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Abstract

Influenza A virus (IAV) vectors with truncated NS1 proteins combine strong innate adjuvanticity
with genetic flexibility and are attractive platforms for immune modulation. We engineered an NS1-
truncated A/Puerto Rico/8/34 (HIN1) virus, PR8/NS124_SS_CXCL10, to express human CXCL10
from the NS segment and compared its biological and immunological properties with the parental
NS124 vector in mice. The CXCL10-expressing virus replicated efficiently in embryonated chicken
eggs and MDCK cells and secreted high levels of CXCL10, but showed profoundly reduced
replication in mouse lungs and peritoneal cavity, indicating a strongly attenuated in vivo phenotype.
After intraperitoneal immunization, both vectors induced rapid local cytokine and innate-cell
recruitment, although early inflammatory responses and viral RNA loads were lower with
PR8/NS124_SS_CXCL10 than with NS124. Despite this attenuation, PR8/NS124_SS_CXCL10 elicited
significantly higher frequencies of systemic antigen-specific CD8* and CD4* effector-memory T cells
producing IFN-y, TNF-a, and IL-2, and promoted robust recall CD8* and CD4* T-cell responses in
the lungs following low-dose homologous challenge. In a stringent heterologous challenge model
with A/Aichi/2/68 (H3N2), however, mice primed intranasally with the CXCL10 vector experienced
greater weight loss than NS124-primed animals, consistent with enhanced T-cell-driven
immunopathology in the context of insufficient early viral control. These data show that CXCL10
expression in an NSI-attenuated IAV backbone simultaneously enforces replication restriction and
amplifies T-cell immunogenicity, supporting its potential as a chemokine-armed platform for
immune modulation and oncolytic virotherapy while underscoring the need to carefully balance
mucosal priming and recall in chemokine-expressing influenza vaccines.

Keywords: influenza A virus; CXCL10; oncolytic virotherapy; T-cell response

1. Introduction

Influenza A virus (IAV) based vectors have emerged as versatile platforms for vaccination [1,2]
and targeted delivery of immunomodulatory molecules [3]. In addition to their natural tropism for
the respiratory tract, IAVs can enter any cell expressing sialic-acid receptors, including tumor cells,
which broadens their applicability for parenteral delivery and intratumoral administration. Their
well-defined genetics, intrinsic innate adjuvanticity, and capacity to express foreign sequences have
made IAV an attractive backbone for recombinant vector design [3-6]. Since the first demonstrations
that foreign genes can be stably expressed from modified NS segments [7], IAV-based vectors have
evolved into powerful tools for antigen delivery and local immunomodulation. Early work by Kittel
et al. showed that the NS segment can express cytokines such as IL-2 without abolishing viral
replication [3], while studies by Ferko and colleagues demonstrated that NS1-modified strains
support robust heterologous gene expression and exhibit strong interferon-dependent self-
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adjuvanting activity [8]. Importantly, IL-2 expressing IAV vectors enhanced antiviral immunity even
in aged mice, partially compensating for immunosenescence [9].

Influenza viruses naturally suppress innate and adaptive immunity through the interferon-
antagonist NS1 protein [4,10]. Therefore, NS1-deleted or truncated vectors were developed; these
viruses lack anti-interferon activity and therefore display markedly increased immunogenicity,
including enhanced dendritic-cell activation and efficient CD8* T-cell priming [11]. NS1-deficient
IAVs also exhibit notable oncolytic properties, replicating selectively but often non-productively in
interferon-defective tumor cells [12,13]. However, because their replication in tumors is insufficient
for effective intratumoral amplification, additional boosting approaches such as co-expression of
cytokines or chemokines or repeated vector administration - may be required to maximize their
antitumor efficacy.

Interferon-inducible chemokines CXCL9, CXCL10, and CXCL11 play a central role in antiviral
and antitumor immunity by engaging the CXCR3 receptor on activated CD8* T cells, NK cells, v T
cells, and Th1 CD4* lymphocytes [14-16]. This axis directs effector-cell trafficking to inflamed tissues,
promotes Th1 polarization, and enhances clearance of infected or malignant cells. Elevated CXCR3-
ligand expression during respiratory infection correlates with increased CD8* T-cell infiltration and
improved viral control [17]. Beyond attracting effector cells, CXCR3 ligands modulate early adaptive
immunity by di-recting antigen-experienced CXCR3* T cells to draining lymph nodes, while
concurrently recruiting inflammatory dendritic cells and Th1 helpers. Thus, inclusion of CXCR3 lig-
ands within NS1-modified IAV vectors may provide a strong additional adjuvant effect, enhancing
both magnitude and breadth of T-cell immunity.

Viral vectors have been widely used to achieve localized chemokine expression in vivo.
Replication-deficient adenoviral CXCL10 constructs, such as AdCXCL10, induce rapid and sustained
infiltration of CD4* and CD8* T cells, greatly exceeding control vectors [18]. Local CXCL10 expression
creates a strong CXCR3-dependent gradient, elevates inflammatory cytokines, and supports robust
T-cell activation. CXCL10-armed vectors have been applied in cancer models to improve T-cell
trafficking, enhance intratumoral cytotoxicity, and overcome immune suppression [19,20]. In glioma,
vector-mediated CXCL9/10 delivery sensitizes tumors to immunotherapy by promoting T-cell
infiltration and improving responses to checkpoint blockade [21]. Collectively, these findings
demonstrate that localized expression of CXCR3 ligands can substantially amplify T-cell responses
and impose a pronounced Thl-skewed immune profile at the site of vector activity.

In this study, we explored the feasibility of constructing NS1-truncated influenza A virus vectors
designed to express CXCL9, CXCL10, or CXCL11. A recombinant virus expressing CXCL10 was
successfully rescued and exhibited stable chemokine expression. In contrast, repeated attempts to
rescue the CXCL9-expressing virus were unsuccessful, suggesting that CXCL9 may interfere with
early stages of the influenza replication cycle. Consequently, our subsequent analysis was focused on
the CXCL10-expressing vector, including evaluation of its replication properties, chemokine
production, and capacity to modulate the development of adaptive immune responses.

2. Materials and Methods
Cells

The Vero (ATCC #CCL-81, USA) and MDCK (#FR-58; IRR, USA) cell lines were used. Vero cells
were cultivated in OptiPro medium (Gibco, USA) with 2% GlutaMax (Gibco, USA). MDCK cells were

cultured in AlphaMEM medium (Biolot, Russia) supplemented with 10% SC-biol fetal serum (Biolot,
Russia).

Generation of Recombinant Virus

Recombinant influenza virus A/PR8/NS124-CXCL10 (HIN1) based on the A/PR/8/1934 strain
with the NS124-CXCL10 chimeric protein obtained by reverse genetics [22]. Vero cells were
transfected with a set of 8 bidirectional plasmids encoding influenza virus genes using the
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Nucleofector II (Amaxa) and the Nucleofection Kit V reagent kit (Lonza #VCA-1003, Switzerland).
After transfection cells were incubated in a medium with 1 ug/ml TPCK-trypsin (Sigma) until the
development of a specific cytopathic effect and then were propagated in 10-12-day-old developing
chicken embryos (CE) (Sinyavinskaya Poultry Farm, Russia).

The infectious activity was assessed by the limiting dilution assay in MDCK cells and in the CE.
The virus dilutions for infection of MDCK cells were prepared in the AlphaMEM medium with 1%
of antibiotic-antimycotic (Gibco, USA) and TPCK-trypsin 1 ug/ml. Dilutions for infecting CE were
prepared in DPBS buffer (Biolot, Russia) with 1% of antibiotic-antimycotic. The 50% tissue culture
infectious dose (TCID50) or egg infectious dose (EID50) was calculated according to the Reed and
Mench method and expressed in Ig [23].

Animals

Female BALB/c and C57Bl/6 mice (16-18 g) were purchased from the Laboratory Animal
Nursery Pushchino (Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry RAS, Moscow,
Russia) or from state facility “RAPPOLOVO” laboratory animals’ nursery of the Russian academy of
medical sciences. All procedures involving animals were performed in compliance with international
regulations (Directive 2010/63/EU) and were approved by the local Bioethics Committee of the
Smorodintsev Research Institute of Influenza.

Viral Infectious Activity Analysis

Viral shedding was assessed on days 3 and 5 following immunization. The mice were
euthanized, and their lungs were collected and homogenized using a TissueLyser II bead
homogenizer (Qiagen, Hilden, Germany). The viral titters were determined by infecting MDCK cells
with the tissue homogenates, followed by hemagglutination assays using a 0.5% suspension of
chicken red blood cells. The tissue infectivity was quantified as the 50% tissue culture infectious dose
(TCID50), calculated with the Reed and Muench method [23], and expressed as lg TCID50 per
milliliter (Ig TCID50/mL).

Immunization

Female C57BL/6 mice (16-18 g) received intraperitoneal immunization with either the
NS124_SS_CXCL10 strain or the NS5124 empty-vector control at a dose of 7 Ig EID50 per mouse. To
evaluate the dynamics of innate immune cell recruitment, peritoneal exudate cells were collected
after 12 and 24 hours post immunization (Figure 3). The adaptive immune response was assessed by
harvesting spleens 10 days after immunization. To examine mucosal T-cell responses, mice were
challenged with A/PR8 wild-type virus (3 1g EID50 per mouse) 21 days post-immunization, and lungs
were collected 3 days after challenge.

Real-Time PCR for Detection of Influenza A

Total RNA was isolated from homogenized mouse lungs using RNA Isolation Kit (Biolabmiyx,
Russia). Peritoneal washes were processed without prior isolation of total RNA from the samples.
Reaction was performed using the BioMaster RT-PCR-Extra (2x) reagent kit (Biolabmix, Russia) and
the CDC-recommended specific for influenza A primers InfA-F (GACCRATCCTGTCACCTCTGAC),
InfA-R  (AGGGCATTYTGGACAAAKCGTCTA) and InfA-P  oligonucleotide  probe
(TGCAGTCCTCGCTCACTGGGCACG) according to the manufacturer’s protocol.

Cytokine Production Analysis

Cytokine concentrations in peritoneal washes were determined using the LEGENDplex
multiplex system (Biolegend, USA), according to the manufacturer’s instructions.
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Leukocytes Isolation and Stimulation

Briefly, lung, spleen and peritoneal washes leukocytes were harvested from mice [24] and
mechanically dissociated. Lung tissue was additionally digested with collagenase/DNase (Sigma,
Saint Louis, MO, USA). Cells were filtered through 70 um strainers, and erythrocytes were lysed
using RBC lysis buffer (BioLegend, San Diego, CA, USA). Prepared single-cell suspensions were
seeded at a density of 1 x 10° cells per well in 96-well plates (Nunc, Roskilde, Denmark). For
intracellular cytokine staining (ICS), cells were stimulated with 5 ug/mL influenza A/PR8 virus or
with the NPsss-s74 peptide (Verta Ltd., Saint Petersburg, Russia) in the presence of brefeldin A
(BioLegend).

Flow Cytometry

To detect CD4+/CD8+ Tem cells that produce cytokines, cells were stained with CD8-PC7, CD4-
PC5.5, CD62L-APC-A750, CD44-KO525, IFNY-FITC, TNFa-PB450, and IL2-PE antibodies
(BioLegend, San Diego, CA, USA) using the Fixation and Permeabilization Solution reagent kit (BD
Biosciences, San Jose, CA, USA). Phenotyping of innate immune cells was performed using a panel
of fluorescently labeled antibodies: CD11b-PE/Cy7, CD11c-PE, MHCII-Alexa Fluor 488, Ly6G-PerCP-
Cy5.5, Ly6C-Alexa Fluor 700, CD103-BV605, CD45-APC/Cy7, CD64-BV421, and CD24-BV510 (all
from BioLegend, USA). The following cell populations were identified based on established surface
marker expression: neutrophils (5SChiCD45+Ly6GH), macrophages
(CD45+MHCII+CD64+CD11¢/CD11b+), monocytes (CD45+MHCII-CD64+CD11¢/CD11b+) and
dendritic cells (CD45+MHCII+CD64-CD24+CD11¢/CD11b+CD103+/CD103-). Data was acquired on a
CytoFlex flow cytometer (Beckman Coulter, Bray, CA, USA) and analyzed using Kaluza Analysis 2.2
software (Beckman Coulter, Bray, CA, USA).

Challenge with Influenza Viruses

For lethal challenge experiments, mouse-adapted influenza strains A/Aichi/2/68 (H3N2) was
used in a dose of 10 LD50. 21 days after the administration (Figure 12), mice were challenged
intranasally (i.n.) under inhalation anesthesia. The animals were monitored for weight loss daily for
five days. On the fifth day after infection, lungs were collected to measure the viral load.

Enzyme-Linked Immunosorbent Assay (ELISA)

To measure influenza-specific antibodies, ELISA was performed. 96-well plates (NuncMaxisorp,
Thermo Fisher Scientific, Waltham, MA, USA) were coated with purified A/Puerto Rico/8/1934 virus
at a concentration of 2 ug/mL in DPBS. HRP-conjugated antibodies (Abcam, Waltham, MA, USA)
were used for detection, and the reaction was visualized with TMB substrate (BioLegend, San Diego,
CA, USA), followed by stopping with 1M H2504. Absorbance was measured at 450/620 nm using a
Multiskan SkyHigh microplate reader (Thermo Fisher Scientific, USA).

Statistical Analysis

Data analysis was conducted using GraphPad Prism 10.0 (GraphPad Software, Inc., San Diego,
CA, USA). Results are presented as mean + standard deviation (SD) or standard error of the mean
(SEM). Statistical comparisons were performed using one-way or two-way ANOVA or unpaired t
test.

3. Results

3.1. Construction of Influenza Vectors Expressing CXCR3 Receptor Ligands
To generate influenza vectors expressing the chemokines CXCL9, CXCL10, and CXCL11, we

used the A/Puerto Rico/8/34 (HIN1) strain (PR8) carrying a truncated NS1 protein of 124 amino acids
(PR8/NS124). To enable chemokine expression, we employed the overlapping stop/start codon
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strategy (TAATG) described by Kittel et al. for the expression of human IL-2 [3]. Briefly, the upstream
stop codon terminated translation of the NS1 protein to 124 amino acid residues, while the
downstream AUG initiated translation of the chemokine open reading frame, including its native
signal peptide.

Recombinant influenza viruses were rescued by plasmid transfection of Vero + MDCK cells and
subsequently amplified in 10-day-old embryonated chicken eggs. The CXCL9-expressing construct
could not be rescued despite multiple attempts. In contrast, the CXCL10- and CXCL11-expressing
vectors were successfully propagated in the allantoic cavity, reaching hemagglutination titers of 1:64
and 1:32 respectively.

Chemokine expression in the allantoic fluid was quantified by ELISA. Embryonated chicken
eggs were infected with 2 x 105 PFU per egg of the CXCL10 or CXCL11 vector. Allantoic fluids were
harvested 48 hours post-infection and analyzed using the LEGEND MAX™ Human CXCL10 (IP-10)
and CXCL11 ELISA Kit (BioLegend, USA). The results demonstrated robust production of CXCL10
(23.5 = 3.7 pg/ml; Figure 1), confirming efficient replication and transgene expression. In contrast,
CXCL11 was not detected in the allantoic fluid (date not shown). Consequently, subsequent
experiments were performed exclusively with the PR8/NS124_SS_CXCL10 vector.

30
-
20
E
g
10
3 PR8/NS124_SS_CXCL10
0 i 3 PR8/NS124

Figure 1. CXCL10 expression rate. To measure the CXCL10 concentration 10-day-old embryonated chicken eggs
were infected with PR8/NS124_SS_CXCL10 and allantoic fluid was harvested at 2 days postinfection. CXCL10
concentrations in the allantoic fluid were analyzed using a LEGEND MAX™ Human CXCL10 (IP-10) ELISA Kit.

3.2. Attenuation of the PR8/NS124_SS_CXCL10 Vector in Mice

Although the PR8/NS124_SS_CXCL10 vector replicated efficiently in embryonated chicken eggs
and MDCK cells, reaching titers of up to 9.0 and 8.0 Ig, respectively, comparable to those of the
parental PR8/NS124 virus (empty vector control) (Figure 2), its replication in mouse lungs was
markedly attenuated compared with the control virus.

A B Cc
Chicken embryos MDCK cells Viral load in lungs

107 =10 =10
E m £ E
S 8- 2 8 ™1 MM 3 8
3 S S sk ok ok 5k
D 6- g 6 — e 6
2 =2 f=]
4 5 4 N
s £ £
> S s IIXIT:

0 0

3 PR8/NS124_SS_CXCL10 3 PR8/NS124

Figure 2. Reproductive activity of PR§/NS124_SS_CXCL10 virus in chicken embryos (A), MDCK cells (B) and

mice (C). To determine the viral load, BALB/c mice were immunized intranasally at a dose of 6 Ig per mouse in
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a volume of 30 pL. Viral shedding was evaluated on day 3 post-immunisation. Viral titers were determined by
titrating tissue homogenates in MDCK cells. Data were considered statistically significant at p < 0.05, as
determined by unpaired t test (****: p <0.0001).

Upon mouse intranasal immunization (Balb/c or C57 BL/6), the PR8/NS124_SS_CXCL10 vector
exhibited a high degree of attenuation, displaying an almost replication-defective phenotype in vivo,
whereas the parental PR8/NS124 virus replicated in the lungs to titers of 4,5 + 0,4 1g (Figure 2). Thus,
while the vector replicated efficiently in eggs and MDCK cells systems that lack adaptive T-cell
immunity its replication in mice was dramatically reduced, suggesting that CXCL10 expression
contributed to immune-mediated restriction of viral replication in vivo.

3.3. Innate Immune Response

Because replication of the chemokine-expressing vector and the control N5124 virus in the lungs
differed by more than 1,000-fold, their comparative immunogenicity was assessed following
intraperitoneal administration, a route in which differences in replication are expected to be minimal.
C57BL/6 mice were immunized intraperitoneally with 500 ul of either PR8/NS124_SS_CXCL10 or the
empty PR8/NS124 vector at a dose of 7 1g EID50 per mouse; control animals received PBS. To analyze
the kinetics of innate immune cell recruitment, peritoneal exudate cells were collected 12- and 24-
hour post-immunization (Figure 3).

Immunization 12 hours 24 hours 10 day 21 day 25 day
< ——— . - —e— — @
X Peritoneal * Challenge with
4 washes low-dose
@ g A/PR8/34 wt LA
J B ﬂ virus ﬂ
innate imml_Jne Viral load CD4+ CD8+ CD4+ CD8+
cells, cytokine Tem cells Tem cells

Figure 3. Sampling plan for the assessment of the PR8/NS124_SS_CXCL10 virus immunogenicity.

Both viral vectors provoked a rapid inflammatory response, characterized by elevated cytokine
levels at 12 hours that declined by 24 hours (Figure 4). The empty NS124 vector induced the highest
levels of IFN-y, IL-6, TNF-a, IL-10, and IL-9, consistent with strong virus-driven activation of innate
immunity. In contrast, the CXCL10-expressing vector elicited slightly lower or comparable cytokine
levels, suggesting that CXCL10 expression did not amplify but rather moderated the acute
inflammatory response.

Analysis of peritoneal exudate cells confirmed robust innate recruitment following infection
with both vectors (Figure 5). Across all cell populations examined, the empty NS124 vector induced
higher frequencies of neutrophils, monocytes, macrophages, and NK cells than the CXCL10-
expressing virus, in line with the stronger cytokine induction. The proportion of CD11b* dendritic
cells remained low and variable in all groups.

To determine whether reduced viral replication might explain the diminished innate immune
response of the CXCL10-expressing vector, we evaluated viral RNA levels in the peritoneal cavity.
Quantitative PCR analysis demonstrated that replication of PR8/NS124_SS_CXCL10 was markedly
attenuated compared with the empty vector (Figure 6). At 12 hours post-inoculation, viral RNA levels
were significantly lower for the CXCL10 vector, indicating absence of productive infection; by 24
hours, viral RNA for both vectors were close to the detection threshold. This attenuation likely reflects
early induction of nonspecific antiviral response triggered by CXCL10 expression. Taken together,
these results indicate that intraperitoneal administration of NS124 influenza vector elicits a potent
innate immune response primarily driven by viral infection itself, whereas CXCL10 expression limits
viral replication and may slightly temper the magnitude of the early inflammatory reaction at the
time points examined.
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Figure 4. Early cytokine profile in the peritoneal cavity. To measure cytokine concentrations C57BL/6 mice were
immunized intraperitoneally with the NS124_SS_CXCL10 or the NS124 (empty vector) strains at a dose of 7 1g
EID50 per mouse. The control group received PBS in the corresponding volume (500 pl per mouse). Peritoneal
washes were collected 12 and 24 hours after immunization. Cytokine concentration was measured using the
LEGENDplex multiplex system (Biolegend, USA) according to the manufacturer’s instructions. The
concentration of IFN-vy, (A), IL-6 (B), TNF-a (C), IL-10 (D) and IL-9 (E) are shown as box and whiskers plots (min
and max with individual values and the median indicated). Data were considered statistically significant at p <
0.05, as determined by one-way ANOVA followed by Tukey’s multiple comparison test (*: p <0.05, **: p <0.01,
#*: p <0.001, ***: p <0.0001).

3.3. Early Naive CD4* and CD8* T-Cell Recruitment

We examined naive CD4* and CD8* T-cell infiltration in the peritoneal cavity at 12- and 24-hours
post-immunization (Figure 7). Both viral vectors induced a comparable early influx of CD4* T cells at
12 hours (9.5 + 2.9% vs. 9.5 £ 2.7%; placebo: 6.1 + 0.1%). This indicates that early lymphocyte
recruitment is primarily driven by the initial viral exposure and local sensing of incoming particles
rather than by subsequent viral amplification.

By 24 hours, CD4* T-cell frequencies declined in both groups, but the decrease was less
pronounced in animals receiving the CXCL10-expressing vector (6.4 +2.4% vs. 3.7 £ 1.9%), suggesting
a minor CXCL10-mediated retention effect. CD8* T-cell frequencies followed the same pattern: similar
levels at 12 hours for both vectors (3.1 £ 2.0% vs. 3.6 + 0.9%; placebo: 1.3 + 0.3%) and minimal changes
by 24 hours, consistent with the delayed kinetics of cytotoxic T-cell activation. Together, these results
show that although the CXCL10 vector replicates less efficiently in the peritoneal cavity, early
lymphocyte influx is largely replication-independent and only modestly influenced by CXCL10
expression at the early time points examined.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Early innate immune cell recruitment. To measure innate immune cell recruitment C57BL/6 mice were
immunized intraperitoneally with the NS124_SS_CXCL10 or the NS124 (empty vector) strains at a dose of 7 1g
EID50 per mouse. The control group received PBS in the corresponding volume (500 pl per mouse). Peritoneal
washes were collected 12 and 24 hours after immunization. Innate immune response in the peritoneal cavity was
assessed at 12- and 24-hours p.im. The percentage of neutrophils in the parent population (CD45+ live cells) (A),
the percentage of monocytes in the grandparent population (CD45+ live cells) (B), the percentage of macrophages
in the grandparent population (CD45+ live cells) (C), and the percentage of dendritic cells in the grandparent
population (CD45+ live cells) (D) are shown as box and whiskers plots (min and max with individual values and

the median indicated).
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Figure 6. Viral loads in peritoneal cavity. To measure viral loads in peritoneal cavity C57BL/6 mice were
immunized intraperitoneally with the NS124_SS_CXCL10 or the NS124 (empty vector) strains at a dose of 7 1g
EID50 per mouse. The control group received PBS in the corresponding volume (500 pl per mouse). Peritoneal

washes were collected 12 and 24 hours after immunization. Ct values above 38 were considered below the
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threshold for biologically meaningful replication and interpreted as minimal or non-productive viral activity.

Data were considered statistically significant at p < 0.05, as determined by unpaired t test (***: p <0.0001).
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Figure 7. Early naive CD4* (A) and CD8* (B) T-cell recruitment. C57BL/6 mice were immunized intraperitoneally
with PR8/NS124_SS_CXCL10 or the empty PR8/NS124 vector at 7 1g EID50 per mouse. Control animals received
PBS (500 pl). Peritoneal washes were collected 12 and 24 hours after immunization. The percentages of CD4* and
CD8* T cells among live cells are shown as box-and-whisker plots (min to max with individual values and the

median).

3.4. Adaptive Immune Response

To define the impact of CXCL10 expression on the development of the adaptive immune
response, we quantified antigen-specific CD8* and CD4* effector-memory T cells producing IFN-v,
TNF-a, and IL-2 in the spleen 10 days after intraperitoneal immunization (Figures 8 and 9). Despite
the markedly attenuated replication of the PR8/NS124_SS_CXCL10 vector in the peritoneal cavity,
mice immunized with this construct developed significantly stronger CD8* Tcells responses. The
frequencies of IFN-y*, IFN-y*TNF-a*, and multifunctional IFN-y*TNF-a*IL-2* CD8* T cells were
markedly elevated compared to the NS124 empty vector, and the overall pool of cytokine-producing
CD8* T cells was also significantly increased in the CXCL10 vector group compared to placebo group
(p <0.0001).

A similar enhancement was observed in the CD4* T cells compartment. PR§/NS124_SS_CXCL10
induced the highest frequencies of IFN-y*, IFN-y*TNF-a* and multifunctional IFN-y*TNF-o*IL-2*
CD4* T cells, with levels significantly elevated relative to the placebo group (p < 0.01). In contrast,
PR8/NS124 alone generated only modest IFN-y-based CD4* responses, and overall cytokine
production remained substantially lower than in the CXCL10 group. TNF-o'IL-2* and
multifunctional CD4* subsets remained relatively low across groups.
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Figure 8. Antigen-specific CD8+Tem response in the spleen. To measure Tem response in the spleen C57BL/6
mice were immunized intraperitoneally with the NS124_SS_CXCL10 or the N5124 (empty vector) strains at a
dose of 7 1g EID50 per mouse. The control group received PBS in the corresponding volume (500 ul per mouse).
Spleens were collected at 10 d.p.im. Tem response in the spleen was assessed by intracellular cytokine staining
after 6 h of in vitro stimulation with the NPass-374 peptide. The total percentage of cytokine-producing CD8+ Trm
lymphocytes (A) and the percentage of CD8+ Tem producing any combination of IFN-y, IL-2, or TNF-a (B) are
shown as box and whiskers plots (min and max with individual values and the median indicated). Data were

considered statistically significant at p < 0.05, as determined by one-or two-way ANOVA followed by Tukey’s
multiple comparison test (*: p <0.05, **: p <0.01, **: p <0.001, ***: p <0.0001).
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Figure 9. Antigen-specific CD4+Tem response in the spleen. To measure Tem response in the spleen C57BL/6
mice were immunized intraperitoneally with the NS124_SS_CXCL10 or the NS124 (empty vector) strains at a
dose of 7 1g EID50 per mouse. The control group received PBS in the corresponding volume (500 pl per mouse).
Spleens were collected at 10 d.p.im. Tem response in the spleen was assessed by intracellular cytokine staining
after 24 h of in vitro stimulation with the A/PR8 wt virus. The total percentage of cytokine-producing CD4+ Tem
lymphocytes (A) and the percentage of CD8+ Tem producing any combination of IFN-y, IL-2, or TNF-a (B) are
shown as box and whiskers plots (min and max with individual values and the median indicated). Data were
considered statistically significant at p < 0.05, as determined by one-or two-way ANOVA followed by Tukey’s
multiple comparison test (*: p <0.05, **: p <0.01, **: p <0.001, ***: p <0.0001).
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To determine whether systemic immunization could also elicit mucosal memory, mice were
infected intranasally with a very low dose (3 Ig EID50 per mouse) of A/PR8 wt virus on day 21, and
lungs were collected on day 25 (Figures 10 and 11). Following this low-dose challenge,
PR8/NS124_SS_CXCLIO0 elicited the strongest lung CD8* T response, with significantly elevated
frequencies of IFN-v*, TNF-a*, and multifunctional IFN-y*TNF-a*IL-2* CD8* cells compared to
placebo group (p < 0.05). Lung CD4* T cell responses showed a similar pattern, with significantly
higher TNF-a* CD4* T-cell frequencies in the CXCL10 group (p < 0.01), whereas IL-2* and IFN-y*
subsets remained low and did not differ significantly. Despite its substantial attenuation in vivo, the
CXCL10-expressing vector was nonetheless able to drive a significantly enhanced and functionally

superior adaptive T-cell response.
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Figure 10. Antigen-specific CD8+Tem response in the lung. To measure the development of a mucosal T-cell
response after peritoneal immunization animals were challenged with A/PR8 wt virus (3 Ig EID50 per mouse)
on 21 days, lungs were isolated on day 25. Tem response in the lung was assessed by intracellular cytokine
staining after 6 h of in vitro stimulation with the NP366-374 peptides. The total percentage of cytokine-
producing CD8+ Tem lymphocytes (A) and the percentage of CD8+ Tem producing any combination of IFN-vy,
IL-2, or TNF-a (B) are shown as box and whiskers plots (min and max with individual values and the median
indicated). Data were considered statistically significant at p < 0.05, as determined by one-or two-way ANOVA
followed by Tukey’s multiple comparison test (*: p <0.05, **: p <0.01, **: p <0.001, ***: p <0.0001).
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Figure 11. Antigen-specific CD4+Tem response in the lung. To measure the development of a mucosal T-cell
response after peritoneal immunization animals were challenged with A/PR8 wt virus (3 Ig EID50 per mouse)
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on 21 days, lungs were isolated on day 25. Tem response in the lung was assessed by intracellular cytokine
staining after 24 h of in vitro stimulation with A/PR8 wt virus. The total percentage of cytokine-producing CD4+
Tem lymphocytes (A) and the percentage of CD4+ Tem producing any combination of IFN-y, IL-2, or TNF-a (B)
the total percentage of cytokine-producing CD4+ Tem lymphocytes (B) are shown as box and whiskers plots
(min and max with individual values and the median indicated). Data were considered statistically significant
at p <0.05, as determined by one-or two-way ANOVA followed by Tukey’s multiple comparison test (*: p <0.05,
**: p <0.01, ***: p <0.001, ***: p <0.0001).

3.4. Intranasal Immunization with CXCL10 Expressing Vector Provoked Lung Damage in Mice

To assess CD8* T cells functional relevance in a viral challenge model C57BL/6mice were
immunized intranasally of dose of 6 Ig EID50 per mouse; control animals received PBS (30 pl). 21
days after immunization, the mice were infected with the strain A/Aichi/2/68 (H3N2) at a dose of
10MLD50 (Figure 12).

Immunization 14 days 21 days 25 days
\ 4 @ 4

g Infection with a heterologous strain
/ ‘ AJAichi/2/68 (H3N2) L/ J

IgG Assessment of body weight Viral load
dynamics

Figure 12. Sampling plan for challenge experiment.

Both PR8/NS124_SS_CXCL10 and PR8/NS124 vaccinated mice developed high titers of anty-PR8
IgG compared with control animals, in which antibodies were almost undetectable (p < 0.0001 vs.
control). IgG levels were significantly higher in the PR8/NS124 group than in the
PR8/NS124_SS_CXCL10 group (p < 0.0001). These result indicate that, CXCL10 appears to bias the
immune response toward a CXCR3* Th1/effector phenotype rath helper (Tth) cells.

Body weight was monitored for five days following infection to assess disease severity across
treatment groups. Mice infected with PR8/NS124_SS_CXCL10 exhibited the most pronounced weight
loss, beginning on day 1 and continuing through day 5, reaching approximately 87% of their starting
body weight. In contrast, mice infected with PR8/NS124 maintained body weight more effectively
throughout the observation period, with only minimal loss and ending near 98% of baseline weight
by day 5. Control mice displayed an intermediate phenotype, with gradual weight reduction to
approximately 92% by day 5. A statistically significant difference in body weight among the groups
was observed at day 5, indicating that expression of the SS_CXCL10 construct in the PR8/NS124
backbone exacerbated disease severity relative to PR8/NS124 alone.

Both PR8/NS124_SS_CXCL10 and PR8/NS124 vaccination significantly reduced viral loads
compared to control mice (p <0.001). Notably, the CXCL10 group exhibited more weight loss despite
having lower viral titers. This pattern suggests that the observed pathology is likely driven by T cell-
mediated or cytokine-driven immunopathology rather than direct virus-induced damage.
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Figure 13. CD8* T cells functional relevance in a viral challenge model. C57BL/6 mice were immunized
intranasally with 30 ul of 6 g ELD50 per mouse; control animals received PBS. 21 days after immunization, the
mice were infected with the strain A/Aichi/2/68 (H3N2) at a dose of 1I0MLD50. Total serum IgG (A), body weight
(B) and viral load in lungs (C). Data were considered statistically significant at p < 0.05, as determined by one-
way or two-way ANOVA followed by Tukey’s multiple comparison test (*: p < 0.05, **: p < 0.01, ***: p <0.001,
**%: p <0.0001).

4. Discussion

In this article, we describe the attenuation profile and immunogenic properties of an influenza
A virus vector engineered to express human CXCL10. The PR8/NS124_SS_CXCLI10 construct
demonstrated a markedly replication-restricted phenotype in vivo, yet it elicited enhanced systemic
and mucosal T-cell responses compared with the empty NS124 vector. This dual behavior - strong
attenuation combined with robust T-cell immunogenicity-highlights the potential of CXCL10-
expressing influenza vectors as versatile immunomodulatory platforms.

The markedly enhanced T-cell immunity induced by the CXCL10-expressing vector suggests
potential applications beyond classical antiviral vaccination. CXCL10 is a well-established
chemoattractant for activated CD8* T cells and NK cells, functioning through the CXCR3 axis to guide
effector lymphocytes into inflamed tissues [25]. Several viral platforms, including adenovirus, HSV-
1, vaccinia, and VSV, have successfully incorporated CXCL10 to enhance intratumoral T-cell
infiltration and antitumor efficacy [19,26,27]. In this context, the PR8/NS124_SS_CXCL10 vector may
represent a novel candidate for oncolytic or immunotherapeutic development. Influenza viruses
naturally infect epithelial tissues, can be engineered for controlled replication, and possess potent
innate stimulatory properties, making them attractive tools for reshaping tumor microenvironments
toward antitumor immunity.

Of particular interest is the immune-excluded nature of high-grade gliomas, where impaired
CXCR3-CXCL10 signaling contributes to insufficient recruitment of effector T cells [28,29]. A
CXCL10-expressing influenza backbone could help overcome this barrier by generating strong
chemotactic gradients and promoting early infiltration of cytotoxic lymphocytes. Importantly, the
safety profile of such a strategy may be favorable. In this study, the PR8/NS124_SS_CXCL10 vector
demonstrated a strongly attenuated phenotype in two anatomical compartments. Following
intranasal inoculation, viral replication in the lungs remained near the detection threshold, and even
after intraperitoneal administration, where both vectors access susceptible cells, CXCL10 expression
markedly restricted replication relative to the empty vector. This replication limiting effect appears
to be a general in vivo property of the vector, an advantageous feature for intratumoral or intracranial
delivery, although dedicated neurovirulence and biodistribution studies are required.
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Beyond oncological applications, CXCL10-expressing influenza vectors may also enhance
mucosal vaccination strategies. The PR8/NS124_SS_CXCL10 virus exhibited substantial attenuation
after intranasal inoculation yet elicited strong systemic and mucosal T-cell responses, a combination
desirable for next-generation intranasal vaccines aimed at inducing cross-protective T-cell immunity.
Heterosubtypic immunity against influenza, particularly against drifted or antigenically distinct
strains, is mediated largely by CD8* T cells recognizing conserved internal antigens such as NP and
M1 [30,31]. CXCL10-mediated recruitment of effector T cells to the respiratory mucosa may therefore
broaden the magnitude and durability of such responses. Incorporating CXCL10 into NS1-modified
live attenuated influenza vaccine strains may provide a means of enhancing cellular immunogenicity
while preserving acceptable attenuation profiles.

However, our findings also demonstrate that CXCL10 expression alters the balance between
immune recall and viral control in ways that can be detrimental during heterologous challenge. In
the H3N2 challenge experiment, mice were immunized intranasally - without secondary antigenic
stimulation and the PR8/NS124 vector provided effective protection despite the absence of strain-
matched neutralizing antibodies. This outcome aligns with established principles of heterosubtypic
immunity: protection is mediated by early mucosal imprinting, local innate activation, and tissue-
resident memory T cells (Trm) recognizing conserved viral epitopes [30,31]. Because PR8/NS124
replicated efficiently in the lungs during primary immunization, it likely established stronger local
antigen presentation, antiviral conditioning, and early Trm seeding, all contributing to rapid control
of the heterologous challenge.

In contrast, the CXCL10 vector replicated only minimally in the lungs during primary
immunization, limiting early mucosal priming and leaving the respiratory tract permissive to rapid
H3N2 replication. Although CXCL10-primed memory T cells recognized conserved internal epitopes
and mounted strong effector responses upon infection, this vigorous T-cell recall occurred in the
context of high viral burden. Strong T-cell responses, particularly those dominated by TNF-a
production, are known to contribute to immunopathology when elicited in tissues with substantial
viral replication [32]. This imbalance - robust T-cell recall in the setting of insufficient early viral
control - offers a plausible mechanism for the VAERD-like pathology observed in CXCL10-
immunized mice and is consistent with T-cell-mediated immunopathology rather than antibody-
dependent enhancement.

It is important to clarify that the lung T-cell responses in Figures 10 and 11 were obtained under
experimental conditions designed specifically to measure antigen-driven recall, not the baseline
mucosal memory established by the priming immunization. Mice were initially immunized
intraperitoneally, a route that does not efficiently seed Tem in the lungs, and were subsequently given
alow-dose PR8 infection 3 days prior to lung harvest, a time frame optimal for capturing recall-driven
recruitment and expansion of circulating memory T cells. Thus, the elevated lung Tem frequencies
observed in CXCL10-vaccinated mice after PR8 restimulation represent enhanced recall
responsiveness rather than superior primary Tem formation.

The TNF-a dominance within the CD4* Tem compartment of CXCL10-vaccinated mice further
supports this interpretation. This cytokine profile reflects an effector-oriented Th1-like memory state
capable of rapid inflammatory licensing, dendritic cell maturation, and upregulation of endothelial
adhesion molecules [33]. While such TNF-weighted helper responses may be advantageous for
antitumor immunity or control of homologous viral infection, they may exacerbate tissue damage
when activated in a setting of high heterologous viral replication, as observed here.

Taken together, these findings highlight the broad immunological potential of CXCL10-
expressing influenza vectors and outline multiple avenues for future development. Their unique
balance of strong attenuation and T-cell-enhancing properties positions them as promising
candidates for oncolytic virotherapy, especially for immune-excluded tumors such as glioma, and for
improving the performance of intranasal influenza vaccines. At the same time, the VAERD-like
outcome observed during heterologous challenge underscores the need to carefully consider the
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interplay between mucosal priming, T-cell recall kinetics, and viral replication when designing
chemokine-expressing influenza vaccines.
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Abbreviations

The following abbreviations are used in this manuscript:

1AV Influenza A virus
ANOVA  analysis of variance
DC Dendritic cells

CXCR3 C-X-C motif receptor 3
CXCL10 High serum C-X-C motif chemokine ligand 10

NK Natural killer

NS Nonstructural protein

CE Chicken embryos

EID50 50% embryonic infectious dose
TCID50 50% culture infectious dose

TMB 3,3',5,5'-Tetramethylbenzidine

MDCK Madin-Darby canine kidney cell

ELISA Enzyme-Linked Immunosorbent Assay
MLD50 50% mice lethal Dose

PCR polymerase chain reaction

HSV-1, Human herpesvirus 1

VAERD Vaccine-associated enhanced respiratory disease
Vsv Vesicular stomatitis virus

SEM standard error of the mean

SD standard deviation

PBS Phosphate-buffered saline
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