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Materials and Methods 

Replicon fragment cloning 
Supplementary Table S1 contains all the primers used for fragment cloning. DNA fragments 2-6 
and 8, inserted into pUC/pUC mini or the low-copy pCC1-BAC-HIS3 (in the case of fragment 5) 
were the same as described in (10). The rest of the fragments were PCR-amplified from SARS-
Cov2 clone 3.1 ((10) except fragment 7, which was amplified from cDNA obtained by RT-PCR 
of viral RNA extracted from isolate USA-WA1/2020 (BEI Cat# NR-5281), grown in Vero-E6 
cells. RNA was extracted from cells using Trizol (ThermoFisher #15596026) followed by RNeasy 
mini kit column purification (Qiagen Cat# 74104), and cDNA was prepared using SuperScript™ 
IV First-Strand Synthesis System with random primers (Thermo Cat# 18091050). 

PCR amplification reactions for fragments 1, 9-13 were performed using KOD Xtreme Hot Start 
DNA Polymerase (EMD Millipore Cat# 71975). Reporter/selectable marker sequences, such as 
mNeonGreen, Gluc, NeoR, were PCR-amplified from plasmids or purchased as synthetic DNA 
(IDT). Amplicons of fragments 1, 9-13 were phosphorylated with T4 polynucleotide kinase (PNK) 
(NEB Cat# M0201) and ligated directly into a pGEM3Z plasmid amplified via PCR (T4 DNA 
ligase, NEB Cat# M0202T). Fragment 7, with or without viral RdRp mutations, was cloned into 
the backbone of low copy number plasmid pACNR (69). SARS-CoV-2 N protein was amplified 
by PCR to include a polyA sequence at the 3’ end, and was cloned into KpnI/XbaI digested 
pGEM3Z plasmid using Gibson assembly (NEB Cat# E2611) according to the manufacturer’s 
protocol. 
 
Fragments-containing pUC, pUC mini and pGEM3Z plasmids were grown in E. coli DH5α 
(ThermoFisher), pACNR and pCC1-BAC-His3 were grown in E.coli MC1061. Plasmid DNA was 
extracted with ZymoPURE II Plasmid Maxiprep (Zymo research Cat# D4202).  

Mutagenesis of SARS-CoV-2 Nsp1 and Nsp12 was done using a two-step overlap PCR approach 
on fragments 2 and 7 respectively, using the primers listed in Table S1. The viral RdRp mutant 
was created by mutating Nsp12 catalytic residues at positions 760 and 761 from aspartic acid to 
asparagine (32). An Nsp1 mutant that does not bind the 40S ribosome was created by inserting 
K164A/H165A mutations (39, 40). The mutated fragments were used for replicon assembly as 
detailed below. 

The ΔAcc replicon was constructed using an alternative fragment 11 made via overlap PCR, which 
was designed to contain only E and M genes and their regulatory sequences, and none of the 
accessory genes. The primers for the EM-only fragment 11 are listed in Table S1. 

Yeast assembly and bacterial propagation of assembled replicons 

DNA fragments for assembly were prepared by restriction digestion or PCR as detailed in Table 
S1 and purified by agarose gel extraction. Yeast assembly was performed according to the protocol 
described in (70). Briefly, 50-100 ng of each fragment and the pCC1-BAC-His3 backbone were 
mixed together in an equimolar ratio and chemically transformed into Saccharomyces cerevisiae 
strain VL6-48N (ATCC Cat# MYA-3666). Transformed yeast cells were grown for 2-3 days on 
selective SD-HIS plates at 30ºC. Between 4-10 colonies from each plate were picked, re-streaked 
on a new selective plate and grown for 2 days at 30ºC. Crude DNA extraction was performed using 
glass beads (Biospec Cat# 11079110) and Chelex (SigmaAldrich Cat# 95577-100G-F) and 
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screened by multiplex PCR with the primers detailed in Table S1, using a multiplex PCR kit 
(Qiagen Cat# 206143) according to the manufacturer's protocol. Fragment 7, which contains the 
coding sequence for the viral RdRp, was amplified by PCR from positive clones and sequence-
verified by sanger sequencing.  

For large-scale plasmid extraction from yeast, the protocol in (70) was performed as described, 
however ZymoPURE II Plasmid Maxiprep (Zymo research Cat# D4202) kits were used in place 
of Qiagen kits.  

To eliminate yeast chromosomal DNA, the plasmid preparation was digested with BamHI-HF 
enzyme (NEB Cat# R3136T), for which no restriction sites are present in the replicon-containing 
plasmids. Next, DNA was digested with Plasmid-Safe™ ATP-Dependent DNase (Lucigen Cat# 
E3101K) for 24h at 37ºC and purified via extraction with Phenol-chloroform-isoamyl alcohol 
(SigmaAldrich Cat# 77617), followed by ethanol precipitation. Final DNA concentration was 
measured using Qbit with QuDye dsDNA HS Assay (ThermoFisher Cat# Q32851) following the 
manufacturer’s instructions.  

For bacterial propagation, 1μl of the crude yeast DNA prep was electroporated into E. coli 
TransforMax™ Epi300™ electrocompetent cells (Lucigen Cat# EC300110). The bacteria were 
then plated on chloramphenicol-containing plates and grown at 30°C overnight. Bacterial clones 
were used to make 5ml starter cultures and grown overnight at 30°C. The following day, the starter 
was diluted 1:10 in fresh Luria Broth (LB) media containing chloramphenicol with copy-control 
solution (Lucigen Cat# CCIS125), and incubated in a shaker incubator at 37ºC for 5h. Plasmids 
were then extracted using the Qiaprep spin miniprep kit (Qiagen Cat# 27104). As with the yeast 
preps, fragment 7 was amplified by PCR and the product sequence-verified by sanger sequencing.  

Multiple displacement amplification (MDA) of replicon plasmids and DNA template preparation. 

For amplification of pCC1-BAC-His3-replicon plasmids, 5-30ng of DNA was used with 
EquiPhi29™ DNA Polymerase (ThermoFisher Cat# A39390) according to the manufacturer’s 
instructions, using exonuclease-resistant random primers (ThermoFisher Cat# SO181).  

Amplified DNA was digested with NotI-HF enzyme (NEB #R3189S) and purified up with phenol-
chloroform-isoamyl alcohol, followed by ethanol precipitation. The resulting DNA was sequence-
verified by amplicon high-throughput sequencing at the Harvard MGH CCIB DNA Core Facility. 

In vitro transcription of replicon RNA 

Transcription reactions were set up with 1µg linear DNA templates using HiScribe™ T7 High 
Yield RNA Synthesis kit (NEB Cat# E2040S) or T7 RiboMAX™ Express Large Scale RNA 
Production System (Promega Cat# P1320) for 2h at 37ºC. After in-vitro transcription, RNA was 
treated with Ambion™ DNase I (ThermoFisher #AM2222) and cleaned using the Monarch® RNA 
Cleanup Kit (NEB Cat# T2050L). For co-transcriptional capping of RNA, Anti-Reverse Cap 
Analog (ARCA) was used at 1:2.8 (GTP:ARCA) ratio (NEB Cat# S1411S). For post-
transcriptional capping, the ScriptCap Cap 1 Capping System (Cellscript Cat# C-SCCS1710) was 
used with the included ScriptCap 2'-O-Methyltransferase to generate Cap1 containing transcripts, 
or the ScriptCap 2'-O-Methyltransferase was omitted to generate Cap0 containing transcripts. 
Concentration and quality were assessed by nanodrop. To visualize the size of the RNA product, 
1µl of finished transcription reactions were loaded with Gel Loading Buffer II (ThermoFisher Cat# 
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AM8546G) onto a 0.8% agarose gel stained with SYBR Safe (ThermoFisher, Cat# S33102). The 
gel was visualized on a 254nm UV light box or under EpiBlue light in a C600 gel imager (Azure 
Biosystems).  

Sindbis replicon RNA was in-vitro transcribed from a SinRep5-GFP plasmid linearized with XhoI 
(NEB) (2), using the SP6 mMessage mMachine High Yield Capped RNA Transcription kit 
(ThermoFisher Cat# AM1340) according to the manufacturer’s instructions.   

Cell culture 

Huh-7.5 cells (H. sapiens; sex: male; RRID:CVCL_7927) (72), Caco-2 (ATCC Cat# HTB-37, 
RRID:CVCL_0025, H. sapiens; sex: male), A549 (ATCC Cat# CCL-185, RRID:CVCL_0023, H. 
sapiens; sex: male) and VeroE6 cells (ATCC Cat# CRL-1586, RRID:CVCL_0574, Chlorocebus 
sabaeus) were maintained at 37ºC and 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM, 
Fisher Scientific #11995065) supplemented with 0.1 mM nonessential amino acids (NEAA, Fisher 
Scientific#11140076) and 10% hyclone fetal bovine serum (FBS, HyClone Laboratories, Lot. 
#AUJ35777). BHK-21 cells (ATCC Cat# CCL-10, RRID:CVCL_1915, M. auratus) were grown 
in Minimum Essential Medium (MEM, Fisher Scientific Cat# 11095080), supplemented with 8% 
FBS and 0.1 mM NEAA. Calu-3 cells (ATCC® HTB-55™, H. sapiens; sex: male) were grown in 
Eagle's Minimum Essential Medium (EMEM, ATCC Cat# 30-2003) supplemented with 10% FBS 
and 0.1 mM NEAA on collagen-coated dishes. Normal Human Lung Fibroblasts (NHLF, Lonza 
Cat# CC-2512) and Normal Human Bronchial Epithelial cells (NHBE, Lonza Cat# CC-2541) were 
subcultured using Reagent Pack™ Subculture Reagents (Lonza Cat# CC-5034) and maintained in 
FGMTM-2 Fibroblast Growth Medium-2 BulletKitTM (Lonza Cat# CC-3132) and BEGMTM-2 
BulletKitTM Medium (Lonza Cat# CC-3170) respectively.  

TMEM41B-KO and dox-inducible TMEM41B-reconstituted Huh-7.5 cells were previously 
described (71). TMEM41B expression was induced by 2µg/ml doxycycline (MilliporeSigma Cat# 
D9891) at least 24h before electroporation. 

Huh-7.5 ACE2+TMPRSS2 cells were made by transduction with lentivirus bearing a TMPRSS2-
2A-NeoR-ACE2 cassette (38) followed by selection with G418 (500µg/ml).  

All cell lines tested negative for contamination with mycoplasma. 

Electroporation of replicon RNA 

RNA transcripts were electroporated into Huh-7.5 or BHK-21 cells using adapted protocols 
originally developed for launching HCVcc (72). Briefly, Huh-7.5 or BHK-21 cells were 
trypsinized, washed twice with ice-cold phosphate-buffered saline (PBS) (Invitrogen) and 
resuspended at 1.5 x 107 cells/ml in PBS. Subsequently, 5µg of SARS-CoV-2 replicon RNA and 
2µg of SARS-CoV2 N mRNA were mixed with 0.4ml of cell suspension in a 2-mm cuvette (BTX 
#45-0125) and immediately pulsed using a BTX ElectroSquare Porator ECM 830 (860V, 99 μs, 
five pulses). Electroporated cells were incubated at room temperature for 10 min prior to 
resuspension in plating media.   

Generation of spike-encoding plasmids  
Spike matching the sequence of the USA-WA1/2020 isolate, was generated from the CDS of 
pSARS-CoV-2 (Sinobiological Cat# VG40589-UT) and subcloned into the NheI/XbaI linearized 
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vector pCR3.1 using Gibson assembly. To match the South African SARS-CoV2 isolate (hCoV-
19/South Africa/KRISP-EC-K005321) the CDS of pSARS-CoV-2 VG40589-UT was used as a 
template to introduce equivalent spike substitutions D80A, D215G, K417N, E484K, N501Y, 
D614G, A701V and deletion of the positions 242-244 with a mutation in the furin cleavage site, 
R683G. The substitutions and deletion were introduced by fragment amplification, overlap 
extension PCR, and subsequent subcloning into the NheI/XbaI linearized vector pCR3.1 using 
Gibson assembly.  

Spike and VSV-G trans-complementation for replicon delivery particle production 

BHK-21 cells were transfected with spike- or VSV-G-encoding plasmids using Lipofectamine 
3000 (ThermoFisher #L3000001), using a reverse-transfection protocol as per manufacturer’s 
instructions (at 2µl reagent per ug DNA ratio). At 24h post transfection, 6 million cells were 
electroporated with 5µg replicon RNA and 2µg N protein mRNA as detailed above. Cells from 
one electroporation were seeded in a collagen-coated (Collagen from calf skin, Sigma #C8919) 
T75 flask or 3 electroporations were combined into a single T175 flask. For P0 imaging, some of 
the electroporated cells were seeded in parallel on collagen-coated 96-well plates for imaging. 
Supernatant was collected 24h post-electroporation for spike RDPs or 48h post-electroporation for 
VSV-G RDPs, and cleared by centrifugation. RDPs were concentrated via poly-ethylene glycol 
(PEG) precipitation, via an overnight incubation of the supernatant with a final concentration of 
8% PEG6000 in 0.4M NaCl at 4°C. Subsequently, the PEG supernatant mixture was spun at 3000g 
for 30min. Pellets were resuspended in TNE Buffer (50mM Tris pH 7.4, 1mM EDTA, 200mM 
NaCl) and stored at -80°C until used. 

Antiviral compounds 

AM580 was purchased from Cayman Chemical (#15261), Remdesivir and Masitinib were 
purchased from MedChemExpress (#HY-104077 and #HY-10209 respectively), 27-
hydroxycholesterol (27HC) was purchased from Sigma Aldrich (#SML2042), Human IFN Alpha 
A (Alpha 2a)  and Human IFN Beta (1a) were purchased from PBL Assay Science (#11100-1 and 
#11410-2 respectively).  

Secreted Gaussia luciferase assays 

Following electroporation, between 15-30K cells in 100µl media per well were plated into 96-well 
plates containing equal volumes (100µl) of dilutions of the indicated compounds at 2x 
concentrations. Cell supernatants were cumulatively harvested at various timepoints or at 24hrs 
post-electroporation and luciferase signal was measured using the Renilla Luciferase Assay 
System (Promega, #E2820) in a Fluostar Omega microplate reader (BMG Labtech). Cell viability 
was measured using CellTiter-Glo® Luminescent Cell Viability Assay (Promega #G7570) 
following the manufacturer's instructions. For time-course experiments, cells were washed 3x with 
PBS 24h prior to luciferase harvest.  

Viruses and virus titration 

SARS-CoV-2, USA-WA1/2020 (#NR-52281) and South Africa/KRISP-EC-K005321/2020 
Lineage B.1.351 (#NR-54008) were obtained from BEI resources. Viruses were amplified in 
VeroE6 and Huh-7.5 cells at 33 °C. Viral titers were measured on Huh-7.5 cells by standard plaque 
assay (PA). Briefly, 500 µL of serial 10-fold virus dilutions in Opti-MEM were used to infect 
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400,000 cells seeded the day prior in a 6-well plate format. After 90 min adsorption, the virus 
inoculum was removed, and cells were overlayed with DMEM containing 10% FBS with 1.2% 
microcrystalline cellulose (Avicel). Cells were incubated for five days at 33 °C, followed by 
fixation with 3.5% formaldehyde and crystal violet staining for plaque enumeration. For work in 
Huh7.5 AT cells, PA calculated Vero or Huh7.5 titers were used to perform serial dilution 
infectivity tests on Huh7.5 AT cells, where the dilution factor for either virus that resulted in 
approximately 40% of N positive cells 24h after infection was used for subsequent neutralization 
assays. For USA-WA1/2020, this dilution factor was 1:2000. For the B.1.351 virus variant, this 
dilution factor was 1:5000.  

RDP TCID50 measurements 

To titrate spike or VSV-G RDPs, the relevant supernatants were used for end-point dilution assay 
by infecting Huh7.5 AT or Huh7.5 respectively. After 24h, the number of wells that had any 
positive signal (mNeonGreen or Gluc) were counted for each dilution, and TCID50/ml values were 
calculated by the method of Spearman and Kärber, using the TCID50 calculator (Marco Binder, 
Heidelberg University) accessible at https://www.klinikum.uni-
heidelberg.de/fileadmin/inst_hygiene/molekulare_virologie/Downloads/TCID50_calculator_v2_
17-01-20_MB.xlsx. 

Neutralization Assays with SARS-CoV-2 

The day prior to infection Huh-7.5 AT cells were seeded at 15,000 cells/well into 96-well plates 
in 100µl of plating media. Per well, human monoclonal antibodies C144 or C135 (a generous gift 
from the the lab of Michel Nussenzweig, The Rockefeller University) were serially diluted 4-fold 
in 50µl plating media. A fixed amount of SARS-CoV-2 (USA-WA1/2020 or B.1.351) based on 
the above determined dilution factors was mixed with antibody dilutions in equal volume (50µl) 
and incubated for 60 minutes at 37 °C. The 100µl antibody-virus-mix was then directly applied to 
Huh-7.5 AT cells. Cells were fixed 24h post infection in 2% formaldehyde for at least 20 minutes. 
Plates were subsequently processed for immunofluorescence of the N protein followed by a DAPI 
stain (see below). Percentage of N positive cells or foci were calculated per antibody dilution, and 
normalized to a no Ab control for quantification. 

Neutralization Assays with RDPs 

The day prior to infection Huh-7.5 AT cells were seeded at 15,000 cells/well into 96-well plates 
in 100µl of plating media. Human monoclonal antibodies C144 or C135 were 4-fold serially 
diluted in 50µl plating media and mixed with 700 TCID50/well of USA-WA1/2020 (WT) spike 
RDPs or or B.1.351(South African) spike RDPs in 50µl media. The antibody-RDP mix was mixed 
1:1 and incubated for 1 hour at 37 °C. The mix was then directly applied to the Huh-7.5 AT cells 
for an additional hour at 37 °C, followed by 4x washes with plating media. Cells were incubated 
in plating media at 37 °C. Supernatant was collected 24h later, and Gluc signal was read and 
normalized to a no Ab control. In parallel, cells were fixed with 2% PFA and stained for 
immunofluorescence of N protein as described below.  

Immunofluorescence 

For immunofluorescence experiments, between 15-30K cells in 100µl media per well were plated 
into black-walled clear bottom 96-well plates (Corning, Cat# 3904) following replicon 

https://www.klinikum.uni-heidelberg.de/fileadmin/inst_hygiene/molekulare_virologie/Downloads/TCID50_calculator_v2_17-01-20_MB.xlsx
https://www.klinikum.uni-heidelberg.de/fileadmin/inst_hygiene/molekulare_virologie/Downloads/TCID50_calculator_v2_17-01-20_MB.xlsx
https://www.klinikum.uni-heidelberg.de/fileadmin/inst_hygiene/molekulare_virologie/Downloads/TCID50_calculator_v2_17-01-20_MB.xlsx
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electroporation or in preparation for RDP addition. At time of harvest, cells were prepared by 
fixation with 2% paraformaldehyde (PFA) for at least 20 minutes. PFA was then removed and 
cells were stored at 4˚C in PBS containing 1% FBS until processing. Cells were washed in PBS 
containing 0.1% Tween-20 (PBST) and permeabilized with PBS containing 0.1% Triton X-100 
for 10 min at room temperature. After washing with PBST, cells were incubated for 1h at room 
temperature with a blocking solution of 5% BSA in PBST. To stain SARS-CoV-2 infected cells, 
a rabbit polyclonal anti-SARS-CoV-2 nucleocapsid (N) antibody (GeneTex Cat# GTX135357, 
RRID:AB_2868464) was added to the cells at 1:1000-2000 dilution in PBST. VSV-G was stained 
with a mouse monoclonal anti-VSV-G antibody isolated from I1 hybridoma supernatant (ATCC 
Cat# CRL-2700, RRID:CVCL_G654) as described in (22) diluted 1:2,000 in PBST. SARS-CoV-
2 spike was stained using the human C144 monoclonal antibody described in (53) and at 1:2,500 
dilution in PBST. After overnight incubation at 4ºC, cells were washed and stained with secondary 
antibodies donkey anti-rabbit AlexaFluor 594 (ThermoFisher Scientific Cat# A-21207, 
RRID:AB_141637) at 1:2,000, donkey anti-mouse AlexaFluor 594 (Abcam Cat# ab150108, 
RRID:AB_2732073) at 1:2,000. Nuclei were counterstained with DAPI (ThermoFisher Scientific 
Cat# D1306, RRID:AB_2629482) at 1 µg/ml, for 5 minutes prior to imaging. For the results in 
Fig. 1 and Fig. 5D, fluorescent and brightfield images were taken with a Nikon eclipse TE300 
fluorescent microscope at 10x magnification, using NIS-Elements 4.10.01 software (Nikon). For 
the results in Fig.s 4, 5, 6, S2, and S3, fluorescent images were obtained on a Keyence BZ-X710 
microscope at 4x magnification, and quantified on Neon and antibody stained signals (N, VSV-G 
and/or spike) using the Hybrid Cell Count tool in the BZ-X Analyzer software (version 1.3.03). 
For virus and RDP area comparisons in Fig. S2, cell areas in pixels^2 were measured for both the 
DAPI channel or contiguous N signal in ImageJ and divided (N signal / DAPI) to achieve an N 
area per cell equivalent measure in arbitrary units.  

qRT-PCR 

Huh-7.5 cells containing Gluc SARS-CoV-2 replicons, or pol(-) replicons were seeded onto 12-
well plates in triplicate at 1 x 105 cells/well and treated with 100nM remdesivir or DMSO vehicle. 
After incubating for 24 or 48h at 37ºC, supernatants were aspirated, cells were washed three times 
with PBS and subsequently lysed in 250 µl Tri-reagent (Zymo. Cat# R2050) per well. RNA was 
extracted using the Direct-zol RNA Miniprep Plus kit (Zymo Research Cat# R2072) according to 
the manufacturer's protocol, followed by reverse transcription into cDNA using random hexamer 
primers with the Superscript III First-Strand Synthesis System Kit (Invitrogen Cat# 18080051) 
also following the manufacturer’s instructions. Gene expression was quantified by qRT-PCR using 
PowerUp SYBR Green Master Mix (Applied Biosystems Cat# A25742) and gene-specific primers 
for RPS11 (forward: 5'-GCCGAGACTATCTGCACTAC-3' and reverse: 5'-
ATGTCCAGCCTCAGAACTTC-3’) and SARS-CoV-2 subgenomic N (Leader forward: 5'-
GTTTATACCTTCCCAGGTAACAAACC-3’ and N reverse: 5’-
GTAGAAATACCATCTTGGACTGAGATC-3’). SARS-CoV-2 primers targeting genomic N 
(forward: 5’-TAATCAGACAAGGAACTGATTA-3’ and reverse: 5’-
CGAAGGTGTGACTTCCATG-3’) and Nsp14 (forward: 5’-TGGGGYTTTACRGGTAACCT-3’ 
and reverse: 5’-AACRCGCTTAACAAAGCACTC-3’) are from (73). The following PCR 
conditions were used: 50°C for 2 min and 95°C for 2 min (initial denaturation); 45 cycles of 95°C 
for 1 sec, 60°C for 30 sec (PCR), followed by 95°C for 15 sec, 65°C for 10 sec, and a slow increase 
to 95°C (0.07 °C/sec) for a melt curve. The data were analyzed by melt curve analysis for product 
specificity as well as ΔΔCT analysis for fold changes (after normalization to housekeeping genes) 
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and graphed using Prism 8 (GraphPad). A Ct value of 40 was used for samples that showed no 
detectable amplification (Mock samples) for the purposes of estimating a fold change. For genome 
copies / ml of superntant measurements, 200µl of RDP or virus supernatant, or 10µl of 
concentrated virus or RDP preps, was mixed with 800µl Trizol (ThermoFisher Cat# 15596026) 
and isolated following the manufacturers protocol, using Glycoblue (ThermoFisher Cat# 
AM9515) as a co-precipitant, and resuspended into 10µl water. The Luna Universal One-Step 
qRT-PCR kit (NEB Cat# E3005L) was used from a 1:1000 dilution of supernatant derived RNA 
per reaction. Standard curves were made from 10^6 to 1 copy per qPCR reaction of SARS-CoV-
2 standard control RNAs (Twist Biosciences Cat #102019).   

Flow cytometry 

Cells were trypsinized, resuspended in PBS, and fixed with 2% paraformaldehyde (PFA) for at 
least 20 minutes. PFA was then removed and cells were resuspended in PBS containing 1%FBS. 
Flow cytometry was performed on a minimum of 10,000 single cells/sample using a LSRII Flow 
cytometer (BD Biosciences). Data analysis was performed with FloJo software (BD Biosciences). 

Sample definition and statistical details 

The experiments presented in this manuscript are representative results chosen from multiple 
independent experiments, defined here as originating from separate electroporations on different 
days, or from separate infections on different days. N values depicted in figures indicate 
independent biological replicates (separate wells) within a single representative experiment, with 
the exception of Figure 2G. Each experiment was repeated at least twice, with figure specific 
details as follows: Figure 1 electroporations, >5 repeats; Figure 2A-B, 2 repeats; Figure 2C-F, 3-4 
repeats; Figure 2H-J, 2 repeats; Figure 3, 2 repeats; Figure 4C-D, 3 repeats; Figure 5, 2 repeats; 
Figure 6B-F, 2 repeats; Figures S2-S4, 2 repeats. Generation of plots and statistical analyses were 
performed using Prism8 (Graphpad). Error bars represent standard error of means or standard 
deviations, as indicated. We used Student’s t-test (unpaired, two-tailed) to assess significance 
between treatment and control groups, and to calculate P values. P < 0.05 was considered 
statistically significant. We made no specific attempts to determine sample size, and any blinding, 
randomization or data attrition within an experiment was not carried out.   

Biosafety considerations 

While the work presented here was performed under Biological Safety Level 3 (BSL-3) conditions, 
the Institutional Biosafety Committee (IBC) of The Rockefeller University in coordination with 
the NIH Office of Science Policy, has granted investigator specific BSL-2 approval (to CMR) for 
the SARS-CoV-2 replicons and RDPs reported in this study. In this instance, the replicon data in 
Figures 1-2 and early RDP work demonstrating single cycle infectivity (specifically the 
experiment in Figure 6F) was presented to the Rockefeller IBC for guidance on whether this 
system would be appropriate for use at BSL-2. The determination was made that contacting the 
NIH Office of Science Policy was required, whereby we prepared materials outlining the construct 
details of the specific spike-deleted replicons reported in this manuscript, how they would be used 
to create RDPs using spike or VSV-G, how RDPs would be evaluated for single-cycle infectious 
activity, and an assessment on various means of replicon attenuation, such as the targeted use of 
loss-of-function mutants (e.g. Nsp1) and/or deletions of viral accessory or additional structural 
proteins. Based on this request and evaluation of the materials provided, this approval was granted 
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prior to journal submission. It is our intention that readers clearly understand the engineering 
controls and practices used in the performance of the experiments reported here. However, these 
considerations rest with each investigator, their Institutional Biosafety Committee, and their 
respective government regulatory body to determine appropriate biosafety practices for their 
experiments and we recognize the importance of standardized biosafety practices and the critical 
role that regulatory bodies play in defining safe laboratory operations for this virus.  
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Fig. S1. Replicon assembly and RNA validation (Related to Fig. 1) (A) Representative 
multiplex PCR results for four clones each of six different replicons (Rep1-6) following 
assembly in yeast (see Methods). Expected PCR product sizes are indicated at right. (B) qRT-
PCR measurements for N mRNA in Huh-7.5 cells 24h after electroporation with the 5µg Gluc 
replicon RNA plus 2µg N mRNA and seeding with 100nM remdesivir (RDV) or vehicle. Signal 
from mock electroporated cells was used for normalization (dashed line). N = 3, error bars = SD. 
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Fig. S2. Ectopic spike expression and quantification (Related to Fig. 4). (A) WT or Nsp1mut 
replicon RNAs were electroporated into BHK-21 producer cells (P0) or into producer cells 
transfected with Spike-expressing plasmid and RDPs in the supernatants were subsequently 
passaged onto Huh-7.5 ACE2/TMPRSS2 (Huh-7.5 AT) cells (P1). Immunofluorescence images 
at 4X magnification of the mNeonGreen signal (green) and spike protein detected by C144 
antibody staining (magenta) are shown. Scale bar, 100µm. (B) Quantification of the percentage of 
Spike positive cells at each passage for the results in (A).  N = 2, error bars = SD. (C) 
Quantification of the percentage of N positive cells at each passage for the results in Fig. 4C.  N = 
2-6, error bars = SD. (D) Immunofluorescence images showing N protein (magenta) in Huh-7.5 
cells infected with SARS-CoV-2 (WA1/2020, left) or RDPs bearing WA1/2020 spike (right). 
Images were taken at 4X magnification, scale bar 500µm. (E) Quantification of results in (D), 
estimating the per cell area for the N protein signal in virus or RDP positive cells. Area was 
normalized to the N signal from a single cell.   
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Fig. S3. Ectopic VSV-G expression and quantification (Related to Fig. 6). (A) WT or Nsp1mut 
replicon RNAs were electroporated into BHK-21 producer cells (P0) or into producer cells 
transfected with VSV-G-expressing plasmid and supernatants were subsequently passaged onto 
Huh-7.5 cells (P1). Immunofluorescence images taken 24h later at 4X magnification of the 
mNeonGreen signal (green) and VSV-G antibody staining (magenta) are shown. Scale bar, 
100µm. (B) Quantification of the percentage of VSV-G positive cells at each passage for the results 
in (A).  N = 2, error bars = SD. (C) Quantification of the percentage of N positive cells at 
eachpassage for the results in Fig. 6C.  N = 2-6, error bars = SD. 
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Fig. S4. VSV-G trans-complementation of a SARS-CoV-2 replicon lacking all accessory 
genes. (A) Schematic of the elements required for generating a VSV-G pseudotyped replicon 
lacking all accessory genes (ΔAcc). (B) VSV-G-pseudotyped ΔS or ΔAcc RDPs were concentrated 
and passaged onto Huh-7.5 cells (P1). Concentrated supernatant from ΔAcc electroporation alone 
was used as a negative control. Scale bar, 100µm. (C) Quantification of the percentage of 
NeonGreen positive cells for the results in (B).  N = 4, error bars = SD. (D) VSV-G-pseudotyped 
ΔS or ΔAcc Gluc RDPs were made in producer BHK-21 cells (P0) and passaged onto Huh-7.5 
cells (P1), and Gluc in the supernatants was measured after 48h/24h respectively. The dashed lines 
denote the lower limit of detection.  N = 3, error bars = SD. 
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