centrifuge for 2 minutes 

at >8,000 x g.

12. Empty the spin column and centrifuge for 1 minute at >8,000 x g.

13. Place the spin column into a new 1.5 mL microcentrifuge tube and add 50 µL of 

RNase-free water. Centrifuge for 1 minute at >8,000 x g.

The RNA yield may be increased by taking the eluate from this step and 

pipetting it on the spin column membrane for a second centrifugation step.

14. Quantify RNA concentration measuring the UV absorbance at 260 nm using an 

instrument like a Nanodrop spectrophotometer.

15. Using the expected length of the RNA transcript, convert the concentration of 

RNA to copies of RNA. Dilute the RNA to make 10-fold dilutions. These 

dilutions will be used to generate a standard curve for the qRT-PCR assay.

Commonly, we obtain yields around 1×1011 copies of RNA per µL.

Janowski and Wang Page 13

Curr Protoc Microbiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BASIC PROTOCOL 3

Quantification of astrovirus VA1 by a TCID50 assay

Quantification of infectious viral particles is an essential assay used in virology. Two classic 

methods to quantify the infectious titer of a virus in a sample are the plaque assay and end-

point dilution assays like a TCID50 assay. A plaque assay requires a virus that causes 

cytopathic effect in a susceptible cell line that can be visualized. By contrast, a TCID50 

assay can be used to quantify infectious virus by determining at what dilution 50% of wells 

are infected. VA1 does not cause a distinguishable cytopathic effect in Caco-2 cells within 

the first few days after inoculation, so we describe a TCID50 assay to quantify infectious 

virus. In this instance we use qRT-PCR with a cycle threshold (CT) <30 to define wells in 

which infection has occurred.

Materials

Sample of astrovirus VA1 to be quantified

Astrovirus VA1 stock

Caco-2 cells (ATCC HTB-37)

Caco-2 cell medium

Dulbecco’s Modified Eagle Medium (DMEM, high glucose)

TCID50 protocol

1. Plate 3×104 Caco-2 cells per well in a 96-well flat-bottom tissue culture plate 

(see Support Protocol 1).

2. Incubate the cells for 48 hours.

Allowing the cells to reach confluency increases their adhesiveness to the plate 

and diminished cell detachment during subsequent wash steps.

3. If the infectious viral titer is to be measured from the cellular fraction of a 

sample, cell lysis must be performed prior to performing the inoculation steps of 

the TCID50 assay.

For tissue culture samples, we commonly quantify the infectious titer from whole 

cell lysate (containing both cell and media fractions). We maintain the cells in 

their tissue culture media and freeze-thaw the samples three times prior to usage 

in the TCID50 assay. Cell lysis should also be performed on tissue samples, while 

tissue culture supernatant may be used in the TCID50 assay without any 

additional sample processing.

4. Make 10-fold dilutions of each sample in DMEM, with 4 replicates for each 

dilution. Add dilutions and replicates to the wells of an empty 96-well plate.

We commonly use 10 µL of whole cell lysate per well as the initial inoculum.

5. Remove the Caco-2 media and add the serial dilutions and replicates to the wells 

containing Caco-2 cells.
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6. Incubate the cells for 1 hour at 37°C with 5% CO2.

7. Aspirate the inoculum and add 100 µL of warm DMEM.

This wash steps removes free viral particles in the cell culture medium.

8. Aspirate the DMEM and add 100 µL of warm Caco-2 cell medium.

9. Incubate the cells for three days at 37°C with 5% CO2.

10. Remove the media and add 200 µL guanidinium thiocyanate-phenol reagent to 

each well.

11. Proceed with RNA extraction and qRT-PCR (see Basic Protocol 2)

12. Wells that have a cycle threshold <30 are considered infected while wells with a 

cycle threshold >30 are considered uninfected.

Based on our standard curve, a CT value of 30 corresponds to 588 RNA copies. 

The cutoff threshold can be adjusted based on standard curve results.

13. Calculate the TCID50 units of the sample by the Spearman-Karber or Reed-

Muench method (Kärber, 1931; Reed & Muench, 1938; Spearman, 1908)

While both methods can be used to calculate the TCID50 units of a sample, only 

one method should be used for consistency between samples. We routinely use 

the Spearman-Karber method.

REAGENTS AND SOLUTIONS

Caco-2 cell medium

1 liter of DMEM (high glucose)

112.5 mL of fetal bovine serum

11.3 mL of 10,000 u/mL of penicillin/streptomycin

Store at 4°C for up to 6 months

COMMENTARY

Background Information

Astroviruses are a family of single stranded, positive sense RNA viruses originally described 

in 1975 (Appleton & Higgins, 1975; Madeley & Cosgrove, 1975a, 1975b). The name 

“astrovirus” was derived from the starry appearance of some viral particles when viewed by 

electron microscopy (Madeley & Cosgrove, 1975a, 1975b). Subsequently, two genera of 

astroviruses have been described, mamastroviruses and avastroviruses (Bosch et al., 2014). 

Mamastroviruses have been generally detected from mammals while avastroviruses have 

been detected from birds (Bosch et al., 2014). The prototype mamastrovirus species is 

mamastrovirus 1 (classic human astrovirus) which includes eight currently recognized 

serotypes. Mamastrovirus 1 causes gastrointestinal disease in humans and has been 

quantified as the 3rd to 5th most common cause of viral gastroenteritis/diarrhea (Buss et al., 

Janowski and Wang Page 15

Curr Protoc Microbiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2015; Cunliffe et al., 2010; Kirkwood, Clark, Bogdanovic-Sakran, & Bishop, 2005; Platts-

Mills et al., 2015).

While traditionally considered pathogens of the gastrointestinal tract, astroviruses have now 

been identified from diseased central nervous system tissue of humans, minks, cattle, pigs, 

and sheep (Arruda et al., 2017; Blomstrom et al., 2010; Boros et al., 2017; Brown et al., 

2015; Cordey et al., 2016; Fremond, 2015; Lum et al., 2016; Naccache et al., 2015; Pfaff et 

al., 2017; Quan et al., 2010; Sato et al., 2016; Selimovic-Hamza et al., 2017; Wunderli et al., 

2011). To date, nine cases of meningoencephalitis have been attributed to human 

astroviruses, with astrovirus VA1 (VA1) as the most frequently astrovirus genotype (Brown 

et al., 2015; Cordey et al., 2016; Fremond, 2015; Lum et al., 2016; Naccache et al., 2015; 

Quan et al., 2010; Sato et al., 2016; Wunderli et al., 2011). In one study of cattle, 

astroviruses account for 34% of cases of encephalitis that were previously without an 

identified etiology (Selimovic-Hamza et al., 2017). Because astroviruses are not routinely 

tested from diseased humans or other mammals, the epidemiology of astrovirus-associated 

central nervous system infection is unknown. Astroviruses could be a significant cause of 

central nervous system infection because comprehensive studies of the causes of human 

encephalitis have only identified an etiology in under 50% of cases (Ambrose et al., 2011; 

Glaser et al., 2006; Kolski et al., 1998; Koskiniemi et al., 1997).

VA1 is the first of the recently identified human astrovirus genotypes to be propagated in 

cell culture (Janowski, Bauer, et al., 2017). With added interest in astroviruses, additional 

assays to study the biology of this virus will likely become available in the near future. 

Currently, there is no in vivo model in which to study any astrovirus genotype identified 

from humans. It is also unknown whether many of the host-virus interactions that have been 

identified for mamastrovirus 1 are also true for astrovirus VA1. In vitro, astrovirus VA1 does 

not require trypsin for propagation in cell culture, unlike mamastrovirus 1, suggesting that 

there is divergent biology between the astrovirus species (Janowski, Bauer, et al., 2017).

Critical Parameters and Troubleshooting

Cell culture—The most common cell line used to study astrovirus biology is Caco-2 cells. 

This cell line is more difficult to work with than other cell lines commonly used to propagate 

viruses. Caco-2 cells grow more slowly than other cell types (doubling time around 62 

hours) and their phenotype will change once grown to confluency. Special attention must be 

given to passaging this cell line in culture to achieve replicable results.

Viral stocks—Astroviruses replicate using a RNA-dependent RNA polymerase that lacks a 

proofreading function; thus, they have a high mutational rate compared to DNA viruses. 

This highlights the importance of using a virus isolate that has not been passaged several 

times in cell culture as mutations can occur with subsequent passages. Generally, a low 

passage number virus isolate is used as the primary stock to seed subsequent viral stocks. In 

addition, it is important to use the same viral stock for the same experiments, as the 

phenotype of the virus could change with development of further mutations with each 

passage.
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qRT-PCR

The advantage of qRT-PCR is the high sensitivity when detecting a nucleic acid target. 

However, the high sensitivity also places this assay at high risk for spurious results due to 

contamination. For example, a retrovirus xenotrophic murine leukemia virus (XMRV) was 

associated with various human diseases when it was detected by PCR, but further analysis 

suggested that detection of this virus was often due to laboratory contamination (Arias & 

Fan, 2014). Special steps must be taken to avoid contamination including using designated 

laboratory space for PCR, using reagents rated as PCR clean, and careful handling of 

samples and controls. Using a series of negative controls (using water for RNA extraction or 

PCR reactions) will aide in detecting potential sources of contamination. Additional 

attention to avoiding contamination is necessary when using a 96-well plate and multi-

channel pipettes.

In addition, avoiding contamination with RNases is also important because RNases can 

degrade RNA. Usage of DEPC treated water, treatment of laboratory equipment with 

cleaning agents to RNases, and careful handling/storage of samples will aide in avoiding 

RNA degradation.

Understanding Results

Generation of astrovirus VA1 stock—Caco-2 cells have typically produced 

1×105-5×107/mL infectious astrovirus VA1 TCID50 units. Further optimization and 

purification of viral particles could lead to a higher concentration of viral particles. Further 

characterization of the replication kinetics of astrovirus VA1 in other cell lines may identify 

cell types that support even more robust growth.

Quantification of astrovirus VA1 by qRT-PCR by multi-step growth curve—
Using a MOI of 0.01, we have routinely detected a >100–1000-fold increase in astrovirus 

VA1 RNA 24 hours after infection with further increases at later timepoints. Monitoring the 

increase in viral RNA is also an important readout when quantifying the effect of antiviral 

interventions. We have previously demonstrated a 20-fold decrease in viral RNA 96-hours 

post-inoculation when pretreating Caco-2 cells with interferon-β (Janowski, Bauer, et al., 

2017).

Measurement of Astrovirus VA1 infectious titer by TCID50 assay—We use qRT-

PCR to differentiate between infected and uninfected wells. We have set a stringent CT value 

as we expect a >1000 fold increase in astrovirus VA1 RNA 72 hours post-inoculation if 

infectious particles are present. We routinely observe infected wells of a 96-well plate with 

CT values <25. Most uninfected wells have a CT that is undetectable, and only rarely do we 

detect wells with CT values between 30–35. Thus, use of 30 as the cutoff is conservative.

It is essential that a sufficient number of replicates and dilutions are performed in order to 

obtain accurate tittering of infectious virus when performing the TCID50 assay.
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Time Considerations

Astrovirus VA1 stock generation—We estimate around 6–8 days are necessary to 

develop a viral stock as much of the time is for incubation of the virus and cells. 

Quantification of the stock by the TCID50 assay will take another 3 days. Once aliquoted 

and frozen at −80°C, the stock will be stable for usage for several years.

Quantification of astrovirus VA1 by qRT-PCR by multi-step growth curve—
Performing the multi-step growth curve under our routine parameters (obtaining samples at 

1, 12, 24, 36, 48, and 96 hours post-inoculation) will take 4 days to complete. Completing 

the RNA extraction and qRT-PCR will take about 4–5 hours. We often extract the RNA from 

four different growth curve experiments as this is an optimal workflow for a single 

researcher and a sufficient number of samples to fill two 96-well RNA extraction plates.

Measurement of Astrovirus VA1 infectious titer by TCID50 assay—Quantification 

of the viral titer by the TCID50 assay will take approximately 3.5 days, with the majority of 

the time during the 3-day incubation of the virus with the cells. Because the cells are 

infected in a 96-well format, the time required for transferring the samples into a 96-well 

plate is significantly reduced.
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Significance Statement

Over the past two decades, the recognized diversity of the virosphere has tremendously 

increased. Despite the significant increase in the number of viral genomes that have been 

identified, only a minute subset of novel viruses has been successfully isolated and 

propagated in cell culture. We describe the cell culture techniques involved in the 

infection and propagation of astrovirus VA1, a novel neurotropic human virus associated 

with multiple cases of encephalitis. Assays for quantification in this unit include qRT-

PCR for viral RNA and a TCID50 assay to measure infectious viral particles. Together, 

these assays form the foundation to study the basic biology and pathogenesis of this 

virus.
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Figure 1: 
Brightfield microscopic images of Caco-2 cells grown in cell culture. In (A), cells are near 

90% confluency while in (B) the cells have reached 100% confluency for two days. The 

cells achieve a more cobblestone appearance with distinct cell borders once the cells reach 

confluency and begin to differentiate. In addition, some areas of confluent Caco-2 cells 

develop dome-like structures (central structure denoted by yellow arrowhead in B).
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Table 1:

Volumes used for astrovirus VA1 qRT-PCR.

1x 110x

4x Taqman Fast virus 1-step
master mix 5 µL 550 µL

10 pmol/ µL of AJ0071
(Forward primer) 1 µL 110 µL

10 pmol/ µL of AJ0072
(Forward primer) 1 µL 110 µL

10 pmol/ µL of AJ0073
(Probe) 0.5 µL 55 µL

DEPC H2O 7.5 µL 825 µL

Sample 5 µL

Total volume 20 µL
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