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Pöhlmann, Markus

Hoffmann

mhoffmann@dpz.eu

Highlights
Rapid spread of the SARS-

CoV-2 JN.1 lineage is

linked to S protein

mutation L455S

Mutation L455S reduces S

protein-driven cell entry

Diminished cell entry is

linked to reduced ACE2

binding efficiency

Mutation L455S leads to

increased neutralization

resistance

Zhang et al., iScience 27,
109904
June 21, 2024 ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.109904

mailto:mhoffmann@dpz.eu
https://doi.org/10.1016/j.isci.2024.109904
https://doi.org/10.1016/j.isci.2024.109904
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109904&domain=pdf


OPEN ACCESS

iScience ll
Article

Rapid spread of the SARS-CoV-2
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SUMMARY

In July/August 2023, the highly mutated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
BA.2.86 lineage emerged and its descendant JN.1 is on track to become the dominant SARS-CoV-2 lineage
globally. Compared to the spike (S) protein of the parental BA.2.86 lineage, the JN.1 S protein contains
onemutation, L455S,whichmay affect receptor binding and antibody evasion. Here, we performed a viro-
logical assessment of the JN.1 lineage employing pseudovirus particles bearing diverse SARS-CoV-2 S
proteins. Using this strategy, it was found that S protein mutation L455S confers increased neutralization
resistance but reduces ACE2 binding capacity and S protein-driven cell entry efficiency. Altogether, these
data suggest that the benefit of increased antibody evasion outweighs the reduced ACE2 binding capac-
ity and further enabled the JN.1 lineage to effectively spread in the human population.

INTRODUCTION

While the transition of the coronavirus disease 2019 (COVID-19) from a pandemic to an endemic state is ongoing, the causative agent, severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), continues to circulate globally. Viruses belonging to different XBB-sublineages were

highly prevalent in most of 2023 (Figure 1A) and independently acquired identical mutations, a phenomenon called convergent evolution,

suggesting a constrained evolutionary space for XBB-sublineages. Hence, the emergence of the highly divergent BA.2.86 lineage in July/

August 2023, which is reminiscent of the emergence of the Omicron variant in late 2021, represents a significant advance in SARS-CoV-2 evo-

lution. Compared to the spike (S) protein of the parental BA.2 lineage, the BA.2.86 S protein harbors over 30 mutations. Recent studies

demonstrated that BA.2.86 efficiently binds to ACE2 and evades neutralization by vaccination- and infection-induced antibodies with high

efficiency, although neutralization evasion did not exceed that of co-circulating XBB-sublineages.1–6 However, the BA.2.86 sublineage

JN.1, which was first detected in Europe in August/September 2023, is on track to become the dominant SARS-CoV-2 lineage globally (Fig-

ure 1A) and has been classified as a variant of interest by the World Health Organization.7 The JN.1 S protein contains one mutation, L455S,

compared to BA.2.86 S protein, which resides in the receptor binding domain (RBD) and thus may modulate cell entry efficiency and neutral-

ization sensitivity (Figures 1B and 1C).

Here, we performed an initial virological assessment of the JN.1 lineage, using S protein-bearing pseudovirus particles (pp), which repre-

sent an adequate surrogate model to study SARS-CoV-2 entry and neutralization.8

RESULTS

The S protein of JN.1 displays reduced cell entry and ACE2 binding capacities compared to the S protein of BA.2.86.1

We first analyzed the ability of the JN.1 S protein to drive cell entry. Particles bearing JN.1 S protein (JN.1pp) were used to infect Vero (African

green monkey, kidney), Vero-TMPRSS2 (Vero cells overexpressing TMPRSS2), Vero-ACE2+TMPRSS2 (Vero cells overexpressing ACE2 and

TMPRSS2), 293T (human, kidney), and Calu-3 cells (human, lung), which are commonly used for SARS-CoV-2 research. For comparison, we

included particles bearing the S protein of the B.1 lineage (B.1pp, used as reference), which circulated in the early phase of the pandemic,

or the S proteins of BA.2.86.1 (which has identical S protein mutations as BA.2.86; BA.2.86.1pp) or contemporary XBB-sublineages, XBB.1.5
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Figure 1. Emergence and rapid spread of the SARS-CoV-2 JN.1 lineage

(A) Frequencies of major SARS-CoV-2 lineages (left panels) in 2023 and trends for selected SARS-CoV-2 sublineages in late 2023 (right panels) on a global scale

and for selected continents (Asia, Europe, North America, and Oceania). Graphs were generated using a seven-day sliding window and are based on data

retrieved from https://cov-spectrum.org/ on 18.12.2023. Lineages suffixed with an asterisk (*) also include their respective sublineages.

(B) Recent trends in the evolution of SARS-CoV-2 BA.2 and XBB-sublineages. Evolutionary steps leading to JN.1 and XBB-sublineages JD.1.1, HV.1, andGS.4.1. S

protein mutations are indicated.

(C) S protein mutations (blue boxes) of B.1, BA.2.86.1, JN.1, XBB.1.5, JD.1.1, EG.5.1, HV.1, and GS.4.1 compared to theWuhan-Hu-01 isolate (gray boxes indicate

non-mutated residues). Abbreviations: NTD, N-terminal domain; RBD, receptor-binding domain, pre-S1/S2, region between RBD and S1/S2 cleavage site.
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(XBB.1.5pp), JD.1.1 (JD.1.1pp), EG.5.1 (EG.5.1pp), HV.1 (HV.1pp), and GS.4.1 (GS.4.1pp). All S proteins under study were efficiently cleaved and

incorporated into pseudoviruses without significant differences (Figures S1A–S1C). For Vero, Vero-TMPRSS2, and Vero-ACE2-TMPRSS2 cells,

no major differences in entry efficiency were observed between the different pseudoviruses. However, it was noticed that Vero cell entry by

B.1pp was slightly reduced as compared to the other pseudoviruses, while the opposite trend was seen for Vero-TMPRSS2 and Vero-ACE2-

TMPRSS2 cells (Figure 2A). Entry of XBB.1.5pp, JD.1.1pp, EG.5.1pp, HV.1pp, BA.2.86.1pp, and JN.1pp into 293T cells was increased compared to

B.1pp, whereasGS.4.1pp entry was comparable to B.1pp (Figure 2A). For Calu-3 cells, which endogenously express TMPRSS2 and thus allow for

SARS-CoV-2 entry at the plasma membrane, we observed substantially reduced cell entry efficiencies for XBB.1.5pp, JD.1.1pp, EG.5.1pp,

HV.1pp, GS.4.1pp, and JN.1pp compared to B.1pp. In contrast, BA.2.86.1pp enteredCalu-3 cells with similar efficiency as B.1pp (Figure 2A), which

is in line with the findings of two recent studies.5,6 When entry efficiencies of BA.2.86.1pp and JN.1pp were compared, it was noted that for

three out of five cell lines tested the latter showed reduced entry capacity.

We next assessed ACE2 binding efficiency. Using ACE2 binding by the B.1 S protein as reference, we found that all BA.2.86- and XBB-

sublineage S proteins displayed augmented ACE2 binding capacity, with the exception of the GS.4.1 S protein (Figure 2B). Further, ACE2

binding by the JN.1 S protein was reduced as compared to BA.2.86.1 S protein (Figure 2B).

Particles bearing the S protein of JN.1 show augmented neutralization resistance compared to particles bearing

BA.2.86.1 S protein

Finally, we studied the neutralization sensitivity of JN.1pp to antibodies induced upon vaccination or vaccination plus infection. Our first cohort

included individuals without SARS-CoV-2 infection, who recently received the XBB.1.5-adapted mRNA booster vaccine of Pfizer-BioNTech

(Table S1). All plasma samples displayed highest neutralizing activity against B.1pp (geometricmean titer [GMT] = 2,833), followed by XBB.1.5pp
(GMT = 931), JD.1.1pp (GMT = 505), GS.4.1pp (GMT = 373), BA.2.86.1pp (GMT = 307), EG.5.1pp (GMT = 259), HV.1pp (GMT = 199), and JN.1pp
(GMT= 139). Notably, JN.1pp neutralization was 2.5-fold reduced as compared to BA.2.86.1pp (Figure 2C). We extended our analysis to plasma

from XBB.1.5-adapted mRNA vaccine-boostered individuals that had a SARS-CoV-2 infection between January 2022 and March 2023

(Table S1). Here, neutralization activity was highest for B.1pp (GMT = 6,734), followed by GS.4.1pp (GMT = 3,904), BA.2.86.1pp (GMT =

3,568), XBB.1.5pp (GMT = 2,927), EG.5.1pp (GMT = 2,667), HV.1pp (GMT = 1,970), JN.1pp (GMT = 1,582), and JD.1.1pp (GMT = 1,466). Neutral-

ization of JN.1pp was again 2.5-fold lower as compared to BA.2.86.1pp neutralization (Figure 2C).

DISCUSSION

Collectively, our findings demonstrate that JN.1 has developed heightened resistance to neutralization through acquisition of S protein mu-

tation L455S, confirming and expanding upon previous research.9–11 While increased neutralization resistance came at the cost of suboptimal

ACE2 binding, the current increase in JN.1 prevalence suggests that the benefit of increased antibody evasion outweighs the reduced ACE2

binding capacity. In this context it should be noted that some viruses within the JN.1 lineages already acquired an additional S protein mu-

tation (i.e., T572I) that is predicted to improve ACE2 binding by modulating the conformation of the RBD12 and thus may further boost infec-

tivity and transmissibility.

Of note, while our study did not reveal major differences in Vero and Vero-TMPRSS2 cell entry of pseudoviruses bearing B.1, XBB.1.5, or

BA.2.86.1 S proteins, two recent studies reported attenuated spread of authentic XBB.1.5 and BA.2.86/BA.2.86.1 in Vero E6 and Vero E6-

TMPRSS2 cells as compared to viruses from the early phase of the pandemic that harbor only the D614G mutation in their S protein (e.g.,

B.1),4,11 indicating that mutations in viral proteins other than the S protein might modulate infectivity. In addition, a recent study using

authentic BA.2.86 and JN.1 came to the conclusion that increased neutralization escape may not be the reason for the recent upsurge in

JN.1 incidence.13 Altogether, these contrasting findings highlight that more research on the biological traits of XBB sublineages BA.2.86

and JN.1 is needed.

Limitations of the study

The following limitations apply to our study. First, we utilized pseudovirus particles for the present study and although these particles have

been shown to adequately recapitulate SARS-CoV-2 cell entry and its inhibition,8,14 some of our results await formal confirmation with

authentic SARS-CoV-2 lineages. Second, since we employed cell lines for the analysis of S protein-driven host cell entry of SARS-CoV-2 lin-

eages, our studies should be extended to primary cell culture models, organoid cultures and in vivomodels. Third, with respect to the in vitro

neutralization data, it needs to be stated that due to the small sample size for the two cohorts, it was not possible to conduct an analysis on the

potential impact of biological factors (e.g., age, gender, or comorbidities) on neutralization efficiency. Fourth, all plasma samples were
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Figure 2. Cell entry and neutralization sensitivity of the SARS-CoV-2 JN.1 lineage

(A) Entry efficiency of the JN.1 lineage. Pseudotype particles (pp) harboring the indicated S proteins were inoculated onto the indicated cell lines and entry was

analyzed. Presented aremean data from six biological replicates (four technical replicates), with cell entry normalized against particles harboring the B.1 S protein

(=1). Error bars indicate the standard error of the mean (SEM). Further, the mean fold change in entry efficiency between BA.2.86.1pp and JN.1pp is indicated. See

also Figure S1D.

(B) ACE2 binding efficiency of the JN.1 lineage. 293T cells transiently expressing the indicated S proteins were analyzed for ACE2 binding by flow cytometry.

Presented are mean data from six biological replicates (single replicates), with ACE2 binding corrected for S protein cell surface expression and normalized

against the B.1 S protein (=1). Error bars indicate the SEM. Further, the mean fold change in ACE2 binding between BA.2.86.1 and JN.1 is indicated. See

also Figures S1E and S1F.

(C) Sensitivity of the JN.1 lineage to neutralization. Pseudotype particles harboring the indicated S proteins were incubated with plasma from vaccinated

individuals without (n = 11; left) or with a history of SARS-CoV-2 infection (n = 13; right), before being inoculated onto Vero cells. Pseudovirus cell entry was

normalized against samples without plasma (=0% inhibition). Presented are geometric mean titers (GMTs) from a single biological replicate (four technical

replicates). Information below the graphs shows response rates (proportion of plasma samples with neutralizing activity), GMT, and median fold GMT

change compared to B.1pp. Further, the median fold change in neutralization between BA.2.86.1pp and JN.1pp is indicated. Please also see Table S1 and

Figure S2. For (A) and (B), statistical significance was assessed by two-way analysis of variance with Tukey’s multiple comparison test, while the Friedmann

test with Dunn’s multiple comparison test was used in (C) (p > 0.05, not significant [ns]; p % 0.05, *; p % 0.01, **; p % 0.001, ***).
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collected within three weeks post XBB.1.5 booster vaccination, which is why we cannot make any statement on neutralization efficiency after

an extended period of time. Fifth, for cohort 2 no information on the infecting SARS-CoV-2 lineage is available and patient-specific differences

in the time intervals since the last infectionmay have an impact on SARS-CoV-2 lineage-specific neutralization efficiency. Sixth, given the pos-

sibility of an asymptomatic infection together with the decay dynamics of antibodies against viral antigens, we cannot rule out that some par-

ticipants in the ‘‘vaccinated/not infected’’ group may have had an undocumented infection and nucleocapsid IgG levels may have decayed

beneath the limit of detection at the time of testing. Seventh, neutralization sensitivity of the SARS-CoV-2 JN.1 lineage may vary with respect

to cohorts with immune backgrounds distinct from those examined in this study. Finally, we did not test neutralization by therapeutic anti-

bodies as our previous studies on BA.2.86 indicated that this lineage is already fully resistant against all therapeutic antibodies that are

currently used in the clinics5 and the same can be assumed for JN.1.
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Profound neutralization evasion and
augmented host cell entry are hallmarks of
the fast-spreading SARS-CoV-2 lineage
XBB.1.5. Cell. Mol. Immunol. 20, 419–422.
https://doi.org/10.1038/s41423-023-00988-0.

23. Zhang, L., Kempf, A., Nehlmeier, I.,
Cossmann, A., Dopfer-Jablonka, A., Stankov,
M.V., Schulz, S.R., Jäck, H.M., Behrens,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Human IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11013; RRID:AB_2534080

SARS-CoV/SARS-CoV-2 (COVID-19) spike

antibody [1A9], IgG1, Unconjugated, Mouse,

Monoclonal

Biozol Cat# GTX632604; RRID:AB_2864418

Goat anti-Mouse IgG, IgM, IgA (H + L) Secondary

Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-10667; RRID:AB_2534057

Anti-VSV-M [23H12] Antibody Kerafast Cat# EB0011; RRID: AB_2734773

Goat IgG anti-Mouse IgG (H + L)-HRPO Dianova Cat# 115-035-003; RRID: AB_10015289

Goat IgG anti-Rabbit IgG (H + L)-HRPO Dianova Cat# 111-035-045; RRID: AB_2337938

Anti-VSV-G antibody (I1, produced from

CRL-2700 mouse hybridoma cells)

ATCC Cat# CRL-2700; RRID: CVCL_G654

Bacterial and virus strains

VSV*DG-FLuc Laboratory of Gert Zimmer N/A

One Shot� OmniMAX� 2 T1R Chemically

Competent E. coli

Thermo Fisher Scientific Cat# C854003

Biological samples

Patient Plasma (10167) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10170) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10172) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10178) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10179) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10180) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10182) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10185) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10186) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10188) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10189) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10191) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10192) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10194) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10197) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10198) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10200) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10201) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10208) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10212) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10214) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10215) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10223) Laboratory of Georg M.N. Behrens N/A

Patient Plasma (10224) Laboratory of Georg M.N. Behrens N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Soluble human ACE2 (sol-hACE2-Fc) Laboratory of Stefan Pöhlmann N/A

Critical commercial assays

Beetle-Juice Kit PJK Cat# 102511

Experimental models: cell lines

293T DSMZ Cat# ACC-635; RRID: CVCL_0063

Calu-3 Laboratory of Stephan Ludwig ATCC Cat# HTB-55; RRID: CVCL_0609

Vero Laboratory of Andrea Maisner ATCC Cat# CRL-1587; RRID: CVCL_0603

Vero E6-TMPRSS2 Laboratory of Stuart G. Turville CellBank Australia Cat# JCRB1819;

RRID: CVCL_YQ49

Vero E6-ACE2+TMPRSS2 Laboratory of Stuart G. Turville N/A

Oligonucleotides

SARS-2-S Seq-01 (CAAGATCTACAGCAAGCACAC) Sigma-Aldrich N/A

SARS-2-S Seq-02 (GTCGGCGGCAACTACAATTAC) Sigma-Aldrich N/A

SARS-2-S Seq-03 (GCTGTCTGATCGGAGCCGAG) Sigma-Aldrich N/A

SARS-2-S Seq-04 (TGAGATGATCGCCCAGTACAC) Sigma-Aldrich N/A

SARS-2-S Seq-05 (GCCATCTGCCACGACGGCAAAG) Sigma-Aldrich N/A

pCG1 F (CCTGGGCAACGTGCTGGT) Sigma-Aldrich N/A

pCG1 R (GTCAGATGCTCAAGGGGCTTCA) Sigma-Aldrich N/A

EG.5.1-S Seq-02 (GCGGCAACTACAATTACCTG) Sigma-Aldrich N/A

EG.5.1-S Seq-03 (CGGCTGTCTGATCGGAGCCGAG) Sigma-Aldrich N/A

BA.2.86-S Seq-02 (AAACACAGCGGCAACTACG

ATTACTGG)

Sigma-Aldrich N/A

BA.2.86-S Seq-03 (CTGTCTGATCGGAGCCGAGTACG) Sigma-Aldrich N/A

XBB.1.5 (L455F + F456L) R (GTCCCGCTCGAAG

GGCTTCAG

CTTGGACTTCCGCAAGAACCGGTACAGGTAAT

TGTAGTTGC)

Sigma-Aldrich N/A

XBB.1.5 (A475V) F (CTGAAGCCCTTCGAGCGGGA

CATCTCCACCGAGATCTATCAGGtCGGCAaCAag

CCTTGTAACG)

Sigma-Aldrich N/A

EG.5.1 (F157L) R (GCTGTACACCCGCAGCTCGCTTT

CCATCCAGCTCTTG)

Sigma-Aldrich N/A

EG.5.1 (F157L) F (GATGGAAAGCGAGCTGCGGGT

GTACAGCAGCGCCAAC)

Sigma-Aldrich N/A

EG.5.1 (L452R) R (CAACAGCCGGTACCGGTAATT

GTAGTTGCCGCTG)

Sigma-Aldrich N/A

EG.5.1 (L452R) F (CTACAATTACCGGTACCGGCT

GTTGCGGAAGTC)

Sigma-Aldrich N/A

XBB.2.3 (N185D) R (GGTTCTTGAAGTCGCCCTCCT

TGCCTTCCAGG)

Sigma-Aldrich N/A

XBB.2.3 (N185D) F (GGAAGGCAAGGAGGGCGACTT

CAAGAACCTGCGCGAG)

Sigma-Aldrich N/A

XBB.2.3 (T478R) R

(CCGTTACAAGGCCGGTTGCCGGCCTGATAGATCTC)

Sigma-Aldrich N/A

XBB.2.3 (T478R) F (CAGGCCGGCAACCGGCCTTG

TAACGGCGTAGC)

Sigma-Aldrich N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BA.2.86 (L455S) R (GGACTTCCGGAAGGACCGGTAC

CAGTAATCGTAGTTGC)

Sigma-Aldrich N/A

BA.2.86 (L455S) F (GATTACTGGTACCGGTCCTTCCG

GAAGTCCAAGCTGAAG)

Sigma-Aldrich N/A

Recombinant DNA

Plasmid: pCG1 Laboratory of Roberto Cattaneo N/A

Plasmid: pCAGGS-VSV-G Laboratory of Stefan Pöhlmann N/A

Plasmid: pCAGGS-DsRed Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (B.1), codon-optimized Laboratory of Stefan Pöhlmann N/A

SARS-2-SD18 (XBB.1.5), codon-optimized Laboratory of Stefan Pöhlmann N/A

SARS-2-SD18 (EG.5.1), codon-optimized Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (BA.2.86), codon-optimized Laboratory of Stefan Pöhlmann N/A

Plasmid: pCG1-SARS-2-SD18 (JD.1.1), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-SD18 (HV.1), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-SD18 (GS.4.1), codon-optimized This study N/A

Plasmid: pCG1-SARS-2-SD18 (JN.1), codon-optimized This study N/A

Plasmid: pCG1_solACE2-Fc Laboratory of Stefan Pöhlmann N/A

Software and algorithms

Hidex Sense Microplate Reader Software Hidex Deutschland Vertrieb GmbH https://www.hidex.de

ID7000 Spectral Cell Analyzer Software

(version 1.1.8.18211)

Sony Biotechnology https://www.sonybiotechnology.com/

Adobe Photoshop CS5 Extended (version 12.0 3 32) Adobe https://www.adobe.com/

GraphPad Prism (version 8.3.0(538)) GraphPad Software https://www.graphpad.com/

Microsoft Office Standard 2010 (version 14.0.7232.5000) Microsoft Corporation https://products.office.com/

ImageJ (version 1.54days) U. S. National Institutes of Health,

Bethesda, Maryland, USA

https://imagej.net/ij/index.html

Other

Information on SARS-CoV-2 lineage frequency and

mutations

Cov-Spectrum database https://cov-spectrum.org/
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RESOURCE AVAILABILITY

Lead contact

Requests for material can be directed to Stefan Pöhlmann (spoehlmann@dpz.eu) and the lead contact Markus Hoffmann (mhoffmann@

dpz.eu).

Materials availability

All materials and reagents will be made available upon installment of a material transfer agreement.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional in-

formation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Vero (African greenmonkey kidney, female, kidney; CRL-1586, ATCC; RRID: CVCL 0574, kindly provided by AndreaMaisner), 293T (human,

female, kidney; ACC-635, DSMZ; RRID: CVCL 0063), Vero E6 cells stably expressing TMPRSS2 (Vero-TMPRSS2; JCRB1819, CellBank

Australia; RRID: CVCL_YQ49), and Vero E6 cells stably expressing ACE2 and TMPRSS2 (Vero-ACE2+TMPRSS2)15 were cultivated using
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Dulbecco’s modified Eagle medium (DMEM, PAN-Biotech), supplemented with 10% fetal bovine serum (Biochrom), 100 U/ml of penicillin,

and 0.1 mg/mL of streptomycin (PAN-Biotech). Calu-3 cells (human, male, lung; HTB-55, ATCC; RRID: CVCL_0609, kindly provided by Ste-

phan Ludwig) were cultivated using DMEM/F-12 medium (GIBCO), supplemented with 10% fetal bovine serum (Biochrom), 100 U/ml peni-

cillin and 0.1 mg/mL streptomycin (PAN-Biotech), 1x non-essential amino acid solution (from 100x stock, PAN-Biotech) and 1 mM sodium

pyruvate (PAN-Biotech). All cell lines were incubated at 37�C in a humidified atmosphere containing 5% CO2 and regularly tested for the

absence of mycoplasma contamination. Cell lines were further validated by STR analysis, partial sequencing of the cytochrome c oxidase

gene, microscopic examination, and/or according to their growth characteristics. Transfection of 293T cells was performed by calcium

phosphate precipitation.
Plasma samples

Information on individual plasma samples is provided in Table S1. SARS-CoV-2 S1-specific IgGwere quantified using the anti-SARS-CoV-2-

QuantiVac-ELISA (IgG) (EUROIMMUN). Further, SARS-CoV-2 infection-free history of cohort 1 was confirmed by absence of anti-SARS-

CoV-2 NCP IgG using the anti-SARS-CoV-2 ELISA (NCP) (EUROIMMUN). In total, plasma samples derived from two cohorts were tested

and all samples were collected within three weeks following the last vaccination: cohort 1, vaccinated individuals without history of SARS-

CoV-2 infection who received the XBB.1.5-adapted booster vaccine as last vaccination (n = 11; age range 25–74 (median = 48 years); male

to female ratio 4:7); cohort 2, vaccinated individuals with history of SARS-CoV-2 infection who received the XBB.1.5-adapted booster vac-

cine as last vaccination (n = 13; age range 29–62 (median = 44 years); male to female ratio 6:7). All plasma samples were heat-inactivated

(56�C, 30 min) prior to their use in neutralization assays. All plasma samples were collected as part of the COVID-19 Contact (CoCo) Study

(German Clinical Trial Registry, DRKS00021152), which is a prospective observational study monitoring anti-SARS-CoV-2 IgG and immune

responses in health care professionals at Hannover Medical School and individuals with potential contact to SARS-CoV-2.16,17 The CoCo

Study and the analysis performed for this study were approved by the Internal Review Board of Hannover Medical School (institutional re-

view board no. 8973_BO-K_2020, last amendment Sep 2023). All study participants provided written informed consent and received no

compensation.
METHOD DETAILS

Expression plasmids and sequence analysis

All information on S protein sequences and SARS-CoV-2 lineages was obtained from GISAID (Global Initiative on Sharing All Influenza Data)

(https://gisaid.org/) and CoV-Spectrum (https://cov-spectrum.org/) databases. Expression plasmids pCAGGS-DsRed,18 pCAGGS-VSV-G,19

pCG1-sol-ACE2-Fc,20 pCG1-SARS-CoV-2 B.1 SD18 (codon-optimized, C-terminal truncation of 18 amino acid residues, GISAID Accession ID:

EPI_ISL_425259),21 pCG1-SARS-CoV-2 XBB.1.5 SD18 (codon-optimized, C-terminal truncation of 18 amino acid residues, GISAID Accession

ID: EPI_ISL_16239158),22 pCG1-SARS-CoV-2 EG.5.1 SD18 (codon-optimized, C-terminal truncation of 18 amino acid residues, GISAID Acces-

sion ID: EPI_ISL_18095879),23 and pCG1-SARS-CoV-2 BA.2.86.1 SD18 (codon-optimized, C-terminal truncation of 18 amino acid residues,

GISAID Accession ID: EPI_ISL_18114953)5 have been described before. The expression plasmid for SARS-CoV-2 JD.1.1 SD18 (GISAID Acces-

sion ID: EPI_ISL_18501311) was generated by introduction of mutations L455F, F456L, and A475V into plasmid pCG1-SARS-CoV-2 XBB.1.5

SD18 by overlap-extension PCR, while the expression plasmid for SARS-CoV-2 HV.1 SD18 (GISAID Accession ID: EPI_ISL_18285095) was

generated by introduction ofmutations F157L and L452R into plasmid pCG1-SARS-CoV-2 EG.5.1 SD18 by overlap-extension PCR. In addition,

the expression plasmid for SARS-CoV-2 JN.1 SD18 (GISAID Accession ID: EPI_ISL_18530042) was generated by introduction of mutation

L455S into plasmid pCG1-SARS-CoV-2 BA.2.86.1 SD18 by overlap-extension PCR, while the expression plasmid for SARS-CoV-2 GS.4.1

SD18 (GISAID Accession ID: EPI_ISL_18536879) was generated by introduction of mutations N185D and T478R into plasmid pCG1-SARS-

CoV-2 XBB.2.3 SD1823 by overlap-extension PCR. All full-length S protein open-reading frames generated by overlap-extension PCR were

inserted into the pCG1 expression plasmid (kindly provided by Roberto Cattaneo), making use of BamHI and XbaI restriction sites. A com-

mercial sequencing service (Microsynth SeqLab) was used to confirm the integrity of all S protein sequences.
Generation of pseudovirus particles and cell entry studies

The generation of vesicular stomatitis virus-based pseudovirus particles bearing SARS-CoV-2 S proteins and cell entry studies were conduct-

ed in accordance to previously published protocol.24 At 24 h post transfection, 293T cells expressing the respective S protein, VSV-G or dsRed

(negative control) were inoculatedwith VSV-G-transcomplemented VSV*DG(FLuc) (kindly providedbyGert Zimmer)25 and incubated for 1 h at

37�C and 5% CO2. Subsequently, the inoculum was aspirated and the cells were washed with phosphate-buffered saline (PBS), before cell

culture medium with anti-VSV-G antibody (culture supernatant from I1-hybridoma cells; ATCC no. CRL-2700) was added. Of note, cells ex-

pressing VSV-G received cell culture medium without antibody. At 16–18 h post inoculation, the culture supernatants were collected, centri-

fuged to remove cellular debris (4,0003 g, 10 min), and clarified supernatants were aliquoted and stored at �80�C until further use. For cell

entry studies, target cells were grown in 96-well plates to 50–90% confluence before they were inoculated with identical volumes of the

respective pseudovirus particles and incubated for 16–18 h at 37�C and 5% CO2. Then, cell entry efficiency was assessed through measure-

ment of virus-encoded luciferase activity in cell lysates. Cells were incubated for 30 min at room temperature with PBS containing 0.5% Ter-

gitol (Carl Roth). Next, lysates were transferred to white 96-well plates, mixed with luciferase substrate (Beetle-Juice, PJK), and luminescence

was measured with a Hidex Sense plate luminometer (Hidex).
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Analysis of pseudovirus particle production and S protein incorporation

For analysis of S protein particle incorporation, 1 mL of supernatant containing pseudotype particles was concentrated by high-speed centri-

fugation (13,300 rpm, 90 min, 4�C) through a sucrose cushion (20% w/v sucrose in PBS), before being lysed by addition of 1 volume of 23

sample buffer (0.03 M Tris-HCl, 10% glycerol, 2% SDS, 5% beta-mercaptoethanol, 0.2% bromophenol blue, 1 mM EDTA) and incubation

at 96�C for 15 min. Next, the samples were subjected to SDS-PAGE, proteins were blotted onto nitrocellulose membranes (Hartenstein)

and membranes were blocked in 5% BSA for 30 min. Membranes were further incubated with primary antibodies overnight at 4�C. Next,

membranes were washed three times with PBS-T and subsequently incubated with horseradish peroxidase-coupled secondary antibodies

for 1 h at 4�C. Finally, membranes were washed three times with PBS-T, incubated with a home-made chemiluminescence solution (0.1 M

Tris-HCl [pH 8.6], 250 g/mL luminol, 0.1 mg/mL para-hydroxycoumaric acid, 0.3 percent hydrogen peroxide) and signals were recorded using

the ChemoCam imaging system along with the ChemoStar Professional software (Intas Science Imaging Instruments). For detection of S pro-

teins, a primary antibody reactive against the S2 subunit was used (SARS-CoV-2 (2019-nCoV) Spike S2 Antibody; dilution: 1:2000 in PBS/5%

BSA; Biozol, Cat: SIN-40590-T62) in combination with a horseradish peroxidase-coupled goat IgG anti-rabbit secondary antibody (dilution:

1:2000 in PBS/5% BSA; Dianova, Cat: 111-035-045). For detection of the loading control vesicular stomatitis virus matrix protein (VSV-M) a

primary antibody reactive against VSV-M was used (anti-VSV-M [23H12] antibody; dilution: 1:1000 in PBS/5% skim milk; Kerafast, Cat:

EB0011) in combination with a horseradish peroxidase-coupled anti-mouse secondary antibody (dilution: 1:2000 in PBS/5% skim milk; Dia-

nova, Cat: 115-035-003). Quantification of protein bands was performed using the ImageJ software (version 1.54days).
Analysis of S protein cell surface expression and ACE2 binding efficiency

At 24 h post seeding, 293T cells were transfected with expression plasmids for the SARS-CoV-2 S protein or empty vector (control). The next

day, cells were washed with PBS and further incubated with fresh culture medium at 37�C and 5% CO2. At 48 h post transfection, the culture

medium was aspirated and cells were washed once with PBS, before they were resuspended in PBS-B (PBS containing 1% bovine serum al-

bumin [BSA; Carl Roth]) and pelleted by centrifugation (600 3 g, 5 min, room temperature). After removal of the supernatant, the cell pellet

was resuspended in 500 mL PBS-B and each sample was split into two tubes. Following pelleting of the cells (600 3 g, 5 min, room temper-

ature) and removal of the supernatant, one of the two tubes for each sample was used for the detection of S protein cell surface expression,

while the other tube was used for ACE2 binding studies. (i) Analysis of S protein cell surface expression: Cell pellets were resuspended in

250 mL PBS-B containing anti-SARS-CoV-2 S2 subunit antibody (mouse, 1:100; GTX632604, Biozol) and incubated for 1 h at 4�C using a Ro-

tospin test tube rotator disk (IKA). Next, cells were pelleted (600 3 g, 5 min, room temperature), washed once with PBS-B, resuspended in

250 mL PBS-B containing Alexa Fluor-488-conjugated anti-mouse antibody (1:200; Thermo Fisher Scientific, A-10667) and incubated for 1 h

at 4�C using a Rotospin test tube rotator disk. Afterward, cells were pelleted (600 3 g, 5 min, room temperature), washed twice with

PBS-B, resuspended in 250 mL 1% paraformaldehyde solution for fixation (30min, room temperature). Thereafter, cells were pelleted, washed

with PBS-B, pelleted again and resuspended in 100 mL PBS-B, before S protein cell surface expression was analyzed using an ID7000 Spectral

Cell Analyzer along with the ID7000 software (Sony Biotechnology, San Jose, CA, USA). (ii) Analysis of ACE2 binding: Cell pellets were resus-

pended in 250 mL PBS-B containing solACE2-Fc (soluble human ACE2 ectodomain fused to the Fc portion of human immunoglobulin G [IgG];

203 concentrated supernatant of 293T cells transfected with pCG1-sol-ACE2-Fc; 1:20) and incubated for 1 h at 4�C using a Rotospin test tube

rotator disk. Next, cells were pelleted (6003 g, 5 min, room temperature), washed once with PBS-B, resuspended in 250 mL PBS-B containing

Alexa Fluor-488-conjugated anti-human antibody (1:200; Thermo Fisher Scientific, A-11013) and incubated for 1 h at 4�C using a Rotospin test

tube rotator disk. Afterward, cells were pelleted (600 3 g, 5 min, room temperature), washed twice with PBS-B, resuspended in 250 mL 1%

paraformaldehyde solution for fixation (30 min, room temperature). Thereafter, cells were pelleted, washed with PBS-B, pelleted again

and resuspended in 100 mL PBS-B, before ACE2 binding was analyzed using an ID7000 Spectral Cell Analyzer along with the ID7000 software

(Sony Biotechnology, San Jose, CA, USA). In order to adjust ACE2 binding efficiency for differences in surface expression between the

different S proteins, S protein cell surface expression was first normalized against the S protein of the SARS-CoV-2 B.1 lineage (set as 1)

and the resulting quotient was used to correct the respective ACE2 binding data.
Neutralization assay

Neutralization assays were conducted in accordance with a previously published protocol.26 First, S protein-bearing pseudovirus particles

were incubated with different dilutions of blood plasma (dilution range: 1:25 or 1:6,400) for 30 min at 37�C and subsequently inoculated

onto confluent Vero cell monolayers. At 16–18 h post inoculation, neutralization efficiency was assessed by determining the relative inhibition

of pseudovirus entry in the presence of plasma compared to pseudovirus entry in the absence of plasma (reference, 0% inhibition). Next, a

non-linear regression model was used to calculate the plasma dilution leading to half-maximal inhibition (neutralizing titer 50, NT50) for each

plasma/pseudovirus combination. OnlyNT50 value of 6.25 (25%of lowest plasma dilution tested) or higher were considered positive. Further-

more, relative changes in neutralization (relative to B.1pp) were determined. For this, individual fold reduction values for each plasma sample

were calculated, and the median value was determined.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed withMicrosoft Excel (part of Microsoft Office Professional Plus, version 2016, Microsoft Corporation) andGraphPad Prism

version 8.3.0 (GraphPad Software). Statistical significance was analyzed by two-way analysis of variance with Tukey’s multiple comparison test
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(cell entry, ACE2 binding) or Friedmann test with Dunn’s multiple comparison test (plasma neutralization). Statistical significance was consid-

ered for adjusted p values of 0.05 or lower (ns [not significant], p > 0.05; *, p % 0.05; **, p % 0.01; ***, p % 0.001).
ADDITIONAL RESOURCES

Plasma samples were collected as part of the COVID-19 Contact (CoCo) Study (German Clinical Trial Registry, DRKS00021152), which is a

prospective observational study monitoring anti-SARS-CoV-2 IgG and immune responses in health care professionals at Hannover Medical

School and individuals with potential contact to SARS-CoV-2 (https://drks.de/search/en/trial/DRKS00021152). The CoCo Study and the

analysis performed for this study were approved by the Internal Review Board of Hannover Medical School (institutional review board

no. 8973_BO-K_2020, last amendment Sep 2023).
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