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Fig. 2 383 
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Fig. 3 387 
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Fig. 4 390 
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Extended Data Fig. 1 394 
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Extended Data Fig. 2 398 
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Extended Data Fig. 3 402 

 403 

404 

  405 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 8, 2022. ; https://doi.org/10.1101/2022.08.07.499047doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.07.499047


22 
 

Extended Data Fig. 4 406 
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Extended Data Fig. 5 409 
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Extended Data Fig. 6 413 
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Extended Data Fig. 7 417 
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Extended Data Fig. 8 421 
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Methods 546 

 547 

Compounds 548 

Nirmatrelvir was purchased from Aobius, ensitrelvir was purchased from Glixx Laboratories, 549 

and remdesivir was purchased from Selleckchem. 550 

 551 

Cells 552 

Vero E6 cells were obtained from ATCC (Catalog #CRL-1586), HEK293T cells were obtained 553 

from ATCC (Catalog #CRL-3216), and Vero E6-TMPRSS2-T2A-ACE2 cells were obtained 554 

from BEI Resources (Catalog #NR-54970). Huh7-ACE2 cells were generated previously33,39. 555 

Cell morphology was visually confirmed prior to use and all cell lines tested mycoplasma 556 

negative. All cells were maintained at 37 °C under 5% CO2. 557 

 558 

In vitro selection for SARS-CoV-2 resistance to nirmatrelvir in Vero E6 cells 559 

To select for the development of drug resistance against nirmatrelvir, WA1 (SARS-CoV-2, 560 

USA-WA1/2020 strain) was cultured in the presence of increasing concentrations of nirmatrelvir 561 

and passaged 30 times. Virus isolates recovered from the culture at various passages were then 562 

characterized for their resistance to nirmatrelvir and their replication capacity.  563 

 564 

To initiate the passaging, Vero E6 cells were seeded in a 24 well-plate at a density of 1 x 105 565 

cells per well in complete media (DMEM + 10% FCS + penicillin/streptomycin), and then the 566 

drug and virus were added the following day. The drug was prepared in a three-fold dilution 567 

series based on the original IC50 of the drug. The virus was added at 5,000 TCID50 per well. 568 

Three days post-infection, each well was scored for cytopathic effects (CPE) in a range of 0 to 569 

4+ based on comparison to control wells as previously described40, and 100 µL of the 570 

supernatant from the well with a CPE score equal to or greater than 2+ was passaged to each well 571 

in the next culture plate. The passage culture was set up in triplicate (lineages A, B, and C) and 572 

the passaging was performed independently, i.e., viruses in lineage A were kept within the 573 

lineage A series of wells at every passage. Along with the cultures passaged with nirmatrelvir, 574 

WA1 was passaged without nirmatrelvir in two independent wells to serve as a passage control. 575 

 576 
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IC50s for each lineage in the passaging were determined based on the CPE scores at day 3 of each 577 

passage. IC50 values were derived by using DeltaGraph (Red Rock Software). 578 

 579 

Sequencing of SARS-CoV-2 passaged in Vero E6 cells 580 

For the SARS-CoV-2 passaged in Vero E6 cells, passages were sequenced by Sanger sequencing 581 

or by Nanopore sequencing. For Sanger sequencing, viral RNA was isolated from the culture 582 

supernatant with QIAamp® Viral RNA Mini Kit (Qiagen), reverse transcribed to cDNA with 583 

Superscript IV™ Reverse Transcriptase (Thermo Fisher) and the priming primer, nsp5.R1, and 584 

subjected to nested PCR with Platinum™ SuperFi II (Thermo Fisher) to obtain the full length 585 

nsp5 gene. The primers for the first PCR are nsp5.F1: 5'-586 

GTAGTGATGTGCTATTACCTCTTACGC-3' and nsp5.R1: 5'- 587 

GCAAAAGCAGACATAGCAATAATACC-3'. The primers for the second PCR are nsp5.F2: 5'-588 

CTTCAGTAACTCAGGTTCTGATGTTCT-3' and nsp5.R2: 5'- 589 

ACCATTGAGTACTCTGGACTAAAACTAAA-3'. Both PCRs were run with the same 590 

condition of 98 °C for 30 s, 25 cycles of 98 °C for 15 s, 60 °C for 10 s, and 72 °C for 1 min, 591 

followed by 72 °C for 5 min. The PCR products were purified and sequenced (Genewiz). 592 

Mixtures of viruses were determined by inspecting sequencing chromatograms. The sequences 593 

were analyzed using Lasergene software (DNASTAR). 594 

 595 

For Nanopore sequencing, viral RNA was isolated from the culture supernatant with QIAamp® 596 

Viral RNA Mini Kit (Qiagen), and then the Midnight RT PCR Expansion kit and Rapid 597 

Barcoding kits (Oxford Nanopore) were used to amplify and barcode overlapping 1,200 bp 598 

amplicons tiled across the viral genome41,42. An Oxford Nanopore GridION with R9.4.1 flow 599 

cells was used for sequencing. Basecalling was performed in MinKNOW v22.05.1. Consensus 600 

sequence generation was performed using the ONT Epi2Me ARTIC Nextflow pipeline v0.3.16 601 

(https://github.com/epi2me-labs/wf-artic). Pangolin 4.0.6 with UShER v1.6 was used for 602 

parsimony-based lineage assignment. Sequences have been deposited to GenBank (ON924329-603 

ON924335, ON930401-ON930431) (Supplemental Table 2). 604 

 605 

Inhibition assay with SARS-CoV-2 passaged in Vero E6 cells 606 
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To characterize the inhibition of passaged viruses, each of the viruses were first propagated in 607 

Vero E6 cells in the absence of drug and titrated by the Reed-Muench method43. Vero E6 cells 608 

were then seeded in 96 well-plates at a density of 1.5 x 104 cells per well in complete media. The 609 

following day, the virus was inoculated at a dose of 500 TCID50 per well, and a two-fold dilution 610 

series of inhibitor was added in quadruplicate. Three days post-infection, the level of CPE was 611 

scored and the IC50 was derived by fitting a nonlinear regression curve to the data in GraphPad 612 

Prism version 9.4 (Dotmatics). 613 

 614 

Growth assay with SARS-CoV-2 passaged in Vero E6 cells 615 

The fitness of passaged viruses was characterized by a viral growth assay. Vero E6 cells were 616 

seeded in 96 well-plates at a density of 1.5 x 104 cells per well in complete media. The following 617 

day, the virus was inoculated at a dose of 200 TCID50 per well in quadruplicate. At 6 h post-618 

infection, free virions in the culture were removed by changing of the media twice. At 11, 24, 35, 619 

and 49 h post-infection, 50 µL of the culture supernatant from each well was collected and 620 

replenished with an equivalent volume of fresh media. Viral RNA from each time point was 621 

purified by using PureLink™ Pro 96 Viral RNA/DNA Purification Kit (Thermo Fisher) and then 622 

the viral copy number in each sample was estimated by qRT-PCR using TaqPath™ 1-Step RT-623 

qPCR Master Mix (Thermo Fisher) and 2019-nCov CDC EUA Kit (Integrated DNA 624 

Technologies) with 7500 Fast Dx Real-Time PCR Instrument (Applied Biosystems). 625 

 626 

In vitro selection for SARS-CoV-2 resistance to nirmatrelvir in Huh7-ACE2 cells 627 

To conduct selection at scale to observe as many resistance pathways as possible, SARS-CoV-2 628 

infection was conducted in five 96 well-plates, thereby allowing for 480 independent selection 629 

lineages. We hypothesized that the use of limited number of cells allowed for a “bottleneck 630 

effect” to occur, which enabled observation of rarer events that may be outcompeted from a 631 

larger population.  632 

 633 

To initiate the passaging, 3 x 104 Huh7-ACE2 cells per well were seeded in complete media in 634 

five 96 well-plates. The following day, all wells were infected with 0.05 MOI of SARS-CoV-2-635 

mNeonGreen (a fluorescent reporter variant of USA-WA1/2020, gift of Pei-Yong Shi)27 without 636 

drug to generate passage 0 (P0). For each successive passage, cells were seeded the day prior to 637 
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infection, and then the drug and virus were added, three to four days post-infection of the 638 

previous passage. The drug was initially added at 25 nM and then doubled every other successive 639 

passage. Viruses were transferred between passages by overlaying 50 µL of the supernatant from 640 

the previous passage. After 16 passages, all 54 wells positive for mNeonGreen signal were 641 

sequenced, of which 53 lineages could be determined. 642 

 643 

Inhibition assay with SARS-CoV-2 passaged in Huh7-ACE2 cells 644 

To characterize the inhibition of passaged viruses, each of the viruses were first propagated in 645 

Huh7-ACE2 cells in the absence of drug and titrated by the Reed-Muench method43. Huh7-646 

ACE2 cells were then seeded in 96 well-plates at a density of 2 x 104 cells per well in complete 647 

media. The following day, the virus was inoculated at a dose of 0.05 MOI per well, and a five-648 

fold dilution series of inhibitor was added in triplicate. At 24 h post-infection, the supernatant 649 

was aspirated and cells were fixed with 4% PFA in PBS and stained with DAPI. Cells were then 650 

imaged for DAPI and GFP using IN Cell 2000 (GE) and analyzed with CellProfiler version 651 

4.0.744. The IC50 was then derived by fitting a nonlinear regression curve to the data in GraphPad 652 

Prism version 9.4 (Dotmatics). 653 

 654 

Sequencing of SARS-CoV-2 passaged in Huh7-ACE2 cells 655 

For the SARS-CoV-2 passaged in Huh7-ACE2 cells, passages were sequenced by Illumina next-656 

generation sequencing. Viral RNA was first extracted using PureLink™ Pro 96 Viral RNA/DNA 657 

Purification Kit (Thermo Fisher). Reverse transcription was carried out using Maxima H Minus 658 

First Strand cDNA Synthesis Kit (Thermo Fisher) with random hexamers according to the 659 

manufacturer’s instructions. Briefly, 13.75 µL of viral RNA was mixed with 0.25 µL random 660 

hexamers (50 ng/µL) and 1 µL dNTPs (10 mM), and incubated at 65 °C for 5 min followed by 661 

4 °C for 1 min. Then, a mixture containing 4 µL 5x RT buffer, 0.25 µL enzyme mix (containing 662 

Maxima H Minus RT and RNase inhibitor), and 0.75 µL H2O was added to each sample and the 663 

reactions were incubated at 25 °C for 10 min, 55 °C for 30 min, and 85 °C for 5 min. 664 

 665 

Sequencing libraries were prepared by amplifying either nine fragments tiled across the 3CLpro 666 

open reading frame and adjacent nsp4/5 and nsp5/6 cut sites, or nine fragments containing each 667 

of the remaining 3CLpro cut sites (see Supplemental Table 3 for primer sequences). Primers 668 
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amplifying non-adjacent fragments of the 3CLpro were pooled together and reactions were carried 669 

out in technical duplicate, for a total of four first-round PCRs per sample. Each first-round PCR 670 

contained the following components: 1 µL cDNA, 0.25 µL 100 µM pooled primers, 0.4 µL 10 671 

mM dNTPs, 2 µL 10x Taq buffer, 0.1 µL Taq DNA polymerase (Enzymatics), and 16.25 µL 672 

H2O. Cycling conditions were as follows: (1) 94 °C, 3 min, (2) 94 °C, 30 s, (3) 54 °C, 20 s, (4) 673 

72 °C, 30 s, (5) Return to step #2 for 34 additional cycles, (6) 72 °C, 3 min, (7) Hold at 4 °C. 674 

 675 

Products from the four first-round PCRs for each sample were pooled and gel purified, and a 676 

second-round indexing PCR was carried out for each sample with the following reagents: 1 µL 677 

template DNA, 0.25 µL each 100 µM indexing primer, 0.4 µL 10 mM dNTPs, 2 µL 10x Taq 678 

buffer, 0.1 µL Taq DNA polymerase, and 16.25 µL H2O. The cycling conditions were as 679 

follows: (1) 94 °C, 3 min, (2) 94 °C, 30 s, (3) 54 °C, 20 s, (4) 72 °C, 30 s, (5) Return to step #2 680 

for 6 additional cycles, (6) 72 °C, 3 min, (7) Hold at 4 °C. 681 

 682 

Second round PCR products were pooled, gel purified, and sequenced on an Illumina NextSeq 683 

system with 150 bp single-end reads. For select samples, sequences were confirmed using 684 

nanopore sequencing (Plasmidsaurus). For samples P16-2D9, P12-1A4, and 4-3A1, the original 685 

Illumina sequencing results were replaced with the Nanopore sequencing results. 686 

 687 

For each sample, mutations and their frequencies were identified using the V-pipe computational 688 

pipeline (version 2.99.2)45, with Wuhan-Hu-1 (GenBank accession no. MN908947) set as the 689 

reference sequence. Frequency thresholds for reporting mutations were set at 5% and 10% for 690 

Illumina and nanopore sequencing, respectively. See Supplemental Table 1 for absolute 691 

frequencies of mutations within each sample. Raw sequencing data have been deposited to NCBI 692 

Short Read Archive under BioProject Accession ID PRJNA852265 (see Supplemental Table 4 693 

for SRA Accession IDs for each sample). 694 

 695 

Pathway analysis for SARS-CoV-2 passaged in Huh7-ACE2 cells 696 

Fig. 3 was constructed from lineages containing only the mutations that were found most 697 

commonly in passage 16: T21I, T304I, A173V, E166V, P252L, S144A, and L50F. These 698 

lineages were determined based on the frequencies of the corresponding mutations in a given 699 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 8, 2022. ; https://doi.org/10.1101/2022.08.07.499047doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.07.499047


37 
 

well at each passage. Pairs of mutants whose frequencies summed to greater than 100% were 700 

assumed to co-occur on the same allele. The same logic was extended to identify triple and 701 

quadruple mutants, such that if each pairwise sum of frequencies within a group of mutations 702 

was greater than 100%, all mutations within that group were assumed to occur together. The 703 

order in which mutations in a given lineage arose was imputed either from stepwise appearance 704 

over time (e.g., passage 4 has mutation 1 and passage 8 has mutation 1 and mutation 2 at a total 705 

combined frequency >100%) with increasing frequencies, or, in cases where 2 mutations arose 706 

between sequenced passages and were deemed to co-occur in a single virus, by their relative 707 

frequencies (e.g., if passage 4 has no mutations and passage 8 has mutation 1 at 99% frequency 708 

and mutation 2 at 30% frequency, mutation 1 was assumed to have arisen first). 709 

 710 

Recombinant SARS-CoV-2 production 711 

A reverse genetics system based on the pBeloBAC11 bacterial artificial chromosome (BAC) 712 

containing the SARS-CoV-2 genome with a NanoLuc luciferase reporter replacing ORF7a46 (gift 713 

of Luis-Martinez Sobrido) was used to produce recombinant SARS-CoV-2 harboring 3CLpro 714 

mutations. Mutants BACs were produced as previously described33; see Supplemental Table 5 715 

for a list of mutagenic primers used. These BACs (2 µg each) were then transfected into 716 

HEK293T cells in 12 well-plates in triplicate using Lipofectamine™ 3000 Transfection Reagent 717 

(Thermo Fisher) according to the manufacturer’s instructions. Two days post-transfection, cells 718 

were pooled and overlaid onto Vero E6-TMPRSS2-T2A-ACE2 cells in 25 cm2 flasks. After 719 

three days, the supernatant was collected from these cells and clarified by centrifugation, then 720 

used to infect Vero E6 cells in 75 cm2 flasks. Four days post-infection, the supernatant was 721 

harvested, clarified by centrifugation, and aliquoted. Viruses were stored at -80 °C prior to use. 722 

An aliquot of all recombinant viruses was confirmed by nanopore sequencing for the mutation of 723 

interest and for purity prior to use. 724 

 725 

Inhibition assay with recombinant SARS-CoV-2 726 

Viruses were first titrated to normalize input. To characterize inhibition, Huh7-ACE2 cells were 727 

seeded at a density of 2 x 104 cells per well in 96 well-plates. The following day, cells were 728 

infected with 0.05 MOI of virus, and treated with inhibitor in a five-fold dilution series. One day 729 

post-infection, cells were lysed and luminescence was quantified using the Nano-Glo® 730 
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Luciferase Assay System (Promega) according to the manufacturer’s instructions. IC50s were 731 

derived by fitting a nonlinear regression curve to the data in GraphPad Prism version 9.4 732 

(Dotmatics). 733 

 734 

Growth assay with recombinant SARS-CoV-2 735 

Viruses were first titrated to normalize input. To characterize fitness, Huh7-ACE2 cells were 736 

seeded at a density of 2 x 104 cells per well in 96 well-plates. The following day, cells were 737 

infected with 0.01 MOI of virus. At 12, 24, 36, and 48 h post-infection, cells were lysed and 738 

luminescence was quantified using the Nano-Glo® Luciferase Assay System (Promega) 739 

according to the manufacturer’s instructions. 740 

 741 

Retrieval of clinical mutation frequencies 742 

COVID-19 CG was used to retrieve all clinically observed 3CLpro mutations from GISAID on 743 

June 26, 2022, either since the start of the COVID-19 pandemic or between March 26-June 26, 744 

2022, and September 22-December 22, 202131,47.  745 
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