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Abstract 

Emerging SARS-CoV-2 variants require rapid assessments of pathogenicity and evasion of 

existing immunity to inform policy. A crucial component of these assessments is accurate 

estimation of serum neutralising antibody titres using cultured live virus isolates. Here, we 

report our updated culture methods for Omicron sub-variant JN.1 using Caco-2 cells and the 

subsequent evaluation of neutralising antibody titres (nAbTs) in recipients of BNT162b2-

XBB.1.5 monovalent and the Ancestral/BA.5 containing bivalent vaccines. We compared 

culture of JN.1 in either Vero V1 cells or Caco-2 cells, finding culture in Vero V1 either 

resulted in low-titre stocks or induced crucial mutations at the Spike furin cleavage site. 

Using the sequence-clean culture stocks generated in Caco-2 cells, we assessed serum 

samples from 71 healthy adults eligible for a COVID-19 vaccination given as a 5th dose 

booster: all participants had detectable nAbs against JN.1 prior to vaccination, with 

baseline/pre-existing nAbTs between both vaccine groups comparable (p = 0.240). However, 

nAbTs against JN.1 post-vaccination were 2.6-fold higher for recipients of the monovalent 

XBB1.5 vaccine than the BA.4/5 bivalent vaccine (p<0.001). Regular re-appraisal of 

methods involved in the evaluation of new variants is required to ensure robust data are 

used to underpin crucial severity assessments as variants arise and vaccine strain selection 

decisions. 

 

Main text 

Since the emergence of omicron BA.1 in 2021, SARS-CoV-2 omicron lineage sub-variants 

continue to dominate the global COVID-19 landscape. Emerging mutations in the Spike 

protein confer enhanced replication and transmissibility of these sub-variants in the face of 

increasing population ‘hybrid’ immunity1. In response, COVID-19 mRNA vaccines have been 

updated three times, but the response to new variants, including vaccine strain selection 

decisions and manufacturing capabilities mean updated vaccines are delivered at least 6-12 

months behind each variant emergence2. Further, a lack of prospective modelling to 

determine pre-existing population immunity/correlates of protection means that estimates of 

severe COVID risk in both clinically vulnerable and the wider population requires rapid in 

vitro characterisation of new variants by neutralisation of sera. Such data remains essential 

to evaluate immune escape, relative boosting efficacy of updated vaccines and inform strain-

selection decisions.  

The Crick’s COVID Surveillance Unit (CSU) hosts a state-of-the-art high throughput live-

virus microneutralisation assay developed in 2020, enabling rapid, accurate characterisation 
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of thousands of serum samples against multiple live variants in near real-time. We have 

provided data to help calibrate WHO standards for neutralisation3,4, derived correlates of 

protection for alpha and delta variants5,6 and generated data on vaccine-induced 

neutralisation for healthy adults and immunocompromised individuals - including patients 

with cancer and kidney failure - that have informed policy7-16. Our assay uses live viruses 

isolated from research participants with COVID-19 infection through the UCLH-Crick Legacy 

study (NCT04750356) in the United Kingdom, and from collaborators through our 

participation in wider networks including the Genotype-to-Phenotype 2 UK consortium. Virus 

stocks undergo stringent quality control (QC) checks to ensure that they are free of culture-

induced mutations and are of sufficient titres for the microneutralisation assay (Fig 1A).   

Omicron BA.2.86, and its daughter variant JN.1 caused a substantial global wave of COVID-

19 across late 2023/early 2024. We recently reported on the divergent neutralisation 

response in healthy adults to two different COVID-19 mRNA vaccines, given as a 5th dose in 

the UK’s autumn 2023 booster campaign7. Following isolation of JN.1, we prepared to 

extend our original comparison between the two different vaccines using this new variant. 

However, a JN.1 virus stock passing QC required a significant adaptation to our existing 

culture protocols. Here, we report our updated culture methods for JN.1 using Caco-2 cells 

and the subsequent evaluation of neutralising antibody titres (nAbTs) in recipients of 

BNT162b2-XBB.1.5 monovalent and the Ancestral/BA.5 containing bivalent vaccines. 

Viral culture for the Crick’s microneutralisation assay has previously been undertaken in 

Vero V1 cells17,18, which express the parainfluenza virus 5 (PIV5) V protein19. We previously 

found that viruses cultured in these Vero V1 cells were less likely to acquire cell culture 

adaptive mutations as compared to “conventional” Vero cell lines, in which we and others20-24 

have found that SARS-CoV-2 was more prone to accumulating mutations at the furin 

cleavage site (FCS) in the Spike protein. (Fig 1B). However, we found that JN.1 isolates 

were highly unstable, even in Vero V1 cells: JN.1 sequence-clean stocks tend to have very 

low or unusable titres relative to those with FCS mutations (Fig 1B and C) suggesting 

selective pressure in Vero V1 cells for the accumulation of these mutations. 

To obtain a clean stock of JN.1 for microneutralisation assays, we tried passaging virus 

stocks in Caco-2 cells and were able to obtain high viral titres with clean sequences (Fig 

1C). We tested a reference panel of 214 serum samples from Legacy participants spanning 

vaccine doses 1-4 against three recent variants (XBB.1.5, XBB.1.6, and JN.1), each with 

stocks grown in both Vero V1 and Caco-2 cells — with JN.1 in Vero V1 cells having acquired 

a FCS mutation (S:R685H). There is no significant difference in nAbTs between virus stocks 

passaged in Vero V1 cells and Caco-2 cells, nor with and without FCS mutations, for any of 
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the intra-variant comparisons (Fig 1D, p > 0.07). Whereas, nAbTs for comparisons between 

different variants are significantly different as expected (Fig 1D, p<0.0023). 

We then analysed 140 serum samples from 71 Legacy participants who received a 5th dose 

of the SARS-CoV-2 vaccine (Table 1). We found that when stratified by the type of vaccine 

administered, the older bivalent ancestral/BA.5 vaccine does not provide as large of a boost 

in nAbTs against JN.1 as the newer monovalent XBB.1.5 vaccine (Fig 2A). We previously 

found that there was no difference in the nAbT boosting effect of either vaccine against 

either Ancestral virus or BA.2.86, despite divergent responses towards other variants7. Most 

participants had detectable nAbs against JN.1 prior to vaccination, with baseline/pre-existing 

nAbTs between both vaccine groups comparable (Fig 2B, p = 0.240). However, nAbTs 

against JN.1 post-vaccination were 2.6-fold higher for the monovalent XBB1.5 vaccine than 

the BA.4/5 bivalent vaccine (Fig 2B, p < 0.001). This is surprising based on our previous 

findings against BA.2.86, since JN.1 has just 1 additional mutation relative to the BA.2.86 

Spike (S:L455S) (Fig 2, and 7).  

To verify that our JN.1 result is not an artifact from a cell line-specific adaptation, we 

repeated using sequence-clean JN.1 stocks grown in both Vero V1 (with low titres) and 

Caco-2 cells (Fig 3). While the observed range of nAbTs against JN.1 grown in Vero V1 cells 

is slightly compressed relative to JN.1 grown in Caco-2 cells (Fig S1A), the correlation is 

high (Fig S1B, C, and D), and differential boost by the monovalent and bivalent vaccines 

holds true (Fig 3A and B, FC between 2.6 and 3.2, p < 0.001). The low viral titre of the Vero 

V1 JN.1 stock meant a larger proportion of the harvested supernatant was used during 

infection, and potentially cell debris or incomplete viral particles not removed during 

clarification may be more enriched which could lead to the observed effects on nAbTs. 

Our results highlight important considerations for the study of live SARS-CoV-2 virus. First, 

while we observe no difference in nAbTs between JN.1 stocks with and without FCS 

mutations, an intact FCS is critical for SARS-CoV-2 pathogenesis22. Therefore, detailed 

sequence verification of stocks (including examination of minor allele frequencies) will be 

especially critical for in vivo assessment of JN.1 pathogenicity in animal models. Second, 

culturing techniques need to be adapted to emerging variants specifically to avoid the use of 

low titre stocks, which may affect readouts even if the virus is sequence-validated. 

Importantly, regular re-appraisal of methods involved in the evaluation of new variants is 

required to ensure robust data are used to underpin crucial severity assessments as variants 

arise and vaccine strain selection decisions. 
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Main Table 

Table 1. Description of cohort characteristics grouped by fifth dose vaccine type and those 

sampled pre- and post-vaccination. 

  BNT162b2+BA4/5 BNT162b2-XBB.1.5 

Characteristic Paired, N = 
361 

Pre/Post only, N = 
141 

Paired, N = 
171 

Pre/Post only, N = 
41 

Sampling relative to dose 
5 

        

    Pre 36 (100%) 2 (14%) 17 (100%) 1 (25%) 

    Post 36 (100%) 12 (86%) 17 (100%) 3 (75%) 

Sex         

    Female 24 (67%) 12 (86%) 11 (65%) 3 (75%) 

    Male 12 (33%) 2 (14%) 6 (35%) 1 (25%) 

Median age (years) [IQR] 55 [45-61] 51 [45-56] 55 [45-60] 48 [33-61] 

Site         

    CNWL2 8 (22%) 3 (21%) 2 (12%) 1 (25%) 

    Crick3 12 (33%) 2 (14%) 10 (59%) 2 (50%) 

    Ealing & NWP4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

    UCLH5 16 (44%) 9 (64%) 5 (29%) 1 (25%) 

anti-N IgG at latest visit         

    negative 3 (8.3%) 1 (7.1%) 0 (0%) 1 (25%) 

    positive 33 (92%) 13 (93%) 17 (100%) 3 (75%) 

N. episodes of infection 2.00 [1.00-
3.00] 

2.00 [1.25-2.00] 2.00 [1.00-
2.00] 

3.00 [2.50-3.00] 

Smoking status         

    Never Smoker 26 (72%) 11 (79%) 11 (65%) 4 (100%) 

    Ex-smoker 9 (25%) 3 (21%) 5 (29%) 0 (0%) 

    Current smoker 1 (2.8%) 0 (0%) 1 (5.9%) 0 (0%) 

Comorbidity (any) 21 (58%) 6 (43%) 11 (65%) 2 (50%) 

Type 1 Diabetes 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Type 2 Diabetes 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Cancer/Stroke/Heart 
problems 

4 (11%) 1 (7.1%) 2 (12%) 0 (0%) 

High blood pressure 7 (19%) 1 (7.1%) 4 (24%) 0 (0%) 

Asthma/COPD 7 (19%) 3 (21%) 0 (0%) 1 (25%) 
1n (%); Median [25%-75%]; 2Camden and Northwest London Healthcare trust (HCW); 3 Francis 
Crick Institute (predominately non-HCW); 4Ealing and Northwick Park hospitals (HCW); 5University 
College London Hospitals (HCW) 
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Methods 

Clinical cohort 

The UCLH-Crick Legacy study (NCT04750356) is a prospective observational cohort, 

established in January 2021 to investigate longitudinal immunity to SARS-CoV-2. Extensive 

descriptions of the cohort can be found in our prior reports7-10,14,15,25. In the UK, from 

September 2023, healthcare workers, adults over 65 years, and those with either 

immunocompromised or caring responsibilities were offered a dose of COVID-19 vaccine as 

a 5th dose booster. The majority of Legacy study participants eligible for this campaign 

received either a dose of bivalent COVID-19 vaccine containing mRNA encoding Ancestral 

and Omicron BA.4/5 Spikes (BNT162b2+BA4/5) or a monovalent COVID-19 vaccine 

containing mRNA encoding the XBB.1.5 Spike (BNT162b2-XBB.1.5) as a fifth dose. 

Participants were invited for paired pre- and post-vaccination visits approximately 1 week 

before and 3 weeks after the dose. If an individual was unable to attend pre-vaccination, 

their dose was not delayed. At each study visit, individuals performed a nasopharyngeal 

swab into virus transport medium (VTM; MWE Sigma-Virucult), gave details on any recent 

infection episodes, and had blood drawn for serum for live-virus microneutralisation assays 

and anti-N IgG detection. 

Legacy participants were included in this study if they received their fifth dose of COVID-19 

vaccine (BNT162b2+BA4/5 or BNT162b2-XBB.1.5) after August 1st 2023 and had a pre-

boost sample taken more than 2 weeks after a previous dose and/or a post-boost sample 

within 4 weeks of a fifth dose7. We also analysed a subset of participants who contributed 

paired pre- and post-vaccination serum samples7. 

Virus variants and culture 

All viral isolates were propagated in Vero V1 or Caco-2 cells. Briefly, 50-75% confluent 

monolayers of Vero V1 or Caco-2 cells were infected with the given SARS-CoV-2 variant at 

an MOI of approx. 0.001. Cells were washed once with PBS, then 5 ml virus inoculum made 

up in DMEM + 1% FCS was added to each T175 flask and incubated at room temperature 

for 1h. DMEM + 1% FCS was then added to each flask. Cells were incubated at 37° C, 5% 

CO2 for 3-4 days. To monitor viral growth during incubation, supernatant is sampled and 

RNA is extracted and purified (Qiagen Viral RNA mini kit) before quantification of viral 

genome number via RT-qPCR (TaqPath COVID-19 CE-IVD Kit, ThermoFisher). Final 

supernatant was harvested and clarified by centrifugation at 4000 rpm for 10 minutes in a 

benchtop centrifuge then aliquoted and frozen at -80°C. 
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Whole viral genomes were sequenced using a Nanopore MinION R10 flow cell following RT 

PCR expansion using the Midnight kit (EXP-MRT001) and barcoding using the Rapid 

Barcoding kit (SQK-RBK114.96) from purified RNA (Qiagen Viral RNA mini kit). For 

screening of Legacy participants infected with SARS-CoV-2 and further lineage designation, 

RNA was extracted and purified from nasopharyngeal swabs using the Qiagen Viral RNA 

mini kit following manufacturer’s instructions. RNA extracted from swabs underwent RT-

qPCR analysis (TaqPath COVID-19 CE-IVD Kit, ThermoFisher) to confirm SARS-CoV-2 

infection and assess the presence of S-gene target failure (SGTF). PCR positive samples 

were then sequenced prior to use for virus isolation. For quality control and lineage 

designation bioinformatic analysis was performed using the ARTIC workflow based on 

Nextclade and Pangolin v2023.06.10-1862208. 

Details of all isolates used in this study, with their Spike mutations are detailed in Methods 

Table 1 below. Omicron sub-variants isolated at the Francis Crick Institute were collected 

from Legacy participants reporting acute symptomatic infection, following previously 

described active surveillance protocols25. 

Strain Spike Protein Mutations Isolate Source 

Ancestral 

[hCoV19/England

/02/2020] 

(none) Public Health England 

Omicron BA.2.86 

[hCov/England/F

CI-200/2023 

T19I, R21T, L24S, P25-, P26-, A27-, S50L, 

H69-, V70-, V127F, G142D, Y144-, F157S, 

R158G, N211I, L212-, V213G, L216F, 

H245N, A264D, I332V, G339H, K356T, 

S371F, S373P, S375F, T376A, R403K, 

D405N, R408S, K417N, N440K, V445H, 

G446S, N450D, L452W, N460K, S477N, 

T478K, N481K, E484K, F486P, Q498R, 

N501Y, Y505H, E554K, A570V, 

D614G, P621S, H655Y, N679K, P681R, 

N764K, D796Y, S939F, Q954H, 

N969K, P1143L 

Francis Crick Institute 

JN.1 (grown in 

Vero V1 +FCS 

mutation) 

[hCov/England/F

CI-201/2023 

T19I, R21T, L24S, P25-, P26-, A27-, S50L, 

H69-, V70-, V127F, G142D, Y144-, F157S, 

R158G, N211I, L212-, V213G, L216F, 

H245N, A264D, I332V, G339H, K356T, 

S371F, S373P, S375F, T376A, R403K, 

D405N, R408S, K417N, N440K, V445H, 

Francis Crick Institute 
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G446S, N450D, L452W, L455S, N460K, 

S477N, T478K, N481K, DEL483/483, E484K, 

F486P, Q498R, N501Y, Y505H, E554K, 

A570V, D614G, P621S, H655Y, N679K, 

P681R, R685H, N764K, D796Y, S939F, 

Q954H, N969K, P1143L  

JN.1 (grown in 

Caco-2) 

[hCov/England/F

CI-202/2023  

T19I, R21T, L24S, P25-, P26-, A27-, S50L, 

H69-, V70-, V127F, G142D, Y144-, F157S, 

R158G, N211I, L212-, V213G, L216F, 

H245N, A264D, I332V, G339H, K356T, 

S371F, S373P, S375F, T376A, R403K, 

D405N, R408S, K417N, N440K, V445H, 

G446S, N450D, L452W, L455S, N460K, 

S477N, T478K, N481K, DEL483/483, E484K, 

F486P, Q498R, N501Y, Y505H, E554K, 

A570V, D614G, P621S, H655Y, N679K, 

P681R, N764K, D796Y, S939F, Q954H, 

N969K, P1143L  

Francis Crick Institute 

JN.1 (grown in 

Vero V1) 

[hCov/England/F

CI-203/2023 

T19I, R21T, L24S, P25-, P26-, A27-, S50L, 

H69-, V70-, V127F, G142D, Y144-, F157S, 

R158G, N211I, L212-, V213G, L216F, 

H245N, A264D, I332V, G339H, K356T, 

S371F, S373P, S375F, T376A, R403K, 

D405N, R408S, K417N, N440K, V445H, 

G446S, N450D, L452W, L455S, N460K, 

S477N, T478K, N481K, DEL483/483, E484K, 

F486P, Q498R, N501Y, Y505H, E554K, 

A570V, D614G, P621S, H655Y, N679K, 

P681R, N764K, D796Y, S939F, Q954H, 

N969K, P1143L  

Francis Crick Institute 

Methods Table 1. Summary of SARS-CoV-2 variants used, their Spike mutational profile and 

isolate source. 

 

High-throughput live-virus microneutralisation assay for serum samples 

High-throughput live-virus microneutralisation assays for serum samples were performed as 

previously described7,9,10,14,15,17,18. 
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Data analysis, statistics, and availability 

Data used in this study were collected and managed using REDCap electronic data capture 

tools hosted at University College London26,27. Data were imported to R from REDCap prior 

to analysis as previously described7-10,14,15. Data were manipulated, analysed and visualised 

using tidyverse R packages28 including dplyr and ggplot229,30. Summary descriptions of the 

cohort were generated using gtsummary31. Continuous data were reported as the median 

value and interquartile range (IQR) or the first and third quartiles (Q1; Q3). Statistical tests 

were conducted with the rstatix R package32. 

Analysis of neutralising antibody titres in serum was performed as previously described 

without alterations using unpaired two-tailed Wilcoxon signed-rank tests7-10,14,15,33. Fold 

changes (FC) were estimated between groups with a 95% confidence interval (CI) with the 

boot R package using 5000 bootstrap resamples34,35. 

Anonymised data (anonymised) and full R code to produce all figures and statistical analysis 

presented in this manuscript are freely available online on Github: 

https://github.com/DGreenwd/Crick-UCLH-Legacy-live-virus-microneutralization-for-SARS-

CoV-2-variant-JN.1  
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A B

DC

Figure 1: Furin cleavage site mutations in SARS-CoV-2 Spike are induced by culturing in VeroV1 cells and 
not in Caco-2 cells and do not affect neutralisation assay results. (A) Schematic of the steps involved in The 
Crick’s COVID Surveillence Unit (CSU) live virus isolation and culture for use in microneutralisation assays. (B) 
Proportion of virus stocks cultured in Vero V1 cells containing an FCS mutation (orange) is higher in JN.1 than 
BA.2.86. (C) JN.1 cultured in Caco2 cells reach high titres without acquiring FCS mutations (white) compared to 
culture in Vero V1 cells where high titres are only achieved in isolates acquiring FCS mutations (+ mutation orange, 
n=2, -mutation blue, n=3), y axis = Log10 of plaque forming units/ml (Pfu/ml). (D) nAbTs for a reference panel of 
214 serum samples were measured against 6 different virus stocks comprising 3 different variants grown in either 
Vero V1 or Caco-2 cells. JN.1 grown in Vero V1 cells acquired a mutation in the FCS. Neither cell line nor FCS 
mutations affected nAbTs for the same variant (P > 0.07 for all comparisons), whereas comparison of JN.1 to either 
XBB.1.5 or XBB.1.16 results in statistically different titres for the same samples (P < 0.0001) for both compari-
sons). XBB.1.5 and XBB.1.16 differ by 1 mutation in Spike and this is reflected in similar nAbTs (p = 0.0023). The 
XBB.1.5 stock grown in Vero V1 cells was used for 3 total biological repeats on different days to assess reproduci-
bility of the assay. P values shown calculated using two-tailed Wilcoxon tests.
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Figure 2: Recipients of BNT162b2-XBB.1.5 monovalent vaccine given as a 5th dose boosts 
serum neutralisation of JN.1 better than the Ancestral/BA.4/5 bivalent vaccine. (A) Distribution of 
live-virus nAbTs against SARS-CoV-2 Ancestral, BA.2.86, and JN.1 subvariants across the cohort are shown as 
the log2 of the IC50 for serum samples taken before or after a 5th dose vaccination with the bivalent BNT162b2 
ancestral+BA.4/5 (top row) or BNT162b2-XBB.1.5 monovalent vaccine (bottom row). (B) nAbTs stratified for 
pre-vaccination (top row) and post-vaccination (bottom row) comparing the vaccines. p values shown are from 
unpaired, two-tailed Wilcoxon tests, or McNemar’s χ2 tests if the median of one group was more or less than 
the quantitative range of the assay (40–2560). FC = fold-change increase of nAbTs with 95% CIs in brackets. 
IC50 = 50% inhibitory concentration.
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Figure 3: JN.1 cultured in Vero V1 and Caco-2 cells show the same differential boost of nAbTs 
by monovalent XBB.1.5 and bivalent Ancestral/BA.4/5 vaccines. (A) Distribution of live-virus 
microneutralisation titres against SARS-CoV-2 JN.1 cultured in Caco-2 cells in two separate experiments and 
Vero V1 cells are shown as the log2 of the IC50 for serum samples taken before or after a 5th dose of either 
the bivalent BNT162b2 ancestral+BA.4/5 (top row) or BNT162b2-XBB.1.5 monovalent vaccine (bottom row). 
(B) stratified by pre-vaccination (top row) and post-vaccination (bottom row) for comparisons between 
vaccines. p values shown are from unpaired, two-tailed Wilcoxon tests, or McNemar’s χ2 tests if the median 
of one group was more or less than the quantitative range of the assay (40–2560). FC = fold-change increase 
of nAbTs with 95% CIs in brackets. IC50 = 50% inhibitory concentration.
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