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Abstract

Background The continuous emergence of SARS-CoV-2 variants and subvariants poses significant public health
challenges. The latest designated subvariant JN.1, with all its descendants, shows more than 30 mutations in the spike
gene. JN.1 has raised concerns due to its genomic diversity and its potential to enhance transmissibility and immune
evasion. This study aims to analyse the molecular characteristics of JN.1-related lineages (JN.1*) identified in Italy

from October 2023 to April 2024 and to evaluate the neutralization activity against JN.1 of a subsample of sera

from individuals vaccinated with XBB.1.5 mRNA.

Methods The genomic diversity of the spike gene of 794 JN.1* strain was evaluated and phylogenetic analysis

was conducted to compare the distance to XBB.1.5. Moreover, serum neutralization assays were performed on a sub-
sample of 19 healthcare workers (HCWs) vaccinated with the monovalent XBB.1.5 mRNA booster to assess neutraliz-
ing capacity against JN.1.

Results Sequence analysis displayed high spike variability between JN.1* and phylogenetic investigation confirmed
a substantial differentiation between JN.1* and XBB.1.5 spike regions with 29 shared mutations, of which 17 were
located within the RBD region. Pre-booster neutralization activity against JN.1 was observed in 42% of HCWs sera,
increasing significantly post-booster, with all HCWs showing neutralization capacity three months after vaccination.
A significant correlation was found between anti-trimeric Spike IgG levels and neutralizing titers against JN.1.

Conclusions The study highlights the variability of JN.1* in Italy. Results on a subsample of sera from HCWs vacci-
nated with XBB.1.5 mRNA booster vaccine suggested enhanced neutralization activity against JN.1.
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Background

The rapid evolution of SARS-CoV-2 has led to the emer-
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and potential immune escape, pose significant chal-
lenges to public health efforts and vaccine efficacy [3, 4].
One of the latest Omicron subvariant identified in 2023
was JN.1, which has emerged as a variant of interest due
to its phylogenetic distance from previously dominant
strains, such as the XBB.1.5 recombinant [5-7]. In fact,
JN.1, firstly identified in August 2023, contains more than
30 mutations in the spike (S) protein coding gene [5].
For this reason, increased transmissibility and immune
escape was hypothesized [5].

Hereby, the Italian JN.1* sequences identified from
October 2023 to April 2024 were analysed, to evaluate
the variability of this strain. Moreover, a subsample of
sera collected from healthcare workers (HCW) boosted
with the monovalent Omicron XBB.1.5-containing
COVID-19 mRNA vaccines, was used to evaluate the
serum neutralization capacity against JN.1.

Methods

Molecular analysis

Sequence collection

In Italy, the National Institute of Health (Istituto Superi-
ore di Sanita, ISS), in collaboration with the Ministry of
Health (MoH) coordinates the genomic surveillance of
SARS-CoV-2 and its variants. The network of collabo-
rating laboratories includes more than 70 laboratories
distributed throughout the country. Whole Genome
Sequencing (WGS) data are routinely shared nation-
ally and internationally through the “Italian COVID-
19 Genomic” (I-Co-Gen platform, hosted at ISS)
and “Global Initiative on Sharing All Influenza Data”
(GISAID)databases (https://gisaid.org/), respectively. The
sequences uploaded to the national collaborative reposi-
tory I-Co-Gen are automatically analysed and verified
for completeness and timeliness after a quality review,
ensuring a continuous flow of information for the early
identification of new variants and/or mutations and for
estimating their prevalence.

To the purpose of this study, 1,832 sequences belonging
to JN.1-related lineages (JN.1*), obtained from October
2023 to April 2024, were downloaded from GISAID (last
access 16/05/2024). The ID numbers of each sequence is
listed in supplementary Table 4.

In addition, the JN.1 spike mutations were compared
with those found among 1,835 Italian sequences belong-
ing to XBB.1.5 and deposited in GISAID. Lineages were
assigned using nextclade lineage V.3.2.1, as in the I-Co-
Gen platform (last access16/05/2024).

Sequences cleaning

All JN.1* and XBB.1.5 genomes were aligned separately
to the reference "Wuhan-Hu-1' (NC_045512.2) using
MAFFT V.7.520 [8]. A python homemade program was
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developed to cut the spike gene without considering spo-
radic insertion and exclude the sequences with a spike
coverage <90%. After cleaning, 794 and 1,568 genomes
were obtained for JN.1* and XBB.1.5, respectively. The
two groups of spike sequences were aligned separately
and together using MACSE V.2.07[9]. The results were
manually curated using BioEdit V.7.7.1 (https://thalljisci
ence.github.io/) to exclude alignment artefacts. To real-
ise the phylogenetic tree sequences were clustered with
100% identity using CD-HIT v. 4.8.1 [10].

Phylogenetic tree

Maximum likelihood phylogenetic tree was obtained
by running IQTREE V. 1.6.9 [11] on the overall multi-
sequence alignment of Spike region of JN.1* and XBB.1.5,
including the reference "Wuhan-Hu-1" (NC_045512.2),
with 1000 bootstrap replications. The tree was rooted
versus the "Wuhan-Hu-1’" reference and the best substitu-
tion models was defined by ModelFinder (TIM +F +R4)
included in IQTREE. The tree visualization was curated
and visualised with FigTree V.1.4.4.

Sequence variability

The spike nucleotide and amino acid substitutions were
identified using a homemade program. Signature muta-
tions, present in the JN.1* and XBB.1.5 lineages, were
identified using the Outbreak.info project (https://outbr
eak.info/) with a minimum threshold fixed at 75%. The
Heatmap was constructed with the python mathplotlib
library considering only the identified minor variants
and excluding the JN.1* spike mutations identified as sin-
gleton. The python code was assisted by the Gemini 1.5
Flash by Google Al and OpenAlI (2024), ChatGPT (Ver-
sion GPT-4). The evolutionary divergence analysis within
and between two sequences groups (XBB.1.5 and JN.1%)
was conducted using the Maximum Composite Likeli-
hood model included in MEGA11 [12] using default
options.

Serological analysis

Study design and population

To the purpose of this study, samples from a subgroup
of healthcare workers (HCW) enrolled in a larger mul-
ticentre longitudinal cohort study designed to monitor
immune responses in individuals vaccinated with the
monovalent Omicron XBB.1.5-containing COVID-19
mRNA vaccine were used. Specifically, serum samples
were collected from 19 HCW enrolled at the Policlinico
Riuniti University Hospital (Foggia, Italy) at the time of
their vaccination with the Comirnaty Omicron XBB.1.5
vaccine (Pfizer-BioNTech) (T0) and 3 months after vac-
cine administration (T1). At the time of enrollment,
demographic data were collected from each participant,
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along with information regarding previous SARS-CoV-2
infections and COVID-19 vaccinations.

Serum preparation and storage

Blood samples (5 ml) were collected in Serum Separa-
tor Tubes (BD Diagnostic Systems, Franklin Lakes, NJ,
USA) and centrifuged at room temperature at 1600 rpm
for 10 min. Two serum aliquots were transferred to 2 ml
polypropylene, screw cap cryo tubes (Nunc', Ther-
mofisher Scientific, Waltham, MA USA), immediately
frozen at —20 °C and thereafter stored at —80°C. Frozen
sera were shipped to the Department of Infectious Dis-
eases at Istituto Superiore di Sanita (DMI, ISS), in dry
ice following biosafety shipment condition. Upon arrival
serum samples were immediately stored at —80°C.

SARS-CoV-2 1gG immunoassays

Sera were evaluated using the DiaSorin Liaison SARS-
CoV-2 trimeric Spike IgG assay on the LIAISON® XL
chemiluminescence analyzer (DiaSorin, Saluggia, VC,
Italy). The assay range is up to 2080 Binding Antibody
Units (BAU/mL). According to manufacturer’s instruc-
tions, values>33.8 BAU/mL were interpreted as posi-
tive. If the results were above the assay range, samples
were automatically diluted 1/20 and testing was repeated.
Anti-Nucleocapsid IgG were measured by Anti-SARS-
CoV-2 NCP ELISA assay (Euroimmun, Libeck, Ger-
many), which uses a modified nucleocapsid protein that
only contains diagnostically relevant epitopes.

SARS-CoV-2 neutralizing antibody assay

SARS-CoV-2 strain JN.1 (BA.2.86.1.1) lineage (EPI_
ISL_18624895) was incubated with two-fold serial dilu-
tions of serum samples starting at 1:8 dilution in D-MEM
culture medium (Sigma Aldrich, Merck Life Science,
Milan, Italy) supplemented with 1X penicillin/streptomy-
cin (Corning, Glendale, AZ, USA) and 2% foetal bovine
serum (Corning) in 96-well plates. Virus (100 TCID50)
and serum mixture was incubated at 37 °C for 1 h. After
this incubation 10,000 cells (Vero/TMPRSS2-ACE2)
per well were added and incubated at 37 °C for 5 days.
The neutralization titer was calculated and expressed as
microneutralization titer 50 (MNT50), i.e., the serum
dilution capable of reducing the cytopathic effect to 50%.

Results
In order to assess the variability of JN.1 and its sub-line-
ages (JN.1*) identified in Italy, 794 sequences were used
for analysis, based on the complete coverage of the spike
gene.

The lineage composition of the cleaned dataset and the
trend of the total Italian SARS-CoV-2 vs JN.1* sequences,
as present in GISAID, are shown in Fig. 1.
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A total of 176 lineages were identified; among them, the
parental lineage (JN.1) was detected until week 13-2024
with a median percentage of 52.3% (range 25%—100%).
The number of JN.1* sequences, as well as lineage diver-
sity, increased rapidly from week 45-2023 on. During the
observation period, JN.1* did not represent the entirety
of sequenced genomes. The fluctuations in the number
of sequences loaded and analysed were similar to those
downloaded from the GISAID dataset. Similarly, the
cumulative number of SNPs identified within the spike
gene varied over time, with the largest number of muta-
tions identified in the receptor-binding domain (RBD—
20,089 mutations vs 16,866 and 12,119 of N-terminal and
C-terminal regions respectively. Figure 2A). Missense
substitutions were the most common mutation type
encountered (81.3%), followed by synonymous mutations
(9.6%), insertions and deletions (1.2% and 7.9%, respec-
tively). The complete list of mutations, excluded those
considered singleton, is available in Table S1.

The spike amino acid substitutions identified in the
Italian dataset were compared to those reported in Out-
break.info to verify the presence of unique sites. A closer
analysis of the non-synonymous substitutions revealed
that none of the 48 unique mutations was predominant,
with a weekly frequency not exceeding 17.9% (K147N,
Fig. 2B). Furthermore, only one spike mutation (T572I),
located within the C-terminal domain, was persistent
throughout the entire period of analysis, although with a
low percentage (range: 0%—9.1%).

The similarity between JN.1* and XBB.1.5 spike
sequences was analyzed. The identified XBB.1.5 muta-
tions are reported in supplementary Table 2.

The global predominant mutations of JN.1* and
XBB.1.5 were compared and 29 mutations were found to
be shared; of these, most were identified within the RBD
domain (17/29), similarly to what was observed between
the JN.1* and XBB.1.5 Italian sequences (supplementary
Table 3).

The average pairwise distance between the sequences
within the Italian JN.1* group and the Italian XBB.1.5
group was estimated to be 8.8x10™* and 6.2x107%
respectively while the distance between the two groups
was equal to 1.1x 1072 These values were congruent with
the hierarchy shown in the phylogenetic tree (Fig. 3).

In order to investigate the ability of individuals vac-
cinated with XBB.1.5 to neutralize the newly spread-
ing JN.1 variant, serum samples were collected from 19
healthcare workers (HCW) at the time of the monovalent
XBB.1.5 mRNA vaccine booster and three months later.

Detailed demographic data of study participants are
summarized in Table 1.

All participants had previously received the two-dose
primary COVID-19 vaccine cycle and the first mRNA
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Fig. 1 The lineage composition of the cleaned dataset and the trend of the total Italian SARS-CoV-2 vs JN.1* sequences, as present in GISAID. The
lower part of the graph shows the JN.1* lineage assigned to the dataset of Italian sequences with spike coverage >90%. The upper part of the graph
includes the total number of JN.1* (blue) and SARS-CoV-2 (orange) sequences uploaded from Italy between October 2023 to April 2024

booster, 12 (63%) had received 5 vaccine doses, includ-
ing a second booster dose with the bivalent Comirnaty
Original/Omicron BA.4/5 mRNA vaccine (Pfizer-BioN-
Tech), and 7 (37%) had received 4 vaccine doses, since
they skipped the bivalent mRNA booster. Additionally,
63% had at least one documented SARS-CoV-2 infection
(Table 1). To avoid the influence of immunity induced by
recent exposure to SARS-CoV-2, only individuals who
tested negative for anti-Nucleocapsid (N) IgG antibod-
ies at the time of vaccination (T0) were included in the
study.

As shown in Fig. 4A, 42% of HCW’s sera (n=8) exhib-
ited neutralizing activity against the JN.1 variant prior
to receiving the booster (T0); the median MNT50 value
was 6 [IQR: 1-10]. Three months post-vaccination, the
neutralizing ability increased significantly, with all 19
sera examined able to neutralize the JN.1 strain (median
MNT50, 32 [IQR: 20-72]).

Analyzing MNT data based on previous vaccination
history, we found that 50% of HCW, who had received
five doses of SARS-CoV-2 vaccine, including the bivalent

Comirnaty Original/Omicron BA.4/5 mRNA vaccine as
the second booster and the Comirnaty Omicron XBB.1.5
mRNA vaccine as the third booster, were able to neu-
tralize JN.1 at TO. In contrast, only 28.6% (2 out of 7)
of HCW who received XBB.1.5 vaccine as a fourth vac-
cine dose were able to neutralize JN.1 at TO (Fig. 4B). To
determine whether any HCWs had become infected with
SARS-CoV-2 between the two time points, we tested
T1 sera for anti-N IgG. Positive anti-N IgG titres were
found in four individuals (Fig. 4A, grey dots). As shown
in Fig. 4A, this did not translate in significant variations
in the neutralizing ability of JN.1.

We investigated the correlation between Spike-specific
IgG in serum and MNT against JN.1 using a standardized
CLIA assay measuring IgG towards the original Spike
protein (Wuhan) in its native trimeric form. A statisti-
cally significant correlation was found between trimeric
anti-S IgG levels and MNT at TO (data not shown) and
at T1 (Fig. 4C). This suggests that higher anti-S IgG titres
correspond to broader immunity and confer greater neu-
tralizing ability.
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Fig. 2 Spike gene mutations distribution over time. The mutations are represented by sampling week. A The grey area shows the total number
of mutations found in the sequences in each week. The three bars indicate the mutation found in the N-Terminal (blue bar), RBD (green bar)
and C-Terminal (orange bar) regions, respectively. B Heatmap of non-synonymous substitutions of unique sites among Italian JN.1*

Discussion

This study presents a comprehensive analysis of the spike
gene of the JN.1 lineage and its sub-lineages, identified
in Italy from October 2023 to April 2024, the period in
which JN.1 spread across the country. The parental JN.1
lineage persisted throughout the observation period with
an increase in JN.1* sequences from week 45-2023.

In addition, the presence of other co-circulating vari-
ants underlined the virus variability. This is consist-
ent with global trends in the evolution of SARS-CoV-2,
which has improved fitness and selective adaptation [13].

To assess the molecular variability of JN.1°, single
nucleotide polymorphisms (SNPs) within the spike gene
were investigated. The analysis showed a temporal vari-
ation in the mutation counts, with missense mutations
predominating (81.3%), followed by synonymous (9.6%)
and indels (1.2% and 7.9%, insertion and deletion, respec-
tively) mutations. Farkas et al. [14] have argued that the
predominant number of missense mutations compared
to synonymous and indels mutations may reflect a higher
viral fitness.

Signature mutations with a frequency >20% were iden-
tified in the spike gene. Among the minority mutations
in our dataset, only the amino acid substitution T572I
showed a certain persistence, despite its low frequency
(weekly range: 0%—9.1%). This suggests a potentially

important function, as already described by Li et al. [15].
The T572I substitution increased the binding affinity to
ACE2 receptors of various strains, potentially increasing
host-susceptibility to infection [15].

Among the 69 signature spike mutations in JN.1, 29
were also identified in XBB.1.5.

The highest number of mutations was observed in
the RBD region of the overall JN.1* Italian sequences
(20,089 mutations vs 16,866 and 12,119 in N- and
C-terminal regions, respectively), corroborating the
key role of this region in the interaction with the host
ACE2 receptor and in virus evolution. Therefore, to
assess the evolutionary relationship between the JN.1*
and XBB.1.5 lineages, a maximum likelihood phy-
logenetic analysis was performed by comparing the
sequences of the Italian spike gene. The resulting phy-
logenetic tree, built on the spike gene, suggests a clear
separation between the two lineages, (https://www.
who.int/docs/default-source/coronaviruse/21112
023_ba.2.86_ire.pdf?sfvrsn=8876defl_3), as also sup-
ported, in this study by a significant bootstrap (boot-
strap > 90%). This result is consistent with the pairwise
distances observed within the JN.1 and XBB.1.5 groups
(8.8%10™* and 6.2x107% respectively), which are less
than the intergroup distance (1.1x1072). This shows
substantial genetic differentiation between the two
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lineages and suggests distinct evolutionary trajectories,
in agreement with the phylogenetic results.

However, the RBD of JN.1* and that of XBB.1.5
showed a high number of shared mutations (17/29),
although this region is substantially shorter than the
other two (N- and C-terminal), highlighting the crucial
role of this domain for ACE2 binding [6].

Fig. 3 JN.1* and XBB.1.5 phylogenetic tree. Phylogenetic analysis of the spike gene of the Italian JN.1* (red) vs XBB.1.5 (blue) using a maximum
likelihood approach with 1,000 replications. Only the principal nodes with bootstrap >90% are indicated with green points

Evaluation of the neutralizing activity of the sera, prior
to the booster dose with the monovalent XBB.1.5 mRNA
vaccine, found that 42% of the HCWs had neutraliz-
ing activity against JN.1. This pre-booster neutralizing
capacity likely reflects residual immunity from previous
vaccinations and /or natural infections. In line with this
hypothesis, the data suggest that the HCWs who had



Giombini et al. BMC Infectious Diseases (2025) 25:291

Table 1 Demographic and immunization status (vaccine and/or
natural infection) of HCWs, Italy, 2023 (n=19)

Characteristics Total (range)
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received a fourth vaccine dose 12 months prior to enrol-
ment exhibited a higher neutralization activity against
JN.1 at baseline TO than those who had received only
three vaccine doses. The significant increase in neutral-
izing activity three months post-booster underlines the
efficacy of the XBB.1.5 mRNA vaccine in enhancing the
immune response against JN.1. This finding is in line
with previous studies indicating that booster doses can
increase neutralizing antibody titres, even against phylo-
genetically distant variants, providing a broader antibody
repertoire response [16—18].

The detection of positive anti-N IgG titres in four
individuals at T1 suggests that breakthrough infec-
tions occurred between the two time points. However,
there was no significant increase in neutralizing immu-
nity compared to those who were anti-N IgG negative.
The possibility of not seeing an increase in neutralising
effect could be related to a threshold effect. It may be
speculated that there is a limit or plateau in the immune
response, where further breakthrough infections do not
significantly enhance neutralizing antibodies. Several
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Fig.4 Serum neutralization results. A MN titers of sera of 19 HCWs at TO and T1. Sera are used to neutralize JN.1 of BA.2.86 strains. Individual MNT50
are reported together with median values. Non-neutralizing sera (MNT < 8) are placed below the dotted line; statistical differences between two
groups are calculated by the Kruskall-Wallis test (p < 0.05 are significant). Grey dots represent MNT50 values of sera from anti-N seroconverted
subjects. B MN titers of sera of 19 HCWs (same sera in panel A) plotted according to the number of vaccine doses received. Non-neutralizing sera
(MNT < 8) are placed below the dotted line. The median of values is represented by a continuous line. C Linear regression correlating the levels

of anti-trimeric spike IgG titers with serum neutralization activity against JN.1 (rand P value are shown)
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factors could contribute to this effect, such as immune
system saturation, vaccine-induced immunity, variant
specificity, and individual variability [19, 20].

A significant correlation was found between anti-trim-
eric S IgG levels and neutralizing titers against JN.1, both
at TO and T1. This indicates that higher levels of spike-
specific IgG, directed towards the spike protein in its
native trimeric form, are predictive of stronger neutral-
izing responses against SARS-CoV-2 variants. The corre-
lation of spike-specific IgG levels with neutralizing titers
might suggest their use as potential markers of immune
response. These results are consistent with other studies
that have shown higher anti-S IgG titres correlate with
higher neutralizing capacity and broader immunity [21,
22].

However, the sample size of the sera was relatively
small and the study population was limited to healthcare
workers, considered to be at high risk of exposure. More-
over, the observed immune responses could be influ-
enced by various factors, such as the timing and nature
of prior infections and vaccinations. The lack of detailed
information regarding the exact antigenic history repre-
sents a limitation to the evaluation of the results. Further-
more, the results focused only on neutralizing antibody
responses, which are one of the components of the entire
immune response. T-cell responses and other aspects
of the immune system also play a key role in protection
against SARS-CoV-2 virus and its variants [23].

Conclusions

In conclusion, this study provides a detailed molecular
analysis of the gene encoding the spike protein and, in
particular, of the RBD region of JN.1 lineage and its sub-
lineages (JN.1*) circulating in Italy from October 2023 to
April 2024.

Moreover, the spike gene of XBB.1.5 is very different
from that of JN.1, as demonstrated by the phylogenetic
tree and pairwise diversity and confirmed also by the
presence of 17 out of 29 mutations shared by the two
strains in the RBD region.

The RBD of the SARS-CoV-2 spike glycoprotein medi-
ates viral attachment to the ACE2 receptor and is a major
determinant of host range and a dominant target of neu-
tralizing antibodies. Therefore, the neutralising ability
of sera after booster vaccination with the monovalent
XBB1.5 mRNA vaccine was investigated. Overall, the
results obtained show that the XBB.1.5 mRNA booster
vaccine significantly improves the neutralizing activ-
ity against the JN.1 variant, suggesting that, despite the
differences between the two viral strains, a conserved
antigenic epitope may be present on the RBD and that it
remains unchanged.
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The correlation between anti-Spike IgG levels and
neutralizing capacity underlines the potential of these
antibodies as markers of the immunity response after
vaccination and/or previous viral infection.

These findings highlight the importance of monitoring
viral mutations of SARS-CoV-2 variants and performing
in vitro experiments to assess the neutralization capacity
of immunized sera, as well as to conduct further research
to explore the role of other immune components against
SARS-CoV-2 virus.
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