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Beyond its well-known role in orofacial recurrent infections, HSV-1 has garnered significant attention in neuroscience for
contrasting reasons. On one hand, it has been found to be involved in neurodegenerative processes; on the other, it may represent
a versatile platform for gene therapy of brain diseases, due to its large genome that enables the delivery of sizable or multiple
genes. These opposite features underscore the importance of understanding HSV-1 interactions with neural tissues in view of its
employment as a gene therapy platform. We recently developed a new generation of highly defective backbones that proved very
efficient and safe after direct injection in the brain parenchyma. Here we aimed at probing in depth the safety of viral batches that
lack obvious unwanted (specifically, fusogenic) activities during production and, therefore, may escape negative selection. We
employed whole-genome sequencing, electrophysiology, and viral engineering to compare different viral batches. We identified
mutations (in particular A to I at position 549 in the UL27 gene) that confer fusogenic capacity to the envelop glycoprotein gB,
inducing a hyperexcitable phenotype in transduced neurons. Such syncytial variants should be identified and avoided for any
application of HSV-1 vectors implicating their direct injection in the nervous system.

Gene Therapy; https://doi.org/10.1038/s41434-025-00566-1

INTRODUCTION
Herpes simplex virus type 1 (HSV-1) is a DNA virus with a neuronal
tropism and a high worldwide prevalence. HSV-1 can have both a
lytic (productive) and a latent (dormant) stage of infection in cells.
HSV-1 DNA can persist for life in a latent state in sensory (mostly
trigeminal) and central nervous system (CNS) neurons [1]. While
the most typical manifestation of HSV-1 infection occurs in the
face or mouth, where it results in small groups of blisters, HSV-1 is
also the leading cause of sporadic viral encephalitis in adults, often
presenting with acute, necrotizing inflammation of the temporal
lobes [2]. In addition, HSV-1 is a predominant cause of acute
retinal necrosis [3]. Its lifelong presence in the CNS may also be
associated with neurodegenerative diseases, like Alzheimer’s
disease [4–9]. HSV-1 infection may lead to impairment of synaptic
function and autophagic processes, as well as alterations in
intracellular calcium dynamics [10] and mitochondrial activity [11].
Moreover, syncytial strains of HSV-1 infecting rat sensory neuronal
cultures can cause fusion and electrical coupling between cells,
leading to uncontrolled spike frequency and synchronous,
spontaneous network activity [12].
Beyond its implications in disease, HSV-1 has garnered

significant attention in neuroscience as a potentially versatile
platform for the delivery of therapeutic genes [13]. Gene therapy
offers the possibility of specifically transferring therapeutic genes
into diseased cells even in a highly heterogeneous tissue like the

brain, and is therefore viewed as a promising alternative to
currently available treatments of neurological disorders [14]. In
this respect, the most developed approaches are based on viral
vectors, in particular those derived from adeno-associated virus
(AAV) or lentivirus (LV). Indeed, an AAV-based gene therapy is
already available clinically for the treatment of spinal muscular
dystrophy [15]. However, one important hurdle for the application
of AAV or LV gene therapies to other neurological diseases is their
limited cargo capacity. In many instances, an essential require-
ment for an effective therapeutic approach is the delivery of large
genes or complex multigene cassettes. Therefore, the develop-
ment of vectors able to accommodate large payloads is crucial
and, in this respect, HSV-1 represents an optimal option [16].
Multiple HSV-1-based vector types have been developed:

replication-competent, replication-defective, and amplicons [17].
All these platforms have been obtained by modifying the viral
genome, which consists of a linear molecule of double-stranded
DNA, about 152 kb long. While this extraordinarily large genome
offers the opportunity to transfer incomparably greater amounts
of DNA than AAV or LV (theoretically, up to 40-50 kb with
replication-defective, up to almost 150 kb with amplicon vectors),
genetic engineering and manufacturing of HSV-1 vectors remains
challenging [17, 18]. Thus, their use for neurological diseases is not
yet common. However, HSV-1-based vectors are already clinically
tested in other areas, e.g., a replication-defective HSV-1 vector,
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beremagene geperpavec, has been approved in the US for the
treatment of wounds [19], and replication-competent HSV-1
vectors proved successful for oncolytic therapies [20].
Considering the toxicity of wild-type HSV-1 infection in vivo in

the CNS, modeling and characterization of the impact of HSV-
derived vectors on cellular physiology is essential. In the present
study, we tackled this issue by using the most recently developed
vector backbone, namely the Joint deleted No Immediate 8
(JΔNI8) vector [17, 21]. This vector is deleted for the joint region
and for the ICP0, ICP4 and ICP27 immediate-early (IE) genes. The
ICP22 IE gene is converted to early-expression kinetics, such that
no HSV IE gene gets expressed. In addition, the virion host shutoff
gene (vhs, UL41) is also deleted, and bacterial sequences are
removed [22]. After stereotactic injection in the brain, this vector
backbone proved very safe (absence of detectable toxicity or
inflammation) and ensured robust and long-lasting transgene
expression [23]. Even if effective and reproducible protocols have
been developed for the purification and storage of HSV vectors
[18, 24], we noticed in the phase of clonal isolation that a few
vector clones can display propensity to cause fusion of the
transduced cells. These vector clones are usually negatively
selected for further monoclonal expansion.
Here, we explored the effects on neuronal physiology of some

of these variants. We provide evidence that infection by
replication-defective HSV-1-based vectors with mutations in
UL27, the gene encoding for glycoprotein B, recapitulates many
of the negative effects observed with wild-type HSV-1, namely
alterations in basal electrophysiological properties of neurons and
calcium homeostasis that ultimately led to hyperexcitability. These
findings provide novel insights for monitoring and controlling
genetic variations in HSV-1-based gene therapy vectors.

MATERIALS AND METHODS
Materials
Cell culture media and reagents, if not otherwise stated, were from
ThermoFisher Scientific (Carlsbad, CA, USA). Plates and flasks were from
Nalgene Nunc (ThermoFisher Scientific). Petri dishes were from Falcon BD
(Franklin Lakes, NJ, USA). Chemicals were from Tocris (Bristol, UK) or Merck-
Sigma (Darmstadt, Germany).

Antibodies
Primary antibodies used for immunocytochemistry were: mouse anti-β-III-
Tubulin - (Biolegend #801201, previously Covance #MMS-435P, dilution
1:1000) and mouse anti-Glial fibrillary acidic protein (GFAP) – (Sigma;
G3893, dilution 1:250). Secondary antibody: Alexa Fluor 594 Goat anti-
mouse (Invitrogen; A-11005, dilution of 1:250).

Cell lines
U2OS-ICP4/ICP27 complementing cell line has been generated (and kindly
donated) by Yoshitaka Miyagawa through lentiviral transduction of the
ICP4 and ICP27 HSV-1 genes into U2OS cells, allowing the stable expression
of the transgene following infection. The ICP4 product is stably expressed
but ICP27 must be induced by the viral function VP16. All these cells were
maintained at 37 °C with 5% CO2 and grown in Dulbecco’s Modified
Minimum Essential Medium (DMEM, Lonza) supplemented with 10% Fetal
Bovine Serum (Gibco, Thermofisher), 2 mM L-glutamine (Gibco, Thermo-
fisher), 100 U/mL Penicillin (Merck, Millipore), and 100 μg/ml Streptomycin
(Merck, Millipore). Cells were routinely tested for mycoplasma
contamination.

Primary culture of rat hippocampal neurons
The Institutional Animal Care and Use Committee of the San Raffaele
Scientific Institute approved the animal use procedures. Primary cultures of
hippocampal neurons were prepared according to [25] from 2 to 3-day-old
Sprague–Dawley rats. Briefly, after brain removal from the skull, and quick
subdivision of hippocampi into small pieces, the tissue was incubated into
Hank’s solution containing 3.5 mg/mL trypsin type IX and 0.5 mg/mL
DNase type IV for 5 min. The pieces were then mechanically dissociated in

Hank’s solution supplemented with 12mM MgSO4 and 0.5 mg/mL DNase
IV. After centrifugation, cells were plated onto poly-ornithine coated
coverslips and maintained in Neurobasal medium (ThermoFisher) supple-
mented with B27, 2 mM glutamax and 5 μM 1-β-D-cytosine-arabinofurano-
side (Ara-C). Cultures were maintained at 37°C in a 5% CO2 humidified
incubator.

Viral titration in plaques forming units (p.f.u/ml)
Titration of viral supernatant by plaque assay was performed on 48-well
plates of U2OS-ICP4/ICP27 cells [22] at a density of 120,000 cells per well to
achieve 80% confluency at the time of infection. Cells were infected with
serial 10-fold dilutions of viral supernatant in 120 μl of DMEM (1% P/S,
serum-free) media and incubated at 37 °C in 5% CO2 for approximately
3 hours. Subsequently, 100 μl of DMEM (1% P/S, serum-free) per well was
added and the cells were incubated at 33 °C with 5% CO2 until lysis
plaques formed (3-4 days). Plaque counts were performed by light or
fluorescence microscopy and the result expressed as p.f.u./ml (plaque
forming units per ml of viral preparation).

Vector engineering
The gB D285N and A549T mutations were introduced by scarless Red
recombination, as described [22]. The necessary pBAD-IsceI and pEPkan-S2
plasmids were kindly provided by Nikolaus Osterrieder (Free University of
Berlin, Berlin, Germany). The pgB1:D285N/A549T-kan plasmid described
previously [21] was used as a template for amplification with primers gB-
HA F (seq: GTTCCACCGGTACGGGACGACGGTAAACTGCATCGTCGAGGA
GGTGGACG) and gB-HA R (seq: GGAGACGGCCATCACGTCGCCGAGCA
TCCGCGCGCTCACCCGCCGGCCCA), and the product was recombined with
the native gB gene of KOS-37 BAC, followed by I-SceI-enhanced deletion of
the aphAI gene in pBAD-I-sceI plasmid-transformed bacteria. Recombi-
nants were confirmed by field inversion gel electrophoresis of
restriction enzyme digested BAC DNAs and DNA sequencing across the
gB genomic region.

Virus growth curves
Cells were plated at a density of 4 × 104 cell/well in 48-well plates (Corning)
and infected the following day at MOI of 0.0005 genome copies (gc)/cell;
MOI was determined by the average cell count of a monolayer of cells at
the time of infection. Supernatants were collected every 24 h for up to 6
dpi. DNA was collected using the DNeasy blood and tissue kit (Qiagen) and
total genome copies per sample were determined by real-time quantita-
tive (q)PCR as previously described [22].

High-scale viral production
Viruses were propagated on U2OS-ICP4/ICP27 cells plated in T182 tissue
culture flasks. In order to get high titer stocks, about 20 T182 flasks per
virus have been used. Twenty-four hours before infection, U2OS-ICP4/
ICP27 were plated as a 50% confluent monolayer in order to have about
90–100% confluent cells the day after. The amount of virus for infection
was established by calibrating the multiplicity of infection (MOI, between
0.01 and 0.05), in serum-free media; the infected cells were incubated at
33 °C in 5% CO2.
Four to five days after infection, supernatant was collected and

separated from cellular debris by centrifugation at 3000 revolutions per
minute (rpm) for 10min, followed by filtration through a 0.8 μm Versapor
filtering membrane (PALL Corporation). The virus was then concentrated
by 19500 rpm centrifugation for 45’ and the viral pellet was resuspended in
about 250 μl Phosphate-Buffered-Saline (PBS) 1X supplemented with 10%
glycerol by slow overnight rotation at 4 °C. Table 1 summarizes the
different viral batches used in this manuscript, the experiment in which
they have been used, and the mutations detected in the gB gene.

DNA extraction from JΔNI8 viral preparation
Twenty uL of pure viral preparation were used to extract DNA for
sequencing. DNA was extracted with DNeasy Blood & Tissue Kits (Qiagen)
according to manufacturer’s instruction. Purified DNA was delivered to the
Center for Omics Science at San Raffaele Scientific Institute.

Classification analysis and variant calling
The classification analysis was performed with Kraken2 (version 2.1.1).
Kraken is a taxonomic classification tool that uses exact k-mer matches to
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find the lowest common ancestor of a given sequence (Kraken2 is the
newest version of Kraken). To classify the genomics reads, we use the
standard Kraken database built with the “kraken-built” command.
The sequencing reads were demultiplexed with Illumina bcl2fastq

(version 2.20) and aligned to the HSV viral reference, KOS strain (https://
www.ncbi.nlm.nih.gov/nuccore/JQ673480.1) by bwa-mem. SNP and small
indel variants were detected by Freebayes and filtered with bcftools,
according to the snippy (https://github.com/tseemann/snippy) pipeline
(version 4.6).
The key parameters we use in this analysis are (1) the minimum number of

reads covering a site to be considered (set to 10); (2) the minimum proportion
of those reads that must differ from the reference (set to 0.9); (3) the minimum
VCF variant call “quality” used to filter variants (set to 100).

JΔNI8 transduction of primary neurons
To prevent osmotic shock at the time of infection, 1/3 (~400 μL) of the culture
media of primary neurons, seeded on glass slides in a 24-well plate, was
collected every three days and replaced with fresh medium. The conditioned
medium was stored at 4 °C and used to resuspend the viral preparation. Eight
days after seeding, the entire medium was collected and approximately
300 μL/well of conditioned medium were supplemented with the proper
amount of viral volume (MOI 1; 200.000 neurons per slide) and added to the
cells. Neurons were incubated for 1 h at 37 °C in 5% CO2. Subsequently, cells
were washed with 300 μL of conditioned medium, and cells were then
cultured with 2/3 of conditioned media and 1/3 of fresh one.

Immunofluorescence
Neurons were grown on glass coverslips in vitro, fixed with 4%
paraformaldehyde solution, containing 4% sucrose in PBS. Primary and
secondary antibodies were incubated for 1 h at RT, diluted in blocking
solution (1% normal goat serum/0.1% Triton in PBS). Afterwards, coverslips
were incubated with DAPI for 5’ at RT, deepened in water, and mounted on
microscope slides with Fluorescence Mounting Medium (DAKO, Agilent).

Imaging and analysis
Confocal images have been acquired in the Advanced Light and Electron
Microscopy BioImaging Center (Alembic). Images were acquired in an 8-bit
format at a resolution of 1024 × 1024 pixels. For all images, we used a Leica
SP8 confocal system equipped with an Acousto-Optical Beam Splitter which
allows the selection of a specific frequency range for every fluorophore.

Image composition
Image compositions were made with Adobe Illustrator cc 2017 (Adobe
System, San Jose, CA, USA). Drawings were created with BioRender.com
under a license granted to M.S.

Electrophysiology
Primary culture slides were submerged in a recording chamber mounted
on the stage of an upright BX51WI microscope (Olympus, Japan) equipped
with differential interference contrast optics (DIC). Slides were continuously
perfused with artificial cerebrospinal fluid (ACSF) containing (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 25 NaHCO3, 1 MgCl2 and 11 D-
glucose saturated with 95% O2, 5% CO2 (pH 7.3) flowing at a rate of
2–3ml/min at room temperature. Whole-cell patch-clamp recordings were
performed using glass pipettes filled with a solution containing the
following (in mM): 30 KH2PO4, 100 KCl, 2 MgCl2, 10 NaCl, 10 HEPES, 0.5
EGTA, 2 Na2-ATP, 0.02 Na-GTP, (pH 7.2, adjusted with KOH; tip resistance:
6–8 MΩ). For the dye-coupling experiments internal solution was modified
by additional loading of 0.1% of Neuriobiotin-488 (LabVector).
All recordings were performed using a MultiClamp 700B amplifier

interfaced with a PC through a Digidata 1440 A (Molecular Devices,
Sunnyvale, CA, USA). Data were acquired and analyzed using
pClamp10 software (Molecular Devices). Voltage- and current-clamp traces
were sampled at a frequency of 30 kHz and low-pass filtered at 2 kHz.
Analysis of bursting activity was calculated by measuring the median

instantaneous frequency with Clampfit Software (Molecular Devices).
Instantaneous frequency is a measure of the inter-event intervals, which
is the time between peaks, i.e. the time from the previous peak to the
current peak. The final measure is calculated by first converting each inter-
event interval into a frequency, and then averaging these frequencies
together.

Calcium measurement with Fura-2 calcium indicator
Ca2+ measurements were performed in Krebs-Ringer-Hepes buffer (KRH -
5mM KCl, 125 mM NaCl, 2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4,
6 mM glucose and 20mM Hepes, pH 7.4).
Cells were loaded with 4 µM fura-2 acetoxymethyl ester (Thermo Fisher

Scientific) for 40min at 37°C. After dye loading, cells were washed twice
with KRH and kept in the same buffer for the entire duration of the
experiments.
The single-cell experiments were performed with a video imaging setup

consisting of an Axioskope 2 microscope (Zeiss, Oberkochen, Germany)
and a Polychrome IV (Till Photonics, GmbH, Martinsried, Germany) light
source. Fluorescence images were collected by a cooled CCD video camera
(PCO Computer Optics GmbH, Kelheim, Germany). The ‘Vision’ software
(Till Photonics) was used to control the acquisition protocol and to perform
data analysis [26].

Statistical analysis
Statistical analysis was performed with GraphPad Prism software version
9.0 (GraphPad Software Inc., La Jolla, CA, USA). Results are given as dot
plots or histograms with mean ± SEM as specified in the figure legends.
The number of experiments and p-value are indicated in the figure

Table 1. Viral batches used in the manuscript, the experiment in which they have been used, and the mutations detected in the gB gene.

Viral batch gB Mutations Origin of mutations Experiments (Figures)

JΔNI8-1 A549I Original BAC Electrophysiology (Fig. 1/5)

A315T Original BAC Immunofluorescence (Fig. S1)

D285N Original BAC Sequencing (Fig. 2)

Dye coupling (Fig. 3)

Calcium Imaging (Fig. 4)

JΔNI8_Syn A549I Original BAC Sequencing (Fig. 2)

A315T Original BAC

D285N Original BAC

S869N Vector production

R858H Vector production

JΔNI8_A549I A549I Original BAC Electrophysiology (Fig. 5)

A315T Original BAC Growth Curve (Fig. S2)

D285N Original BAC

JΔNI8_A549T A549T Modified in the BAC Electrophysiology (Fig. 5)

A315T Original BAC Growth Curve (Fig. S2)

D285N Original BAC
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legends, while biological replicates are shown as individual points in
graphs. To assess for normal distribution of the data we applied the
normality test (D’Agostino-Pearson) and equal variance test (Brown-
Forsythe). Generally, in the case of normally distributed data, statistical
significance was evaluated (with 95% confidence intervals) by one-way
ANOVA followed by Dunnett post hoc test (for multiple comparisons

against a single reference group), Newman–Keuls or Tukey’s post hoc test
(for multiple comparisons between groups), two-tailed Student t-test (for
comparisons between two average values); for samples with non-normal
distributions, the nonparametric Mann–Whitney U test (for significant
differences between two experimental groups) and the Kruskal–Wallis one-
way analysis of variance followed by Dunn’s post hoc test (for the analysis
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of multiple experimental groups) were used. A value of P < 0.05 was
considered statistically significant. Sample size was calculated using G
Power software (version 3.1), based on effect sizes calculated from our
preliminary experiments, with a power of 0.8 and alpha= 0.05.

RESULTS
Some JΔNI8 vector batches can alter neuronal physiology
In order to exploit HSV-1 replication-defective vectors as gene
therapy tools, we recently generated a JΔNI8 recombinant vector
(JΔNI8-1) expressing the red fluorescent protein tdTomato (tdT)
under the Ubiquitin C (UbC) promoter and used rat primary
hippocampal neuronal cultures to characterize the capability of
these vectors to induce expression of transgenes and to assess the
effects of viral transduction on neuronal physiology (Fig. 1A, B).
Primary hippocampal neurons were transduced at 8 days in vitro
(DIV) and analyzed between 10 and 12 DIV (Fig. 1B). At a
multiplicity of infection (MOI) of 1, JΔNI8-1 vectors displayed a
high efficiency of transduction in neurons, as shown by the
expression of tdTomato in β-III tubulin+ cells (Fig. 1C, D). No
obvious cytotoxic effect or morphological change was observed in
these neurons. Although HSV-1 has a natural tropism for neurons,
it has been reported that it can also infect glial cells [27]. Under
our experimental conditions, however, no red fluorescent signal
was detected in the few GFAP+ astrocytes that are present in the
preparation (Fig. S1).
Because it has been previously reported that certain strains of

wild-type HSV-1 are capable of causing electrophysiological
alterations in dorsal root neurons [12], we decided to check our
vectors in this respect. Surprisingly, we found variability between
different batches of vectors, with some able to induce severe
electrophysiological alterations. We characterized these defects in
detail in a particular batch that was clearly displaying them (JΔNI8-
1), as specified in Table 1. Transduced, tdTomato-positive neurons
were able to fire action potentials (AP) when suprathreshold
depolarizing ramp currents were applied (Fig. 1E, F). However, the
amount of current needed to evoke an AP was greatly higher in
transduced compared to control cells. Voltage clamp recordings of
transduced cells indicated the presence of rhythmic single inward
currents or bursts of currents, coherent with the APs and the
excitatory post-synaptic potentials (EPSPs) observed in current
clamp experiments (Fig. 1G, H). We analyzed the basic electro-
physiological properties of JΔNI8-1 transduced or control neurons
and observed a strong reduction in input resistance (Rin) and a
more negative resting membrane potential (RMP) in transduced
neurons (Fig. 1I, J). Furthermore, we quantified the spontaneous

firing of neurons by measuring both action potential frequency
and instantaneous frequency, which has been used as a measure
of bursting activity. Both these measurements indicated a
significantly higher firing frequency of transduced cells compared
to controls (Fig. 1K, L). Moreover, JΔNI8-1 transduced neurons
were spontaneously firing AP (Fig. 1M), which were replaced by
EPSP-like depolarizing events when they were too hyperpolarized
to reach the AP threshold.
Finally, the spontaneous action potential of transduced and

control neurons displayed an increase of the afterhyperpolariza-
tion (AHP) amplitude (i.e., the difference in voltage between RMP
and the voltage after the AP peak; Fig. 1N). No difference in the AP
amplitude was instead detected between control and transduced
cells (Fig. 1O). In addition, the AP shape at threshold values for the
initiation of the AP showed a sharper inflection as represented by
the higher slope value at the peak in transduced neurons
compared to controls (Fig. 1P).

Monoclonal expansion of JΔNI8 vectors can result in genetic
mutations
Because HSV naturally mutates at the rate of about 1 nucleotide
change every 3000 bp [28], we hypothesized that, in spite of the
absence of detectable signs of cytotoxicity or morphological
defects, mutations might have occurred in JΔNI8-1 that cause the
electrophysiological alterations described above. We therefore
extracted the genomic DNA and performed whole-genome
sequencing of JΔNI8-1 to clarify whether the mutations were
already present in the original Bacterial Artificial Chromosome
(BAC) or arose during vector production. We also included a
second independent clone derived from the same BAC, here
referred to as JΔNI8-Syn, which exhibited a clear syncytial
phenotype during vector production and served as proof that
mutations can accumulate over production cycles. Because of its
obvious syncytial phenotype, this clone would be routinely
discarded.
These viral batches (Fig. 2A) were sequenced using the short-

reads Illumina NGS technology (read length = 250 bp) and the
wild-type HSV-1-KOS strain (NCBI Accession N. JQ673480) was
used as a reference for detecting variations. Before proceeding
with the variant calling analysis, we performed a quality control
assay to check the correct mapping of the sequenced DNA on the
HSV-1 DNA. We used Kraken2, a taxonomic classification tool used
to find the lowest common ancestor of a given sequence, to
conduct a read classification analysis and check where the reads
map (Fig. 2B). The percentage of reads mapping to the host cell
genome (human) reached over 80%, while the percentage of

Fig. 1 JΔNI8-1 transduction induces electrophysiological alterations in rat primary hippocampal neurons. A Schematic representation of
the JΔNI8-1 recombinant vector genome, in which the Ubiquitin (Ub) promoter driving tdTomato (tdT) expression has been inserted in the
ICP4 locus. B Schematic representation of the experimental set-up used for primary neuron transduction with HSV-1-based vectors.
C Representative immunofluorescence images showing rat primary hippocampal neurons transduced with JΔNI8-1 at a multiplicity of
infection of 1. Representative immunofluorescence images for β-III-Tubulin (C, green); DAPI (C’, blue), tdTomato (C”, red). D Histogram
summarizing the average percentage of tdT-positive cells over DAPI in rat primary hippocampal neurons transduced with JΔNI8-1 at a
multiplicity of infection of 1, E, F Voltage response of control and JΔNI8-1 transduced neurons to suprathreshold depolarizing ramp currents.
Sequential sweeps are represented in grey. The one with greater amplitude current injection is shown in black. Note that JΔNI8-1 transduced
neurons require injection of greater amplitude currents to elicit action potentials. G, H Voltage-clamp recordings of control and JΔNI8-1
transfected neurons (Vhold=−60mV). I–L Histograms summarizing average Resting Membrane Potential, Input Resistance, spontaneous
event Frequency, and Instantaneous Frequency of control and JΔNI8-1 transfected neurons. Data are shown as Mean ± SEM. Every dot
represents a single cell. I CTRL=−55.7 ± 1.6 mV, JΔNI8-1= -66 ± 1.4 mV. J CTRL= 296 ± 30 MΩ, JΔNI8-1= 63 ± 7 MΩ. K CTRL= 0.28 ± 0.21 Hz,
JΔNI8-1= 2.47 ± 0.44 Hz. L CTRL= 0.78 ± 0.47 Hz, JΔNI8-1= 14.42 ± 2.07 Hz. Statistical significance in (I–L) was calculated using an unpaired
Student’s t-test. ***p < 0.001. M Examples of spontaneous activity in control (upper trace) and JΔNI8-1 transduced neurons (lower trace). Note
the bursting activity of transduced cells which arises from a highly hyperpolarized resting membrane potential compared to controls.
N, O Histograms summarizing average AHP amplitude and AP amplitude of control and JΔNI8-1 transduced neurons. Data are shown as
Mean ± SEM. Every dot represents a single cell. N CTRL=−5,1 ± 1,3 mV; JΔNI8-1=+9,6 ± 1.0 mV. O CTRL=+73 ± 4mV; JΔNI8-1=+68 ± 2mV.
Statistical significance in (N, O) was calculated using an unpaired Student’s t-test. ***p < 0.001. P Average voltage traces (V), and their first
derivative (V’), of the spontaneous action potential of control (black) and transduced (red) neurons. Below, phase plot highlighting the slope
trajectory during the entire AP cycle. Data are the mean of three cells per condition.
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reads mapping on the viral genome spanned between 4 and 22%.
These data were expected, because eukaryotic DNA contamina-
tion is known to be present in the final viral batch, likely resulting
from the viral replication process during vector production, even if
cellular DNA contamination can be reduced by benzonase
treatment. A representation in Integrative Genome Viewer (IGV)
of the mapped reads against the reference genome is presented
in Fig. 2C.
We then filtered analysis only on the DNA aligned with the HSV

viral reference. We performed a variant calling analysis on filtered
reads consistently mapping on the viral HSV genome. Most of the
variants we detected were single nucleotide polymorphisms
(SNPs; Fig. 2D). To estimate the sensitivity of the variant detection
we applied the “minfrac” parameter (minimum proportion of
reads which differ from the reference) in a range of 0.85 to 0.95.
The number of detected variables slightly decreases by increasing
the minfrac parameter. Ultimately, a minfrac value of 0.90 was
chosen for further evaluation.
Nearly all detected SNPs either fell in intergenic regions or

caused silent synonymous mutations. Of note, most mutations
were observed in both batches, suggesting that they may have
been present in the parental plasmid employed to prepare the
vector. We thus sequenced the parental BAC employed in viral
vector production. Sequencing results showed that some SNPs
were indeed already present in the ancestral BAC, while others
accumulated during the early stages of production (Supplemental
Table S1). Missense mutations observed in the two viral batches
affected the genes UL27, UL46, US7 and US10. UL46 codes for a
tegument protein that can anchor the viral particle to the cell
membrane [29], but its function is believed to be more closely

associated with inhibition of the immune response [30]. US7
encodes for glycoprotein gI, which, along with gE, is involved in
the cell-to-cell spreading of the virus [31]. US10 encodes a protein
associated with the capsid/tegument, whose function is still
unclear [32].
We decided to focus on UL27, because this gene, which

encodes glycoprotein B (gB), one of the most important fusogenic
proteins of the Herpesviridae family [33], hosted multiple missense
mutations, namely D285N, A315T, A549I (Fig. 2E). The D285N
mutation was expected as we previously described and intro-
duced it in the parental plasmid [21]. The A549I (Alanine
converted into Isoleucine) mutation was on a residue previously
described to increase gB transduction efficiency when Alanine was
converted into Threonine (A549T). The A315T mutation was not
reported previously. JΔNI8-Syn, which showed a marked syncytial
phenotype during propagation, displayed two additional muta-
tions in the gB sequence (R858H and S869N), that arose during
vector production (Fig. 2E, Supplemental Table S1). The presence
of these mutations is coherent with the observed phenotype,
because R858H was already annotated as a fusogenic mutation,
and S869N localizes in a domain relevant for the fusogenic activity
of gB [34, 35].
It is known that mutations in the gB coding sequence may lead

to a range of different phenotypes. On one extreme, loss of
function mutations may cause the inability to fuse lipid
membranes [36]; on the other, gain of function mutations may
lead to the generation of aggressively fusogenic strains [34].
During vector production, viral clones carrying gain of function
mutations acquire a growth advantage over those carrying wild-
type gB. As mentioned above, such highly mutated clones (like

Fig. 2 Identification of gene mutations in monoclonal expansion of JΔNI8 vectors. A The upper part represents a schematic representation
of the HSV-1 genome (KOS strain) and JΔNI8 recombinant vector in which a Gene of Interest (GOI, e.g., tdTomato) can be inserted through
Gateway cloning. The bottom part illustrates the two clones of JΔNI8 viral vectors. B Kraken 2 classifications summary, showing the percentage
of reads falling into the top 5 taxa across different ranks. C IGV snapshot of BigWig file showing the DNA coverage across the HSV-1 Kos
genome strain. Each sample auto-scaled individually. D Variant calling summary with different detection sensitivity parameters. E Identified
mutation in the UL27 gene (glycoprotein B; gB) in the monoclonal expanded JΔNI8 batches. Mutations common to the two batches are boxed
in pink, those identified in a single one (JΔNI8-Syn) are in violet.
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JΔNI8-Syn) are generally identified and excluded, as multi-
nucleated competent cells are observed during the production
process. Table 1 summarizes the different viral batches we used in
the manuscript and their respective mutations in the gB gene.
To confirm that the mutations (D285N, A315T, A549I) in the gB

gene of JΔNI8-1 were already present in the BAC and did not arise
during vector production, DNA was extracted from multiple BACs
produced over the past few years, and the gB gene was
sequenced. As expected, these mutations were consistently
detected across all samples, indicating that they were present in
the original BACs. Nevertheless, we cannot rule out that the
genomic instability of the viral DNA during vector propagation,
even if not leading to a recognizable syncytial phenotype, may still
result in subtle yet potentially harmful syncytial phenotypes. Thus,
we decided to investigate this possibility in our JΔNI8-1 vector.

JΔNI8-1 vector-induced electrophysiological alterations are
associated with fusogenic events
Despite the absence of obvious morphological changes, we asked
if the JΔNI8-1 vector carrying, among others, the gB NTI variant
(D285N, A315T, A549I) might be able to trigger subtle events of
hemifusion and pore formation among neuronal cells. To this aim,
a green fluorescent dye (Neurobiotin) was loaded in the patch
clamp pipette, enabling its diffusion in the cytoplasm of the
patched cell during voltage-clamp recordings. The green dye filled
the patched neuron first and then labeled neighboring tdTomato-
positive (but not tdTomato-negative) neurons (Fig. 3A, B).
Figure 3C shows an example of the bursting activity of the
patched cell recorded throughout the whole dye-filling experi-
ment in voltage-clamp configuration. These findings suggest that,
coherent with our hypothesis, JΔNI8-1 may induce fusion between
neuronal branches and thereby allow diffusion of the fluorescent
dye. To further test this hypothesis, we also performed paired
patch-clamp recordings of tdTomato-positive neurons. Pairs of
tdTomato positive cells displayed robust electrical coupling (n= 5/
5 pairs recorded) with a mean coupling coefficient of 0.65 ± 0.11
(Fig. 3D). These results suggest that viral vector-induced
membrane fusion can produce electrical coupling between
hippocampal neurons, supporting and increasing spontaneous
activity.

Blocking voltage-gated calcium channels reduces
hyperactivity of JΔNI8-1 transduced neurons
To characterize alterations in ion homeostasis that may occur in
JΔNI8-1 transduced neurons, intracellular calcium levels were
measured with Fura-2 dye. Following the same protocol used for
patch-clamp experiments, primary cultures were transduced at 8
DIV and calcium was measured at 11-12 DIV under resting
conditions (Fig. 4A). Neurons transduced with JΔNI8-1 displayed
increased intracellular Ca2+ basal levels compared to control cells
(Fig. 4B). Moreover, patch clamp experiments showed that
treatments with either TTX (a blocker of voltage-gated sodium
channels) or NNC-55-0396 (a blocker of T-type calcium channels)
were able to reduce the spiking frequency of transduced neurons
(Fig. 4C–G). Conversely, bath application of NBQX (an AMPA
receptor blocker) did not stop nor reduce the higher spiking
activity induced by viral vector transduction (Fig. 4E–G). These
data further support the idea that the predominant driving force
of the increased firing frequency induced by the mutated vector is
electrical coupling, rather than synaptically-mediated hyperexcita-
tion and synchronization.

The A549I mutation in the gB gene is sufficient to increase the
fusogenic properties of JΔNI8
As noted (Supplemental Table 1), the JΔNI8-1 vector consistently
carries mutations in other genes besides UL27, like US7, which
may also contribute to the fusogenic phenotype [31]. In addition,
the consequences of gB NTI mutations on viral biological

properties are essentially unknown. Therefore, we decided to test
if the gB NTI mutations alone were sufficient to produce a
fusogenic phenotype. We thus generated two new viral batches
starting from a new JΔNI8 BAC, whose clones carry mutations only
in gB. We named these batches JΔNI8_A549I and JΔNI8_A549T. In
JΔNI8_A549I, we introduced our newly discovered mutations in
the gB NTI gene (D285N, A315T, A549I); in JΔNI8_A549T, we
introduced a gB NTT mutation (D285N, A315T, A549T), i.e., Alanine
converted into Threonine in position 549, a previously character-
ized mutation [21] (Fig. 5J).
Infection of U2OS-ICP4/27 at 0.0005 gc/cell resulted in

comparable levels of viral DNA at all time points analyzed (Fig. S2),
indicating that these mutations did not alter virus entry or spread.
We analyzed the electrophysiological profiles of neurons untrans-
duced or transduced with either JΔNI8_A549I, JΔNI8_A549T, or the
fusogenic JΔNI8-1. Confirming the data described above, at MOI
1 JΔNI8-1 transduction reduced Rin and resulted in a more
hyperpolarized RMP, while increasing both spiking frequency
and instantaneous frequency (Fig. 5A–D). Conversely, both
JΔNI8_A549I and JΔNI8_A549T did not display any statistically
significant difference compared to control neurons in any of the
analyzed parameters, even if a tendency to increased frequency
was observed in neurons transduced with JΔNI8_A549I.
When using a higher viral particle load (MOI of 3), however,

neurons transduced with JΔNI8_A549I (but not those transduced
with JΔNI8_A549T) displayed a significantly more negative RMP
and a clear tendency toward a reduced Rin (Fig. 5E, F), as well as
an increased firing frequency and bursting activity (Fig. 5G–I). In
other words, JΔNI8_A549I but not JΔNI8_A549T partially mimicked
the effects of JΔNI8-1. Although these electrophysiological
alterations were more prominent in the JΔNI8-1, these data argue
that the gB NTI mutations, and specifically the conversion of
Alanine into Isoleucine at residue 549 (A549I), are (is) sufficient to
generate the fusogenic phenotype.

DISCUSSION
The results from this study demonstrate that monoclonal
expansion of JΔNI8 HSV-1 vectors can result in genetic mutations,
some of which can significantly alter the functional properties of
the vector, in particular its fusogenic potential. These findings
align with the known genomic instability of herpesviruses during
replication, underscoring the importance of rigorous quality
control in vector production to ensure therapeutic safety.

Some batches of HSV-1 replication-defective vectors may alter
neuronal physiology
Whole-cell patch-clamp experiments revealed several electrophy-
siological alterations in neurons transduced with some JΔNI8
vector batches that were not leading to obvious morphological
alterations. We examined in detail the effects of one of these
batches (JΔNI8-1), and observed increased spiking frequency and
bursting activity, reduced Rin, a more hyperpolarized RMP,
spontaneous spiking activity (single spike discharges or bursts of
action potentials), and altered action potential properties (altera-
tions in the AHP). These alterations are reminiscent of those
reported in primary cultures of dissociated sensory neurons
infected with syncytial HSV-1 strains, which are thought to be
responsible for certain types of neuralgia [12]. Interestingly,
despite the authors’ use of a wild-type HSV-1 replication-
competent syncytial strain, no marked morphological changes
were observed in neuronal cultures in their experimental
conditions [12]. Similarly, in our hands neurons appeared viable
and displayed no sign of cytotoxicity even at the latest time-point
that we employed for patch-clamp experiments (i.e., 96 h after
transduction). These data led us to hypothesize that, similar to
syncytial HSV-1 strains, some JΔNI8 batches might exert fusogenic
effects even if highly deficient and non-replicative. It is likely that
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Fig. 3 Dye and electrical coupling of neurons transduced with the JΔNI8-1 vector. A Representative sequential images showing green
fluorescence monitoring at different time points during voltage-clamp recording of a JΔNI8-1 transduced neuron using a Neurobiotin-488
loaded pipette. Note the dye diffusing through the cytoplasm of the patched cell; asterisks represent the non-specific labeling of dead cells
prior to patching. As shown in (B) Neurobiotin-488 can diffuse in neighboring tdTomato+ cells (arrows), but not within tdTomato- neurons
(indicated by arrowheads in the bright field image in (A)). C Voltage clamp recording during the dye loading of the patched cell. Insert
represents a higher magnification of the bursting activity. D Dual patch clamp recording of two JΔNI8-1 neurons demonstrating the electrical
coupling of putatively fused cells. Note that only one neuron (blue) has been injected with suprathreshold depolarizing current steps, while
the second (green) displays a coherent and synchronous response.
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the viral particles used to transduce neurons can fuse cells
together, rather than induce de novo expression of gB. This
hypothesis is supported by previous data on our replication-
defective vectors, which show low, if not null, expression of viral
genes [22]. Thus, we decided to focus our attention on potentially
harmful mutations in the gB gene rather than the de novo
expression of the protein.

Genetic mutations and their functional consequences
We then sequenced the DNA of two distinct batches of JΔNI8, one
causing the electrophysiological alterations described above
(JΔNI8-1) and another (that we named JΔNI8-Syn) that caused
clearly detectable fusion in complementing cells during vector

preparation and would therefore be routinely discarded. We
identified several SNP mutations in these batches, in most of the
cases synonymous or intergenic. However, we also identified
missense mutations in the genes UL27, UL46, US7, and US10. Of
particular interest were the missense mutations in UL27, because
this gene codes for gB, one of the most important fusogenic
proteins of the Herpesviridae family [33]. The R858H and S869N
mutations in gB, observed only in the highly fusogenic JΔNI8-Syn,
have established associations with increased membrane fusion
activity [34, 35] and are therefore in line with the obvious
phenotype of this vector batch. We hypothesized that the other
mutations (D285N, A315T and A549I) that are also observed in the
JΔNI8-1 batch may not only cause electrophysiological alterations

Fig. 4 Calcium homeostasis alteration in neurons transduced with the JΔNI8-1 vector. A Pseudocolored images representative of calcium
level measured with the Fura-2 Ca2+ dye in control and JΔNI8-1 transduced neurons at resting state. B Histograms summarizing mean
intracellular calcium levels under resting conditions. Data are shown as Median with interquartile range; each dot represents a single cell.
CTRL= 190, n= 258 cells of 5 independent experiments, JΔNI8-1= 269, n= 202 cells of 5 independent experiments. Statistical significance in
(B) was calculated using the Mann-Whitney U test. ***p < 0.001. C Voltage clamp recording of transduced neurons during bath application of
the voltage-gated sodium channels blocker TTX (1 µM). D–E Voltage clamp recording of transduced neurons during bath application of either
the T-type calcium channel blocker NNC 55-0396 (10 µM, D) or the AMPA receptor antagonist, NBQX (5 µM, E). F, G Histograms summarizing
average bursting frequency and instantaneous frequency. Data are shown as Mean ± SEM. F ACSF= 5.61 ± 1.13 Hz (black), NBQX= 6.52 ±
2.46 Hz (orange), NNC= 0.20 ± 0.12 Hz (light blue) and TTX= 0 Hz (magenta). G ACSF= 17.67 ± 3.35 Hz (black), NBQX= 16.13 ± 1.95 Hz
(orange), NNC= 6.63 ± 3.5 Hz (light blue) and TTX= 0 Hz (magenta). Statistical significance in F and G was calculated using the Kruskal–Wallis
one-way analysis of variance followed by the Dunn’s post hoc test. *p < 0.05; *** p < 0.001.
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but also favor the fusion of membranes between neurons. In fact,
fusion may cause the spreading of excitation and, thereby,
hyperexcitability.
We directly addressed this hypothesis in multiple manners. First,

we performed a dye coupling experiment and found that
Neurobiotin was able to diffuse from the patch pipette and label
not only the patched cell but also neighboring tdTomato-positive
neurons. Second, we performed dual cell patch-clamp

experiments of tdTomato-positive neurons and found that
JΔNI8-1 transduction of hippocampal neurons led to electrical
coupling, facilitating an increased spontaneous activity. Taken
together, these findings strongly support the view that transduced
neurons were directly interconnected by membrane fusion.
Fusogenic events may explain the electrophysiological altera-

tions observed in transduced neurons. One plausible interpreta-
tion of Rin reduction is an increased membrane surface. Based on

Fig. 5 Comparative electrophysiological analysis of the two UL27 gene variants: JΔNI8_A549I and JΔNI8_A549T. A–D Histograms
summarizing average Resting Membrane Potential, Input Resistance, spontaneous event Frequency, and Instantaneous Frequency of neurons
transduced with different viral batches at a multiplicity of infection of 1 (MOI= 1). Data are shown as Mean ± SEM. Every dot represents a
single cell of 3 different biological replicates. A NT= -57 ± 1.3 mV, JΔNI8_A549I=−58 ± 1.5 mV, JΔNI8_A549T= -56 ± 1.9 mV, JΔNI8-1= -
65 ± 2.7 mV. B NT= 368 ± 28 MΩ, JΔNI8_A549I= 441 ± 31 MΩ, JΔNI8_A549T= 382 ± 27 MΩ, JΔNI8-1= 97 ± 11 MΩ. C NT= 0.1 ± 0.04 Hz,
JΔNI8_A549I= 0.54 ± 0.2 Hz, JΔNI8_A549T= 0.19 ± 0.07 Hz, JΔNI8-1= 3.1 ± 0.5 Hz. D NT= 0.4 ± 0.27 Hz, JΔNI8_A549I= 1.79 ± 0.61 Hz,
JΔNI8_A549T= 0.28 ± 0.1 Hz, JΔNI8-1= 17.57 ± 2.78 Hz. Statistical significance in (A–D) was calculated using one-way ANOVA followed by
Tukey’s post-test for multiple comparisons. *p < 0.05; **p < 0.01, ***p < 0.001. E–G. Histograms summarizing average Resting Membrane
Potential, Input Resistance, spontaneous event Frequency, and Instantaneous Frequency of neurons transduced with vectors carrying either
JΔNI8_A549I or JΔNI8_A549T at MOI 1 or 3. E NT=−53 ± 1.7 mV, JΔNI8_A549I (MOI 1)=−55 ± 3mV, JΔNI8_A549I (MOI 3)= -64 ± 2mV,
JΔNI8_A549T (MOI 1)= −57 ± 2.6 mV, JΔNI8_A549T (MOI 3)= -58 ± 1.8 mV. F NT= 430 ± 54 MΩ, JΔNI8_A549I (MOI 1)= 231 ± 19 MΩ,
JΔNI8_A549I (MOI 3)= 280 ± 27 MΩ, JΔNI8_A549T (MOI 1)= 424 ± 83 MΩ, JΔNI8_A549T (MOI 3)= 458 ± 52 MΩ. G: NT= 0.28 ± 0.11 Hz,
JΔNI8_A549I (MOI 1)= 1.24 ± 0.3 Hz, JΔNI8_A549I (MOI 3)= 2.1 ± 0.5 Hz, JΔNI8_A549T (MOI 1)= 0.35 ± 0.15 Hz, JΔNI8_A549T (MOI
3)= 0.32 ± 0.08 Hz. H NT= 0.55 ± 0.27 Hz, JΔNI8_A549I (MOI 1)= 3.76 ± 1.11 Hz, JΔNI8_A549I (MOI 3)= 7.86 ± 1.7 Hz, JΔNI8_A549T (MOI
1)= 0.84 ± 0.56 Hz, JΔNI8_A549T (MOI 3)= 1.06 ± 0.31 Hz. Statistical significance in (E–G) was calculated using one-way ANOVA followed by
Tukey’s post-test for multiple comparisons. *p < 0.05; **p < 0.01, ***p < 0.001. I Examples of spontaneous activity in control (black trace) and
JΔNI8_A549I or JΔNI8_A549T transduced neurons at different MOI. J Schematic representation of the two gB variants analyzed.
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the Ohm law, electrical resistance is given by:

R ¼ ρ � L
A

where R is the electrical resistance, ρ is the resistivity of the
material, L is the length of the material, and A is the cross-sectional
area of the material through which the current passes. Because
electrical resistance (R) is inversely proportional to the area (A), i.e.,
to the membrane surface, it is expected to decrease when cells
fuse. In presence of a lower Rin, a stronger input would be
necessary to trigger an AP in transduced neurons, but, at the same
time, after the first AP, fused membranes would facilitate the
spreading of AP between cells.
Other electrophysiological alterations cannot be explained

directly by a fusogenic effect. For example, the hyperpolarized
RMP may be interpreted as a homeostatic response of transduced
neurons to increased rates of depolarizing inputs or as a direct
consequence of viral envelope fusion with the cell membrane [37].
Therefore, we speculate that other mechanisms capable of
modifying host cell biology might take place. For example,
alterations in Ca2+ homeostasis have been reported to occur
following HSV-1 infection of neuronal cultures [38–40]. Indeed,
because synaptic activity, in particular excitatory glutamatergic
transmission, leads to increases in intracellular calcium concentra-
tions [Ca2+]i, we hypothesized that the hyperactivity of transduced
neurons could increase the levels of [Ca2+]i. In Fura-2 experiments,
in fact, hippocampal neurons transduced with the JΔNI8-1 vector
displayed significantly higher [Ca2+]i compared to controls. In
principle, prolonged increases of [Ca2+]i should be cytotoxic but,
surprisingly, transduced neurons did not appear to be suffering.
In addition, we found that TTX completely blocked the

excessive firing of JΔNI8-1 transduced neurons, indicating sodium
dependence of this event. Interestingly, blocking T-type calcium
channels mirrored the effect of TTX, suggesting a key role also for
T-type calcium channels. Conversely, NBQX, a potent AMPA
receptor antagonist, only partially blocked spontaneous spiking
of transduced cells, indicating that this event is not dependent on
excitatory synaptic activity, and further supporting the view that
electrical coupling resulting from fusogenic events is the main
driving force for the alterations that we detected.
Altogether, these results demonstrate that fusogenic events might

arise after the transduction of neurons with the JΔNI8-1 vector,
leading to increased firing frequency, alterations of basic membrane
parameters, and increase in basal intracellular calcium levels.

Glycoprotein B plays a key role in membrane fusion processes
As noted, multiple genetic alterations were observed in the
JΔNI8-1 vector. Thus, one final question was if any of those could
be sufficient to cause the observed phenotypes. As described
above, we hypothesize a key role of UL27, the gene coding for
gB. Reports in the literature support the view that mutations in
gB can enhance cell-cell fusion [41], while others demonstrate
the impact of gB on neuronal physiology [37]. For instance, three
different strains of replication-competent pseudorabies virus
(PRV), which belong to the Herpesviridae family, exhibit distinct
effects on neuronal physiology. These strains include the virulent
Becker strain (PRV-151), an avirulent Becker strain that does not
express gB (PRV-223 gB null), and the attenuated Bartha strain
(PRV-152). PRV-151 caused several electrophysiological altera-
tions (high firing frequency, spikelet-like events during hyperpo-
larization) and the formation of pores between neurons (as
demonstrated by both dye and electrical coupling). Similar but
delayed effects were observed with the attenuated virus PRV-
152. Conversely, no alteration was observed with the gB null
mutant PRV-233 [37].
We tested if the mutations that we observed in UL27 were

sufficient to produce a fusogenic and hyperexcitable phenotype.

Indeed, a newly generated vector batch in which gB NTI was
engineered in an otherwise safe JΔNI8 backbone (JΔNI8_A549I; no
mutations in other HSV-1 genes) recapitulated the electrophysio-
logical alterations observed in spontaneously mutant batches.
Another newly generated vector in which we engineered a gB
carrying an NTT mutation, i.e., identical to the above but Alanine
converted into Threonine in position 549 (JΔNI8_A549T), did not
cause any electrophysiological alteration. Thus, the single most
relevant mutation seems to be Alanine converted into Isoleucine
at residue 549 (A549I). These results suggest that even subtle
mutations in critical regions of gB can dramatically influence viral
vector properties, emphasizing the need for a thorough genetic
screening during vector development and production.

Implications for gene therapy
Gene therapy has enjoyed success in the past few years. Originally
devoted to the treatment of rare monogenic diseases, it seems
now to have reached a maturity level for broader approaches to
treat diseases affecting millions of people worldwide. Both LV and
AAV vectors have been already brought to clinical trials for
treating CNS disorders [42–45]. However, while these vectors are
proving effective for some applications, future gene therapies
might require the delivery of large genes, complex multigene
cassettes, or sophisticated genome editing approaches [46–49]
that greatly exceed their payload capacity. Although several
strategies either to miniaturize the expression cassette [50] or to
split it in multiple vectors [51] are under development in many
laboratories, it remains highly uncertain if these approaches will
ultimately result in satisfactory efficacy.
In the past few years, our and other laboratories have made

significant advancements in the field of viral vectors based on
HSV-1 [23, 49, 52–54]. The most attractive feature of these vectors
is that they can accommodate very large payloads, amplifying the
potential impact of future gene therapy approaches. While last-
generation backbones proved very safe in vivo, not expressing any
viral protein after direct injection in the brain tissue [22], one
prerequisite for applicability to human CNS diseases is
the development of quality control measures that ensure the
stability of the gene therapy product over multiple rounds of
manufacturing.
The possible emergence during propagation of fusogenic

mutations in gB that alter neuronal physiology has critical
implications for the safety of HSV-1-based vectors, particularly in
therapeutic contexts involving the CNS. Syncitial phenotypes have
been described in HSV-infected culture, for example, in presence
of mutations or truncations in glycoproteins (such as gB, gD, gH/
gL, gE, gM, gK) involved in cell fusion [55]. Notably, the emergence
of syncytial clones in replication-defective vectors (which, unlike
wild-type HSV, have impaired growth) may be explained by the
selective pressure for mutations that confer growth advantages.
Mutations in the gB gene indeed enhance cell-to-cell spread and
this may result in a growth advantage. Moreover, during vector
production, there is a tendency to select clones that display strong
reporter expression, as these often form more visible plaques.
However, such clones may harbor syncytial mutations that
become apparent only later. Since plaque selection is typically
performed visually, this process is inherently operator-dependent
and may not reliably exclude syncytial variants. Moreover,
different mutations in the gB gene can confer varying degrees
of syncytial activity, making these phenotypes difficult to detect
and increasing the likelihood that syncytial clones persist and
expand over the following passages.
To mitigate these risks, vector production protocols must

incorporate stringent measures to identify and exclude clones
harboring these deleterious mutations. High-throughput sequen-
cing and functional assays, as performed in this study, represent
essential tools for ensuring vector quality.
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This study highlights the crucial need to monitor and control
genetic variations in HSV-1–based vectors to ensure their safety
for clinical applications. Although rare, DNA recombination may
occur during BAC replication or repetitive cycles of cell infection
during vector production.
One strategy to mitigate the risk of DNA recombination in

specific genes could be to engineer cell lines suitable for viral
production to stably express those genes. For instance, the
insertion of UL27, providing gB in trans, could greatly reduce the
risk of mutations during vector production. Ultimately, future
efforts should focus on developing strategies to stabilize the viral
genome.

DATA AVAILABILITY
All data that support the key findings of this study are available within the article or
from the corresponding author, upon reasonable request. This study includes
genomic data accessible at NCBI SRA with the access code: PRJNA1305684.
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