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Preface

Viral infections continue to pose major global health challenges as evidenced by recurrent
pandemics and the continuing burden of chronic and emerging infectious diseases. This reprint
of the Special Issue “Virus Infection and Infectious Diseases: Unraveling Mechanisms, Innovations
and Therapeutic Strategies”, published in the International Journal of Molecular Sciences, aims to
provide a comprehensive overview of recent advances in virology and infectious disease research.
This collection brings together experimental studies and reviews, investigating the molecular and
cellular basis of viral pathogenesis, host-pathogen interactions, immune modulation and therapeutic
innovations, including antiviral drugs, vaccines and diagnostic tools.

The motivation for this volume is rooted in the need to integrate basic mechanistic insights with
translational research to better understand, diagnose and treat infectious diseases. We have attempted
to highlight both established and novel viral systems and to reflect the interdisciplinary nature of the
field, from molecular virology to clinical application.

This reprint is intended for researchers, clinicians, and students in virology, immunology,
infectious disease medicine and translational biomedical sciences. The contributing authors are
international experts who provide a diverse and up-to-date perspective on their respective fields.

We are deeply grateful to all the authors for their valuable contributions and to the reviewers for
their constructive feedback. We also extend our sincere thanks to the IJMS Editorial Team for their

professional support and dedication throughout the publication process.

Jung-Hyun Lee
Guest Editor
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Abstract: Archangiumide is a unique macrolide natural product that features an endocyclic
allene functionality, rendering it a prototype of a new class of secondary metabolites of mi-
crobial origin. However, its biological and /or pharmaceutical roles remain obscure. In this
study, we have unveiled an antiviral potency of archangiumide that was effective against
herpes simplex virus (HSV-1) replication. We found that archangiumide did not affect host
cell viability, nor pathogen infectivity, but suppressed HSV-1 early replication, in terms of
early replication genes, such as ICP0, ICP4, etc. Further scrutinizing the underlined master
regulator, we found that HSV-1 VP16 protein expression was inhibited by archangiumide,
as well as VP16 nuclear translocation. As VP16 is a coactivator of transcription, archangiu-
mide harnessed the master regulator of HSV-1 early replication. Together, here we provide
evidence that allene macrolide archangiumide possesses robust antiviral functions that
may be valuable for a novel viral infection intervention, as macrolides are generally safe
drugs for prolonged treatments.

Keywords: HSV-1; archangiumide; antiviral

1. Introduction

Since its first discovery in 1950s, macrolide has been one of the most commonly used
families of antibiotics prescribed to treat infections of gram-positive bacteria. For example,
azithromycin, clarithromycin, and erythromycin are commonly used to treat infections like
pneumonia, sinusitis, pharyngitis, and tonsillitis [1]. Due to its excellent efficacy and safety
record in clinical applications, as well as emerging multiple or extreme resistance, interest
in exploring novel macrolides is vibrant for both natural microbial products and synthetic
chemistry [2—4]. We identified archangiumide, a novel macrolide natural product produced
by the myxobacterium Archangium violaceum SDUS, through a combination of genome
mining and NMR-based metabolomic profiling. It is an unprecedented 19-membered
allenic macrolide with a molecular formula of C19H»¢Og [5]. Its structure is characterized
by the presence of an endocyclic allene, two additional E-configured alkenes, and an an-
nulated tetrahydrofuran ring. This complex architecture not only provides a significant
synthetic challenge [6] but also endows the molecule with unique chemical properties.

Int. ]. Mol. Sci. 2025, 26, 1537 https://doi.org/10.3390/ijms26041537
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Under long term storage in particular conditions of illumination and room temperature,
it undergoes gradual degradation. Preliminary biological activity assays demonstrated
that archangiumide did not exhibit significant antitumor activity against over 20 common
human tumor cells, neither antibacterial activity against Staphylococcus aureus, Bacillus
subtilis, and Escherichia coli, nor antifungal activity against Candida albicans. In ad-
dition, it does not possess antioxidant (DPPH radical-scavenging) or anti-inflammatory
(LPS-induced NO production in adherent cells) effects, yet its unique structure and the chal-
lenges associated with its synthesis make it a compelling candidate for further investigation
in terms of therapies [5].

Although a plethora of reports has established the antibacterial functions of macrolides
for decades, the long-neglected antiviral effects are now brought to spotlight, with the promi-
nent example of azithromycin, which has been used to combat COVID-19 infection [7-9].
The exploration of macrolides as antiviral agents is further supported by the discovery of
compounds like balticolid [10], a plecomacrolide with anti-HIV and anti-herpes simplex
type I activity. These findings underscore the versatility of macrolide compounds in tar-
geting different viral pathogens and suggest a broader application in antiviral strategies.
Herpes simplex virus type 1 (HSV-1), a widespread human pathogen, is known to cause a
spectrum of diseases ranging from mild oral and facial mucocutaneous infections to more
severe and life-threatening conditions such as keratitis, encephalitis, and meningitis [11-13].
The virus’s ability to establish lifelong latent infections and its increasing drug resistance
highlight the urgency for novel antiviral agents [14].

In this study, we embarked on the exploration of archangiumide for antiviral therapy,
specifically targeting the mechanisms by which HSV-1 infects human cells. By meticulously
dissecting the infection route of HSV-1, we aimed to pinpoint archangiumide’s intervention
at early stages of viral infection. This approach aligns with the growing body of research
that underscores the importance of early intervention in viral diseases, which is crucial
for limiting viral replication and associated pathologies. As well, this research could
pave the way for new treatment strategies against HSV-1 and contribute to the broader
understanding of antiviral drug development.

2. Results
2.1. Archangiumide Significantly Suppressed HSV-1 Replication

Upon the initial discovery of archangiumide, we were not able to identify its bioactivity,
as it has no antibacterial function as expected [5]. Inspired by azithromycin’s effectiveness
in COVID-19, here we attempt to explore the antiviral activity of archangiumide. To sail
in well-charted waters, we chose HSV-1 as our model pathogen, as its infection route has
been mapped in detail and HSV-1 related tests are robust as well as bio-safety accessible.

To monitor archangiumide’s effect on HSV-1 replication, GFP-tagged HSV-1 viruses
were infected for 24 h at MOI 0.5, with or without archangiumide. As shown in Figure 1,
archanguimide suppressed HSV-1 replication in a dose-dependent manner, in terms of
GFP signal intensity (Figure 1a), viral load (Figure 1b), and viral genome copy (Figure 1c).
Moreover, archanguimide suppressed HSV-1 glycoprotein D (gD, Us6 mRNA) transcription
at higher and lower levels of viral infection (MOI = 1 and MOI = 0.1), confirming previous
data (Figure 1d). In terms of protein level, gD and VP16 proteins were also suppressed
(Figure 1e,f). Last but not least, archanguimide had low toxicity to cells (Figure 1g), and
these findings were not due to host cell survival issues. Inferring from the virus titer
(Figure 1b), archanguimide had an IC50 of 0.039 mM against HSV-1. A 5.75 mM CC50 (50%
cytotoxicity concentration) is also inferred from Figure 1f. Therefore, archanguimide has a
suitable therapeutic index of 147 (CC50/1C50) for HSV-1 intervention.
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Figure 1. Archangiumide suppressed HSV-1 replication. (a,b) Archangiumide was added to HSV-1-
eGFP virus-infected HeLa cells (MOI = 0.5) and cultured for 24 h. Sham infection was performed
as control (Mock). GFP signal was captured (a). Fluorescent images were in 200x magnification.
HSV-1 titer (TCID50/mL) was analyzed in culture supernatant after 24 h (b). Statistics were analyzed
with non-parametric one-way ANOVA (Kruskl-Wallis test). ***, p < 0.001. n = 3. (c) Archangiumide
was added to infected cells (MOI = 0.1). After 24 h culture, genomice DNA was extracted and the
HSV-1 genome was analyzed by qPCR. Kruskl-Wallis one-way ANOVA. ***, p < 0.0001. n = 3.
(d) gD transcription (Us6 mRNA) was analyzed by qPCR under high and low dose infections
(MOI =1 and MOI = 0.1). Kruskl-Wallis one-way ANOVA for each MOI group. ****, p < 0.0001. n = 3.
(e) Western of gD and VP14 protein under archangiumide. B-actin as control. (f) Quantification of
e** 1 <0.0001. n = 3. (g) Cell survival rate under different doses of archangiumide. Dashed line
represents CC50. n = 3. Data shown represent three independent experiments.

2.2. Archangiumide Was Not Able to Inactivate HSV-1 Directly

To understand the mechanism of archangiumide’s antiviral effect, we first tested
whether archangiumide directly inactivated the pathogen. We pre-incubated HSV-1 stock
with archangiumide for 2 h, then diluted the stock to infect cells. As shown in Figure 2a—c,
archangiumide pre-incubation did not affect HSV-1 infection, not even at a dose of 0.6 mM.
Thus, archangiumide was not able to inactivate HSV-1 directly, and its antiviral effect had
impacts on the host cells rather than the pathogen.
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Figure 2. Archangiumide showed no effect on virus inactivation. Archangiumide was pre-incubated
with HSV-1-eGFP virus stock for 2 h, then the stock was diluted into MOI = 0.1 to infect cells.
(a) GFP signal was captured at 24 h. Fluorescent images were in 200 x magnification. (b) HSV-1 titer
(TCID50/mL) was analyzed in culture supernatant after 24 h. Kruskl-Wallis one-way ANOVA. n = 3.
(c) gD transcription (Us6 mRNA) was analyzed by qPCR after 24 h. Kruskl-Wallis one-way ANOVA.
n = 3. Data shown represent three independent experiments.

2.3. Archangiumide Did Not Block HSV-1’s Attachment to the Cell, nor Penetration

HSV-1 followed a classical virus-host interaction route, in terms of attachment to
the host cell, penetration into the cell, release of the genome, replication of the genome,
etc. [12,13]. Therefore, step by step, we scrutinized archangiumide’s intervention in
HSV-1’s infection route. First, we tested archangiumide’s effect on viral attachment to
the cell. HSV-1 was allowed to attach to pre-chilled cells for 4 h at 4 °C with or without
archangiumide. Then, the infected cells were cultured in fresh medium for 24 h. As shown
in Figure 3a—c, archangiumide did not suppress HSV-1 attachment to cells. Next, we
tested archangiumide’s effect on viral penetration into cells. After HSV-1 attachment to the
pre-chilled cell, the viral medium was removed, then the attached HSV-1 was allowed to
penetrate cells at 37 °C for 15 min with or without archangiumide. Unpenetrated HSV-1
was removed with an acidic PBS wash, and infected cells were cultured in fresh medium
for 24 h. As shown in Figure 3d—f, archangiumide did not suppress HSV-1 penetration into
cells either.

Mock 0.2mM 0.4mM 0.6 mM

Figure 3. Cont.
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Figure 3. Archangiumide showed no effects on viral attachment and penetration. (a—c) With or
without archangiumide, HSV-1 (MOI = 0.01) was loaded onto cells at 4 °C for 2 h for attachment,
then removed. Infected cells were cultured in fresh medium and the GFP signal was captured at
24 h (a). Fluorescent images were in 200 x magnification. (b) HSV-1 titer (TCID50/mL) was analyzed
in culture supernatant after 24 h. Kruskl-Wallis one-way ANOVA. n = 3. (c) gD transcription (Us6
mRNA) was analyzed by qPCR after 24 h. Kruskl-Wallis one-way ANOVA. n = 3. (d—f) HSV-1
(MOI = 0.01) was loaded onto cells at 4 °C for 2 h for attachment, then removed. With or without
archangiumide, attached HSV-1 was stimulated to penetrate at 37 °C for 15 min. After using an
acidic PBS wash (pH = 3) to remove non-penetrated virus then neutralizing cells with a basal PBS
wash (pH = 11), infected cells were cultured 24 h for analysis. (d) GFP signal was captured at 24 h.
Fluorescent images were in 200 x magnification. (e) HSV-1 titer (TCID50/mL) was analyzed in culture
supernatant after 24 h. Kruskl-Wallis one-way ANOVA. n = 3. (f) gD transcription (Us6 mRNA) was
analyzed by qPCR after 24 h. Kruskl-Wallis one-way ANOVA. n = 3. Data shown represent three
independent experiments.

2.4. Archangiumide Suppressed Early Replication of Intracellular HSV-1

As archangiumide showed no effect on viral entry of cells, we next explored the
timing of its antiviral effect on intracellular viruses after entry. At different time points
post infection, 0.4 mM archangiumide was added to suppress HSV-1 replication. The
data show that archangiumide was effective as early as 2 h post infection (Figure 4a,b),
and an extremely strong antiviral effect (***, p < 0.001) was observed within 6 h. We next
analyzed early replication genes (ICP0, ICP4, ICP22, ICP27, and UL29) and confirmed that
archangiumide suppressed these genes’ transcription as predicted (Figure 4c).
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Figure 4. Archangiumide suppressed early viral replication. At different times after HSV-1 infection
(MOI = 0.1), 0.4 mM archangiumide was added to culture systems to suppress replication. (a) GFP
signal was captured at 24 h. Fluorescent images were in 200X magnification. (b) gD transcription
(Us6 mRNA) was analyzed by qPCR after 24 h. Unpaired test, two-tailed. **, p < 0.01, n = 3.
(c) Early-replication-related gene transcriptions (ICP0, ICP4, ICP22, ICP27, UL29 mRNA) were
analyzed by qPCR before 6 h post infection. Kruskl-Wallis one-way ANOVA for each gene. n = 3.
Data shown represent three independent experiments.

2.5. Archangiumide Blocked VP16 Nuclear Translocation to Suppress Early Replication

To decipher archangiumide’s early intervention in HSV-1 replication, we turned to
the literature for a master regulator of early replication and focused on VP16. VP16 is well
known for its transactivator function, which forms a complex with various transcriptional
factors to regulate HSV-1 early replication [14-17]. Therefore, we analyzed VP16 at an early
stage of infection, and found that archangiumide down-regulated VP16 mRNA and protein
expression instantly (Figure 5a,b). As a transactivator, VP16’s nuclear translocation is a pre-
requisite for its function; therefore, we analyzed VP16’s distribution under archangiumide.
The data in Figure 5c show that VP16’s nuclear translocation was blocked by archangiu-
mide. Together, we found that archangiumide suppressed HSV-1 early replication by
down-regulation of VP16’s expression and nuclear translocation.

a b
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& 40004 ** W
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Figure 5. Cont.
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Figure 5. Archangiumide down-regulated VP16 expression and blocked its nuclear transloca-
tion. 0.4 mM archangiumide was added to HSV-1-infected cells (MOI = 4). (a) At 3h and 6 h,
VP16 (UL48 mRNA) was analyzed by qPCR. Kruskl-Wallis one-way ANOVA for each timepoint.
% p <0.001, **, p < 0.01, n = 3. (b) Western blot of VP16 protein under archangiumide. 3-actin as
control. (c) Intracellular distribution of VP16. DAPI as nuclear indicator. Bars indicate 10 um. Data
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shown represent three independent experiments.

3. Discussion

Here, we have reported that macrolide archangiumide suppressed HSV-1 replica-
tion in the early stages of infection. Archangiumide is a novel macrolide natural product
produced by the myxobacterium archangium violaceum SDUS [5]. Firstly, we evaluated
the inhibitory activity of archangiumide on HSV-1 replication by detecting the virus titer,
virus genome copy, and mRNA level. The results indicated that archangiumide blocked
HSV-1 replication efficiently. The therapeutic index was calculated according to IC50 and
CC50, which indicated the promising prospect of archangiumide as an anti-HSV-1 inhibitor
(Figure 1). Then, we attempted to discover the mechanism by which archangiumide in-
hibits HSV-1 replication. Antiviral agents block virus proliferation by inactivating viral
particles directly or by inhibiting the virus replication cycle. Our data demonstrate that
archangiumide could not inactivate HSV-1 viral particles directly (Figure 2). That means
archangiumide acted on HSV-1 replication cycle. Therefore, step by step, we scrutinized
archangiumide’s intervention in HSV-1's replication. The data indicate that archangiumide
did not block HSV-1’s attachment to the cells, nor its penetration (Figure 3). We next
explored the timing of its antiviral effect on intracellular viruses after entry and found
that archangiumide was effective at as early as 2 h post infection, and extremely strong
antiviral effect was observed within 6 h (Figure 4a,b). To decipher archangiumide’s early
intervention in HSV-1 replication, we turned to the literature for a master regulator of early
replication and focused on VP16. VP16 is well known for its transactivator function, which
forms a complex with various transcriptional factors to regulate HSV-1 early replication [18—
20]. Therefore, we analyzed VP16 at early stage of infection, and found that archangiumide
down-regulated VP16 mRNA and protein expression instantly (Figure 5a,b). As a transacti-
vator, VP16’s nuclear translocation is a prerequisite for its function; therefore, we analyzed
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VP16's distribution under archangiumide. The data in Figure 5c show that VP16’s nuclear
translocation was blocked by archangiumide. Together, we found that archangiumide
suppressed HSV-1 early replication by down-regulation of VP16’s expression and nuclear
translocation.

Although we have confidence in our conclusions, several limitations of this study
should be acknowledged. First, as the first-ever allene bearing macrolide, whether
archangiumide’s viral suppression is directly associated with the allene group is an open
question, as is the question of why it did not exhibit traditional antibacterial function. As
the total synthesis of this molecule has recently been mapped out [6], it is worthwhile to
test these pharmaceutical questions with structural analogs without allene group. Second,
although HSV-1 is the most successful virus in terms of infectivity, additional work is
planned to explore more pathological viruses, such as COVID-19 and influenza. Also,
deviating from HSV-1's DNA genome nature, other RNA viruses need to be tested. Third,
we presented the evidence of direct intervention of archangiumide in HSV-1 replication
here. However, in vivo, more complex pharmacological and immunological effects of
archangiumide are next to be explored. Last but not least, HSV-1 has a lytic-latency life
cycle in vivo [11], which is the key survival technique for the pathogen. Therefore, before
archangiumide’s translation from bench to bed, its impact on HSV-1 lytic-latency cycle
should be monitored in animal models.

In recent years, HSV-1 infection has increased and caused a great challenge to pub-
lic health. Due to drug resistance, natural products have been chosen for the develop-
ment of new anti-HSV-1 agents. Many such efforts have been made [14]. For example,
peniterphenyl A, from a deep-sea-derived Penicillium sp., showed anti-HSV-1/2 activity
in vitro [21], and a hydroethanolic extract of Tanacetum parthenium (L.) Sch.Bip. (Asteraceae)
has shown in vivo anti-HSV-1 activity and is safe for oral and topical application [22].

4. Materials and Methods
4.1. Isolation of Archangiumide

The method for the fermentation and isolation of archangiumide was described previ-
ously [11]. Archangiumide stock was prepared in 1 mM DMSQO, then diluted to the desired
concentration in 2% FBS/DMEM before experiments.

4.2. Cells and Virus

Cell passage was cultured in DMEM containing 10% FBS. Vero was cultivated to
produce HSV-1-eGFP. HeLa cells lines were cultivated to perform all infection tests. HSV-
1-eGFP was kindly provided by professor Xiaojia Wang (China Agricultural University,
Beijing, China). For drug efficacy tests, HSV-1-eGFP stock was diluted to a certain MOI in
2% FBS/DMEM, then was allowed to infect 90% confluent HeLa cells at 37 °C. Cytopathic
effects were monitored each 6 h and infected cells were typically collected for further tests
at 24 h post infection.

4.3. TCID50 and Genome Copy

For the viral titer, samples were serial diluted from 10~! to 10~8. The eGFP signal was
captured in diluted-sample-infected cells. TCID50 was calculated using the Reed—-Muench
method. Eight technical repeats were performed for every diluted sample. For genome copy
analysis, HSV-1 VP16 was cloned in a plasmid vector. A standard curve was generated by
VP16 qPCR (ACT) of serial-diluted plasmid. The genome DNA of HSV-1-infected cells was
extracted (Solarbio Life Sciences, Beijing, China) and then analyzed by VP16 qPCR. After
fitting to the standard curve, the HSV-1 genome copy of the infected cells was calculated.
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4.4. Cell Survival Rate

MTT-based cell viability was analyzed following the producer’s manual (Beyotime
Biotechnol, Shanghai, China). Briefly, 5000 HeLa cells were seeded in 96-well plates, then
archangiumide was added to the culture system for 24 h. An amount of 10 uL MTT solution
(5 mg/mL) was added and cultivated at 37 °C for 4 h. An amount of 100 pL formazan
solution was added and mixed gently. After 4 h, OD570 was analyzed. Four technical
repeats were performed.

4.5. Real-Time gPCR

HSV-1 mRNA transcriptions were analyzed by RT and real-time qPCR (Mei5bio, Bei-
jing, China). Primers used: Us6 (gD), forward, 5-CGTCCGGAAAC
AACCCTACA-3, reverse, 5'-CCCAGGTTATCCTCGCTGAC-3’. UL48 (VP16), forward,
5-CTTCAGGTATGGCGAGTCCC-3, reverse, 5'-GGTGTTCGTCGTCTTCGGAT-3". ICPO,
forward, 5'-GTCTGTCGCATTTGCACCTC-3’, reverse, 5'-CTTCTGTGGTGATGCCGGAG-
3’. ICP4, forward, 5'-CTCCATGGTAGAGGAGGCCG-3’, reverse, 5'-CATCGTCGTCGGCT
CGAAAG-3. ICP22, forward, 5'-ATCAGCTGTTTCGGGTCCTG-3/, reverse, 5-CCATCAG
GTAACAGTCGCGT-3'. ICP27, forward, 5'-ATGTGCATCCACCACAACCT-3’, reverse, 5'-
TCCTTAATGTCCGCCAGACG-3'. UL29, forward, 5'-ATGAACAGCTGCAACGGGTA-3,
reverse, 5'-GTCGTTACCGAGGGCTTCAA-3'.

4.6. Western Blot

Protein sample preparation and western blot were performed as instructed (Beyotime
Biosciences, Beijing, China). Monoclonal antibodies against gD (sc-21719) were purchased
from SANTA, VP16 (AB110226) was purchased from Abcam (Waltham, MA, USA), and
(-actin (A5441) was commercially available (Sigma-Aldrich, St. Louis, MO, USA).

4.7. Immunofluorescence

Fixed and permeabilized cells were stained with anti-VP16 antibody (AB110226,
Abcam) and then labelled with goat anti-mouse IgG (H + L)-Alexa Fluor 555 antibody
(Gene Protein Link, Beijing, China). DAPI was co-stained to label nuclei. Fluorescent images
were captured with an A1-SIM Laser Scanning Confocal Microscope (Nikon, Minato City,
Japan).

Author Contributions: Conceptualization, L.G. and C.W.; methodology, Y.L. and J.-Q.H.; inves-
tigation, Y.L. and J.-Q.H.; data curation, Y.L. and L.G.; writing—original draft preparation, L.G.;
writing—review and editing, L.G., CW., W-H.E, Y.L. and ].-Q.H.; supervision, L.G. and C.W.; funding
acquisition, L.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2024YFD1800200) and the Earmarked Fund for Modern Agro-Industry Technology Research
System (No. CARS-40), China.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Dinos, G.P. The macrolide antibiotic renaissance. Br. J. Pharmacol. 2017, 174, 2967-2983. [CrossRef] [PubMed]

2. Fernandes, P.; Martens, E.; Pereira, D. Nature nurtures the design of new semi-synthetic macrolide antibiotics. J. Antibiot. 2017, 70,
527-533. [CrossRef] [PubMed]

3. Myers, A.G; Clark, R.B. Discovery of Macrolide Antibiotics Effective against Multi-Drug Resistant Gram-Negative Pathogens.
Acc. Chem. Res. 2021, 54, 1635-1645. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2025, 26, 1537

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kim, K.; Jung, S.; Kim, M.; Park, S.; Yang, H.J.; Lee, E. Global Trends in the Proportion of Macrolide-Resistant Mycoplasma
pneumoniae Infections: A Systematic Review and Meta-analysis. JAMA Netw. Open 2022, 5, €2220949. [CrossRef] [PubMed]
Hu, J.-Q.; Wang, ].-].; Li, Y.-L.; Zhuo, L.; Zhang, A.; Sui, H.-Y.; Li, X.-].; Shen, T, Yin, Y.; Wu, Z.-H.; et al. Combining NMR-Based
Metabolic Profiling and Genome Mining for the Accelerated Discovery of Archangiumide, an Allenic Macrolide from the
Myxobacterium Archangium violaceum SDUS. Org. Lett. 2021, 23, 2114-2119. [CrossRef]

Sutro, J.L.; Furstner, A. Total Synthesis of the Allenic Macrolide (+)-Archangiumide. ]. Am. Chem. Soc. 2024, 146, 2345-2350.
[CrossRef] [PubMed]

Batiha GE, S.; Zayed, M.A.; Awad, A.A.; Shaheen, H.M.; Mustapha, S.; Herrera-Calderon, O.; Pagnossa, ].P.; Algammal, A.M.;
Zahoor, M.; Adhikari, A.; et al. Management of SARS-CoV-2 Infection: Key Focus in Macrolides Efficacy for COVID-19. Front.
Med. 2021, 8, 642313. [CrossRef] [PubMed]

Pani, A.; Lauriola, M.; Romandini, A.; Scaglione, F. Macrolides and viral infections: Focus on azithromycin in COVID-19
pathology. Int. |. Antimicrob. Agents 2020, 56, 106053. [CrossRef]

Khoshnood, S.; Shirani, M.; Dalir, A.; Moradi, M.; Haddadi, M.H.; Sadeghifard, N.; Birjandi, F.S.; Yashmi, I.; Heidary, M. Antiviral
effects of azithromycin: A narrative review. Biomed. Pharmacother. 2022, 147, 112682. [CrossRef] [PubMed]

Shushni, M.A.M,; Singh, R.; Mentel, R.; Lindequist, U. Balticolid: A new 12-membered macrolide with antiviral activity from an
ascomycetous fungus of marine origin. Mar. Drugs 2011, 9, 844-851. [CrossRef] [PubMed]

Amin, I; Vajeeha, A.; Younas, S.; Afzal, S.; Shahid, M.; Nawaz, R.; Khan, M.U.; Idrees, M. HSV-1 Infection: Role of Viral Proteins
and Cellular Receptors. Crit. Rev. Eukaryot. Gene Expr. 2019, 29, 461-469. [CrossRef] [PubMed]

Zhu, S.; Viejo-Borbolla, A. Pathogenesis and virulence of herpes simplex virus. Virulence 2021, 12, 2670-2702. [CrossRef] [PubMed]
Ahmad, I; Wilson, D.W. HSV-1 Cytoplasmic Envelopment and Egress. Int. ]. Mol. Sci. 2020, 21, 5969. [CrossRef] [PubMed]
Treml, J.; Gazdova, M.; Smejkal, K.; Sudomova, M.; Kubatka, P.; Hassan, S.T.S. Natural Products-Derived Chemicals: Breaking
Barriers to Novel Anti-HSV Drug Development. Viruses 2020, 12, 154. [CrossRef] [PubMed]

Yu, W.,; Geng, S.; Suo, Y.; Wei, X.; Cai, Q.; Wu, B.; Zhou, X.; Shi, Y.; Wang, B. Critical Role of Regulatory T Cells in the Latency and
Stress-Induced Reactivation of HSV-1. Cell Rep. 2018, 25, 2379-2389.€2373. [CrossRef] [PubMed]

Pietila, M.K.; Bachmann, J.J.; Ravantti, J.; Pelkmans, L.; Fraefel, C. Cellular state landscape and herpes simplex virus type 1
infection progression are connected. Nat. Commun. 2023, 14, 4515. [CrossRef]

Reske, A.; Pollara, G.; Krummenacher, C.; Chain, B.M.; Katz, D.R. Understanding HSV-1 entry glycoproteins. Rev. Med. Virol.
2007, 17,205-215. [CrossRef] [PubMed]

Wysocka, J.; Herr, W. The herpes simplex virus VP16-induced complex: The makings of a regulatory switch. Trends Biochem. Sci.
2003, 28, 294-304. [CrossRef]

Herrera, FJ.; Triezenberg, S.J. VP16-dependent association of chromatin-modifying coactivators and underrepresentation of
histones at immediate-early gene promoters during herpes simplex virus infection. J. Virol. 2004, 78, 9689-9696. [CrossRef]
[PubMed]

Triezenberg, S.J.; Kingsbury, R.C.; McKnight, S.L. Functional dissection of VP16, the trans-activator of herpes simplex virus
immediate early gene expression. Genes Dev. 1988, 2, 718-729. [CrossRef]

Chen, W,; Zhang, ].; Qi, X.; Zhao, K,; Pang, X,; Lin, X; Liao, S.; Yang, B.; Zhou, X,; Liu, S.; et al. p-Terphenyls as Anti-HSV-1/2
Agents from a Deep-Sea-Derived Penicillium sp. J. Nat. Prod. 2021, 84, 2822-2831. [CrossRef] [PubMed]

Benassi-Zanqueta, E.; Marques, C.E; Valone, L.M.; Pellegrini, B.L.; Bauermeister, A.; Ferreira, I.C.P.; Lopes, N.P.; Nakamura,
C.V,; Filho, B.P.D.; Natali, M.R.M.; et al. Evaluation of anti-HSV-1 activity and toxicity of hydroethanolic extract of Tanacetum
parthenium (L.) Sch.Bip. (Asteraceae). Phytomedicine 2019, 55, 249-254. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

10



K

International Journal of

Molecular Sciences

Article

Evolutionary Patterns and Genotype-Specific Amino Acid

Mutations of Tick-Borne Encephalitis Virus

Ruichen Wang 1 Anqi Gu L2 Fan Lil, Qian Ma 2, Qikai Yin !, Kai Nie 1, Shihong Fu 1 Qiangian Cui 1
Songtao Xu !, Hao Li >* and Huanyu Wang /*

National Key Laboratory of Intelligent Tracking and Forecasting for Infectious Diseases,

NHC Key Laboratory of Biosafety, National Institute for Viral Disease Control and Prevention,
Chinese Center for Disease Control and Prevention, Beijing 102206, China; wangrc96@163.com (R.W.);
17852850389@163.com (A.G.); lifan@ivdc.chinacdc.cn (FL.); yingk@ivde.chinacdc.cn (Q.Y.);
niekai@ivdc.chinacde.cn (K.N.); fush@ivdc.chinacde.cn (S.F); cuigqq@ivdc.chinacdc.cn (Q.C.);
xust@ivdc.chinacdc.cn (S.X.)

Chinese Center for Disease Control and Prevention, Beijing 102206, China; magian@chinacdc.cn

*  Correspondence: lihao@chinacdc.cn (H.L.); wanghy@ivdc.chinacdc.cn (H.W.)

Abstract: Tick-borne encephalitis virus (TBEV) is a significant tick-borne flavivirus respon-
sible for severe human diseases. Here, we analyzed the genetic diversity and evolutionary
dynamics of TBEV using 263 genome sequences from the NCBI database and identified key
amino acid mutations. TBEV sequences were classified into five genotypes—Baikalian, Eu-
ropean, Far-Eastern, Himalaya, and Siberian—showing ORF nucleotide similarity of 81.5%
to 88.0% and amino acid similarity of 93.0% to 96.4%. Extensive recombination between
genotypes was not observed. Entropy analyses revealed highly variable sites distributed
across the Baikalian (n = 2), European (n = 3), Far-Eastern (n = 5), and Siberian (n = 13)
genotypes. Each genotype exhibited specific amino acid mutations. Positive selection
analysis identified sites under selection in the full dataset (n = 2), as well as in the European
(n = 6), Far-Eastern (n = 7), and Siberian (n = 4) genotypes. By integrating highly variable
sites, shared genotype-specific mutations, and positively selected sites, we identified 37 key
amino acid positions, primarily located on the surfaces of viral proteins. These positions
may have a potential impact on protein function and pathogenicity, though further studies
are required to validate and evaluate these effects comprehensively. This study provides the
first comprehensive analysis of mutational landscapes across TBEV genotypes, uncovering
potential critical mutations that may shape viral biology and pathogenicity, and offers
valuable insights for further exploration of TBEV characteristics.

Keywords: TBEV; genetic evolution; amino acid mutations; protein structure

1. Introduction

Tick-borne encephalitis (TBE) is a natural focal infectious disease caused by bites from
ticks carrying the tick-borne encephalitis virus (IBEV), characterized primarily by central
nervous system symptoms and potentially leading to fatal outcomes [1]. TBE is primarily
endemic in the vast regions of Europe and Asia between latitudes 39° N and 65° N, with
approximately 10,000-12,000 cases reported globally each year [2,3]. The annual incidence
rate of TBE varies significantly across different regions. In Europe, the reported incidence
is approximately 2.19 cases per 100,000 population [4]. In Russia, the annual incidence is
lower, estimated at 0.67 cases per 100,000 population [5]. In China, the incidence ranges
from 0.09 to 0.44 cases per 100,000 population [6]. TBEV is primarily transmitted by ticks,
with at least 24 tick species capable of spreading the virus. Among them, Ixodes persulcatus
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and Ixodes ricinus are the main vectors of TBEV [7]. TBEV has also been reported to spread
through the consumption of unpasteurized milk and dairy products [8,9]. The host range
of TBEV is broad, encompassing ticks and various vertebrate hosts such as cattle, sheep,
dogs, horses, deer, and rodents [7]. Humans serve as terminal hosts for TBEV [10].

TBEV has been classified by the International Committee on Taxonomy of Viruses
(ICTV) under the family Flaviviridae and the genus Flavivirus (recently renamed as
Orthoflavivirus) [11]. TBEV is an enveloped, single-stranded positive-sense RNA virus
with a genome approximately 11 kb in length. It contains a single open reading frame
(ORF) that encodes three structural proteins (anchC (the precursor of the C protein),
PreM, and E) and eight non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, 2K, NS4b,
and NS5) [12]. Based on the genetic diversity of viral genome sequences, TBEV is
classified into five main genotypes [13], including the traditionally recognized European,
Siberian, and Far-Eastern genotypes, as well as the recently defined Baikalian [14] and
Himalaya [15] genotypes. The virulence of different TBEV genotypes varies significantly,
with case fatality rates among the three traditional genotypes ranked from highest to
lowest as Far-Eastern (5.0-20.0%), Siberian (6.0-8.0%), and European (0.5-2.0%) [16].
Currently, there is no conclusive evidence that the Baikalian and Himalaya genotypes
infect or cause disease in humans.

The evolutionary characteristics of TBEV have long been a focus of research. TBEV
is considered the slowest-evolving tick-borne flavivirus, with divergence times among its
genotypes dating back to ancient periods (95% HPD, 6373-13,208 years) [17]. However,
even a few mutations in TBEV can lead to significant changes in its virological properties,
including plaque size, virulence, neuroinvasiveness in mice, drug resistance, and host
adaptability [18-21]. Therefore, this study conducted an in-depth investigation into the
evolutionary patterns of TBEV and the mutational differences among its various genotypes.
The findings provide valuable insights into the evolutionary characteristics of different
TBEV genotypes. Additionally, as live TBEV research typically requires BSL-3 laboratory
conditions, this study identifies key amino acid sites that can serve as references for future
investigations into the virological properties of TBEV.

2. Results
2.1. The Phylogenetic Tree of TBEV

A phylogenetic tree was reconstructed based on the sequences included in this study.
The analyzed TBEV sequences clearly clustered into five evolutionary branches (bootstrap
support > 99%), corresponding to the European, Himalaya, Siberian, Baikalian, and Far-
Eastern genotypes (Figure 1A). In terms of host origin, TBEV is predominantly found
in mammals (humans and rodents) and arthropods (ticks), but has also been detected
in birds. Occasionally, TBEV has been reported in mosquitoes, lice, shrews, antelopes,
marmots, and pikas. Human infections have been reported for the European, Far-Eastern,
and Siberian genotypes, while the Baikalian genotype (found in ticks and rodents) and the
Himalaya genotype (found in marmots) have not yet been associated with human infection.
TBEV strains from different hosts did not form distinct host-specific clusters, but were
interspersed across the phylogenetic tree. This finding highlights the broad host range of
TBEV and suggests that the virus lacks strong host specificity.

From an administrative regional perspective, TBEV is primarily distributed across
Europe and Asia, including continental countries and island nations such as the UK and
Japan (Figure 1A). Notably, for simplicity in statistical analysis, TBEV from Russia’s Far East
was grouped with Europe. When examining the administrative distribution of genotypes,
it was observed that the European, Siberian, and Far-Eastern genotypes are found in more
than one country, indicating cross-regional transmission for these three genotypes. The
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Far-Eastern genotype is primarily distributed in Russia and China, with sporadic detections

in Germany. The European genotype exhibits the widest spread, having been detected in

at least 15 countries across Europe and Asia. Furthermore, European genotype sequences

from different countries did not form distinct country-specific clusters, suggesting that

this genotype may be associated with more frequent long-distance transmission events

compared to other genotypes. The Siberian genotype is also found in multiple countries

across Europe and Asia, but it is primarily concentrated in Russia. Among the sequences

analyzed in this study, the Baikalian genotype was exclusively detected in Russia, while

the Himalaya genotype was only found in China.
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Figure 1. Phylogenetic and similarity analysis of five TBEV genotypes. (A) Maximum likelihood (ML)
tree illustrating the genetic relationships among the five TBEV genotypes, with detailed information
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on genotypes, isolates, and locations of isolation. The number of sequences for each category is
shown in the legend. Heatmaps of pairwise nucleotide similarity (B) and amino acid similarity (C).
The color gradient reflects the degree of similarity. (D) Nucleotide similarity within different genome
regions across groups, detected using Simplot software (Version: 3.5.1). The background shading
indicates distinct genomic regions.

Analysis based on species and administrative regions revealed that the main differ-
ences among TBEV sequences lie between genotypes. Therefore, subsequent analyses were
conducted using genotypes as the grouping criterion.

2.2. Genotypic Similarity Analysis of TBEV

The OREF regions of TBEV strains from different genotypes were compared for nu-
cleotide and amino acid similarity. Nucleotide similarity among TBEV strains ranged from
81.7% to 100.0% (Figure 1B and Table 1), while amino acid similarity ranged from 90.2%
to 100.0% (Figure 1C). Between different genotypes, nucleotide similarity was 81.5-88.0%,
and amino acid similarity was 93.0-96.4%. Specifically, at the nucleotide level, the Eu-
ropean and Himalaya genotypes exhibited the greatest divergence (81.5%), while the
European and Far-Eastern genotypes showed the highest similarity (88.0%) (Figure 1B). At
the amino acid level, the European and Himalaya genotypes again displayed the greatest
divergence (93.0%), while the Far-Eastern and Baikalian genotypes exhibited the highest
similarity (96.4%) (Figure 1C). These findings underscore the significant differences among
TBEV genotypes.

Table 1. The mean nucleotide and amino acid similarity between genotypes.

Number TBEV TBEV Genotypes
Genotypes 1 2 3 4 5
1 European o 81.5% 82.6% 82.1% 88.0%
2 Himalaya 93.0% At 82.9% 82.6% 81.7%
3 Siberian 94.2% 93.9% A 85.0% 83.6%
4 Baikalian 94.0% 93.9% 95.8% o 86.1%
5 Far-Eastern 93.5% 93.3% 95.1% 96.4% o

Note: ***” indicates 100%; the upper right quadrant indicates the nucleotide similarity; the lower left quadrant
indicates the amino acid similarity.

A sliding window analysis was performed to examine the distribution of nucleotide
similarity across the genomes of different TBEV genotypes. Nucleotide similarity in each
genome window between genotypes was generally below 95%, suggesting the absence
of widespread recombination events between genotypes (Figure 1D). However, recombi-
nation analyses of individual sequences revealed potential intra-genotype recombination
events in the European (n = 3), Far-Eastern (n = 10), and Siberian (n = 12) genotypes
(Supplementary Table S2). Overall, the NS2a region was identified as the most divergent
region at the nucleotide level, while the NS5 region exhibited the highest nucleotide
similarity (Figure 1D). Further analysis revealed that similarity levels between a given
genotype and others were not consistent across all genome regions. For instance, the
Siberian genotype displayed the greatest divergence from the Himalaya genotype in the
NS2a region, while showing higher similarity with the Himalaya genotype in the early
part of the NS1 region. This variation in similarity levels across genome regions was
observed to varying degrees for all genotypes and was also evident in amino acid analyses
(Supplementary Figure S1). These findings highlight the necessity of conducting in-depth
analyses of different regions across TBEV genotypes.
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2.3. Variability of Amino Acid Sites Across Different Genotypes of TBEV

Amino acid mutations can lead to differences in viral characteristics, so we further
analyzed the mutational patterns among different TBEV genotypes from multiple per-
spectives. The mutation landscape of TBEV revealed that, while most positions showed
consistent amino acid usage across genotypes, some loci exhibited variation (Figure 2A
and Supplementary Data S2). Information entropy analysis identified numerous high-
variability amino acid sites (Entropy > 1) (Figure 2B). These highly variable sites are
often closely associated with changes in virological properties. Across the entire dataset,
102 high-variability sites were identified. These included 2, 3, 5, and 13 sites in the Baikalian,
European, Far-Eastern, and Siberian genotypes, respectively. Due to the limited sequence
data available for the Himalaya genotype, entropy analysis could not provide meaningful
results for this group.
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Figure 2. Mutation landscape and analysis of hypervariable sites across the five TBEV genotypes.
(A) The mutation landscape of the analyzed sequences is displayed as a heatmap, where different
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colors represent distinct nucleotides. (B) Shannon entropy was calculated for each amino acid
position across different datasets, with entropy values greater than 1 identified as hypervariable sites,
which are annotated accordingly. (C) The sharing of hypervariable sites across different datasets is
visualized. Different lines represent different genotypes, and the intensity of the background color
indicates the quantity. (D) Amino acid composition of shared hypervariable sites is illustrated using
stacked bar charts, with colors representing different amino acids. (E) Amino acid composition of
non-shared hypervariable sites is similarly shown as stacked bar charts. The evolutionary patterns
of these sites are indicated: red denotes convergence-like evolution, green indicates parallel-like
evolution, and black represents other types.

In the full dataset, highly variable sites were distributed across all protein regions except
the 2K protein. However, the distribution of high-variability sites differed among individual
genotypes. For the Baikalian genotype, high-variability sites were located in NS1 (n = 1) and
NS2a (n = 1). For the European genotype, they were found in NS1 (n = 1), NS2a (n = 1),
and NS5 (n = 1). The Far-Eastern genotype exhibited high-variability sites in anchC (n = 2),
PreM (n = 1), and NS5 (n = 2). In the Siberian genotype, these sites were distributed across
anchC (n = 3), E (n =2), NS1 (n = 1), NS2a (n = 2), NS4a (n = 1), and NS5 (n = 4). Notably,
high-variability sites were not shared across genotypes, although some overlap was observed
between genotype-specific sites and those identified in the full dataset (Figure 2C-E).

The mutation patterns at shared sites revealed two main modes. The first is convergent
evolution-like, exemplified by anchC-84 in the Siberian genotype. The primary mutations,
84T and 84A, were conserved in the Baikalian (T), Far-Eastern (T), and European (A)
genotypes, while the minor mutation 845 was not observed in other genotypes. The second
mode is parallel evolution-like, as observed in anchC-111 in the Far-Eastern genotype.
While other genotypes exhibited strong conservation of L (>90%) at this site, the Far-
Eastern genotype showed a more diverse pattern, including gap, V, I, and M mutations. A
unique case was identified in the Far-Eastern genotype at anchC-108, a high-variability site
where the primary amino acid V and the mutations A and I were found in other genotypes,
but a unique mutation L was also present, indicating a complex mutation pattern.

Based on these observations, we identified six convergent evolution-like sites (one in
the Far-Eastern genotype and five in the Siberian genotype) and sixteen parallel evolution-
like sites (two in the Baikalian genotype, three in the European genotype, three in the
Far-Eastern genotype, and eight in the Siberian genotype). These findings highlight di-
verse mutational patterns across TBEV genotypes, which may have implications for viral
adaptation and evolution.

2.4. Genotype-Specific Amino Acid Mutations

This study also focused on genotype-specific amino acid mutations, which may play
a critical role in the virological differences among TBEV genotypes. A total of 50, 314, 67,
450, and 322 genotype-specific mutation sites were identified in the Baikalian, European, Far-
Eastern, Himalaya, and Siberian genotypes, respectively. These genotype-specific mutation
sites were distributed across all 11 gene regions (Figure 3A), but the proportion of mutations
within each region varied among genotypes (Figure 3B). In general, all genotypes exhibited
relatively fewer mutation sites in the 2K protein region, though the proportion of mutations
in this region was higher. Conversely, the NS5 protein region contained a larger number
of mutation sites, but these did not represent the highest proportions. The high number
of mutations complicated further analysis, as some genotype-specific mutations may occur
randomly. Therefore, we focused on genotype-specific mutations with a prevalence greater
than 60%, which can be considered as parallel evolution-like sites. After filtering, the number
of genotype-specific mutation sites was reduced to 16, 54, 33, 63, and 22 for the Baikalian,
European, Far-Eastern, Himalaya, and Siberian genotypes, respectively. Some mutation sites
were shared among genotypes, such as anchC-3, NS1-285, and NS3-376 shared between the
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European and Far-Eastern genotypes, NS3-37 and NS5-445 shared between the European
and Himalaya genotypes, NS3-126 shared between the European and Siberian genotypes,
NS2a-208 shared between the European and Siberian genotypes, and NS5-877 shared between
the Baikalian and Far-Eastern genotypes (Figure 3C,D). Notably, shared mutation sites were
also observed between genotypes with distant evolutionary relationships (Figures 1A and 3D),
suggesting that these shared sites likely result from convergent or parallel evolution under
similar selective pressures rather than direct genetic inheritance.
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Figure 3. Analysis of genotype-specific amino acid mutations across the five TBEV genotypes. (A) The
number of genotype-specific amino acid mutations in different protein-coding regions is displayed for
each genotype. (B) The proportion of genotype-specific amino acid mutations relative to the length of
the corresponding protein-coding region. (C) The sharing patterns of positions with genotype-specific
amino acid mutations among the five genotypes. Different lines represent different genotypes, and
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the intensity of the background color indicates the quantity. (D) The amino acid composition of
shared mutation sites is illustrated.

2.5. Selective Pressure Analysis of Different TBEV Genotypes

Both information entropy analysis and genotype-specific amino acid mutations have
identified numerous key amino acid sites, prompting further investigation into the evolu-
tionary forces driving these mutations. Selection pressure analysis revealed the presence of
positively selected sites at both the overall TBEV and genotype-specific levels, with consis-
tent results across multiple algorithms (Figure 4A). To minimize overestimation, only sites
identified as under positive selection by at least two algorithms were included in further
analysis (Figure 4B). At the overall TBEV level, two positively selected sites were identified:
NS1-175 and NS3-184. At the genotype level, six positively selected sites were detected in
the European genotype (anchC-24, anchC-31, anchC-32, NS1-271, NS4a-55, and NS5-571),
seven in the Far-Eastern genotype (anchC-111, E-463, NS2a-190, NS3-184, NS4b-24, NS5-832,
and NS5-867), and four in the Siberian genotype (E-279, NS1-277, NS1-291, and NS5-522). No
positively selected sites were identified in the Baikalian genotype, and due to limited sequence
data, selection pressure analysis was not feasible for the Himalaya genotype.
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Figure 4. Selection pressure analysis of the five TBEV genotypes. (A) The number of positively selected
sites identified across different datasets using various algorithms. (B) Positively selected sites confirmed
by two or more algorithms. Orange indicates positive, while gray indicates negative. (C) Schematic
representation of the positions of positively selected sites within genotypes, along with the major codon
mutation patterns at these sites. (D) Amino acid composition of positively selected sites. The red
annotations in (C,D) indicating sites that were also identified as highly variable sites.

Across the genome, positively selected sites were distributed across eight proteins:
anchC (n=4),E(n=2),NS1 (n=4), NS2a (n=1), NS3 (n=1), NS4a (n =1), NS4b (n = 1),
and NS5 (n = 1), with no positive selection detected in the PreM and 2K proteins (Figure 4C).
Notably, NS3-184 was identified as a positively selected site at both the overall TBEV level
and in the Far-Eastern genotype. Four sites were identified as both high-variability sites
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(Figure 2B) and positively selected sites (Figure 4D): anchC-111 (ORF-111) in the Far-Eastern
genotype, N51-277 (ORF-1053) and NS5-522 (ORF-3033) in the Siberian genotype, and NS5-
832 (ORF-3343) in the Far-Eastern genotype. However, none of the genotype-specific amino
acid mutation sites were found to be under positive selection.

2.6. Mapping of Mutation Sites on Protein Structure

By incorporating all high-variability sites across genotypes (n = 23), shared genotype-
specific amino acid mutation sites (n = 8), and all positively selected sites (n = 19), a
comprehensive dataset of 37 key amino acid mutation sites associated with TBEV genotypes
was compiled (with overlaps between methods). These sites are distributed across nine
TBEV proteins, including anchC (n = 7), PreM (n = 1), E (n = 4), NS1 (n = 6), NS2a (n = 3),
NS3 (n = 4), NS4a (n = 1), NS4b (n = 1), and NS5 (n = 10). Mapping these sites onto protein
structures enabled further analysis of the potential impacts of mutations (Figure 5).
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Figure 5. Structural mapping of selected key amino acid sites on the protein structure. The text
labeling the key sites is annotated with secondary structure elements: red represents alpha helices,
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blue indicates beta sheets, and black denotes random coils. Key amino acid sites are highlighted on
the structure.

In terms of location, the key sites were predominantly found on the protein surfaces.
Structurally, these sites were distributed across all three major secondary structures, with a
higher number of sites located on c«-helices (n = 18) and coils (n = 14), while fewer were
associated with 3-sheets (n = 5). In the structural proteins anchC, PreM, and E, all key
sites were located on «-helices and coils, with no sites associated with 3-sheets. On the E
protein, two key sites (E-234 and E-279) were identified in the coil structure of Domain II,
while two others (E-463 and E-431) were located on the x-helix structure of Domain III. No
key sites were found in Domain I of the E protein.

Among the non-structural proteins, NS5 had the highest number of key mutation sites,
which were distributed across all three major domains of this protein. In the extracellular
protein NS1, the 3-ladder region contained the key site NS1-277, the Wing region contained
NS1-72, and the Loop region contained NS1-291. In NS3, the (3-ladder region also harbored
two key sites: N53-37 and NS3-126.

Overall, the majority of the identified key sites are located within structural domains
closely associated with protein function, highlighting their potential biological significance
and the value of further investigation into their roles in viral evolution and pathogenesis.

3. Discussion

This study analyzed 263 TBEV genome sequences to investigate their genetic diversity
and amino acid characteristics. The results revealed significant genetic and evolutionary
differences among the five genotypes: Baikalian, European, Far-Eastern, Himalaya, and
Siberian. High-variability amino acid sites were identified in four genotypes (excluding
Himalaya), and genotype-specific mutations were observed in all five genotypes, with
some sites shared between genotypes. Selection pressure analysis revealed positively
selected sites at the overall TBEV level and in specific genotypes (European, Far-Eastern,
and Siberian). By integrating high-variability sites, shared genotype-specific mutation sites,
and positively selected sites, a total of 37 key amino acid sites were identified.

TBEV has evolved relatively independently. The divergence of TBEV genotypes oc-
curred hundreds or even thousands of years ago, leading to the general consensus that
the genotypes have evolved independently. However, a recent study suggests that the
Baikalian genotype may have originated from a recombination event between the Siberian
and Far-Eastern genotypes [22]. The data and methods used in this study did not iden-
tify sufficient evidence for inter-genotype recombination events (Supplementary Table S2),
even under the condition that a single algorithm hit was sufficient for positive recombi-
nation detection. Additionally, the nucleotide similarity between the Baikalian genotype
and the other four genotypes was below 95% across nearly all genomic regions. Therefore,
while it is possible that the origin of the Baikalian genotype may have some potential his-
torical relationship with the Siberian and Far-Eastern genotypes, Baikalian has maintained
relatively independent evolution over the course of hundreds or even thousands of years,
and this is even more evident for the other genotypes. However, potential recombination
events occasionally occur within genotypes, particularly in the European, Far-Eastern, and
Siberian genotypes, consistent with previous studies [23].

TBEV genotypes exhibit both unique and shared evolutionary characteristics. In
this study, high-variability site analysis, genotype-specific amino acid mutation analysis,
and selection pressure analysis were used to identify amino acid sites critical for each
genotype. Some key sites showed variations specific to a single genotype, such as anchC-
111 in the Far-Eastern genotype. Others were shared between certain genotypes, for
instance, shared evolutionary sites were observed between the European and Far-Eastern,
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European and Himalaya, European and Siberian, Himalaya and Siberian, and Baikalian
and Far-Eastern genotypes during the genotype-specific amino acid mutation analysis. This
indicates that while each genotype has unique mutational features, similar evolutionary
events may occur at the same sites across genotypes, displaying convergent or parallel
evolutionary characteristics. Convergent and parallel evolution events play a crucial role in
understanding how different subtypes or evolutionary branches acquire distinct or similar
virological features, which is essential for decoding a virus’s adaptive strategies [24-26].
Strict convergent evolution refers to the acquisition of identical amino acid mutations at
the same site across different genotypes or evolutionary branches, fitting a convergent
evolution model, as previously reported in studies on SARS-CoV-2 [27]. In contrast, strict
parallel evolution refers to the acquisition of different amino acid mutations at the same
site across genotypes or branches, also conforming to a convergent model, as demonstrated
in studies on highly pathogenic avian influenza [28]. However, the limited data availability
for TBEV makes it challenging to conduct comprehensive analyses of strict convergent or
parallel evolution. Therefore, this study adopted approaches resembling convergent and
parallel evolution to define potential evolutionary events.

For example, anchC-111 in the Far-Eastern genotype, NS51-277 and NS5-522 in the
Siberian genotype, and NS5-832 in the Far-Eastern genotype were identified as both high-
variability sites and positively selected sites. Among these, NS1-277 and NS5-522 were
classified as convergent evolution-like sites, while anchC-111 and NS5-832 were classified
as parallel evolution-like sites. All genotype-specific amino acid mutation sites identified
in this study were categorized as parallel evolution-like sites. These findings highlight that
TBEV genotypes exhibit both unique and shared evolutionary characteristics, with evidence
of potential convergent and parallel evolutionary processes shaping their diversity.

The key amino acid mutation sites identified in TBEV are closely associated with
virological characteristics. The final dataset included 37 amino acid sites distributed across
nine proteins, with most located on the protein surface and some positioned within «-
helices or (3-sheets, structures closely linked to protein tertiary structure. This underscores
the importance of the selected sites. A literature review revealed no experimental stud-
ies directly targeting the 37 sites identified in this study. However, mutations at sites
proximal to those identified here, or mutations in similar flaviviruses, have demonstrated
biological significance.

For example, the D277 A mutation in the E protein of TBEV has been linked to enhanced
host receptor binding or cell fusion capabilities [29]. In this study, E-279, a nearby site,
was identified as a key mutation, suggesting that similar experimental studies on E-279
may yield important insights. Likewise, the E-426 site in the E protein of TBEV has
been associated with plaque size formation [30], potentially impacting viral virulence
or growth characteristics. This study identified E-431, a nearby site, as a key mutation,
further suggesting its potential biological relevance. In addition, mutations in the E protein,
including D67G, T68A, E84K, F119V, E122G, A123K, N154L/Q, S158R, G159R, K171E,
D181Y, E201K, D203G, D277A, D308K, T310K, K311E, G368R, Y384H, H390Y, T426I, D483E,
and H496R, are also considered to influence the neuroinvasiveness and neurovirulence
of TBEV [21]. Although none of our final selected sites overlap with these mutations, we
have provided the amino acid composition at these sites for different TBEV genotypes in
Supplementary Data S2, which may help to understand the occurrence of these mutations.
Langat virus (LGTV), a tick-borne flavivirus closely related to TBEV, requires the NS5 region
spanning amino acids 355-735 for its IFN inhibition function [31]. TBEV’s NS5 protein
has also been shown to inhibit IFN signaling [32]. Within this region, this study identified
seven key amino acid sites (NS5-455, NS5-522, NS5-571, NS5-634, NS5-677, NS5-699, and
NS5-724). Notably, NS5-522 was identified as a positively selected site in the Siberian
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genotype, while NS5-571 was a positively selected site in the European genotype. These
findings suggest that these sites may be under selective pressure related to IFN inhibition,
highlighting their potential importance in further experimental studies.

This study included all currently available TBEV sequences with detailed background
information. However, the uneven distribution of sequences across genotypes and time
points limited certain analyses, such as the identification of convergent and parallel evolu-
tion sites. Additionally, the potential key sites identified through bioinformatics approaches
in this study still require experimental validation to confirm their functional relevance.
Given that live TBEV research must be conducted in BSL-3 or higher biosafety labora-
tories, further experimental studies face certain practical challenges. Moreover, TBEV
sequences derived from terminal or incidental hosts may harbor mutations associated
with host-specific adaptive evolution, warranting further investigation in future stud-
ies. As Supplementary Data for this research, mutation information categorized by host,
country, and temporal factors is available in Supplementary Data S2 for reference by the
scientific community.

4. Materials and Methods
4.1. Dataset Collection and Preprocessing

The full name of the virus, tick-borne encephalitis virus, was used to retrieve its
complete or near-complete genome sequences (greater than 90% of full length) from the
NCBI database, with data up to 31 December 2023. A total of 263 sequences, which
included information on collection date, geographic location, and host, were obtained and
are provided in Supplementary Table S1. The ORF regions were extracted for analysis.

4.2. Phylogenetic Analysis

Multiple sequence alignment was performed using Mafft software (Version: 7.450,
23 August 2019) [33]. The most appropriate substitution model was determined using
ModelFinder software (Version: 2.1.4) according to Bayesian information criterion (BIC) [34].
A maximum likelihood (ML) tree was generated using IQ-TREE software (Version: 2.1.4,
30 April 2021) with 1000 bootstrap replicates [35,36]. The resulting phylogenetic tree was
visualized using Chiplot (www.chiplot.online, accessed on 1 December 2024) [37].

4.3. Recombination Analysis

Recombination detection was performed using RDP5 (Version: Beta 5.64), employing
seven different detection models: RDP, GENECONY, Bootscan, Maxchi, Chimaera, SiSscan,
and 3Seq [38]. A potential recombination event was considered if one model provided
supporting evidence with a p-value threshold of p < 0.01. This loose criterion is aimed at
identifying potential recombination events between genotypes as thoroughly as possible.

4.4. Shannon Entropy Calculation

The algorithm calculates the Shannon entropy for each position in a multiple sequence
alignment (MSA), which quantifies the degree of variability at each nucleotide or amino
acid position across all sequences. Entropy is computed by measuring the frequency
distribution of characters at each position. In Equation (1), H represents the information
entropy at a specific position in an amino acid sequence, quantifying the uncertainty or
variability at that position. The term i denotes the index of each possible amino acid at the
given position in the sequence, where i ranges from 1 to 7, the total number of possible
amino acids and gap. The term p; is the probability of the i-th amino acid or gap occurring
at that position, calculated based on the frequency of that amino acid or gap across multiple
sequences. Higher entropy values indicate greater variability and diversity at a given
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position, suggesting that the site is less conserved, while lower entropy values indicate that
the position is more conserved across sequences. The calculation of Shannon entropy was
carried out using a custom Python (Version: 3.10) script developed for this purpose.

H=-Y ", pilog2(i) (1)

4.5. Genotype-Specific Amino Acid Analysis

A specific genotype is first extracted from the dataset, and its amino acid sequence
is aligned with those of other genotypes. The analysis focuses on identifying amino acid
differences between the selected subtype and the other genotypes. A unique amino acid
substitution at a given position in the selected genotype, absent in all other sequences at the
same position, is considered a genotype-specific amino acid for that particular genotype.

4.6. Selective Pressure Analysis

Selection pressure on internal branches was assessed using the FEL, FUBAR, MEME,
and SLAC algorithms implemented in HyPhy (Version: 2.5.48, 2 March 2023) [39]. The
required tree file for the analyses was generated using IQ-TREE software (Version: 2.1.4,
30 April 2021) [35]. For the FEL, MEME, and SLAC algorithms, results were considered
significant when p < 0.1; for the FUBAR algorithm, results were considered significant
when the posterior probability was greater than 0.9. Only sites identified as positively
selected by two or more algorithms were included in the final results.

4.7. Evolutionary Patterns Analysis

Due to the limited availability of TBEV sequences and their uneven distribution across
the timeline, it is difficult to apply strict definitions for analyzing convergent or parallel
evolution in TBEV. Therefore, a relaxed definition was adopted to identify convergent
evolution-like or parallel evolution-like patterns. For mutations resembling parallel evolu-
tion, in simple terms, the mutation type at a specified highly variable site in a given geno-
type does not occur in other genotypes. For mutations resembling convergent evolution,
in simple terms, the mutation type at a specified highly variable site in a given genotype
corresponds to the predominant amino acid (>90%) at the same site in other genotypes.

4.8. Protein Structure Prediction

The consensus sequences of the TBEV dataset used in this study were generated
using Geneious Prime software (Version: 2022.2.2, Biomatters), with the most frequent
amino acids included in the consensus sequence. From the consensus sequences, the
amino acid sequences for each protein were extracted. Subsequently, protein structures
were predicted using the AlphaFold Server (https://alphafoldserver.com/, accessed on
8 December 2024). The predicted protein structures were then visualized and annotated
using PyMOL software (Version: 3.0.3, 12 March 2024, Schrodinger, Inc., New York, NY,
USA). The sequences used for structure prediction and the prediction results are provided
in Supplementary Data S1.

4.9. Software

In the methods described above, several key software tools not previously men-
tioned were used for specific tasks. Sequence preprocessing, including information ex-
traction, filtering, grouping, and mutation statistics, was performed using the SeqProces-
sor web application developed by our team (https://sp-app.streamlit.app/, accessed
on 11 November 2024) [40]. Pairwise sequence identity was calculated using BioEdit
(Version: 7.7), and the average distance between groups was computed using MEGA?7
(Version: 7.0) [41]. The sliding window similarity analysis between different genotype
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groups was performed using SimPlot (Version: 3.5.1) [42]. For data visualization, ggplot2
v3.4.4 package in R v4.3.0 was used to create basic plots, while ComplexHeatmap v2.16.0
package [43] was utilized to generate heatmaps. ggVennDiagram v1.5.2 package was
employed to create Venn diagrams, and trackViewer v1.36.2 package [44] was used to
annotate important positions on the genome. The images were stitched together using
Adobe Illustrator 2024 software, without any modification of the original data that could
potentially affect the analysis or interpretation of the results.

5. Conclusions

This study applied three different methods to analyze mutations in 263 full-genome
sequences of TBEV, constructing a mutation characteristic database for different TBEV
genotypes and selecting 37 key amino acid sites. These results provide critical insights into
the genetic diversity, evolutionary characteristics, and virological properties of different
TBEV genotypes. They also offer important directions for future research on functional
sites across TBEV genotypes.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms26030954 /s1.
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Abstract: (1) Pediatric inflammatory multisystem syndrome (PIMS) is a relatively rare com-
plication of coronavirus disease (COVID-19). So far, it is unclear why COVID-19 in children
has usually mild or asymptomatic courses, whereas PIMS, which develops several weeks
after COVID-19, is a serious life-threatening condition. (2) In this proof-of-concept study,
using the ELISA method, we compared selected clinical and immunological parameters in
small groups of children with PIMS and COVID-19. Children with various inflammatory
diseases were included as a control. (3) Patients with PIMS revealed significantly higher
levels of pro-inflammatory molecules (C-reactive protein and IL-6) and markers of heart
injury (troponin I and N-terminal prohormone of brain natriuretic peptide) as compared
to other groups. Moreover, these markers correlated with increased levels of soluble
receptors for tumor necrosis factor (STNF-R1 and sTNF-R2). (4) Our observation may be a
step forward to better understand the phenomenon of mild COVID-19 in children and its
severe complications in PIMS. It is hypothesized that the delayed inflammation results in
excessive cardiomyocyte damage and the release of sSTNF-R1 and -R2. Therefore, possibly
the involvement of the TNF pathway in PIMS could be explored as a potential therapeutic
target. However, further studies are required to validate this approach.

Keywords: COVID-19; coronavirus disease; heart injury; NT-proBNP; PIMS; pediatric
inflammatory multisystem syndrome; TNF; tumor necrosis factor; TNF-R; tumor necrosis
factor-receptor

1. Introduction

Pediatric inflammatory multisystem syndrome (PIMS) associated with coronavirus
infection is a systemic inflammatory disease, also known as multisystem inflammatory
syndrome in children (MIS-C), which was described for the first time in May 2020 [1]. It is
estimated that PIMS/MIS-C develops in 1 in 1000 children with coronavirus [2], and its
development results from dysregulation of the immune system that occurs several—usually
three to four and up to six—weeks after mild or asymptomatic coronavirus infection [3].
The diagnosis is based on the history of coronavirus disease (COVID-19) or virus exposure
(confirmed with antibody tests), specific clinical symptoms (high fever, abdominal discom-
fort/pain, skin rash, conjunctivitis, fatigue), and elevated levels of inflammatory markers,
similar to those reported in a “cytokine storm” in an adult’s COVID-19, predominantly
interleukin-6 (IL-6) [4].
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IL-6 belongs to the most important regulatory factors in the immune system. It is pro-
duced mainly by monocytes and macrophages and has pleiotropic effects on different cell
types. IL-6 initiates the immune response, stimulates B cells to produce immunoglobulins,
and induces the differentiation of Th17 lymphocytes [5]. The results of numerous studies
showed markedly elevated levels of IL-6, which is useful as an inflammatory marker in the
diagnosis and assessment of disease severity [6-8]. Therefore, since IL-6 has previously
been implicated in severe COVID-19, it may possibly also be involved in the inappropriate
hyperactivation of immunity in PIMS/MIS-C. Of note, the biological agents that block the
IL-6 pathway are currently considered as one of therapeutic options in PIMS/MIS-C [4].

There are several knowledge gaps existing in PIMS pathophysiology. First of all, it
is unclear why the initial course of COVID-19 in children is rather mild, whereas its later
phase, PIMS, is associated with serious life-threatening complications. The next unresolved
question is the pathomechanism of the most serious PIMS complications predominantly
affecting the cardiovascular system. They include acute myocarditis with left ventricular
dysfunction, dilatation or aneurysm formation in coronary arteries, pericardial effusion,
hypotension, and shock [9].

The aforementioned complications in PIMS may suggest the involvement of sev-
eral molecules, which play a role in cardiovascular homeostasis but also reveal some
immunoregulatory properties. Among possible candidates displaying such two-directional
action is adenosine deaminase (ADA) [10]. ADA is an enzyme that irreversibly deaminates
adenosine to inosine. Since adenosine reveals some anti-inflammatory activity, the main-
tenance of its concentrations and activity seems to be essential for the protection against
endothelial dysfunction and vascular inflammation. Indeed, the upregulated ADA activity
and decreased levels of adenosine were reported in several cardiovascular pathologies,
including atherosclerosis, acute myocardial infarction, myocardial ischemia-reperfusion
injury, hypertension, and thrombosis [11]. Moreover, due to the immunosuppressive action
of adenosine against T cells, ADA is thought to play an important role in cell-mediated im-
munity by promoting the proliferation, differentiation, and maturation of lymphocytes [12].
An increase in ADA concentration and activity was observed in several inflammatory
diseases, e.g., theumatoid arthritis [10,13]. It is plausible that ADA might also be involved
in COVID-19 and PIMS immunology.

Other molecules with such dual properties could be the soluble forms of receptors
for tumor necrosis factor (sSTNF-R1 and sTNF-R2). They both are the cleaved-off portions
of surface TNF-Rs, which may act as decoys or neutralizing molecules against TNF, thus
modulating the signaling pathways of this pro-inflammatory cytokine [14]. The high lev-
els of soluble TNF receptors were reported in various conditions, including infections,
autoimmune diseases, or malignancy [15]. Also, in adults with COVID-19, the levels of
sTNF-R1 and sTNF-R2 correlated with disease severity [16], and the highest concentrations
of both molecules were observed in patients admitted to the intensive care unit [17]. Re-
cently it has been found that the serum levels of both soluble TNF receptors could also be
used as a sensitive marker of heart injury, since they increase after myocardial infarction
and, moreover, that increase correlates with infarct size and left ventricular end-diastolic
volume [18]. Furthermore, high levels of sSTNF-R1 and sTNF-R2 may be associated with
mortality in patients with ST-segment elevation myocardial infarction (STEMI) [19]. One
could hypothesize that soluble TNF receptors might also be engaged in the phenomenon
of post-COVID-19 course toward PIMS in children, particularly contributing to the path-
omechanism of serious cardiovascular complications in these patients. However, no such
studies have been undertaken so far.

Therefore, the aim of our proof-of-concept study was to assess the serum levels of the
well-known immunoregulatory cytokine IL-6 but also the aforementioned “bi-directional”
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molecules, among them ADA, as well as both soluble TNF receptors, and the aim was
also to analyze their possible association with some clinical parameters in small group of
children with COVID-19 and PIMS. A small heterogeneous group of patients with various
non-COVID-19 inflammatory diseases served as a control.

2. Results

This proof-of-concept study involved group of 60 children, either with a confirmed
diagnosis of COVID-19 (n = 28), PIMS (n = 14) or other non-COVID-19 inflammatory
(INFLAM) diseases (n = 18). With non-equal variances and a very small size of patient
groups, some of the tested data did not conform to a normal distribution. The short
summary of demographic and clinical features of study groups is shown in Table 1.

Table 1. Characteristics of patient groups.

Parameter/Feature COVID-19 (n = 28) PIMS (n =14) INFLAM (n = 18)
Demographics
Sex (female/male; n=) 14/14 6/8 10/8
Age (mean/median; +£5D) 5.6/1.5;, £6.2 7.8/8.5; £4.8 6.1/5.5; +£4.8
Age groups (n=)
0-2 years 16 2 6
3-7 years 2 4 5
8-18 years 10 8 7

Clinical features

Body temperature [°C]

(mean,/median; +SD) 38.7/38.6; 0.9 39.5/39.6; 0.9 38.2/38.3; 0.8
Tissue oxygenation (SpO,) [%] ) - ) . ) 4
(mean,/median; +SD) 93.6/96.5; 6.5 97.0/98.0; £3.3 97.8/98.0; 3.0
Pulmonary injury (n=) 7 3 3
Cardiac injury (n=) 1* 11 *# 1%
Kidney injury (n=) 0 0 0
resp. tract infection—38
gastric symptoms—>5 medjiastinitis—1 gastric symptoms—4
tracheobronchitis—1 gastric symptoms—14 vasculitis—2
Other symptoms/comments otitis—1 skin rash—9 otitis—2
urin. tract infection—1 conjunctivitis—7 urin. tract infection—2

arthritis—1

*#: differences between respective groups are statistically significant.

The patients from the COVID-19 group were relatively younger (mean age
5.6 & 6.2 years) as compared to others (mean 7.8 & 4.8 years for PIMS and 6.1 & 4.8 years
for INFLAM group), but this difference was non-significant. More than half of them were
younger than 2 years, whereas nearly one-third of patients in this group were older than
8 years. Despite high fever (mean body temperature 38.7 & 0.9 °C) and significantly de-
creased tissue oxygenation (mean saturation 93.6 & 6.5%), all patients from the COVID-19
group presented a relatively mild course of disease. Besides mild-to-moderate gastric
symptoms (mainly abdominal pain) in less than one-fifth of the patients from this group,
one-fourth of them revealed mild pulmonary injury, as verified in chest computed tomog-
raphy. Only one patient from this group displayed features of benign cardiomyositis with
moderate arrhythmia and slightly increased fatigue.

In contrast to the aforementioned, patients from the PIMS group revealed a more
severe course of disease. Apart from higher mean body temperature (39.5 £ 0.9 °C),
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all patients presented some gastric symptoms (abdominal pain with diarrhea, nausea,
and/or vomiting) of various intensity, headache, and fatigue. Nearly one-fifth of PIMS
patients displayed mild pulmonary injury confirmed in chest computed tomography. In
two-thirds of the patients, some skin symptoms (mainly skin rash or erythema) were
observed. Notably, more than three-fourths of the patients from this group presented
moderate-to-severe symptoms of heart injury with arrhythmia, hypotension, chest pain,
edema, and increased fatigue.

The third group, designated as a non-specific control, intentionally was highly het-
erogeneous and involved patients with various diseases of inflammatory background but
with excluded coronavirus etiology. The mean body temperature in the INFLAM group
(38.2 + 0.8 °C) was lower as compared to other groups, although this difference was non-
significant. Nearly half of the patients from the INFLAM group suffered from moderate-to-
severe infection of the respiratory tract, mainly of viral etiology, except for three cases with
moderate pulmonary injury, as verified in chest computed tomography. One-fourth of the
patients from the INFLAM group revealed mild gastrointestinal symptoms, two patients
presented moderate urinary tract infection, another two with acute otitis media, two with
moderate cardiomyositis, and one patient with mild arthritis.

The comparison of selected parameters from routine blood tests did not show any
significant differences in the mean numbers of total white blood cells (WBCs) and platelets
(PLTs), as well as mean concentrations of hemoglobin (Hb) and creatinine (Table 2). The
mean concentration of C-reactive protein (CRP) was significantly higher in the PIMS group
compared to either COVID-19 or INFLAM patients (Table 2 and Figure 1A).

Table 2. The mean/median values (£SD; 95% CI) of selected laboratory data in study groups.

Parameter [Normal Range] COVID-19 (n = 28) PIMS (n = 14) INFLAM (n = 18)
WBC [4.5-13 x 103/puL] 9.2/9.2; £4.2;7.7-10.8 9.7/9.9; £4.1;7.5-11.8 11.1/8.6; £6.6; 7.9-14.2
PLT [150—400 x 10%/uL] 289.9/291.5; +:82.1; 259.5-320.3 232.4/233.5; +124.1; 167.4-297 .4 277.2/236.0; +111.3; 224.3-330.1
CRP [0-10 mg/L] 2.4/1.6; £2.2;1.6-32* 15.9/15.5; +£10.2; 10.6-21.3 **# 3.1/1.7; £4.2;1.0-5.1#%
Hb [11-14 g/dL] 12.2/12.2; £1.9;11.5-12.9 11.4/11.4; £1.3;10.7-12.1 11.8/12.4; £2.1;10.8-12.8
Creatinine [0.2-0.7 mg/dL] 0.4/0.3; £0.2; 0.3-0.4 0.6/0.4; £0.4;0.4-0.8 0.3/0.3; £0.1; 0.3-0.4
Troponin I [<19 ug/mL] 4.7/4.6; £1.9;2.8-6.6 47.5/43.3; +38.2; 26.0-69.1 * 1.9/0.9; £1.8;0.3-3.5*
NT-proBNP [<125 pg/mL] 98/39; £95; 15-181 * 8307/4571; £9721; 280713807 *# 207/44; +425; —132-549 #
D-dimer [0-550 ng/mL] 907/730; +:566; 453-1360 * 2572/2549; £1777; 1606-3538 * 1431/1108; +1262; 5572305

Abbreviations: SD—standard deviation; 95% CI—confidence interval; WBC—white blood cell; PLT—platelet;
CRP—C-reactive protein; Hb—hemoglobin; NT-proBNP—N-terminal prohormone of brain natriuretic peptide;
*# differences between respective groups are statistically significant.

The assessment of laboratory markers of cardiovascular injury revealed significantly
higher mean concentrations of troponin I (Figure 1B), N-terminal prohormone of brain
natriuretic peptide—NT-proBNP (Figure 1C), and the product of fibrin degradation, D-
dimer (Figure 1D), in the PIMS group as compared to COVID-19 or INFLAM patients.
Interestingly, no significant differences in the mean levels of the abovementioned markers
were observed between COVID-19 and INFLAM groups.

The analysis of selected immunological factors was shortly summarized in Table 3.

Table 3. The mean/median values (SD; 95% CI) of selected immunological factors in study groups.

Parameter [Concentration] COVID-19 (n = 28) PIMS (n =14) INFLAM (n = 18)
ADA [pg/mL] 6.16/3.34; £6.50; 3.76-8.56 8.07/9.02; +5.98; 4.94-11.20 5.62/3.53; +5.60; 3.05-8.19
IL-6 [pg/mL] 9.78/3.68; +12.26; 5.24-14.32 * 20.12/14.65; +£16.63; 11.41-28.83 * 14.43/6.64; +14.04; 7.94-20.92
TNF-R1 [ng/mL] 4.51/4.09; +1.64; 3.90-5.12 * 8.37/7.69; £5.47; 5.51-11.23 * 5.84/4.75; +4.01; 3.99-7.69
TNF-R2 [ng/mL] 14.89/13.78; +£7.09; 12.26-17.52 * 33.46/29.19; +£21.78; 22.05-44.87 * 20.16/15.44; +£12.91; 14.20-26.12

Abbreviations: SD—standard deviation; 95% Cl—confidence interval; ADA—adenosine deaminase;
IL-6—interleukin-6; TNF-R—tumor necrosis factor receptor; *: differences between respective groups are statisti-
cally significant.
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Figure 1. The concentrations of selected laboratory markers in study groups of COVID-19
(n = 28), PIMS (n = 14), and INFLAM (n = 18). The box plots represent the standard data struc-
ture; the boxes correspond to the interquartile range (with quartile Q1: lower edge; Q2 or median:
solid line within the box; dashed line: mean; and Q3: upper edge,) and whiskers correspond to
“non-outlier” minimum and maximum values. Each panel shows results for respective markers.
(A) C-reactive protein; (B) troponin I; (C) N-terminal prohormone of brain natriuretic peptide; and
(D) D-dimer. The differences between groups with p < 0.05 are considered statistically significant.

It was shown that patients from the PIMS group presented the highest mean and
median values among all study groups for all tested molecules, although in the case
of ADA, this difference did not reach statistical significance (Table 3, Figure 2A). The
assessment of serum concentrations of IL-6 revealed that in all tested groups, the mean
levels of this cytokine were above the normal limit (>1.9 pg/mL); In the PIMS group, the
levels were the highest, in INFLAM, they were intermediate, whereas in COVID-19, they
were the lowest. However, the difference appeared statistically significant only between
the COVID-19 and PIMS groups (Table 3, Figure 2B).

The assessment of serum levels of both soluble TNF receptors revealed that in all
groups, their mean levels were above the normal range (>0.5 ng/mL for sTNF-R1 and
>2.5 ng/mL for sSTNF-R2) [19]. Notably, in the PIMS group, the mean values were highest
and significantly different from those in the COVID-19 group. However, although higher
than the INFLAM group, they did not reach statistical significance in a comparison of
PIMS vs. INFLAM. Also, the mean levels of sSTNF-R1 and -R2 did not differ between the
COVID-19 and INFLAM groups (Table 3, Figure 3).
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Figure 2. The concentrations of selected immunomodulators in study groups of COVID-19
(n = 28), PIMS (n = 14), and INFLAM (n = 18). The box plots represent the standard data struc-
ture; the boxes correspond to the interquartile range (with quartile Q1: lower edge; Q2 or median:
solid line within the box; dashed line: mean; and Q3: upper edge,) and whiskers correspond to “non-
outlier” minimum and maximum values. Each panel shows results for respective molecules, namely
(A) adenosine deaminase; (B) IL-6. The differences between groups with p < 0.05 are considered
statistically significant.
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Figure 3. The concentrations of soluble TNF receptors in study groups of COVID-19 (n = 28),
PIMS (n = 14), and INFLAM (n = 18). The box plots represent the standard data structure; the boxes
correspond to the interquartile range (with quartile Q1: lower edge; Q2 or median: solid line within
the box; dashed line: mean; and Q3: upper edge,) and whiskers correspond to “non-outlier” minimum
and maximum values. Each panel shows results for respective molecules, namely (A) sTNF-R1;
(B) sTNF-R2. The differences between groups with p < 0.05 are considered statistically significant.

The associations between the individual levels of selected immunomodulators were
assessed in all patients. Very strong correlation (r = 0.9, at p < 0.01) was observed between
serum concentrations of both soluble TNF receptors, as well as between IL-6 and either
sTNF-R1 or sTNF-R2 (Table 4).

Table 4. The correlation between serum levels of selected immunoregulatory molecules.

Immunoregulator ADA IL-6 sTNF-R1 sTNF-R2

ADA - r=0.11;p=0.56 r=-0.01;p=097 r=0.02;p=0.92

IL-6 r=0.11;p=0.56 - r=0.64;,p<0.01* r=0.61;,p<0.01*
sTNF-R1 r=—-0.01;,p=097 r=0.64;p<0.01* - r=0.90;p<0.01*
sTNF-R2 r=0.02;,p=0.92 r=0.61;p<0.01* r=090;p <0.01* -

*: correlation is statistically significant.
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Furthermore, the individual serum levels of ADA, IL-6, sTNF-R1, and -R2 in all
patients were also tested in regard to their possible association with molecular markers
of cardiovascular injury—troponin I, NT-proBNP, and D-dimer. It was found that serum
levels of troponin I revealed a statistically significant correlation with concentrations of
both sTNF-R1 and sTNF-R2, whereas NT-proBNP was found to correlate only with levels
of sSTNF-R2. No other significant associations were observed either in the case of D-dimer,
ADA, or IL-6 (Table 5).

Table 5. The correlation between molecular markers of cardiovascular injury and selected immunoreg-
ulatory molecules.

Cardiovascular Marker vs. Inmunoregulator Troponin I NT-proBNP D-dimer
ADA r=011;p=0.62 r=034,p=0.17 r=0.33;p=0.09
IL-6 r=0.16;p =048 r=020;,p=0.36 r=027,p=0.18
sTNF-R1 r=045p=0.04* r=0.29;p=0.18 r=0.22;,p=026
sTNF-R2 r=049,p=002* r=040;p=0.05* r=0.17,p=041

*: correlation is statistically significant.

3. Discussion

Our study has shown for the first time the significant increase in soluble receptors
for TNF in patients with PIMS and that this increase significantly correlates with cardio-
vascular complications in these patients. However, it is unclear why these complications
appear after several weeks of COVID-19, especially since the latter has usually a mild or
even asymptomatic course. One can speculate that this is the consequence of an immature
immune system in children, where the cytokine storm, typical for severe COVID-19 in
adults, is relatively mild and develops rather as the prolonged inflammatory response. This
assumption could be supported by the observations of increased levels of pro-inflammatory
cytokines, mainly IL-6, but also TNF [6,20], which although lower when compared to those
in adults” COVID-19, are still elevated above the normal levels. Together with the out-
standing vascular tropism of coronavirus via angiotensin-converting enzyme (ACE)-2 and,
possibly, dipeptydyl peptidase (DPP)-4 [21,22], they may promote chronic inflammation
in the vascular system and, finally, lead to the exacerbation and development of severe
cardiovascular complications. One cannot exclude that the increased levels of ADA, which
at least in our study were similar in the COVID-19 and PIMS groups, could also be involved
in that process.

The most intriguing finding is the increased secretion of soluble receptors for TNE. The
first possible explanation is based on canonical cellular response to the stimulus. The cell
exposure to TNF may lead to increased expression of membrane receptors for this cytokine,
which in turn is followed by the increased shedding of their soluble forms [23]. The latter
are considered as the natural modulators of the response to TNEF.

Also, it is plausible that the extensive damage of cardiomyocytes contributes to in-
creased levels of soluble TNF receptors in circulation. Presumably, this scenario may result
from either the direct action of various cardiotoxic agents or indirect mechanisms, including
coronavirus-mediated endothelial injury of coronary arteries with subsequent myocardial
ischemia [22]. Therefore, it may even be independent from high levels of TNF. However,
further studies are needed to confirm the aforementioned hypotheses.

It is noteworthy that the exact role of TNF and its receptors in various cardiovascular
complications remains unclear. Surprisingly, several studies have shown that in some
patients with systemic inflammatory conditions, the therapeutic inhibition of TNF by a
monoclonal antibody (e.g., infliximab) led to the severe worsening of heart function [23,24].
The observed phenomenon may be explained by the dual action of the TNF molecule that
results from the substantially different function of its both receptors.
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Accordingly, TNF-R1 is constitutively expressed on the surface of most cells. It belongs
to the family of death receptors and its triggering by TNF leads to the formation of a death-
inducing signaling complex, the activation of the caspase pathway, and the induction
of programmed cell death. However, in the presence of some specific adaptor proteins,
including TNF receptor associated factor 2 (TRAF2), the inhibitor of apoptosis (IAP), and
receptor-interacting protein (RIP), the alternative pathways involving c-Jun N-terminal
kinase (JNK) and nuclear factor (NF)-kB could be activated, leading to cell survival and the
production of pro-inflammatory cytokines [23].

In contrast to the aforementioned, the expression of TNF-R2 is restricted mainly to
immune cells but also endothelial cells and cardiomyocytes, and it is induced upon stimu-
lation with pro-inflammatory factors. Binding of TNF to TNF-R2 activates the canonical
and non-canonical signaling pathways with NF-kB and phosphatidylinositol-3-kinase
(PI3K), which promote cell proliferation and survival [23]. Furthermore, TNF-R2, also in
its soluble form, was identified as the molecule involved in a unique mechanism called
reverse signaling. In this mechanism, TNF-R2 binds to the membrane-bound TNF and
indirectly induces mitogen-activated protein kinase (MAPK) pathways, thus resulting in an
immunosuppressive effect on TNF-expressing inflammatory cells, mainly T lymphocytes
and monocytes [23,25].

Such complexity of TNF signaling may suggest that the molecular targeting of the TNF-
dependent pathways could offer some therapeutic potential for patients with PIMS. Notably,
the TNF-focused strategies may selectively block the pathogenic mechanisms only [23];
however, future research should clarify the safety and specificity of such approaches.

There are several limitations of our study. The first and main limitation is its proof-of-
concept nature with the single time point of analysis, which certainly will require further
research. The next issue is the very small number of patients involved. This was due to
the low occurrence of symptomatic COVID-19 in children and outstanding rarity of PIMS
(0.1% of children with coronavirus) [2]. Obviously, the small study groups significantly
reduced the observation sensitivity and allowed for the detection of only strong effects or
differences. Hence, although no significant differences were observed in some comparisons,
the small sample size may limit the ability to detect such subtle variations.

Also, the collected data did not reveal a normal distribution, thus increasing the risk
of result distortion and unintended bias in their interpretation. Nevertheless, even despite
aforementioned restrictions, we still were able to observe statistically significant differences
between study groups in some parameters.

Another weak point of this report is the size and composition of the INFLAM group.
It was very small and highly heterogeneous, actually involving patients sharing two com-
mon features, namely (1) the presence of inflammatory disease, either infectious or non-
infectious, and (2) excluded COVID-19 etiology of inflammation. Hence, the INFLAM
group was intended to be a kind of non-COVID-19 control that could serve as a com-
parator to the COVID-19 and PIMS groups. Nevertheless, one has to keep in mind that
with the small size and high heterogeneity, the real scientific value of that group is rather
anecdotal and should be considered as a form of screening to indicate some directions
for future research. Accordingly, when considering our findings concerning soluble TNF
receptors and heart injury in PIMS, the most interesting selection for further more detailed
comparative studies may be the group of patients with some cardiovascular diseases,
e.g., Kawasaki disease.

4. Materials and Methods

Thisstudy involved three small groups of children, (1) one with active coronavirus
disease (COVID-19), (2) with post-COVID-19 pediatric inflammatory multisystem syn-
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drome (PIMS), and (3) with various non-COVID-19 inflammatory (INFLAM) diseases. All
study participants were recruited among children referred to the Department of Pediatrics,
Allergology and Pulmonology at the University Hospital of the Medical University of
Warsaw between December 2020 and December 2021 during the second-to-fourth wave of
theCOVID-19 pandemic.

All procedures involving patients were performed according to the Declaration of
Helsinki. Whenever possible, due to patients” age, children and/or all their parents or legal
guardians gave written informed consent to participate in the study, which was approved
by the Ethics Committee at the Medical University of Warsaw (approval no. KB/212/2020,
dated 14 December 2020).

The patients were qualified for the COVID-19 group based on the suspected or already
diagnosed infection with coronavirus (SARS-CoV-2, variants alpha or delta). The presence
of typical symptoms and the COVID-19 diagnosis were verified by polymerase chain
reaction and specific IgM/IgG antibody testing.

The children recruited to the PIMS group conformed to specified inclusion criteria
as follows: COVID-19 or asymptomatic infection (confirmed by specific antibody test-
ing) within the last 6 weeks, continuous fever above 38.5 °C for at least 3 days, and the
occurrence of clinical symptoms involving at least two systems, namely gastrointestinal
tract (usually with abdominal pain, diarrhea, nausea and/or vomiting), respiratory system
(with cough, chest pain, and/or dyspnea), cardiovascular system (chest pain, arrhythmia,
hypotension, faint, edema), or skin (erythema, rash, itching) issues.

The non-COVID-19 inflammatory group involved children with various diseases of
either infectious (bacterial or viral, except those caused by coronavirus) or non-infectious
origin. The main inclusion criteria concerned typical symptoms of inflammation, e.g., in-
creased body temperature, pain, edema, and some other disease-specific symptoms, as well
as elevated laboratory markers of inflammation.

All children were subjected to standard clinical examination. Apart from a routine
laboratory assessment, including blood morphology, basic biochemistry, and coagulology,
additional blood tests were focused on the measurement of serum levels of inflammation
markerC-reactive protein, D-dimer, and two molecular indicators of heart injury (troponin
I'and N-terminal prohormone of brain natriuretic peptide-NT-proBNP). Furthermore, 2 mL
of serum sample was kept frozen at —80 °C until being used for immunological tests.

The concentrations of IL-6, ADA, and both soluble TNF receptors—sTNF-R1
and -R2—in serum samples were measured in duplicate, using respective enzyme-linked
immunosorbent assay (ELISA) tests according to detailed protocols provided by the manu-
facturer. Human ADA ELISA Kit was purchased from Invitrogen/Life Technologies Co.
(Carlsbad, CA, USA). Human IL-6 High Sensitivity ELISA was from Invitrogen/Bender
MedSystems GmbH (Vienna, Austria), whereas both Human sTNF-RI and sTNF-RII ELISA
Kits were purchased from Invitrogen/Life Technologies Co. (Frederic, MD, USA).

The statistical analysis was performed using DATA-tab software (2024)
(https://datatab.net; DATAtab e.U., Graz, Austria) and MedCalc Software 18.11v
(https:/ /medcalc.org; MedCalc Software Ltd., Ostend, Belgium), for both URL accessed
between October-November 2024.

The Shapiro-Wilk test was used to assess the distribution of analyzed variables. The
basic demographic and clinical features of patients within study groups, namely the age,
body temperature, tissue oxygenation, and selected laboratory parameters, were analyzed
using descriptive statistics involving the calculation of the arithmetic mean, median, stan-
dard deviations, confidence intervals, and quartiles. Then, they were compared between
groups using the non-parametric Kruskal-Wallis test. The occurrence of main symptoms,
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due to the small sample size, was compared between groups using Fisher’s exact test. The
observed differences were considered statistically significant at p < 0.05.

The correlations between selected parameters, such as heart injury markers (D-dimer,
troponin I, and NT-proBNP) and immunoregulatory molecules (ADA, IL-6, and sTNF-R1
and -R2), as well as cross-talk between the latter, were analyzed using Pearson’s correlation
test with a significance level p < 0.05.

5. Conclusions

Our proof-of-concept observation may be a step forward to better understand the
phenomenon of mild COVID-19 in children and the pathomechanism of its severe car-
diovascular complications in PIMS. We hypothesize that, possibly, the delayed immune
response to coronavirus infection may result in the activation of the TNF pathway in the
heart, the overexpression of TNF receptors, and the shedding of their soluble forms (sTNF-
R1 and -R2) into circulation. Alternatively, inflammatory reactions or cardiotoxic effects of
the coronavirus itself may result in excessive damage of cardiomyocytes and the release of
soluble TNF receptors. However, both scenarios require validation in future research.

As shown in previous studies, the increased levels of sTNF-R1 and -R2 are indicators
of poor prognostics; nevertheless, their exact role and the mechanism of that increase
remain unclear. Our findings suggest that the TNF pathway may be explored as a potential
therapeutic target to prevent PIMS complications in children and, presumably, in severe
COVID-19 in adults. However, due to high complexity of TNF-related signaling, the
molecular targeting should be highly selective and block the pathogenic mechanism only.
Therefore, this issue still requires further studies.
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Abstract: Zika virus (ZIKV), transmitted by Aedes mosquitoes, has been a global health concern since
2007. It primarily causes fetal microcephaly and neuronal defects through maternal transmission
and induces neurological complications in adults. Recent studies report elevated proinflammatory
cytokines and persistent neurological alterations post recovery, but the in vivo mechanisms remain
unclear. In our study, viral RNA loads in the brains of mice infected with ZIKV peaked at 7 days post
infection and returned to baseline by day 21, indicating recovery. RNA sequencing of the cerebral
cortex at 7 and 21 days revealed upregulated genes related to neuroinflammation and microglial
activation. Histological analyses indicated neuronal cell death and altered neurite morphology owing
to severe neuroinflammation. Additionally, sustained microglial activation was associated with
increased phospho-Tau levels, constituting a marker of neurodegeneration. These findings highlight
how persistent microglial activation leads to neuronal dysfunction post ZIKV recovery, providing
insights into the molecular pathogenesis of ZIKV-induced brain abnormalities.

Keywords: ZIKV; long-term effects; microglial activation; neuroinflammation; synaptic loss

1. Introduction

Zika virus (ZIKV), a member of the Flaviviridae family within the genus Flavivirus,
was first identified in the Zika forest of Uganda in 1947 [1]. Since the discovery of the
first human infection in 1950, ZIKV has spread from Africa to Asia and subsequently to
the Americas, causing significant epidemics until 2016, with sporadic cases still reported
worldwide. Primarily transmitted through the bites of Aedes mosquitoes, ZIKV can also
spread through sexual contact, blood transfusion, or mother-to-child transmission during
pregnancy. Although ZIKV infection typically results in mild symptoms, such as fever,
rash, headache, joint pain, and red eyes lasting several days to a week, it poses significant
risks during pregnancy. Infection during pregnancy can lead to severe birth defects includ-
ing microcephaly and neurological conditions like myelitis and encephalitis [2,3]. These
neurological complications are not limited to congenital cases but also affect adults follow-
ing ZIKV infection [4,5]. Studies have demonstrated elevated levels of proinflammatory
cytokines, including interleukin (IL)-13, interferon (IFN)-y, IL-6, and IL-8, in ZIKV-infected
adult patients compared with healthy individuals [6]. Additionally, ZIKV infection has
been linked to the induction of Guillain—Barre syndrome, an autoimmune neurological
disease [7]. Furthermore, ZIKV has been detected in adult human brain tissue [8]. ZIKV
infection has also been increasingly associated with CNS pathology in adults, including
acute myelitis, encephalitis, meningoencephalitis, and encephalomyelitis [4,5,9,10]. No-
tably, a clinical study found that ~40% of ZIKV-infected patients still exhibited neurological
changes 1 year after symptom onset, with some patients showing incomplete recovery
even after 2 years [11]. Collectively, these findings underscore the detrimental effects of

Int. ]. Mol. Sci. 2024, 25, 9451. https:/ /doi.org/10.3390/ijms25179451 39 https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 9451

ZIKV infection on the mature nervous system and suggest potential long-term neurological
consequences, yet the precise underlying mechanisms remain to be fully elucidated.

One of the primary cell types targeted by ZIKV within the brain comprises glial
cells [12-14]. Among glial cells, microglia—the predominant innate immune cells in the
central nervous system (CNS)—play a crucial role in neurodevelopment and CNS homeosta-
sis [15]. Responsible for maintaining normal brain function and tissue integrity, activated
microglia serve as the initial defense against invading pathogens, and their activation
leads to the increased production of proinflammatory cytokines, chemokines, and reac-
tive oxygen species (ROS) [16,17]. Although microglial activation is typically considered
protective for the brain, prolonged activation can cause chronic inflammation, leading to
irreversible CNS damage. Such persistent neuroinflammation not only impairs neuronal
plasticity and memory but also contributes significantly to tissue damage in various neu-
rodegenerative disorders [16,18]. In this context, microglial activation has been linked to
the increased phosphorylation of the Tau protein, exacerbating Tau pathology—a hallmark
of neurodegenerative diseases such as Alzheimer’s disease [19]. In addition to the patho-
logical accumulation of neurofibrillary tangles (NFTs) containing the hyperphosphorylated
Tau protein, Alzheimer’s disease is characterized by the accumulation of amyloid-3 (A)
plaques and neuronal loss [20,21]. The accumulation of A triggers microglial responses,
promoting Tau protein hyperphosphorylation and NFT formation, ultimately leading to
neurodegeneration and cognitive decline [22].

While several studies have reported neuroinflammation and microglial activation as
consequences of ZIKV infection [23,24], the detailed mechanisms underlying brain im-
pairments in recovering patients remain elusive. This may be attributable to the lack of
a suitable animal model representing the recovery state post ZIKV infection. Evidence
suggests that ZIKV can persist latently in mature neural cells [25], and its association with
widespread changes in gene expression in the brain has been demonstrated [4-6]. Thus,
it is crucial to move beyond acute phase symptoms to develop an understanding of the
long-term neurological sequelae of ZIKV infection, including their potential to lead to neu-
rodegenerative disorders. To this end, we established an in vivo recovery model of ZIKV
infection using ZIKV-susceptible A129 mice. Through comprehensive RNA-sequencing
(RNA-seq)-based transcriptome analysis, we explored gene expression profiles in the brains
of recovered mice post ZIKV infection. Gene Ontology (GO) analysis revealed the sig-
nificant upregulation of the biological process categories “neuroinflammatory response”
and “microglial cell activation” in ZIKV-infected mice. Our findings indicate severe in-
flammatory pathology, neuroinflammation-induced neuronal cell death, and alterations in
neurite morphology in mice recovered from ZIKV infection. Furthermore, increased levels
of phospho-Tau (p-Tau) were observed together with microglial activation in recovered
mouse brains. These findings shed light on the mechanism by which ZIKV affects the brain
and underscore the role of this virus-induced microglial activation mechanism in neurode-
generation. They also have implications for understanding the molecular pathogenesis
of ZIKV-induced abnormalities in the brain and may guide the development of effective
therapeutic strategies against ZIKV infection.

2. Results
2.1. Immunodeficient A129 Mice Recover from Infection with the ZIKV-FLR Strain after 21 Days

To investigate the long-term effects of neuroinvasive ZIKV infection, we established a
mouse model for studying the recovery phase following ZIKV infection. Type I interferon
(oc/ B)-receptor-deficient A129 mice, which are highly susceptible to ZIKV infection, were
intraperitoneally injected with 1 x 10* PFU of either the ZIKV-FLR (American and Asian
lineage) or the ZIKV-MR766 strain (African lineage). Mice were monitored daily for
signs of illness including changes in body weight and mortality. All mice infected with
the ZIKV-MR766 strain lost body weight, quickly succumbed to infection, and reached
clinical endpoints within 7 days (Figure 1a). The pattern following ZIKV-FLR infection
was different. Approximately 40% of infected mice succumbed to infection within 7 days
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and exhibited neurological signs such as hind limb paralysis whereas the remaining 60%
of ZIKV-FLR-infected mice gradually regained body weight and recovered from hind
limb paralysis within 21 days (Figure 1b). To examine the impacts of ZIKV-MR766 and
ZIKV-FLR strains on the mouse brain, we obtained cerebral cortices from mice in each
group and measured viral load by quantitative reverse-transcription polymerase chain
reaction (RT-qPCR). Mice infected with ZIKV-MR766 exhibited approximately 100-fold
higher levels of ZIKV RNA in the brain relative to mice infected with ZIKV-FLR, and
viral replication remained active until death (Figure 1c). In contrast, viral RNA levels in
ZIKV-FLR-infected mice gradually increased, peaking at 7 days post infection (dpi), and
then declined to undetectable levels, indicating that the mice were free of viral replication
by 21 dpi (Figure 1d). To further investigate the presence of any remaining viral proteins
in cells, we performed a Western blot analysis of the ZIKV envelope (E) protein, a critical
structural component of the virus that plays a central role in viral entry into host cells.
The expression of the ZIKV E protein indicates an active viral presence, with peak levels
typically occurring during the acute phase of infection [26,27]. Our results showed that
ZIKV E protein levels increased at 7 dpi, declined to undetectable levels by 21 dpi, and
remained undetectable at 28 dpi (Figure S1). On the basis of these results, we selected
the relatively mild ZIKV-FLR strain to establish a mouse model of a post-ZIKV-infection
recovery state.
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Figure 1. Generation of a mouse model of recovery from ZIKV infection. (a) Survival rates of mice
used as uninfected controls and mice infected with ZIKV strains FLR (American and Asian strain) or
MR766 (African strain). Survival of mice was monitored for 21 days. All mice infected with the ZIKV-
MR766 strain succumbed within 7 dpi whereas fewer than 40% of mice infected with the ZIKV-FLR
strain died, with over 60% surviving beyond 21 days. (b) Body weight change (percent) after ZIKV
infection. (¢) Comparison of ZIKV copy number, measured by RT-qPCR. (d) Quantification of ZIKV
(FLR) RNA levels in the mouse brain using RT-qPCR analysis. All data represent means &+ SEMs
from at least 7 mice (*** p < 0.001). The results for the uninfected control are shown in gray, the ZIKV
MR766 strain in blue, and the ZIKV FLR strain in red. The dashed line indicates the basal level.
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2.2. The Transcriptional Profile of the Mouse Brain Is Altered after Recovery from ZIKV Infection

Using the ZIKV-FLR strain, we first examined whether transcriptional changes oc-
curred in the brain tissue in ZIKV-infected mice and whether these changes persisted after
recovery. The brain, particularly the cerebral cortex, is well known as a major target organ
of ZIKV [8,28]. To compare transcriptome profiles between acute infection and the recovery
stage, we performed RNA-seq on the cerebral cortices of ZIKV-FLR-infected mice, obtained
at7 and 21 days post infection (dpi) (Figure 2a). The cerebral cortices of A129 mice obtained
at 7 dpi, exhibiting the highest viral load, were used to investigate the transcriptional
profile of acute infection whereas the cerebral cortices at 21 dpi, exhibiting viral clearance,
were used to examine changes in gene expression during the recovery phase. Differentially
expressed genes (DEGs) in the cerebral cortex at 7 dpi and 21 dpi in ZIKV-infected mice
were identified based on their normalized expression relative to that in uninfected controls.
At 7 dpi, 2378 genes were upregulated and 725 genes were downregulated compared
with uninfected controls; in contrast, 1063 genes were upregulated and 279 genes were
downregulated at 21 dpi (Figure 2b).
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Figure 2. Transcriptome profiles of the cerebral cortex in A129 mice after ZIKV infection. (a) Schematic
showing the experimental strategy for analyzing changes in gene expression in the mouse brain
following ZIKV infection. (b) Bar chart displaying the total number of upregulated and downregulated
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DEGs in mouse groups harvested at 7 dpi and 21 dpi (uninfected, n = 3; 7 dpi, n = 3; 21 dpi,
n = 3). Gene expression levels in both groups were normalized to those in uninfected controls.
(c) Venn diagrams showing the overlap of upregulated genes (left) and downregulated genes (right)
in mice brains harvested at 7 dpi or 21 dpi, identifying genes commonly regulated at both time points.
(d) Volcano plots depicting gene transcripts in ZIKV-infected mouse brains harvested at 7 dpi and
21 dpi compared with uninfected controls. Yellow dots: genes upregulated upon ZIKV infection;
blue dots: genes downregulated upon ZIKV infection. Selected DEGs have been highlighted in red.
Gray dots indicate genes with no significant change in expression. The dashed lines represent the
significance thresholds for both p-value and log2-fold change.

We then investigated genes that were significantly up- or downregulated in common
in both acute (7 dpi) and recovery (21 dpi) phases. Utilizing a Venn diagram analysis, we
found that the predominant pattern was upregulation, with upregulated 845 genes and only
54 downregulated genes at both time points (Figure 2c). Among the top 20 significantly
upregulated genes in both conditions were Cxcl10, H2-Aa, C3, and CD74, as illustrated in
volcano plots (Figure 2d). These genes, which are known to be associated with neuroinflam-
mation, play critical roles in regulating the immune system and inflammatory responses.
Conversely, the most highly downregulated genes in common were Grin2b, Cort, and
Chrmb, which function in neurotransmission. Overall, of the 3103 genes whose transcrip-
tional expression levels changed upon ZIKV infection, more than half recovered to levels
comparable to those in uninfected condition by 21 dpi whereas the remainder remained
up- or downregulated even after recovery. Notably, genes related to neuroinflammation
were activated whereas those related to neurotransmission were repressed.

2.3. ZIKV-Induced Microglial Cell Activation Results in Upregulation of Neuroinflammatory
Responses and Downregulation of Neurotransmission

To better understand the relationship between functional pathways and DEG datasets
obtained at 7 and 21 dpi, we conducted an unbiased enrichment analysis using Gene
Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). The GO
analysis of biological process (BP) terms revealed consistent enrichment of genes related
to neuroinflammatory responses and microglial cell activation in brain tissues obtained at
both 7 dpi and 21 dpi (Figure 3a). Significantly correlated BP terms included ‘phagocytosis’,
‘neuroinflammatory response’, ‘microglia cell activation’, ‘glial cell proliferation’, ‘synapse
pruning’, and ‘regulation of neuron apoptotic process’. DEG datasets correlated with
molecular function (MF) and cellular component (CC) terms also indicated a close relation
to neuroinflammatory processes and the activation of microglia. DEG datasets obtained
at 7 and 21 dpi were also significantly correlated with specific KEGG pathways subsets,
including ‘cytokine-cytokine receptor interaction’, ‘phagosome’, ‘complement and coagula-
tion cascades’, ‘neuroactive ligand-receptor interaction’, ‘NF-kB signaling pathway’, and
‘synapse’ (Figure 3b). Accordingly, the majority of enriched terms found in both GO and
KEGG analyses were related to neuroinflammatory response, microglia cell activation, and
neurotransmission. Consistent with previous reports, these results demonstrate that ZIKV
infection has the potential to activate microglia and induce neurological damage [23,24].
Importantly, these results also suggest that microglial activation and neuronal damage
persist after recovery from ZIKV infection.

Microglia are resident macrophages that account for approximately 10-15% of cells in
the mouse brain and function as a first-line defense system in the CNS [29]. Several studies
have shown that microglial cells are permissive for ZIKV infection and that microglial cell
activation results in neuroinflammation and is detrimental to neurotransmission [24,30-32].
To further clarify whether ZIKV-induced aberrant microglial activation correlates with
neurological complications, we investigated DEGs associated with microglial activation,
neuroinflammation, and neurotransmission at both 7 dpi and 21 dpi. A heatmap analysis
revealed that genes associated with microglial activation and neuroinflammation, including
cytokine, chemokine, complement-system, and phagocytosis genes, were significantly
upregulated at 7 dpi, exhibiting up to a 10-log2-fold change (Figure 3c and Figure S2). The
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expression of these genes was reduced ~2-fold at 21 dpi but did not fully return to the
levels of uninfected controls. On the other hand, genes associated with neurotransmission
were significantly downregulated at 7 dpi and remained at similarly reduced levels at
21 dpi. These results suggest that abnormal microglial activation can persist even after
recovery from ZIKV infection. This prolonged activation may contribute to ongoing
neuroinflammation and potentially lead to lasting damage to neurotransmission, even in
the absence of a detectable viral presence.
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Figure 3. Functional categorization of DEGs in the brains of mice infected with and recovered from
ZIKV. (a) Selected GO functional classifications for significant DEGs in ZIKV-infected mice brains
obtained at 7 and 21 dpi. Biological processes associated with significant DEGs mainly included
‘microglial cell activation’, ‘neuroinflammatory responses’, ‘synapse pruning’, and ‘neuronal apop-
totic process’. GO: Gene Ontology; BP: biological process; CC: cellular component; MF: molecular
function. (b) Selected KEGG pathways associated with significant DEGs in ZIKV-infected mice
brains obtained at 7 and 21 dpi. Significant pathways of common DEGs included ‘cytokine-cytokine
receptor interaction’, ‘phagosome’, ‘complement and coagulation cascade’, and ‘neuroactive ligand-
receptor interaction’. The vertical line represents the threshold for a p-value of 0.05. (c¢) Heatmap
displaying the relative expression levels of significantly changed genes related to neuroinflammation
(microglial cell activation, cytokine, chemokine, complement system, and lysosome and phagocytosis)
and neurotransmission.
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2.4. ZIKV-Induced Microglial Cell Activation Enhances Synaptic Pruning through the
Complement System

Next, we sought to determine how ZIKV infection alters gene expression patterns and
induces neurotoxic inflammation through microglial activation and potentially leads to
neurodegeneration. Transcriptome profiling in ZIKV-infected and recovered mice revealed
the sustained upregulation of the microglia cell activation markers, Clec7a, Aifl, Gfap, and
Trem?2 (Figure S2). As shown in Supplementary Figure S2, ZIKV significantly increased the
expression of complement-related genes (C3, C1q, C4b, and C3ar1), together with genes
related to microglial-mediated phagocytosis (Ctss, Ctsc, Cybb, CD74,CD68, H2-Abl, and
H2-Aa), in the brains of ZIKV-infected and recovered mice. Recent studies suggest that
microglia-mediated synapse removal can be triggered by aging or disease conditions. In
the CNS, microglia rely on classical complement cascades to mediate phagocytic signaling
for the removal of excess synapses [18]. In Alzheimer’s mouse models, activated microglia
engage in synaptic phagocytosis, a process dependent on complement factors like C3, Clq,
and CR [33]. This microglial pruning of synaptic terminals is a key mechanism underlying
synapse loss in neurodegenerative disorders and viral infections. To explore this further,
we investigated whether mice recovering from ZIKV infection exhibited impaired synaptic
function. As seen in Figure 3a, ‘synaptic pruning’ was among the most significantly
expressed categories in GO analyses following ZIKV infection in mice. We found that
ZIKV significantly downregulated the expression of genes encoding neuropeptides or
neurotransmission receptors, such as Cort, Gabra2, Grin2b, and Htr5, in the mouse brain
cortex. Genes encoding nicotinic acetylcholine receptor subunits (Chrnb4 and Chrna?),
adrenoceptors (Adra2b and Adrald), muscarinic acetylcholine receptors (Chrm1 and
Chrm3), and two serotonin receptors (Htr2a and Htr4), which typically participate in the
regulation of cognitive function, were downregulated at both 7 dpi and 21 dpi compared
with uninfected mice brains (Figure 52). Most of these genes have been shown to modulate
synaptic plasticity [34-38] and CNS development [39,40].

To further validate RNA-seq data, we also performed RT-qPCR analyses on mouse
cerebral cortices obtained at 7 and 21 dpi for representative genes involved in microglial
cell activation, cytokine and chemokine responses, complement system activation, phago-
cytosis, and neurotransmission. We found that the expression of a panel of genes known to
be specifically induced by microglial activation, including Clec7a, Aifl, Gfap, and Trem?2,
was significantly increased upon ZIKV infection (Figure 4a). Additionally, genes encoding
cytokines and chemokines, including IL-1¢, II-13, Cxcr4, and Cxcl10, were significantly
upregulated in response to ZIKV infection, suggesting the presence of neuroinflammation
(Figure S3). Together with microglial-activation-associated genes, genes related to com-
plement activation, lysosomal function, and phagocytosis were significantly upregulated
(Figure 4b,c). Importantly, all of these genes exhibited persistent upregulation at 21 dpi
(i.e., recovery phase), and these changes were statistically significant. Notably, the Clq
and C3 genes showed more than an 8-fold change in expression in ZIKV-recovered mice
compared with uninfected controls. These results were consistent with the RN A-seq data
(Figure S2) and suggest that ZIKV-induced microglial activation contributes to the tran-
scriptional upregulation of genes related to complement activation, lysosomal function,
and phagocytosis in the brains of ZIKV-infected and recovered mice. We also confirmed the
downregulation in common in the neurotransmission-related genes, Cort, Grin2b, Gabra2,
and Htr5 (Figure 4d), validating a potential contribution of microglial phagocytosis to
synaptic pruning.

Furthermore, we investigated the long-term effects of ZIKV infection on the mouse
brain. At 28 dpi, the ZIKV viral protein (E) was undetectable in the brain (Figure S1), indi-
cating viral clearance. However, RT-qPCR analyses of cerebral cortices collected at 28 dpi
revealed that microglial activation remained elevated (Figure S4a). Along with persistent
microglial activation, we observed the significant upregulation of genes associated with
the complement system, lysosomal function, and phagocytosis (Figure S4b,c). Importantly,
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these genes continued to show upregulation at 28 dpi. Conversely, neurotransmission-
related genes were notably downregulated (Figure S4d).
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Figure 4. Transcriptional analysis of genes related to microglial activation, complement system,
phagocytosis, and neurotransmission in the brains of ZIKV-infected and recovered mice. RT-
qPCR analyses of genes associated with (a) microglial cell activation, (b) the complement system,
(c) phagocytosis, and (d) neurotransmission are shown. mRNA levels of target genes were normalized
to Gapdh mRNA levels. All data represent the relative expressions of target genes normalized to those
of uninfected controls. Results are shown as means = SEMs of six independent replicates (* p < 0.05;
** p < 0.01; n.s.: not significant).

Taken together, our data suggest that the aberrant activation of microglia and comple-
ment pathways persists in both ZIKV-infected and ZIKV-recovered mice, ultimately leading
to synaptic loss. These findings support our hypothesis that ZIKV-induced microglial cell
activation contributes to increased synapse pruning and may explain the sustained synaptic
impairment observed following long-term recovery from ZIKV infection.

2.5. Sustained Microglial Cell Activation after Recovery from ZIKV Infection Induces
Neurotoxicity and Neuronal Cell Death

We next examined whether sustained microglial activation following recovery from
ZIKV infection results in exacerbated neuronal loss. To address this question, we evalu-
ated histological alterations to determine the extent of pathology in mouse brain tissues.
Hematoxylin and eosin (H&E) staining revealed dead neurons as eosinophilic cells with
shrunken, darkly stained nuclei surrounded by a void space. In the cortex of uninfected
control groups, neurons exhibited a round shape with clearly visible nuclei. In contrast,
at 7 dpi, distinct neuronal damage and immune cell infiltration were observed [41], with
neuronal cell death continuing through 21 dpi (Figure S5a). Additionally, Nissl staining
revealed a significant decrease in both the density and number of intact neurons in the
cortex at 7 dpi and 21 dpi compared to the uninfected control group (Figure S5b). These
findings underscore the critical role of inflammatory responses and neuronal damage in
the pathology of ZIKV infection. The inflammatory environment, including monocyte
infiltration, likely contributes to the sustained activation of microglia, which, in turn, may
lead to increased ROS production and further exacerbate neuronal damage. Our analysis
of ROS levels in the cortex of ZIKV-infected mice supports this, revealing a significant
increase in ROS compared with uninfected controls (Figure 5a). Specifically, ROS lev-
els were approximately 6-fold higher at 7 dpi and 5-fold higher at 21 dpi compared to
baseline uninfected control levels (Figure 5b). TUNEL assays conducted to assess neu-
ronal cell death in the cortex of mice following recovery from ZIKV infection revealed a
number of TUNEL-positive cells in the cortex of both ZIKV-infected and ZIKV-recovered
mice (Figure 5c). A quantitative analysis showed significant differences in the number
of TUNEL-labeled cells between uninfected mice and ZIKV-infected mice at both the
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7 dpi and 21 dpi time points (Figure 5d). A comparison of the number of apoptotic cells
in ZIKV-infected brains to uninfected controls showed a remarkable 72-fold increase in
7 dpi mice and a 14.5-fold increase in 21 dpi mice. Although the direct link between ROS
generation and neuronal death should be further validated through additional studies,
such as by evaluating the effects of inhibiting ROS generation, several studies have already
highlighted the connection between microglial activation, ROS production, and neuronal
cell death [42,43].
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Figure 5. Characterization of neurological damage caused by persistent microglial activation after
ZIKV Infection. (a) Representative images of mitochondrial ROS, stained with MitoSOX (Red), in the
mouse cerebral cortex. Cell nuclei were counterstained with DAPI (blue). Images were visualized
by fluorescence microscopy (200 x). Scale bar: 20 um. (b) Quantification of the relative MitoSOX-
positive area. Results are shown as means + SEMs of five independent replicates (** p < 0.01).
(c) Representative images of DNA fragmentation (red) in the mouse cerebral cortex, detected by
TUNEL assay. Cell nuclei were counterstained with DAPI (blue). Images were visualized by
fluorescence microscopy (200x). Scale bar: 20 um. (d) Quantification of TUNEL-positive cells
in mouse cerebral cortices from five independent replicates (* p < 0.05).

Consistent with transcriptome profiling results indicating that ZIKV-induced aberrant
microglial activation results in neurotoxicity, histological analyses and the quantification of
neuronal apoptosis revealed that ZIKV infection was associated with neurological damage
in the mouse brain. Our results further indicate that even after levels of viral RNA return
to near-uninfected control levels, mice recovered from ZIKV infection display neurological
impairment and the activation of neuronal cell death pathways owing to the persistence of
microglial activity.

2.6. Sustained Microglial Cell Activation Following ZIKV Infection Results in Abnormal Neural
Morphology and Accumulation of Phosphorylated Tau

Our RNA-seq results indicated that ZIKV infection leads to a decrease in the expression
of genes associated with axon guidance and synaptic transmission. To assess whether
these transcriptomic changes manifest as neuronal phenotypes, we examined the dendritic
architecture of the cerebral cortex obtained at 7 and 21 dpi by immunostaining for the
neurite marker MAP2 (microtubule-associated protein 2), a neuron-specific cytoskeletal
protein enriched in dendrites that plays a role in determining and stabilizing neuronal
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morphology during development [44]. We observed a significant reduction in the number
of intact dendritic segments and branches in ZIKV-infected mice (Figure 6a), indicating
a detrimental impact of ZIKV on neurite morphology. A comparison of the number of
neurons in ZIKV-infected brains to uninfected baseline levels showed a 40% decrease
in mice at 7 dpi and a 20% decrease at 21 dpi (Figure 6b). These findings suggest that
ZIKV infection triggers the activation of microglia and the complement system, leading to
excessive synaptic pruning and subsequent synaptic impairment in mice.
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Figure 6. Characterization of neuronal phenotypes and Tau pathology produced by sustained mi-
croglial activation following ZIKV infection. (a) Representative images of MAP2 staining (red) in
the mouse cerebral cortex. Cell nuclei were counterstained with DAPI (blue) and all images were
visualized by fluorescence microscopy (800x). Scale bar: 10 um. (b) Quantification of MAP2-positive
cells. Results are shown as means + SEMs of five independent replicates (* p < 0.05; ** p < 0.01).
(c) Representative fluorescent images of p-Tau (PHF13, Ser396) in the mouse cerebral cortex. Cell
nuclei were counterstained with DAPI (blue) and all images were visualized by fluorescence mi-
croscopy (400x). Scale bar: 20 um. (d) Quantification of p-Tau fluorescence-positive area in mouse
cerebral cortices from five independent replicates (** p < 0.01).

To gain further insights into the effects of ZIKV infection on the progression of neu-
rodegenerative disorders, we examined Tau pathology in ZIKV-recovered mice. Under
normal conditions, Tau protein stabilizes cellular microtubules, but under pathological
conditions, the intracellular accumulation of hyperphosphorylated Tau disrupts micro-
tubules and damages the cytoskeleton. This process has been linked to neurodegeneration
and cognitive impairment [19,22,45]. Several studies have additionally reported that the
accumulation of hyperphosphorylated Tau is associated with microglial activation [46—48].
Given the significance of p-Tau as a risk factor for neurodegenerative diseases, particu-
larly Alzheimer’s disease, we conducted further evaluations of Tau protein levels using
immunohistochemistry (IHC). As shown in Figure 6¢, p-Tau staining was significantly
increased in the cortex of ZIKV-infected mice compared with uninfected controls and
further increased in ZIKV-recovered mice. These data suggest that ZIKV infection leads to
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sustained microglial activation and increased p-Tau levels in ZIKV-recovered mice, which
may contribute to neurodegeneration (Figure 6d).

3. Discussion

Using a mouse model that recapitulates the recovery phase of ZIKV infection, we have
elucidated the detailed mechanisms underlying the long-term sequelae of neuroinvasive
ZIKV infection and provided critical evidence of a potential association with neurodegen-
eration. Indeed, we observed robust viral replication in the brains of these mice, peaking at
7 dpi and clearing by 21 dpi. Based on these findings, we designated 7 dpi as the acute
phase and 21 dpi as the recovery phase of ZIKV infection. We then performed an inte-
grative analysis of genome-wide gene expression changes and histological data on the
ZIKV-infected mouse cerebral cortex obtained from the acute (7 dpi) and recovery (21 dpi)
phases of infection. RNA-seq results revealed that sustained microglial activation plays a
central role in the persistence of neuroinflammation and the downregulation of neurotrans-
mission during the recovery phase. Persistent microglial activation is also associated with
the activation of the complement system and resultant microglial phagocytosis. In line
with the transcriptomic data, our histological examinations show that persistent microglial
activation is associated with significant neuronal cell death and increased ROS production.
Subsequent neural-cell-death-induced excessive synaptic loss and microglial-activation-
mediated p-Tau accumulation imply a potential impact on neurodegeneration.

The recent coronavirus-disease-19 (COVID-19) pandemic has highlighted the impor-
tance of investigating the long-term consequences of viral infections [49,50]. Similar to
the long-term effects caused by SARS-CoV-2 and other flavivirus family members [49,51],
evidence suggests that ZIKV can also cause neurological damage even after recovery from
infection [8,52]. Therefore, further studies should be performed in aged mice to investigate
the long-term effects of ZIKV infection and its progression towards neurodegenerative
disorders. Specifically, extending the observation period to 3—6 months post infection,
beyond the current 21 dpi, will be crucial for understanding the prolonged impact of ZIKV
infection and its potential to induce chronic neurodegenerative changes.

Our histological data revealed that synaptic elimination was not fully restored, and p-
Tau levels were even higher in the recovery phase than in the acute phase. This observation
suggests that despite the apparent resolution of the acute phase of ZIKV infection, there
may be ongoing pathological changes related to the accumulation of protein aggregates,
such as NFTs, due to elevated p-Tau levels. Autophagy is a lysosomal degradative process
that eliminates damaged organelles and protein aggregates [53]. Most neurodegenerative
diseases are characterized by pathological protein aggregates that lead to the formation of
NFTs due to hyperphosphorylated Tau. Impairments in autophagy are known to play a
significant role in the progression of tauopathies and efficient autophagy is essential for the
degradation of phosphorylated Tau, helping maintain its levels at a low threshold [54]. To
further assess autophagic activity after ZIKV recovery, we performed RT-qPCR analysis
on autophagy-related genes (ATGs) and autophagosome-related LC genes using ZIKV-
infected brain tissues obtained at 28 dpi (Figure S6). Our results showed that autophagy-
related Atg7 and Atgl2 genes, as well as autophagosome-related LC3A and LC3B genes,
were downregulated at 28 dpi. These genes are crucial for the elongation and closure
steps of autophagosome formation, suggesting a potential impairment in the autophagic
process during the recovery phase. This impairment could contribute to the accumulation
of damaged proteins and cellular debris. Further studies investigating the impact of
autophagy and protein aggregation on long-term recovery in mouse models of ZIKV
infection could provide more insights into the relationship between autophagic defects and
the pathogenesis of neurodegenerative diseases.

Several studies have demonstrated that ZIKV does not replicate efficiently in immuno-
competent mice [55,56]. To more accurately model the conditions of ZIKV infection in
humans, we used immunocompromised A129 mice, which are highly susceptible to ZIKV
and provide valuable insights into viral replication and neuroinflammation. While A129
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mice are advantageous for studying viral mechanisms, they do not fully represent how
the immune system interacts with ZIKV in humans. Immunocompetent models, such as
those with C57BL/6 mice, are still essential for understanding the interaction between
ZIKV and a functional immune system, thereby enhancing our understanding of ZIKV
pathogenesis in humans. Initially, we considered using C57BL/6 mice, a common strain
of immunocompetent mice, for our experiments. These mice were intraperitoneally in-
jected with the ZIKV-FLR strain, similar to the conditions used for A129 mice. However,
we observed minimal ZIKV replication in C57BL/6 mice, which limited our ability to
effectively study viral effects and pathogenesis (Figure S7). Due to these limitations, we
decided to use immunocompromised A129 mice, which are highly susceptible to ZIKV.
This decision allowed us to achieve more consistent and measurable viral replication,
providing valuable insights into the disease. Recent research indicates that specific ZIKV
strains and particular inoculation conditions can indeed induce infection in immunocom-
petent models [31,57]. Moreover, employing an immunocompetent mouse model with
the temporal blockading of type I interferon using specific antibodies offers a promising
alternative [41]. This approach allows immune responses to be elicited in immunocompe-
tent mice while enhancing infection by temporarily blocking type I interferon. Therefore,
adjusting the ZIKV strain, inoculation method, dose, and infection conditions might make
it feasible to study ZIKV infection in immunocompetent mice. Additionally, there is a
growing trend to use both immunocompetent and immunocompromised models to gain a
comprehensive understanding of immune responses and viral pathogenesis. This approach
could complement our findings and enhance the understanding of ZIKV pathogenesis
in conditions that more closely resemble human infection. Therefore, incorporating both
immunocompetent and immunocompromised mouse models in subsequent studies will be
crucial for a comprehensive understanding of ZIKV pathogenesis, immune responses, and
long-term effects.

Moreover, although we did not observe notable behavioral abnormalities in recov-
ered mice, incorporating specific behavioral tests for cognitive impairment and motor
dysfunction might be useful in investigating neurodegenerative clinical signs in these
models. Further studies to investigate the effects of diet and exercise during recovery phase
would also provide valuable insights for designing new strategies to enhance recovery
from ZIKV infection.

In conclusion, we have demonstrated the sequelae of consequences of ZIKV infection
in adult brain tissue using a ZIKV-susceptible recovery mouse model. Our findings provide
a fundamental understanding of the in vivo mechanisms underlying brain impairments
associated with ZIKV infection post recovery. Sustained microglial activation, even after
recovery, may lead to persistent neuroinflammation and synaptic loss, resulting in long-
term defects in neuronal function. Therefore, it is essential to develop effective antiviral
vaccines to prevent ZIKV infection and to design potent therapeutics for treating ZIKV
infection and related neuropathogenic flavivirus family members.

4. Materials and Methods
4.1. ZIKV Propagation

ZIKV-MR?766 strain (African lineage, accession number AY632535) and FLR strain
(American and Asian lineage, accession number KU820897) were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). ZIKV was propagated in Vero
cells. Briefly, Vero cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 10% fetal bovine
serum (FBS; Gibco BRL, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Capricorn
Scientific, Ebsdorfergrund, Germany). Cells were infected with ZIKV at a multiplicity of
infection (MOI) of 0.1 for 4 days at 37 °C in a humidified chamber under 5% CO, conditions.
Following infection, the culture medium was harvested and centrifuged at 1000x g and cell
supernatants were stored as virus stocks at —80 °C until needed. Infectivity was assessed
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by determining virus titers using a standard plaque assay in Vero cells treated with serial
dilutions of virus stocks.

4.2. Mice

Interferon alpha/beta (IFN-o/3) receptor-deficient A129 mice were obtained from
the Korea Research Institute of Chemical Technology (KRICT, Daejeon, Republic of Korea).
Female A129 mice, 10-15 weeks old, were used to investigate ZIKV-induced neurological
deficits. Mice in the experimental groups were intraperitoneally injected with either
the ZIKV-FLR or ZIKV-MR766 strain. Specifically, we administered a challenge dose
of 1 x 10* PFU of the virus in 200 pL to ensure consistency and reproducibility in our
infection experiments. The uninfected control group was intraperitoneally injected with
an equivalent volume of phosphate-buffered saline (PBS). Mice were monitored daily for
signs of illness including changes in body weight and mortality. All animal experiments
were performed in a Biosafety Level 2 animal facility according to the relevant guidelines
and laboratory procedures were approved by the Konkuk University Institutional Animal
Care and Use Committee (IACUC).

4.3. RNA Isolation

Total RNA was isolated from the cerebral cortices of mouse brains using the PureLink
RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The quantity and quality of the isolated RNA were analyzed using UV spectrophotometry
(NanoPhotometer N60/N50; Implen, Munchen, Germany)

4.4. Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-gPCR)

cDNA was synthesized from total RNA using SuperScript III First-Strand Synthesis
Supermix (Invitrogen, Carlsbad, CA, USA) and qPCR was performed on the LightCycler 96
system (Roche, Mannheim, Germany) using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA). Gene-specific primers used for gPCR are listed in Table
S1. mRNA levels of genes were normalized to those of glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).

4.5. RNA Sequencing (RNA-Seq)

Total RNA was isolated from the cerebral cortex of mouse brains and quantified with
a Victor3 fluorometer (Perkin Elmer, Norwalk, CT, USA) using the PicoGreen method
(Invitrogen, Carlsbad, CA, USA). The integrity of total RNA was analyzed using a 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). RNA samples with RNA Integrity
Number (RIN) values > 7 were used to generate RNA-seq libraries. Isolated RNA was
treated with DNase to remove DNA contamination and rRNA was removed using the
Ribo-Zero rRNA removal kit (Illumina, San Diego, CA, USA). Purified total RNA was
randomly fragmented, synthesized into cDNA, and then used to prepare RNA-seq libraries
using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions. The quantity and quality of libraries were
assessed and paired-end sequencing with an average length of 100 reads was performed
using the NovaSeq 6000 system (Illumina, San Diego, CA, USA). Three replicates were
used for sequencing. Complete raw and normalized RNA-seq data have been deposited in
Gene Expression Omnibus (GEO) under accession number GSE265861.

4.6. RNA-Seq Data Analysis

Low-quality reads were filtered out by trimming RNA-seq data using Trimmomatic
(version 0.38, USA). The remaining reads were then aligned to the UCSC mouse GRCm38/
mm10 reference genome using the Bowtie2 aligner (version 2.3.4.1, Johns Hopkins Univer-
sity, Baltimore, MD, USA). To compare expression levels across all samples, we calculated
fragments per kilobase of transcript per million mapped reads (FPKM), fold change, and
variance using edge R. Transcripts with FPKM > 1 were selected for further analysis. Tran-
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scripts exhibiting log?2 fold change > 2 and significant pairwise variance (p < 0.05) were
categorized as differentially expressed genes. Gene set enrichment analysis (GSEA) was
conducted utilizing the KEGG database and GO terms.

4.7. H&E and Nissl Staining

Mouse whole-brain tissues were fixed in 4% paraformaldehyde, dehydrated through
a series of ethanol solutions and xylene, and embedded in paraffin according to standard
protocols. The paraffin blocks were sectioned into 3-5 pum thick slices, which were then
cut into coronal sections to ensure comprehensive analysis of ZIKV-induced neurological
defects across all brain regions. After dewaxing and rehydration, the paraffin sections were
subjected to hematoxylin and eosin (H&E) staining and Nissl staining. Neurons and Nissl
bodies in the cortical region were then observed using an inverted microscope (TS2-5-S5M;
Nikon, Tokyo, Japan).

4.8. Western Blotting

Each mouse brain cortex was lysed with cold RIPA buffer (150 mM NaCl, 50 mM
Tris pH 7.5, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate, protease inhibitor cocktail
(Roche, Basel, Switzerland), 1 mM orthovanadate, 10 mM NaF, 100 mM PMSF) with gentle
sonication. Protein samples were denatured in sodium dodecyl sulfate (SDS) sample
buffer and separated by SDS-PAGE on 10% gels. The proteins were then transferred
electrophoretically to a nitrocellulose membrane. Membranes were blocked with 5% non-fat
milk in Tris-buffered saline with Tween 20 (TBS-T) for 1 h at 20 °C, followed by incubation
with primary antibody (Table S2) overnight at 4 °C. After washing, membranes were
incubated with secondary antibody (Table S2) at room temperature for 1 h. Target protein
bands were visualized using enhanced chemiluminescence (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and signals were detected with the ChemiDoc Imaging System
(Bio-Rad, Hercules, CA, USA).

4.9. Immunohistochemistry

For immunohistochemistry, the same paraffin-embedded brain tissues as described
in Section 4.7 were used. Sections (3-5 um) were immersed in xylene for 15 min and then
sequentially rehydrated in absolute ethanol and a 95% ethanol solution in distilled water.
Antigens were reactivated by treatment with 0.01 M citrate buffer for 50 min at 95 °C. Slides
were washed with PBS and then incubated with primary antibodies (Table S2) overnight
at 4 °C. After washing with PBS, slides were incubated with secondary antibodies (Table
52) at 25 °C for 1 h and washed twice with PBS. Slides were then covered with ProLong
Gold Antifade Mountant with DNA Stain DAPI (Invitrogen, Carlsbad, CA, USA) for 1 min.
Slides were imaged using an inverted microscope (Eclipse Ts2R; Nikon, Tokyo, Japan) or
a confocal microscope (Zeiss LSM 800, Oberkochen, Germany) at magnifications of 400 x
and 600x.

4.10. Measurement of ROS

ROS production in brain tissue was measured by MitoSOX Red (Invitrogen, Carlsbad,
CA, USA) staining according to the manufacturer’s protocol. Whole-brain tissues were
rapidly frozen by immersion in dry ice and then stored at —80 °C. The frozen brain tissues
were sectioned into 5-7 pm thick coronal slices. Briefly, these sections were incubated with
MitoSOX Red for 15 min at 37 °C in the dark. Slides were mounted for 1 min at 25 °C in the
dark using ProLong Gold Antifade Mountant with DNA Stain DAPI (Invitrogen, Carlsbad,
CA, USA). ROS signals were visualized by fluorescence microscopy (Eclipse Ts2R; Nikon,
Tokyo, Japan) and MitoSOX-positive areas were quantified using Image]J software 1.54j
(Media Cybernetics Inc., Rockville, MD, USA).
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4.11. Measurement of Cell Apoptosis by TUNEL Assay

DNA fragmentation of apoptotic cells in brain sections was visualized by terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining using an
in situ BrdU-Red DNA Fragmentation assay kit (Abcam, Cambridge, MA, USA) according
to the manufacturer’s instructions. Slides were then counterstained with DAPI for 1 min
at 25 °C in the dark. Red fluorescent signals corresponding to TUNEL-positive cells were
analyzed using a fluorescence microscope (Nikon Eclipse Ts2R, Tokyo, Japan) and TUNEL-
positive cells per field were quantified using Image]J softwarel.54j (Media Cybernetics Inc.,
Rockville, MD, USA).

4.12. Statistical Analyses

Results are shown as mean values + standard errors of the mean (SEMs). Two-tailed
unpaired t-tests were applied for statistical analysis.
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Abstract: Biological therapies have revolutionized medical treatment by targeting the key mediators
or receptors involved in inflammatory responses, thereby effectively suppressing inflammation and
achieving beneficial outcomes. They are more advanced than conventional therapies using corti-
costeroids and immunosuppressants, offering effective solutions for autoimmune diseases, cancer,
transplant rejection, and various infectious diseases, including coronavirus disease 2019. Although
they exert low immunosuppressive effects, biological therapies can reactivate specific biological
targets associated with infections. This review summarizes the currently available biological thera-
pies and discusses their immunosuppressive mechanisms and clinical applications, highlighting the
variations in the types and frequencies of infection recurrence induced by different biological agents.
Additionally, this review describes the risk factors associated with various biological agents, thus
aiding clinicians in selecting the most appropriate biological therapy.

Keywords: biological therapy; latent infection; pathogen reactivation; risk management

1. Introduction

Biological therapies primarily target key mediators or receptors involved in inflam-
matory responses and effectively inhibit the occurrence and progression of inflammation
to achieve therapeutic goals. These therapies have revolutionized the field of medicine,
offering effective treatments for autoimmune diseases, tumors, transplant rejection, and
various infectious diseases, including coronavirus disease 2019 (COVID-19). They are
more advanced than conventional therapies involving corticosteroids and immunosup-
pressants [1-4]. The currently available biological therapies, their immunosuppressive
mechanisms, and clinical applications are summarized in Table 1. Despite exhibiting lower
immunosuppressive effects than those of the other treatment modalities, biological ther-
apies may induce specific biological targets related to infection [5]. For example, tumor
necrosis factor (TNF)-« inhibitors may lead to tuberculosis reactivation, and anti-CD20
targeted therapy may lead to hepatitis B virus (HBV) reactivation [6-9]. Different biological
agents exhibit clinical variations in the types and frequencies of latent infectious pathogen
reactivation. This review discusses the risk factors and diseases associated with various
biological agents to help clinicians in selecting the most appropriate biological therapy
for patients. Specifically, this article focuses on the risks of latent infectious pathogen
reactivation associated with different biological agents and suggests preventive measures
against various infections, such as tuberculosis (TB) and chronic viral infection reactivation.

Int. ]. Mol. Sci. 2024, 25, 9184. https:/ /doi.org/10.3390/ijms25179184 56 https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25,9184

Table 1. List of biological therapies, their immunosuppressive mechanisms, and clinical applications.

. . Immunosuppressive Clinical Applications
Catego! Representative Drugs Primary Target .
gory P & e Mechanism Autoimmunity Diseases Cancers
Infliximab (Remicade), e . . .
TNF-« Inhibitors Adalimumab (Humira), ~ TNF- Inhibits TNF-o, reducing  Rheumatoid arthritls,
inflammation Crohn’s disease, Psoriasis
Etanercept (Enbrel)
Rituximab (Rituxan), Depletes B cells, impairin. Rheumatoid arthritis, {\I?;I-Egiikm
B-Cell Targeting Agents Obinutuzumab (Gazyva), CD20 P . / mp 8 Systemic lupus ymphoma, .
humoral immune response ., Chronic lymphocytic
Ofatumumab (Arzerra) erythematosus, Vasculitis .
leukemia
Melanoma,
. Lung cancer,
Pembrohzumab Activates the immune Renal cell carcinoma,
. . (Keytruda), Nivolumab PD-1, PD-L1, . . .,
Checkpoint Inhibitors (Opdivo), Ipilimumab CTLA-4 system, potentially causing - Hodgkin’s lymphoma,
(Ye};vo ) /P immune dysregulation Head and neck
y squamous cell
carcinoma
" Inhibits IL-6, affecting Rheumatoid arthritis,
. Tocilizumab (Actemra), Giant cell arteritis,
IL-6 Inhibitors . IL-6 acute phase response and s ; -
Sarilumab (Kevzara) . - Systemic juvenile
systemic immune reactions . . -
idiopathic arthritis
Secuki b(C ty) Inhibits IL-17, affecting Psoriasis, Psoriatic
IL-17 Inhibitors ecuiinuma Osentyx), 1L-17 neutrophil recruitment arthritis, Ankylosing -
Ixekizumab (Taltz) . "
and function spondylitis
Tofacitinib (Xeljanz), JAK-STAT Inhibits multiple cytokines  gpeumatoid arthritis,
JAK Inhibitors Baricitinib (Olumiant), signaling b 8 dl 8P S Psoriatic arthritis, -
P g roadly suppressing the . s
Upadacitinib (Rinvoq) pathway immune system Ulcerative colitis
Adult T-cell
CCR4 Inhibi Mogamulizumab Deplgtes Tl"e'gs a'nd Th2 leukemia/lymphoma,
nhibitors . CCR4 cells, impairing immune -
(Poteligeo) regulatory functions Cutaneous T-cell
lymphoma
Guselkumab (Tremfya), - .
1L-23 Inhibitors Risankizumab (Skyrizi), 1L-23 }rr;ﬁﬂ; ltslP;—ZHB,téiifiectmg Psoriasis, Crohn’s disease -
Tildrakizumab (Ilumya) cell unctions
Broadly depletes
CD38 Inhibitors Daratl.lmumab (Darzalex), CD38 .CD38._POSI.UV€ cells, - Multiple myeloma
Isatuximab (Sarclisa) impairing immune
surveillance
Inhibits T-cell Rheumatoid arthritis,
T-Cell Costimulation Abatacept (Orencia) CD80/CDS86 costimulatory signals, Organ transplantation, B
Blockers Belatacept (Nulojix) weakening T-cell-mediated ~ Psoriasis,
immune responses Psoriatic arthritis
. Anakinra (Kineret), Inhibits IL-1, reducing Rheumatoid arthritis, .
IL-1 Inhibitors Canakinumab (Ilaris) IL-1 inflammation Neutrophilic dermatoses Multiple myeloma
Inhibits IL-12 and IL-23, -
1L-12/IL-23 Inhibitors Ustekinumab (Stelara) IL-lZ/J L-23 p40 reducing Th1 and Th17 PSOrla?lS, . -
subunit responses Crohn’s disease
Inhibits IL-4 and IL-13 Atopic dermatitis,
IL-4/IL-13 Inhibitors Dupilumab (Dupixent) IL-4Rec signaling, reducing Eosinophilic esophagitis, -
inflammation Asthma
Mepolizumab (Nucala), - .
IL-5 Inhibitors Reslizumab (Cingair), IL-5 InhilEItS}IlIi“l_S' trﬁzclltu ang Eosinophilic asthma -
Benralizumab (Fasenra) costmophut activity
Inhibits complement Paroxysmal nocturnal
Complement Inhibitors Eculizumab (Soliris) C5 component C5, preventing hemoglo.bmurla', Atypical -
complement-mediated hemolytic uremic
damage syndrome
. . . . Inhibits integrin-mediated =~ Multiple sclerosis,
Integrin Inhibitors \Ij aéa}l.zumalg ((Eysabr_% oci—[;r;t_gg{m, . cell adhesion, reducing Crohn’s disease, -
edolizumab (Entyvio & ntegrin immune cell infiltration Ulcerative colitis
Depletes CD52-positive Chronic lymphocytic
CD52 Inhibitors Alemtuzumab (Lemtrada)  CD52 cells, broadly suppressing Multiple sclerosis leuk mc1 ymphocy
the immune system cukemia
Modulates GM-CSF Bone marrow Chronic myelogenous
GM-CSF Inhibitors Sargramostim (Leukine) GM-CSF signaling, affecting transplantation leukemia
immune cell activation P
s . Blocks IL-2 signaling, Prevention of organ
IL-2 Receptor Basiliximab (Simulect), IL-2Rx (CD25) reducing T-cell transplant rejection, -

Antagonists

Daclizumab (Zinbryta)

proliferation

Multiple sclerosis
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Table 1. Cont.

. . Immunosuppressive Clinical Applications
Catego! Representative Drugs Primary Target .
gony P & e Mechanism Autoimmunity Diseases Cancers
RANKL Inhibitors Denosumab (Prolia, RANKL Inhibits RAN.K L’ reducing Osteoporosis Bone metastases
Xgeva) osteoclast activity
Metastatic colorectal
cancer,
. . e . Non-small cell
Anti-VEGF Antibodies Bevngumab (Avastlr}), VEGE Inh{blts VE_GF, reducing Age—relate_d macular lung cancer,
Ranibizumab (Lucentis) angiogenesis degeneration

Glioblastoma,
Ovarian cancer,
Renal cell carcinoma

Abbreviations: TNF-o«: Tumor Necrosis Factor-alpha; CD20: Cluster of Differentiation 20; PD-1: Programmed
Death-1; PD-L1: Programmed Death-Ligand 1; CTLA-4: Cytotoxic T-Lymphocyte-associated protein 4; IL-6:
Interleukin-6; IL-17: Interleukin-17; JAK-STAT signaling pathway: Janus Kinase-Signal Transducer and Activator
of Transcription signaling pathway; CCR4: C-C Motif Chemokine Receptor 4; IL-23: Interleukin-23; CD38:
Cluster of Differentiation 38; CD80/CD86: Cluster of Differentiation 80/86; IL-1: Interleukin-1; IL-12/IL-23 p40
subunit: Interleukin-12/Interleukin-23 p40 subunit; IL-4Roc: Interleukin-4 Receptor alpha; IL-5: Interleukin-5; C5:
Complement Component 5; a4-integrin, a437-integrin: alpha-4 Integrin, alpha-4 beta-7 Integrin; CD52: Cluster of
Differentiation 52; GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor; IL-2R« (CD25): Interleukin-2
Receptor alpha (Cluster of Differentiation 25); RANKL: Receptor Activator of Nuclear Factor kappa-B Ligand;
VEGEF: Vascular Endothelial Growth Factor.

2. Mycobacterium Tuberculosis (MTB)
2.1. Pathogenesis and Latency

One third of the global population harbors latent TB infection (LTBI) caused by
MTB. In individuals with a competent immune system, MTB is engulfed by the alveolar
macrophages, leading to the formation of granulomas via the activation of macrophages
and T cells. This containment strategy keeps bacteria dormant without overt clinical mani-
festations, leading to LTBI [10,11]. However, in cases of immunosuppression, the ability of
the immune system to maintain the integrity of granulomas diminishes, allowing latent
MTB to escape and proliferate, leading to active TB infection [12,13].

2.2. Biologics and Reactivation

TNF-o inhibitors can reactivate LTBI by inhibiting the activity of TNF-«, a critical
cytokine involved in the formation and maintenance of granulomas encapsulating the bac-
teria and activation of macrophages responsible for the phagocytosing and killing of MTB,
thereby weakening the ability of the immune system to control latent bacteria, causing the
breakdown of granulomas, reducing the efficacy of macrophages, and ultimately allowing
the dormant bacteria to escape and proliferate, resulting in active TB infection [14,15]. TNF
inhibitors significantly increase the risk of TB [14-20]. Therefore, comprehensive screen-
ing, including tuberculin skin tests, is necessary to rule out MTB infections in patients
undergoing treatment with biological agents.

Antigen-presenting cells (APCs) induce Th17 cell differentiation and promote the
production of interleukin (IL)-17 and IL-22. IL-23 and IL-17 serve as critical targets for
autoimmune diseases, such as psoriasis, and form an integral part of immune prophylaxis
against TB [21]. To date, no clinical trials and real-world studies have reported TB reac-
tivation in patients with treated or untreated LTBI exposed to IL-23 inhibitors [11,22-25].
Blauvelt et al. documented a case of bone TB in a 58-year-old Asian male patient following
the administration of tildrakizumab (200 mg), ultimately necessitating treatment discon-
tinuation; the patient initially tested negative for TB in the single-step Mantoux test [23].
Sporadic cases of active TB have been reported following the introduction of the IL-12/IL-
23 dual inhibitor, ustekinumab, in clinical therapy, regardless of the administration of other
anti-tuberculosis prophylaxes [10,26-28]. In a Phase III trial of ustekinumab, involving
five clinical studies conducted in North America, Europe, and Asia, 3177 patients with
psoriasis were evaluated. Among these patients, 167 with LTBI did not develop active TB
after receiving isoniazid prophylaxis [29].
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Anti-IL-17 therapies, including secukinumab and ixekizumab, exhibit a low risk of
MTB reactivation. In a retrospective, multicenter, and multinational study, the tolerability
and safety of IL-17 and IL-23 inhibitors were evaluated in patients with psoriasis with newly
diagnosed LTBI who received no treatment and in those who received chemoprophylaxis
for TB. In this study, only one patient who had not undergone TB screening and did
not receive TB chemoprophylaxis was diagnosed with intestinal TB after 14 months of
treatment with the IL-17 inhibitor, ixekizumab [11]. To date, no cases of MTB reactivation
have been reported in other clinical trials and real-world studies [11,23,30].

Similar to TNEF-, IL-6 is a multifunctional pro-inflammatory cytokine involved in
a wide range of inflammatory responses and immune regulation, including immune
reactions, synovial inflammation, hematopoiesis, and the transition from acute to chronic
inflammation [31]. Anti-IL-6 receptor therapy can alleviate various symptoms related to the
immune and inflammatory systems owing to its diverse roles in immune and inflammatory
system dysfunction. Following a post-marketing research evaluation of all rheumatoid
arthritis (RA) cases, the incidence rate of TB after exposure to the IL-6 receptor antibody
tocilizumab (TCZ) was found to be 0.05% [32]. Clinical reports have been documented
predominantly in countries with a high risk of TB. In a post-marketing surveillance study
conducted in Japan in 2008, 3881 RA patients receiving TCZ treatment at a dose of 8§ mg/kg
every 4 weeks were monitored for 28 weeks, during which four new cases of active TB
were observed [33]. Schiff et al. analyzed the cumulative safety data from eight clinical
trials of TCZ; among the 4009 patients who received at least one dose of TCZ, seven trials
reported eight cases of MTB infection, all of which were newly diagnosed and originated
from countries with a high risk of TB [34]. In a retrospective investigation by Itagaki
et al., patients treated with biologics and with a history of anti-mycobacterial therapy at
Keio University Hospital in Japan from 1 January 2012 to 31 August 2020 were reviewed.
This study included 44 individuals who had an established risk of developing TB before
initiating TCZ treatment and commenced LTBI therapy as a preventive measure. Among
them, two patients developed TB after starting LTBI treatment, both testing positive for
interferon-gamma release assays (IGRAs) in TB screening tests [35].

During the COVID-19 pandemic, TCZ was widely used to manage patients with severe
COVID-19 infections exhibiting elevated systemic inflammatory marker levels. NOH et al.
documented a case of active TB emerging after TCZ administration for COVID-19 [36].
Overall, the risk of TB reactivation with TCZ is relatively low; however, proper screening
before use, the implementation of preventive therapy measures, and close monitoring
during treatment are essential for risk management.

Owing to its immunosuppressive effects, similar to those of anti-TNF therapy, the
Janus kinase (JAK) inhibitor tofacitinib (CP-690,550) also increases the risk of infection,
including with TB [37]. Experimental evidence indicates that tofacitinib diminishes the
ability of the host to control TB in animal models while enhancing the reactivation of
LTBI [38]. Winthrop et al. reviewed the phase II, phase III, and long-term extension clinical
trial data of tofacitinib for RA before April 2013. They found that among 5671 patients
treated with tofacitinib, 26 cases of active TB were reported, making it the most common
opportunistic infection; most TB cases occurred in patients receiving higher doses of the
medication. Of the 26 cases, 21 (81%) occurred in countries with a high TB burden [37].
Before initiating tofacitinib therapy, it is essential to conduct screening and treatment for
LTBI, particularly in regions with a high prevalence of TB, similar to the approach used
with anti-TNF therapies.

Abatacept (CTLA4-Ig), classified as a T-cell stimulation blocker, binds to the co-
stimulatory molecules CD80/86 on APCs and CD28 on T cells, thereby inhibiting T-cell
activation [39]. Recent studies have revealed the crucial role of the CD28 signaling pathway
in combating MTB infections [9,40]. However, current clinical reports indicate that active
TB in patients treated with abatacept is a rare event, with a significantly lower incidence
than that in patients with RA treated with TNF inhibitors [9,41].
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In conclusion, the risk of LTBI reactivation with biological therapies is evident, partic-
ularly in patients residing in regions with high TB prevalence or in those with additional
TB risk factors. The most significant and well-documented risk is associated with anti-TNF
therapy, whereas the risk associated with other non-anti-TNF biologics is relatively low.
Nevertheless, before initiating biological therapy, physicians should assess the TB risk of
the patient, and, if necessary, conduct TB screening and prophylactic treatment to ensure
patient safety and well-being.

3. HBV
3.1. Pathogenesis and Latency

HBV belongs to a family of hepatotropic DNA viruses and is highly prevalent in Asia
and Africa. HBV can result in acute and chronic hepatitis, which may progress to liver
cirrhosis or hepatocellular carcinoma [42]. Globally, approximately 300 million people
are chronically infected with hepatitis B, with more than 500,000 deaths annually from
HBV-related diseases [43]. In adults, >95% of HBV infections are self-limiting; however,
replication-competent HBV DNA can persist in the liver for several years or even decades.
HBYV reactivation (HBVr) can occur in patients with evident chronic infection (hepatitis
B surface antigen [HBsAg]-positive) and in patients with past markers of HBV infection,
as evidenced by the presence of antibodies to the hepatitis B core antigen (anti-HBc)
with or without anti-HBs, in the absence of circulating HBsAg [44]. Immunosuppressive
therapies, including biologics, can induce immunosuppression, allowing the reactivation
of a previously dormant or low-replicating HBV, leading to HBVr [42]. The HBV infection
status is closely linked to the risk of HBVr. The risk of hepatitis B reactivation is significantly
increased by 5-8 fold in patients who are positive for HBsAg compared with those who are
negative for HBsAg but positive for anti-HBc [45,46].

3.2. Biologics and Reactivation

Table 2 summarizes the risk of HBV reactivation faced by the planned use of biological
therapies based on the baseline HBV status. Anti-CD20 antibodies, such as rituximab,
deplete B lymphocytes by binding to CD20 surface markers. This depletion or dysfunction
of B cells may impair the activation and proliferation of CD4-positive T cells specific
to HBV, ultimately leading to HBVr infection [6,47]. Evens et al. conducted a meta-
analysis of rituximab-associated HBVr cases reported in the United States Food and Drug
Administration (FDA) Adverse Event Reporting System (FAERS) MedWatch database
from 1997 to 2009. Their findings indicated that patients receiving rituximab-containing
therapies had an over 5-fold-increased incidence of HBVr compared with those receiving
non-rituximab treatments [48]. In another meta-analysis, conducted by Paul et al., the risk
of reactivation was higher in patients who received rituximab-containing chemotherapy.
Specifically, among 800 patients receiving rituximab-containing therapies from 10 studies,
the reactivation risk was 10% (95% confidence interval [CI] 5.8-16%), compared with a
4.0% risk (95% CI 2.2-6.3%) in 580 patients from eight studies involving non-rituximab
chemotherapy [49]. Other anti-CD20 monoclonal antibodies, such as ofatumumab, exert
their effects through similar mechanisms [47,50]. Therefore, all patients undergoing anti-
CD20 immunochemotherapy should be screened for HBVr. Patients who test positive
for HBsAg or HBcAb should begin prophylactic anti-HBV nucleoside therapy (NAT) to
prevent HBVr [47,51]. Data from the Phase IIl GOYA and GALLIUM studies indicate that
prophylactic NAT can effectively prevent HBVr in patients with a history of hepatitis B
undergoing treatment with obinutuzumab and rituximab, reducing the risk by 91% [50].

Studies using in vitro and animal models have demonstrated that TNF can inhibit
HBYV replication and stimulate HBV-specific T-cell responses, suggesting a vital role for
TNF in the clearance of HBV from infected hepatocytes [52,53]. Consequently, the use of
anti-TNF monoclonal antibodies may enable HBV to evade host antiviral defense mech-
anisms. A systematic review and analysis of case reports indicated that HBVr occurred
in approximately 40% (35/89) of HBsAg-positive patients, and approximately 5% (9/168)
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of HBsAg-negative and anti-HBc-positive patients receiving anti-TNF therapy [54]. Re-
cent meta-analyses have shown that HBsAg-negative/anti-HBc-positive patients receiving
anti-TNF therapy without NAT prophylaxis have an HBVr risk of 1% [10]. It is widely
recognized that individuals who test positive for HBsAg should receive prophylactic mea-
sures. Conversely, patients who are negative for HBsAg but positive for anti-HBc may be
evaluated on a case-by-case basis, contingent on the given circumstances [55].

Table 2. Risk of HBV reactivation associated with planned biologic therapy based on baseline

HBYV status.
Category HBsAg+ Risk HBsAg-/Anti-HBc+ Risk
Anti-CD20 High Moderate
Anti-TNF High Low
Anti-IL-6 High Moderate
Other cytokine inhibitors High Moderate
Anti-CCR4 Moderate Moderate
Immune checkpoint inhibitors High Low
JAK inhibitors High High

Definitions of risk level: high risk: anticipated incidence of HBVr > 10%; moderate risk: anticipated incidence of
HBVr 1-10%; low risk: anticipated incidence of HBVr < 1%.

For cytokine inhibitors targeting factors other than TNF, a meta-analysis indicated
that the overall risk of HBVr for HBsAg-positive patients not receiving prophylaxis is
high (35.5%), while the risk for HBsAg-negative, anti-HBc-positive patients is moderate
(7%) [10,56].

Mogamulizumab (Moga) is a humanized monoclonal antibody targeting C-C chemokine
receptor type 4 (CCR4). In the United States, the FDA approved mogamulizumab in 2018
for the treatment of relapsed or refractory mycosis fungoides and Sézary syndrome [57].
In the FAERS database, eight documented cases of HBVr are linked to mogamulizumab
use compared to the 2290 cases linked to other drugs. The calculated reporting odds ratio
(ROR) was 143.67, with p < 0.001 and 95% CI of 71.17-290.04 [57].

Current research on the impact of other biological therapies that directly suppress T
cells/B cells on HBVr, particularly in HBsAg-positive patients, remains sparse. A retro-
spective cohort study observed that four out of eight (50%) HBsAg-positive RA patients
experienced HBVr following JAK inhibitor baricitinib therapy. In the same study, out of
207 HBsAg-negative/HBcAb-positive patients, 30 (14%) had HBVr [58]. Another retrospec-
tive cohort study revealed that among 116 patients with RA treated with the JAK inhibitor
tofacitinib, only two HBsAg-positive patients who did not receive prophylactic treatment
experienced HBVr, representing 50% of this subgroup [59].

A recent systematic review analyzed eight studies encompassing 1057 HBsAg-positive
patients receiving immune checkpoint inhibitors and reported that HBVr occurred in
18 (1.7%) patients. Notably, the reactivation rate was approximately 11% among 56 patients
who did not receive prophylactic HBV treatment [60].

A meta-analysis of four studies estimated the risk of HBVr associated with abatacept
as approximately 40% in HBsAg-positive patients and 5% in HBsAg-negative anti-HBc-
positive patients who did not receive NAT prophylaxis [60].

In conclusion, HBVr is a significant risk factor for biological therapies, particularly
anti-CD20 and anti-TNF treatments. Prophylactic anti-HBV NAT is crucial for HBsAg-
positive patients. Emerging biologics, including JAK and immune checkpoint inhibitors,
also pose a risk for HBVr. Therefore, comprehensive HBV screening and prophylaxis are
essential to ensure patient safety during biological therapy.
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4. Hepatitis C Virus
4.1. Pathogenesis and Latency

Approximately 71 million people worldwide suffer from chronic Hepatitis C Virus
(HCV) infection, with reactivation predominantly occurring in immunosuppressed indi-
viduals [61]. Typically, in patients with chronic HCV infection, the levels of HCV-RNA
fluctuate within a stable range of approximately 0.5 logjo IU/mL, and HCVr is defined as
an increase in HCV-RNA of >1 logyg IU/mL compared to baseline levels [61,62]. Approxi-
mately 23% of cancer treatment recipients experience HCV reactivation [62]. In comparison
to HBVr, the clinical course associated with HCVr is generally milder [62].

4.2. Biologics and Reactivation

Patients with chronic HCV infection are at risk of viral reactivation or acute exacer-
bation following the initiation of anti-CD20 therapy [63]. Currently, there is insufficient
evidence to suggest that anti-TNF treatment increases the risk of viral reactivation in
patients with chronic hepatitis C. Nevertheless, caution should be exercised when admin-
istering these medications [63-65]. Patients should be closely monitored throughout the
course of biological therapy.

5. Herpesviruses
5.1. Pathogenesis and Latency

Varicella zoster virus (VZV) belongs to the herpesvirus family and is prevalent world-
wide. VZV is the causative agent of chickenpox (varicella) during primary infection and
can later reactivate to cause shingles (herpes zoster [HZ]) [7,66]. Approximately 90% of
the global population is estimated to become infected with VZV after reaching adulthood.
Following primary infection, VZV establishes a latency period in the sensory ganglia,
particularly the dorsal root and cranial nerve ganglia [67]. During latency, the virus re-
mains dormant within neuronal cells and can persist for decades [67]. The reactivation of
VZV can occur, and is often triggered by factors such as aging, immunosuppression, and
stress, leading to HZ. The reactivation process involves the virus traveling along sensory
nerves to the skin, causing the characteristic painful rash of shingles. Inmunosuppressive
therapies, including corticosteroids and biologics, can increase the risk of VZV reactivation
by impairing the host immune response and allowing the dormant virus to become active
again [67].

5.2. Biologics and Reactivation

Anti-TNF therapy can lead to the reactivation of VZV, but the associated risk is
contentious. In a retrospective cohort study, several European studies indicated that anti-
TNF treatment was significantly associated with an increased risk of HZ compared to
non-biological disease-modifying antirheumatic drugs (DMARDs) [68-70]. In contrast,
studies from the United States have not found an increased risk of HZ in patients receiving
anti-TNF therapy compared to those receiving non-biologic DMARDs [71,72]. These
conflicting results may be due to the differences in corticosteroid therapy practices between
physicians in Europe and the United States [68,73].

Anti-CD20 monoclonal antibodies increase the risk of VZV reactivation. A large
phase III randomized clinical trial involving previously untreated patients with follicular
lymphoma investigated the anti-CD20 antibodies rituximab and obinutuzumab [74]. The
study reported severe VZV infections in 8 of 597 patients (1.3%) in the rituximab group
and in 6 of 595 patients (1%) in the obinutuzumab group. In another global phase III study,
the Japanese subgroup reported VZV infections in 2 of 58 patients (3.4%) in the rituximab
group and in 9 of 65 patients (13.8%) in the obinutuzumab group [75].

JAK inhibitors are associated with a significantly high risk of infectious complications,
particularly HZ. In a phase III randomized controlled trial comparing ruxolitinib with the
standard treatment for polycythemia vera, HZ occurred in 6% of patients treated with
ruxolitinib, whereas no cases were reported in the control group [76]. Furthermore, a phase

62



Int. J. Mol. Sci. 2024, 25,9184

IV post-marketing study involving 1144 patients revealed that HZ was the most common
infectious complication, with an incidence rate of 8% [77]. Additionally, a meta-analysis
conducted in 2017 investigating ruxolitinib-related infectious complications highlighted a
substantially increased risk of HZ, with an odds ratio of 7.39 compared to controls [78].

Other therapies, such as abatacept and the CD38 agent (daratumumab) are also
associated with HVZ reactivation. However, neither the crude incidence rate nor the
adjusted hazard ratio differed significantly between the biological agents. [66,79].

In conclusion, biological therapies, particularly anti-CD20 monoclonal antibodies and
JAK inhibitors, are associated with a risk of VZV reactivation. Anti-TNF therapies exhibit
mixed results with respect to an increased risk of HZ. Other biologics such as abatacept and
anti-CD38 drugs also pose a risk for reactivation. Comprehensive screening and preventive
measures are essential to effectively manage these risks.

6. Cytomegalovirus (CMV)
6.1. Pathogenesis and Latency

CMYV, a member of the herpesvirus family, is highly prevalent worldwide. CMV
infection can be asymptomatic in healthy individuals, but may cause severe disease in
immunocompromised patients and neonates. Reports estimate that 66-90% of adults have
been infected with CMV worldwide, with the prevalence varying by region and socioeco-
nomic status [80,81]. Following primary infection, CMV establishes latency in various cells
including monocytes, macrophages, and endothelial cells. During latency, the virus remains
dormant within these cells and persists throughout the lifetime of the host. The reactiva-
tion of CMV can occur especially in the context of immunosuppression, such as in organ
transplant recipients, individuals with human immunodeficiency virus (HIV)/acquired
immunodeficiency syndrome (AIDS), and patients undergoing chemotherapy. Reactiva-
tion involves the virus replicating and shedding, which can lead to symptomatic disease,
including CMV retinitis, pneumonitis, colitis, and hepatitis [82,83].

6.2. Biologics and Reactivation

Alemtuzumab, a CD52-receptor-targeting antibody that depletes T and B cells, has
been approved for the treatment of active relapsing-remitting multiple sclerosis and steroid-
refractory severe acute graft-versus-host disease (aGVHD) [84,85]. Severe immunosuppres-
sion, which can lead to CMV reactivation, is the most potent side effect of alemtuzumab. A
single-center study evaluated 54 patients with various hematological malignancies who un-
derwent allogeneic hematopoietic cell transplantation and were treated with alemtuzumab
for steroid-refractory grade III or IV aGVHD. Among the patients, 35 (65%) exhibited
positive CMV status in the donor and/or recipient. This study included three cases of
CMV-mediated colitis and one case of CMV pneumonia [85].

Patients treated with the anti-CCR4 antibody, mogamulizumab, exhibit increased risk
of CMV reactivation. In the FAERS database, 17 cases of CMV-related infections have been
reported in patients treated with mogamulizumab compared to the 12,849 cases reported
in patients treated with other medications. The calculated ROR was 55.89 (p < 0.001; 95%
CI: 34.31-91.06) [57].

Anti-CD20 monoclonal antibodies such as rituximab also increase the risk of CMV
reactivation; however, the relative risk is lower than that of mogamulizumab and alem-
tuzumab [57]. Prospective studies on the effect of anti-TNF therapy on viral reactivation
in patients with RA or Crohn’s have not found any evidence of systemic CMV reactiva-
tion [86,87]. Clinical reports have also indicated only a few cases of severe CMYV reactivation
in patients undergoing anti-TNF therapy, including instances of CMYV retinitis, CMV hep-
atitis, and disseminated infection [88].

7. Other Herpesviruses

Epstein—Barr virus (EBV) primarily targets the B lymphocytes, integrating into their
genome and immortalizing the cells. During the latent phase of EBV infection, the im-
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mune system prevents viral reactivation through effective cellular immune responses [89].
Healthy individuals typically do not exhibit symptoms of EBV reactivation; however,
immunocompromised individuals exhibit symptoms similar to those of initial EBV in-
fection [89]. Although most EBV-infected individuals do not exhibit any symptoms, this
virus can contribute to the onset of lymphoid and epithelial malignancies. Posttransplant
lymphoproliferative disorder (PTLD) is a lymphoid or plasmacytic proliferative disease
associated with immunosuppressive therapy following organ transplantation. EBV reac-
tivation under immunosuppression is a significant risk factor for PTLD [90]. Belatacept
(Nulojix) is a selective T-cell co-stimulation blocker that inhibits CD28-mediated T-cell
co-stimulation by binding to CD80/86 ligands. It has been approved by the FDA for use in
combination therapy to prevent kidney transplant rejection in patients seropositive for EBV.
However, in a clinical trial, 0-4% of patients treated with belatacept developed PTLD [91].

Herpes simplex virus (HSV) and VZV belong to the same subgroup of herpesviruses
(Alphaherpesvirinae) [67]. However, the risk of HSV reactivation is lower with biologics
compared to VZV. Severe HSV diseases, including HSV encephalitis, HSV esophagitis, and
disseminated cutaneous infections, have been reported in patients receiving TNFo-targeted
therapies [92-95]. In a phase Il randomized controlled trial investigating the effects of
the anti-CD20 antibody, ocrelizumab, on primary progressive multiple sclerosis, oral HSV
reactivation was more common in patients treated with ocrelizumab than in those receiving
the placebo [96].

8. Polyomaviridae Family
8.1. Pathogenesis and Latency

Polyomaviridae is a family of small non-enveloped DNA viruses that infect various
vertebrate hosts, including humans. Polyomaviruses are typically associated with asymp-
tomatic infections; however, they can cause serious diseases under specific conditions.
Human polyomaviruses, such as the BK virus (BKV) and JC virus (JCV), are widespread
and usually acquired during childhood. Once acquired, these viruses can cause persistent
infections in the host [97-99].

Polyomaviruses can remain latent in the kidneys, lymphoid tissues, and other organs
throughout the host life. Reactivation of these viruses can occur in immunocompromised
individuals, leading to various clinical manifestations. For instance, BKV reactivation is
commonly associated with nephropathy in renal transplant patients, whereas JCV reac-
tivation leads to progressive multifocal leukoencephalopathy (PML), a potentially fatal
demyelinating disease of the central nervous system [98,99]. Inmunosuppressive therapies,
including those used for organ transplantation and autoimmune diseases, significantly
increase the risk of polyomavirus reactivation.

8.2. Biologics and Reactivation

Treatment with biological agents is associated with the reactivation of JCV. Efalizumab,
also known as raptiva, is a monoclonal antibody targeting CD11a that is used to treat
psoriasis. However, as three of four patients receiving raptiva developed PML and died in
previous studies, the drug has been withdrawn from the market [100,101]. Natalizumab
(Tysabri) is a humanized monoclonal antibody targeting the alpha-4 integrin chain that is
used to treat multiple sclerosis and Crohn’s disease [101,102]. Approximately 400 docu-
mented cases of PML associated with natalizumab use were reported from 2005 to August
2013 [100,101]. Alemtuzumab targets the CD52 antigen, resulting in the destruction of
B and T cells. It has been approved by the FDA for the treatment of B-cell chronic lym-
phocytic leukemia. Recently, 14 cases of PML have been reported in patients treated with
alemtuzumab [103]. Some patients develop PML after receiving rituximab for the treatment
of RA, non-Hodgkin lymphoma, and chronic lymphocytic leukemia [104,105]. Notably,
alemtuzumab does not increase the risk of BKV infection, but it reduces immunosuppres-
sion; hence, switching to calcineurin inhibitor-free regimens is the most viable therapeutic
option [8,106].
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9. Retroviruses

Retroviruses are a unique class of RNA viruses characterized by their distinct repli-
cation mechanisms [107]. Their genomes consist of single-stranded RNA; however, after
infecting the host, these viruses use reverse transcriptase to reverse-transcribe their RNA
into DNA, which is subsequently integrated into the host genome. Among the retroviruses,
HIV and human T-cell leukemia virus type 1 (HTLV-1) are mostly associated with human
pathogenicity. Both primarily infect the CD4+ T lymphocytes [107-110].

Several weeks after the initial HIV infection, this virus enters the acute phase, followed
by a latent period. Despite the absence of overt symptoms during this stage, HIV continues
to replicate within the body and progressively weakens the immune system. When the
number of CD4+ T cells decreases to a critical threshold, the patient’s immune system
becomes severely compromised, making them more susceptible to opportunistic infections
and even cancer. This stage is referred to as the AIDS stage [111].

The overall safety profile of biological agents is generally favorable for HIV-infected
individuals. A systematic review of 112 studies up to the year 2022 examined the use
of biological therapies in 179 patients with HIV. The findings indicated that almost all
categories of biological agents exhibit favorable safety profiles with minimal adverse events
of mostly mild severity [112]. Therefore, HIV screening is necessary before initiating
biological therapy, especially for patients engaging in high-risk behaviors. For HIV-positive
patients, biological therapy should be administered only to those patients in a stable
condition with CD4 cell counts > 200/mL [88].

Globally, HTLV-1 infects approximately 5-10 million people, with the vast majority
being asymptomatic carriers. The most common diseases associated with HTLV-1 infection
are adult T-cell leukemia/lymphoma (ATL), HTLV-1-associated myelopathy, and HTLV-1
uveitis [113-118]. TNF-« inhibitors do not affect the reactivation of HTLV-1 [119-122].
Some patients develop ATL after receiving the rituximab, cyclophosphamide, doxorubicin
hydrochloride (hydroxydaunorubicin), vincristine sulfate (oncovin), and prednisone com-
bination chemotherapy for B-cell lymphoma-associated hemophagocytic syndrome [123].
One patient with RA carrying the HTLV-1 virus was previously diagnosed with ATL after
long-term treatment with TCZ [114,124]. Another case report also documented a patient
with RA who experienced an exacerbation of HTLV-1-associated myelopathy and HTLV-1
uveitis following treatment with TCZ [125]. However, no direct evidence linking the devel-
opment of HTLV-1-associated diseases to the use of biological agents has been reported
to date.

10. Conclusions

Biological therapies are increasingly used for autoimmune diseases, cancer treatment,
and organ transplantation. These therapies target specific molecular and cellular pathways,
significantly improving patient prognosis. However, different biological therapies exhibit
varying risks of reactivating latent pathogens owing to their distinct targets. Therefore,
associations between different biological therapies and viral infections must be explored
to better understand and manage the risk of pathogen reactivation. In clinical practice,
potential risks and benefits should be considered to select the appropriate biological ther-
apy. Furthermore, preventive measures must be developed to decrease the risk of latent
pathogen reactivation.
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Abstract: Despite the high prevalence of BK polyomavirus (BKPyV) and the associated risk for
BKPyV-associated nephropathy (BKPyVAN) in kidney transplant (KTX) recipients, many details on
viral processes such as replication, maturation, assembly and virion release from host cells have not
been fully elucidated. VP1 is a polyomavirus-specific protein that is expressed in the late phase of its
replicative cycle with important functions in virion assembly and infectious particle release. This
study investigated the localization and time-dependent changes in the distribution of VP1-positive vi-
ral particles and their association within the spectrum of differing cell morphologies that are observed
in the urine of KTX patients upon active BKPyV infection. We found highly differing recognition
patterns of two anti-VP1 antibodies with respect to intracellular and extracellular VP1 localization,
pointing towards independent binding sites that were seemingly associated with differing stages of
virion maturation. Cells originating from single clones were stably cultured out of the urine sediment
of KTX recipients with suspected BKPyVAN. The cell morphology, polyploidy, virus replication and
protein production were investigated by confocal microscopy using both a monoclonal (mAb 4942)
and a polyclonal rabbit anti-VP1-specific antibody (RantiVP1 Ab). Immunoblotting was performed to
investigate changes in the VP1 protein. Both antibodies visualized VP1 and the mAb 4942 recognized
VP1 in cytoplasmic vesicles exhibiting idiomorphic sizes when released from the cells. In contrast,
the polyclonal antibody detected VP1 within the nucleus and in cytoplasm in colocalization with the
endoplasmic reticulum marker CNX. At the nuclear rim, VP1 was recognized by both antibodies.
Immunoblotting revealed two smaller versions of VP1 in urinary decoy cell extracts, potentially
from different translation start sites as evaluated by in silico analysis. Oxford Nanopore sequencing
showed integration of BKPyV DNA in chromosomes 3, 4 and 7 in one of the five tested primary cell
lines which produced high viral copies throughout four passages before transcending into senescence.
The different staining with two VP1-specific antibodies emphasizes the modification of VP1 during
the process of virus maturation and cellular exit. The integration of BKPyV into the human genome
leads to high virus production; however, this alone does not transform the cell line into a permanently
cycling and indefinitely replicating one.
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1. Introduction

BK polyomavirus (BKPyV) is a highly prevalent virus with oligo- or asymptomatic
primary infection that occurs most often during childhood or adolescence, leaving indi-
viduals with lifelong protective immunity [1,2]. However, due to its permanent residence
in the urogenital tract after primary infection, and certain virus-specific oncogenic poten-
tial, uncontrolled reactivation due to immunosuppression may cause BKPyV-associated
nephropathy (BKPyVAN) and rarely even urogenital malignancy in recipients of kidney
transplants (KTX) [3,4]. Although common, the exact mechanisms of infection, replication
and potential integration into the host genome remain incompletely understood. Inter-
individual variation with respect to the extent of viral shedding during BKPyV infection
and/or reactivation may be related to such genetic rearrangement within the viral genome
but also upon site-specific integration into the host genome, temporarily enhancing viral
fitness until viral clearance by immune reconstitution is re-established [5,6]. To shed light
on possible clinical implications that arise from such modifications and to better define
potential therapeutic strategies, a more deepened understanding of viral integration and
shedding is key [7].

BKPyV primarily replicates in the epithelial cells of the urogenital tract. After infecting
the cell, the BKPyV genome enters the host-cell nucleus, where early gene expression and
replication of the mini-chromosome occur, followed by late gene expression. The virus
utilizes the host’s replisome to replicate its double-stranded DNA, and virion assembly
subsequently takes place in the nucleus [8,9]. While integration in the host’s genome
has been reported, especially in patients with BKPyV-positive cancers, integration is not
common, and it remains unclear which factors and alteration in gene expression are
contributing [10-13].

The mode of viral shedding that has been most frequently described in the literature
is cell lysis, where exuberant viral replication leads to cell rupture. It commonly occurs in
the context of BKPyVAN in immunocompromised KTX patients. Infected tubular epithelial
cells with high viral load undergo a lytic process and exfoliate from the tubular basement
membrane and appear in the urine as so-called decoy cells [14-16]. However, recent reports
indicate that non-lytic viral shedding might be possible [17]. BKPyV-infected tubular
epithelial cells appear to release infectious particles via extracellular vesicles (EVs), which
can traffic tens of viral particles [18]. Other members of the Polyomaviridiae family include
the JC polyomavirus (JCPyV), simian virus 40 (SV40) and the Merkel cell polyomavirus.
Such EVs have also been described for the genetically related JC polyomavirus (JCPyV),
which utilizes EVs to target host cells and spread infection [19]. Regarding SV40, it is
clinical practice that a SV40-specific antibody against the large T antigen is utilized to
stain kidney biopsy samples for the immunohistological diagnosis of BKPyVAN. In SV40,
various viral proteins such as VP4 appear to regulate exocytosis [20,21]. VP4 was initially
discovered as a VP2-gene-derived product translated from an alternate translation start
site downstream from that of the genuine VP2 [20].

Release enveloped in host membranes is thought to enhance virion stability and
immune evasion [22], ensuring an uncontained spread of infection, unnoticed by the host’s
immune response [23,24].

In this work, we investigated the replication and means of viral spreading of BKPyV
within tubular cells, specifically highlighting possible modifications of the virus and its
proteins as it traverses the cell. Our primary aim was to establish patient-specific cell culture
models derived from urinary cell sediment that show active BKPyV replication, which
might provide insight into replicative patterns based on individual genetic alterations of the
virus that might also include potential chromosomal insertion sites. To detect differences
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in viral packaging, nuclear egress patterns and intracellular accumulation of virus-like
particles, we included the use of two specific antibodies targeting the main viral protein
VP1 that were characterized in their distinct staining behavior throughout intra- and
extracellular virus production and release.

2. Results
2.1. Patient Demographics

Twenty-one patients of European descent were screened for this study, of which
stable cell cultures from urinary sediment were established in nine patients (Tables 1
and 2). Two of them showed active ongoing BKPyV replication until senescence (Table 3).
Median age was 58 years (27-78 years), and two (22.2%) were female. Prior KTX had
occurred in two (22.2%) patients, and all others were recipients of a first KTX. Eight
patients were on tacrolimus bid (median tacrolimus target-trough level at the time of
sampling: 5.2 ng/mL) and one patient (#7) received 4-weekly belatacept infusions (5
mg/kg at the time of sampling). Seven patients received a reduced dose of mycophenolate
mofetil (MME, 500 mg, bid) due to ongoing BKPyV replication. In one case, MMF was
paused due to BKPyVAN, while another patient (#8) received azathioprine (150 mg daily).
At the time of sampling, plasma BKPyV load and urine BKPyV load ranged between
1.4 x 10? and 3.6 x 10* copies and 7.0 x 10* and 3.0 x 10, respectively. KTX biopsy
results were available in all patients, and BKPyVAN diagnosis was established according
to the Banff Working Group Classification of Definitive BKPyVAN: five patients were
classified as PVN class 1, one patient as PVN class 2 and three patients as PVN class 3 [25].
Immunohistochemistry for SV40 was performed on six of nine tissue samples. Only one
biopsy sample stained positive for SV40 (Tables 1 and 2).

Table 1. Patient demographics.

Characteristics All Patients (n =9)
Age,y 58 (36-58)
Male 7(77.8)
First KTX 7(77.8)
Second KTX 2 (22.2)
Duration after last KTX, mo 10 (9-15)
Plasma BKPyV load, copies per mL 11,566 (11,459-11,674)
Urine BKPyV load, copies per mL 7.02 x 10° (5.65 x 10°-8.38 x 10°)
Immunosuppression
TAC 8 (88.9)
MMF 7 (77.8)
Azathioprine 1(11.1)
Belatacept 1(11.1)
Prednisolone 9 (100)
BKPyVAN [25]
PVN class 1 5 (55.6)
PVN class 2 1(11.1)
PVN class 3 3(33.3)
Sv40
Positive 1(11.1)
Negative 5 (55.6)
Not performed 3(33.3)

Values are median with 1st and 3rd quartile in brackets (Q1-Q3). Immunosuppression is given at time of sampling.
BKPyV = BK polyomavirus; BKPyVAN = BK polyomavirus associated nephropathy; KTX = kidney transplantation;
mo = months; mL = milliliters; SV40 = simian vacuolating virus 40; y = years.

74



Int. J. Mol. Sci. 2024, 25,9130

Table 2. Patient demographics. Age in years, numbers (#) of KTX; duration after last KTX in months
(duration); immunosuppressive regimen with tacrolimus and mycophenolate mofetil; percentage of
decoy cells in urine (HE), urinary BKPyV load in copies per mL, plasma BKPyV load in copies per
mL, SV40 positivity in KTX biopsy and PVN class according to Nickeleit V et al. specified by KTX
biopsy [25].

Duration o uBKPyV pBKPyV PVN
ID Age (y) Sex # of KTX (mo) TAC MMF HE (%) (Copies/mL) (Copies/mL) SV40 Class
1 52 m 1 13 Y Y 93 8.7 x 10° 14 x 10? - 1
2 55 f 2 75 Y Y 0 5.8 x 10° 2.0 x 108 - 3
3 27 m 1 15 Y Y 30 1.7 x 107 1.5 x 10* NA 1
4 72 m 1 10 Y Y 10 43 x 10° 3.6 x 10* - 3
5 60 f 2 24 Y Y 0 5.2 x 108 8.3 x 10° NA 2
6 78 m 1 9 Y Y 50 3.0 x 1010 2.0 x 10* + 3
7 56 m 1 8 N N 0 7.0 x 10* 2.2 x 10? NA 1
8 63 m 1 10 Y N 30 1.8 x 10° 45 x 10° - 1
9 58 m 1 8 Y Y 30 1.9 x 10° 1.6 x 10* - 1
f = female; HE = hematoxylin eosin; ID = identification; m = male; mL = milliliters; MMF = mycophenolate
mofetil; mo = months; NA = not available; pPBKPyV = plasma BKPyV load; PVN = polyomavirus nephropathy;
SV40 = simian vacuolating virus 40; TAC = tacrolimus; uBKPyV = urinary BKPyV load; y = year, # = number,
+ = positive, - = negative.
Table 3. Viral infection model showing integration into host DNA, VP1-positivity with both polyclonal
Ranti-VP1 and the mAb 4942, cells type identification to either urinary bladder epithelia (KRT13) or
the kidney (TMEM?27), the infective potential of cell lines (infectivity) and number of passages after
which cells exhibited growth arrest (senescence).
ID Integration RantiVP1 mAb 4942 KRT13 TMEM27 Infectivity Senescence
1 NP + - - + NP 3
2 NI + - - +/- NP 3
3 NI + - - + NP 3
4 NI + - - +/- + 5
5 NI - - - + ++ 15
6 Chr 3,4,7 + ++ - + Infected 5
7 NA + ++ - +/- Infected 4
8 NP - - - + + 14
9 NP +/- - - +/- + 5

Chr = chromosome; integration = viral integration into host DNA; RantiVP1 = polyclonal rabbit antibody; mAB
4942 = commercial VP1-specific antibody; NA = not applicable due to insufficient sequencing coverage; NI = no
integration detected; NP = not performed; KRT13 = cytokeratin 13; TMEM27 = collectrin; + = infective, ++ = highly
infective; infected = infected itself with BKPyV.

2.2. BKPyV Replicates in Non-Immortalized Tubular Cell Lines

In order to procure cells capable of BKPyV replication and to facilitate further investi-
gation into its biology, urinary sediment cells obtained from 21 patients diagnosed with
BKPyVAN were cultured. Among these, nine cell lines were successfully established, ex-
hibiting variations in cell morphology and growth kinetics (Supplementary Figures S1 and
52), yet all reaching confluence. Although the replicative potential differed among cell lines,
the percentage of tetraploid cells (M-Phase) in each population ranged between 17 and 25%
(Figure 1A-C). As detailed in Table 3, identification of the clonally expanding cells of renal
tubular epithelial origin was analyzed by positive immunofluorescence for TMEM?27 as
well as negative labelling for the urinary bladder-specific cytokeratin 13 (KRT13). The cells
continued to expand and grow over a period of 15 days to 2 months even after repeated
cryopreservation. They were split between 3 and 15 times, and stable BKPyV replication
was established in a total in six out of nine cell lines (Table 3). Two of them showed high
BKPyV secretion (#6 and #7) from clonal expansion until they reached senescence, and four
of them were re-infected.
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Figure 1. Hematoxylin/Eosin staining, FACS analysis and distribution of DNA content of primary
cell lines. (A) HE staining exhibited diploid cells, cells with enlarged nucleus (DNA synthesis phase)
and polyploidy as depicted in patients #4 and #6, (orig. magnification 400x). (B) Flow cytometry
(FACS) analysis of cellular DNA content was performed on all nine established primary tubular cell
lines. The cells were permeabilized and stained with DAPI prior to analysis. (C) Distribution of
DNA content in diploid, tetraploid (M-phase), and polyploid cells, expressed as a percentage of the
total cell population, was determined by DAPI staining of permeabilized cell line cells. The data are
presented for each of the nine patients.
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Following the establishment of nine stably cultured urinary cell isolates from nine
different individuals that exhibited active in vitro replication of BKPyV, it was of further
interest to characterize BKPyV'’s intracellular maturation, assembly and shedding utilizing
an anti-VP1-specific antibody for further visualization.

2.3. Vesicles Enable BKPyV Shedding from Infected Tubular Cells

Our next goal was to describe the mode of infection and viral shedding of BKPyV
within the tubular cell cultures in order to differentiate between low and high replicators.
Therefore, the supernatant of the four BKPyV producing cultured patient-derived decoy
cells was utilized to infect those cell lines, which were lacking the formation and secretion
of mature BKPyV (#4, #5, #8, #9). As mentioned above, two different antibodies recognizing
the VP1 antigen were applied to visualize the viral distribution and shedding in these cell
culture specimens.

In order to characterize the localization of VP1 within our BKPyV-infected tubular
cell culture model, we applied two different anti-VP1 antibodies with variations in their
epitope specificities. We had observed that our polyclonal antibody might recognize also
earlier translational products of VP1 involved in different stages of viral particle matura-
tion, whereas the monoclonal antibody (mAb 4942) would be more specific for a mature
conformational VP1 epitope. Staining with the polyclonal RantiVP1 Ab (green) revealed
localization of nuclear virus assembly factories and the perinuclear region, suggesting a
possible concentration in the endoplasmic reticulum (ER) (Figure 2).

Figure 2. Confocal immunofluorescence for VP1 protein. Immunofluorescence for VP1 in patient #1

derived cell line using RantiVP1 (green) and DAPI (purple). Nuclear punctate staining was observed,
representing “nuclear virus assembly factories”, and shadowed staining in the cytoplasm, indicating
VP1 translation and production after passage #1.

In contrast, the staining pattern of mAb 4942 predominantly exhibited a granular
pattern within the cytoplasm and immediate nuclear periphery (Figure 3). It also showed
high specificity in the detection of decoy cells [26]. Additionally, it revealed extracellular
virus-loaded vesicles following cell rupture, which were observed in typical idiomorphic
sizes and BKPyV-loaded vesicles immobilized on cytopreparations (Figure 4). The staining
pattern also varied significantly with the cell cycle stage of the individual cells (Figure 5).

Staining of both antibodies appeared to overlap at the nuclear rim, as a site of viral
accumulation before egress through the nuclear membrane as shown in Figures 3 and 4 in
yellow. The staining pattern of mAb 4942 may suggest that this antibody recognizes the
VP1 protein in the later stages of viral production and egress.

To further clarify the different recognition patterns, RantiVP1 was tested for colocal-
ization with a marker protein of the ER, CNX. As indicated by the shaded staining pattern,
VP1 was recognized by RantiVP1 at the ER production stage and clearly colocalized with
the ER marker protein CNX, as shown in Figure 6.
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Figure 3. Merged image showing colocalization of VP1 as detected by mAb 4942 (red) and the
RantiVP1 (green) resulting in yellow coloration. Confocal fluorescence microscopy revealed the
process of virus particle formation using two distinct VP1-specific antibodies (mAb 4942 = red,
RantiVP1 = green). BKPyV-VP1 encapsulated within small vesicles traversing the cytoplasm, ulti-
mately accumulating at the cellular periphery was mainly stained by mAb 4942 (red) (annotated by
white arrows). Conversely, the VP1-specific rabbit antibody (RantiVP1) highlighted the VP1 protein
localization in the cytosol and in proximity to the nucleus (white asterisk) at a different stage of VP1
production and maturation. Virus formation within nuclear regions is depicted as accumulation at
the nuclear rim by both antibodies resulting in yellow staining (annotated by black arrow).

Figure 4. VP1 staining encapsulated within small vesicles released from a virus-producing cell of
patient #7’s primary cell line. VP1-containing vesicles as stained by mAb 4942 were distributed
throughout the cytoplasm (white arrow). At the nuclear rim, the BKPyV-VP1 was prominently
recognized by both antibodies mAb 4942 and RantiVP1 resulting in a high degree of overlap and
yellow coloration (indicated by small, long-tailed black arrow). Extracellular VP1-loaded vesicles
stained with mAb 4942 after cell rupture, in idiomorphic sizes, immobilized on the cytopreparation,
marked by a white asterisk.
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Figure 5. BKPyV-infected cells in different stages of the cell cycle. Two cells exhibited the presence of
mature enveloped virus particles dispersed throughout the cytoplasm, predominantly of uniform
size (mAb 4942 = red). The cell positioned at the top of the image displayed virus accumulation at
the nuclear rim, where it was co-recognized by both antibodies (yellow). In contrast, in four other
cells, VP1 staining, predominantly recognized by RantiVP1 antibodies (green) was observed, with a
minor presence of virus particles stained by mAb 4942.

To visualize the cytoplasmic membrane of VP1-positive cell lines, dual-color staining
for AQP1 and VP1 using mAb 4942 was performed. In Figure 7, cells with VP1-positive
vesicles appeared to have an intact cytoplasmic membrane. The cell with an enlarged
nucleus (white arrow) showed reduced VP1 staining.

As the distribution of the BKPyV genotype in our patient cohort may reflect that of
Europeans, the anti-BKPyV VP1 reactivity of the rabbit polyclonal antibody against both
genotype I and genotype IV had to be confirmed and established; it is shown in Figure 8.

Figure 6. Confocal BKPyV-VP1 staining and colocalization with ER marker CNX. The VP1 detected
by the RantiVP1 (green) colocalizes (yellow, indicated by *) with the ER marker CNX (red) in younger
cells of the cell cycle. VP1 staining at the nuclear virus assembly factories is present in the smaller
cells and in one of the nuclei of the large tetraploid cells (indicated by arrow).
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Figure 7. Confocal VP1 staining and visualization of the plasma membrane. VP1 positivity was
detected by mAb 4942 (red), and the cytoplasmic membrane is visualized by AQP1 (green). The cell
with an enlarged nucleus, marked by a white arrow, showed reduced VP1 staining.
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Figure 8. Comparative analysis between BKPyV VP1 genotype I and genotype IV using recombinant
protein expressed in E. coli using RantiVP1. JCPyV VP1 protein recognition is depicted in the lane
next to the molecular weight marker protein. VP1 proteins produced in E. coli from the JCPyV and
BKPyYV, followed by purification utilizing the His tag and Ni NTA resin. The slightly different sizes of
the recombinant variants are attributed to the additional amino acids representing the Tag depending
on the expression plasmid used (see Supplementary Data Sets S1 and S2).
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2.4. Decoy Cells Exhibit Truncated Forms of the VP1-Gene Product

Recent findings by Henriksen et al. indicated that SV40 and BKPyV produce a trun-
cated VP2/3, denoted VP4 [27], and this led us to perform tests to investigate whether
a similar truncated form of VP1 might exist. To investigate possible changes in the VP1
protein, immunoblotting was conducted on both decoy cells and mature virions isolated
from patients’ urine.

Immunoblotting of decoy cells with the polyclonal RantiVP1 antibody confirmed VP1
at its established 41 kDa weight and also identified two additional reactive bands at 36-37
and 17 kDa. The highest expression levels were observed in extracts from decoy cells. Thus,
it appears that two additional VP1-gene derived products (VP1la and VP1b at 36-7 kDa and
17 kDa, respectively) were expressed in decoy cells (Figure 8).

In contrast, immunoblotting of mature BKPyV virions isolated from patients” urine,
with high viral load (>107 copies/mL), showed only a single VP1 band at 41 kDa. This
indicates that the VP1 variants, VP1a and VP1b, identified in patient decoy cells are likely
not present in mature secreted virions (Figure 9).

1 2 3 4 5 6 7 8

Figure 9. SDS-Page and immunoblot analysis of BKPyV virions as pelleted from urine by ultracen-
trifugation and protein extracts from urine sediment with decoy cells showed genuine VP1 and VP1
variants. Lanes 1-3 display urinary virion extracts pelleted by ultracentrifugation from patients with
a urine viral load of 107-10° copies/mL. No additional VP1-specific smaller bands were detectable in
any of the urine virion isolates. From Lanes 4 to 8, extracts of 2 x 104 urinary cells were loaded into
each lane. Lane 4 shows cell extract from a patient recovered from disease but still the presence of
faint VP1 bands. Lane 5 represents urine sediment obtained from a patient at the time of diagnosis,
exhibiting over 50% decoy cells, with two variant bands detected: one at approximately 100 kDa
representing aggregates and another at 16-17 kDa. Conversely, Lanes 6 and 7 depict patients in the
recovery phase, showcasing less than 10% decoy cells among urine sediment cells. Lane 8 illustrates
the VP1 banding pattern of a patient with 30% decoy cells in the sediment, wherein the 16-17 kDa
band resembles that of Lane 5, albeit with an additional band approximately 2-3 kDa lower in size
than the genuine VP1 protein.

2.5. Identification of Possible Translation Products from VP1 mRNAs by In Silico Analysis

The VP1 cDNA sequence was analyzed using an initiation codon identification server.
A total of six potential translation products were identified. As indicated in Figure 10,
the product with the highest probability represented the genuine 362-amino-acid-long
VP1 protein. However, among the other potential products, one consisted of 307 amino
acids with a calculated molecular weight of 34.23 kDa, and another consisted of 173 amino
acids with a calculated molecular weight of 18 kDa (Figure 10). These two variants could
correspond to the experimentally identified products VP1a and VP1b, respectively, as
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observed in the immunoblots. The size variants observed in the immunoblot, when
compared to the in silico analysis, can only be explained by additional post-translational
modifications. These modifications may include proteolytic cleavage or glycosylation and
phosphorylation. Other variants identified by in silico analysis when including BKPyV
genotype I and IV were not present in immunoblotting experiments.

| Vplb 18kDa
| Vpla 34kDa
& | Vpl 41kDa
Vpl Vpla Vplb
VplmRNA
reliability  0.54 0.12 0.21 0.1e 0.18 0.26
OREF length (aa) 362 307 278 201 173 80

Figure 10. In silico analysis for potential translation products originating from the BKPyV-VP1 mRNA
revealed several possible products. The highest reliability score of 0.54 was assigned to the genuine
VP1 protein, which is 362 amino acids in length. Additionally, two other potential products, VP1a
and VP1b, with lengths of 307 and 173 amino acids, respectively, were also identified. These reached
reliability scores of 0.12 and 0.18.

2.6. BKPyV DNA Integrates into the Host Cell

As a final step, we thought it would be of interest to investigate whether integration
into the host genome of BKPyV had occurred in our cell culture models. BKPyV DNA has
been reported to occasionally integrate into the host genome, affecting all chromosomes
except the Y chromosome, primarily in patients with BKPyV-related tumors [12,13]. We
investigated whether such integration was also present in our study’s cell lines. Of particu-
lar interest was whether differences in gene integration existed between cells that produce
low numbers of viral copies and those that secreted high levels of mature virus particles.
Therefore, we chose to compare the two cell lines with permanent BKPyV-replication and
production (cell lines #6 and #7) to three of the primarily non-infected cell lines (cell lines
#2, #4 and #5 from an early non-infected passage) through ONT long read sequencing.

No integration was detected in patient cell lines #2, #4 and #5. Sample #7 had insuffi-
cient sequencing coverage to confirm integration. However, sample #6 exhibited significant
viral genome accumulation on chromosomes 3, 4 and 7 (Table 4, Figure 11). At these sites
the BKPyV genome could be identified and presented in relation to the genetic surround-
ings using the IGV server (Figure 11, Table 4). On chromosome 3, the BKPyV genome
was found to be integrated into the TAFA1 gene, which plays a role in chemotaxis. On
chromosome 4, the BKPyV genome was integrated into a noncoding region between the
Pyroglutamylated RFamide peptide receptor (QRFPR) and Annexin A5 (ANXAD5) genes.
On chromosome 7, the BKPyV genome was found integrated into an intron of the inner
mitochondrial membrane peptidase subunit 2 (2IMMP2L) gene.

Table 4. Exact BKPyV integration into chromosomes 3, 4 and 7. Location of integration (location),
genetic relation, disruption of host genes and supporting reads identified by ONT in patient #6.

Chromosome Location Genetic Relation Host Genes Supporting Reads
3 68666797 Intragenic TAFA1 2123
4 122666278 Intergenic QRFPR-ANXA5 171
7 110766605 Intragenic IMMP2L 58

ANXAS = Annexin A5; IMMP2L = inner mitochondrial membrane peptidase subunit 2; QRFPR = Pyroglutamy-
lated RFamide peptide receptor; TAFA1 = Chemokine like family member 1
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Figure 11. Schematic representation of BKPyV integration sites on chromosomes 3, 4 and 7, identified
by ONT in patient #6. By passage three, the patient’s cell line secreted virions at a logarithmic count
of 10'%/mL. Post-passage four, a decline in cell growth rate occurred. Chromosomal integration sites
are marked by red box, with black arrows indicating their positions relative to adjacent genes, which
are listed in Table 4. The illustration was created using the publicly accessible IGV hg18 database.

3. Discussion

Infections with BKPyV are highly prevalent in the general population, affecting over
90% of individuals, typically without clinical manifestation. However, in the immuno-
compromised, especially KTX patients, BKPyV may lead to organ failure and graft loss
of the transplanted organ as well as cause tumors. To date, the precise mechanisms of
BKPyV infection and propagation, including its cell-to-cell transmission and potential
disparities in viral shedding between immunocompetent and immunosuppressed hosts,
remain inadequately characterized.

In this study, we successfully established a BKPyV infection model in newly cultured
tubular progenitor cell lines. These cells were directly isolated from the source tissue via
urine samples and importantly were neither immortalized nor transformed in any way. This
natural propagation provides a more accurate representation of BKPyV’s behavior in native
cellular environments, as shown in detail earlier [28]. Furthermore, using two VP1-specific
antibodies with different recognition patterns, we could discern viral changes during its
maturation and to our best knowledge visualize BKPyV shedding via EVs, confirming data
of earlier authors [18]. Additionally, in one case we proved BKPyV integration into three
chromosomes of the host genome.

In the generation of the cell lines, we demonstrated that BKPyV from culture super-
natant of urinary decoy cells can be used to establish infection, while this could not be
achieved using isolated virions from urine. In doing so, we established a BKPyV infection
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model in non-immortalized tubular progenitor primary cells lines from KTX patients, which
has some novelty. Experiments on infectivity and virus tropism were conducted by other
authors using primary human epithelial cells, epithelial cells, endothelial cells and fibrob-
lasts derived from the respiratory and urinary tracts. These experiments were performed
to assess the susceptibility and specific cellular targets of the virus across different tissue
types [10]. Further experiments were performed using immortalized tubular cell lines
expressing human telomerase reverse transcriptase [29]. Our tissue culture model might
originate from the changes in tubular cell dynamics and presence of tubular progenitor
cells in urine due to BKPyV infection. As kidney injury diminishes and viral load decreases,
the renal tubules heal and undergo replication, causing replicating tubular epithelial cells
to appear in urine [30-32]. Our research shows these progenitor cells expanded effectively
from a clonal phase and continued BKPyV replication and secretion.

Following virus replication and translation, BKPyV undergoes post-translational mod-
ifications in the cytoplasm, which are critical for virion assembly and future infectivity [22].
While cell lysis is one known mechanism of BKPyV spread, envelopment of the virus into
the lipid bilayer of the host’s cell membrane represents a different mode of virus egress,
which bears advantages for the virus [18,24,33]: (1) Protection: the lipid envelope provides
an additional layer of protection for the viral genome, keeping it from degradation by host
nucleases and the hostile environment [34]. (2) Cell entry: Enveloped virions can enter host
cells by different mechanisms than non-enveloped virions. The lipid envelope can facilitate
fusion with cell membranes or promote endocytosis, potentially increasing the efficiency of
viral entry [35]. (3) Evasion of the immune system: The envelope consists of the host’s cell
membrane; therefore, viruses traveling within EVs evade recognition and neutralization by
the host’s immune system [24]. Vice versa, the elimination of viruses in vesicles out of a
cell might serve as a defense strategy for individual cells; however, it comes at the cost of a
considerable risk to the entire organism due to the reasons mentioned above. Up to now,
the precise mechanisms governing EV formation at the virus—cell interaction level remain
incompletely elucidated [36]. In our study, mAb 4942 successfully detected mature virions
packaged in vesicles.

Pertaining to our potential identification of two additional modified VP1-gene prod-
ucts, similar observations have been made by other authors with respect to the VP2-gene
product. For VP2, a truncated protein named VP4 has been described, which arises due
to alternate translational start sites of VP2, and it appears that VP4 might be involved in
progeny release [27]. In this context, several different polyomavirus proteins have been
described as viroporins such as agnoprotein, VP2, VP3 and VP4 [37-39]. These proteins
form small channels in host cell membranes and can alter cellular processes, including
calcium signaling and cell cycle regulation, which are crucial for viral replication and
release. VP4 has been shown to be of importance for viral entry into the host cell and to
trigger the timely lytic release of BKPyV’s and SV40's progeny [20,27]. In our study, the
origin of the two additionally identified VP1-gene products—whether through alternative
translation variants or protease cleavage—and their potential beneficial function to BKPyV
must be left unanswered. Further studies will have to investigate if VP1a/VP1b exhibit
functions similar to VP4.

Regarding virus genome integration, earlier studies confirm fragmentary integration
of BKPyV at multiple sites into the host genome allowing the virus to persist in host cells
unrecognized by the immune system and undergo transcription and translation of viral
proteins [12,13]. This phenomenon has been observed in the monkey kidney-derived COS
cell line, which is capable of transcribing and translating the large T antigen protein of
SV40 but does not produce capsid proteins or mature virions [26]. Our data confirmed the
integration of BKPyV DNA into three different chromosomes in one cell line, but no driver
insertion was found which has been linked to carcinoma formation in the past [12]. Certain
genes could be disrupted in this cell line, but this is not necessary for the maintenance of a
cell line culture.
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A significant observation that is important for clinical considerations is the verified
integration of the BKPyV genome into three different human chromosomes in one of
the cell lines. Despite this integration, there was no activation of pertinent cell cycling
pathways, and the cell line underwent growth arrest after passage 4. This suggests that
BKPyV integration alone does not directly induce malignant transformation. It is likely
that a specific genomic environment is required to facilitate a driver-type integration
that leads to oncogenesis. These findings highlight the complexity of BKPyV-associated
cellular transformation and underscore the need for further research to elucidate the
precise conditions and mechanisms that enable viral integration to contribute to cancer
development.

In conclusion, the maturation process of the BKPyV under these culture conditions
is orchestrated towards envelopment into vesicles for egress, a mechanism that enhances
infectivity and allows evasion of the immune system. Two additional VP1-gene-derived
products exist, which are only found within the host cell during virus replication of
so-called decoy cells. Utilizing freshly established tubular progenitor cells derived from
patients with manifest BKPyVAN provides a valuable platform for studying BKPyV biology.
Furthermore, these cells offer the opportunity to identify genomic integration of the virus,
facilitating deeper investigations into the mechanisms of BKPyV infection and the search
for inhibitory compounds.

4. Materials and Methods
4.1. Cell Culture and Cell Lines

Kidney transplant patients with a positive serum BKPyV copy number under obser-
vation at the outpatient clinic of the Division of Nephrology and Dialysis at the Medical
University of Vienna starting May 2023 till end of January 2024 were sequentially included.
Individuals providing urine volumes with less than 10° cells in total were excluded from
this study. Out of 982 screened KTX patients for BKPyV-uria, 75 were eligible for this
study. However, 54 were excluded as they showed less than 10° cells in the provided urine
sample.

Twenty-one patients were enrolled after providing informed consent. The immuno-
suppression was reduced due to BKPyVAN. From nine of them—classified as PVN Class
1 (n=5), PVN Class 2 (n = 1) and PVN Class 3 (n = 3)—clonal cell outgrowth could be
achieved [25]. KTX biopsy results were available for all patients. Clinical routine charts
provided laboratory parameters, urine and serum BKPyV copy numbers and details about
the immunosuppressive regimen.

The morning urine (80 mL) of these patients was centrifuged at 2000 x g rounds per
minute (rpm) for 10 min. The resulting cell pellet was resuspended in RPMI 1640 culture
medium containing 10% fetal bovine serum, penicillin and streptomycin. The cells were
seeded in Cellstar 60 x 15 mm tissue-culture-treated dishes (Greiner bio-one) and incubated
at 37 °C, 5% CO; and 95% humidity.

The medium was changed after 3 days to proximal tubular cell culture media
(REBM/REGMTM) obtained from Lonza (Lonza Group AG, Basel, Switzerland). Nor-
mocin (InvivoGen, San Diego, CA, USA; Cat. # ant-nr-05) was added as an antibiotic.
After 6-7 days, small clones comprising 3-9 cells in adherent growth mode were observed.
These clones increased in size due to cell proliferation. As indicated in Supplementary
Figure S1, when expansive colonies with confluence and rapid growth were reached, a
first cell passage was performed using trypsin-EDTA 1x in calcium/magnesium-free PBS
(Biowest, Nuaillé, France, L0940-100) without phenol red. Similar methods for culturing
urinary renal epithelial cells have been described by other authors [30].

This study was approved by the Ethics Committee of the Medical University of Vienna
under the number 1065/2021.
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4.2. BKPyV Copy Number Evaluation

BKPyV copy number was evaluated as detailed by Pajenda et al. [40]. In brief, to
evaluate BKPyV copy number, cDNA or DNA was mixed with Universal Master Mix (Ap-
plied Biosystems, Waltham, MA, USA) and the BKPyV probe set (Pa03453401_s1, Applied
Biosystems, Waltham, MA, USA). The PCR reaction was performed on a QuantStudio 6
Flex qPCR machine (Applied Biosystems, Waltham, MA, USA). A sample was considered
positive if it reached the amplification threshold by cycle 38.

A tenfold serial dilution of a plasmid containing the BKPyV-specific qPCR target
sequence (Pa03453401_s1) was used as a standard series. Copy numbers of positive samples
were calculated according to this standard series. As an alternative and for clinical samples,
the test kit from GeneProof®, Brno, Czech Republic (GeneProof BK Virus (BKV) PCR
Kit—IVDR) was utilized.

4.3. Obtaining BK Polyoma Virus by Ultracentrifugation

Urine samples of patients with BKPyVAN were pelleted using an Optima Max-XP
tabletop ultracentrifuge (Beckman Coulter, Brea, CA, USA). Therefore, one milliliter of
each sample was applied to an open-top thick wall polycarbonate centrifuge tube, and
symmetrically aligned tubes were centrifuged at 100,000 rpm for 2:30 h in a TLA-120.2
fixed-angle rotor. Times for acceleration and deceleration between zero and 5000 rpm were
set to 2:30 min and 6:00 min, respectively.

4.4. Cell Line Infecton Using BKPyV-Containing Medium from Decoy Cell Culture

To prepare the virus-containing medium, decoy cells obtained from urine of patients
were incubated at a concentration of 5 x 10* cells/mL in culture medium (REBM/REGMTM)
for 3 days. The culture fluid was then centrifuged for 10 min at 3000x g to pellet cellular
fragments. The clarified supernatant was tested for BKPyV copy number (10® copies/mL)
and stored in aliquots at 4 °C for immediate use. For longer storage periods, the aliquots
were kept at —80 °C. This tissue culture medium containing high copy numbers of BKPyV
was used for infecting renal epithelial cell lines.

Semiconfluent (50-60%) renal epithelial cell lines from patients #4, #5, #8 and #9
were exposed to virus-containing medium (2 x 107 copies/mL) for 24 h. Following this
incubation period, the cell cultures were passaged, and the culture medium was replaced
with fresh culture medium.

4.5. Immunoreagent

A polyclonal antibody against BKPyV-VP1 was generated by immunizing a female rab-
bit (Oryctolagus cuniculus) with recombinant His-tagged VP1 protein expressed in Escherichia
coli (E. coli) and purified using Ni-NTA agarose (Qiagen, Hilden, Germany), as described in
Pajenda et al. [40]. The amino acid sequence of the protein and its coding gene sequence
are provided in Data Set S1 in the attached file. Serum was collected after five injections of
the purified VP1 protein. Anti-VP1 IgG was subsequently purified from the serum using
either a protein G column or ammonium sulfate precipitation. The polyclonal antibody
was used in 0.8-1 pg/mL. In addition, a second mouse monoclonal VP1-specific antibody
(mADb, 4942) was purchased from ThermoFisher (Invitrogen, Carlsbad, CA, USA, Catalog #
MAS5-33242) and used in 1-2 pg/mL. This mAb was generated by the use of BKPyV-VP1 as
immunogen and has been validated and tested for staining BKPyV-infected decoy cells by
immunofluorescence in an earlier work [26]. The collectrin (TMEM?27)-specific antibody
PA5-88721 (Invitrogen) was used in a dilution ratio of 1:100. The Cytokeratin 13-specific
mADb CL488-66684 (Proteintech, Rosemont, IL, USA) was diluted at a ratio of 1:400 in PBS.
The mouse monoclonal antibody specific to calnexin (CNX) was purchased (Catalog #
MA3-027) from ThermoFisher, Waltham, MA, USA. The anti-aquaporin 1 (AQP1) rabbit
polyclonal Ab (AB2219, diluted) was purchased from Millipore, Burlington, MA, USA.
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4.6. Immunofluorescence by Confocal Microscopy

Confluent cells were liberated from the tissue culture dish using trypsin as described
above. Following inactivation of trypsin with culture medium, a cell suspension of
10° cells/mL was generated. Out of this, 60 uL was applied to the funnel of the cytocen-
trifuge, which was run at 1200 rpm for 3 min. The resultant cytopreparation was air-dried
for 1 h followed by fixation in acetone for 4 min. A water repellent cycle was drawn around
the cell-containing area, and the primary antibody was applied. The mAb 4942 anti-human
BK-VP1 was diluted at 1:30, and the rabbit anti-human BK-VP1 was diluted at 1/1000
and incubated for 2 h at room temperature or at 4 °C overnights. Following a washing
step in PBS for 10 min under constant stirring, the second antibody was applied to either
goat anti-mouse Alexa Fluor 594 (diluted at 1:700 in PBS) or goat anti-rabbit Alexa Fluor
488 (diluted at 1:700 in PBS). DAPI for nuclear staining was contained in the secondary
antibodies. After a second washing step in PBS, slides were mounted with Vectashield
mounting medium for immunofluorescence (Vecotor Laboratories, Burlingham, CA, USA)
and covered with a microscope glass coverslip for confocal microscopy. A 3D confocal
digital assembly was achieved by performing Z-stack recording comprising 40 individual
scans, with a scan density of 0.2 pm, capturing imaging data from the top to the bottom of
the nuclear staining. The recorded images were subsequently processed into the 3D format
using ZEN blue (Version 3.4 for Windows 10, Carl Zeiss Microscopy, LLC, White Plains,
NY, USA). Samples from BKPyV-negative patients served as negative controls.

4.7. Immunoblotting

The cell pellet (2000 rpm) was resuspended in PBS and pelleted again already in the
sample grinding tubes containing the DNA-binding/grinding resin. Following a brief
centrifugation and removal of the supernatant, the extraction solution (1x sample buffer
containing DTT and protease inhibitors, cOmplete Tablets, Mini, REF 04 693 124 001) was
added, and cells were broken up using the pestle (Cytiva, 80-6483-37). The resultant cell
lysate was spun at 12,000 x g for 7 min, and the precleared supernatant was loaded onto
a BioRad PAGE mini gel (Hercules, CA, USA) for protein separation. Following protein
separation, the gel was transferred onto nitrocellulose by semidry blotting. The blotted
membrane was blocked in blocking buffer (Pierce™ Protein-Free T20 Blocking Buffer,
Appleton, WI, USA, 37571) for 20 min, and rabbit anti-human BK-VP1 was added (diluted
at 1:1500) and incubated over night at 4 °C. After washing the blot with TPBS twice for
10 min, the goat anti-rabbit HRP conjugate (Dako P0448, Agilent, Sana Clara, CA, USA,
diluted at 1:10,000 in PBS substituted with 10% blocking buffer) was incubated for 60 min
at room temperature under constant shaking. Finally, the blot was developed for specific
antibody binding after washing again with TPBS twice for 10 min using chemiluminescence
reagent (Merck KGaA, Darmstadt, Germany) and recorded by the lumi-imaging device
Fusion FX Vilber Lourmat (Vilber, Eberhardzell, Germany).

4.8. Virus DNA Isolation

For virus DNA isolation from culture supernatant, the InnuPREP Sewage Water
DNA /RNA Kit (Innuscreen Gmbh, Berlin, Germany) was used. In brief, 1 mL of super-
natant was transferred to a 2.5 mL tube, followed by the addition of 100 uL of VCR-1 and
100 uL of VCR-2 reagent. The mixture was then incubated at room temperature for 10 min.
Subsequently, centrifugation at 13,000 rpm was performed for 10 min. The pellet was then
washed with 1 mL of RNase-free water and then dissolved in 150 pL of Lysis Solution RL,
which was followed by the addition of 10 uL of Proteinase K. The tube was placed in a
thermomixer and shaken continuously for 15 min at 60 °C. Subsequently, 135 pL of binding
solution SBS and 10 puL of MAG suspension M were added. After thorough mixing and
incubation for 5 min at room temperature with constant rotation, the suspension underwent
two washes with 300 pL of wash solution HS and two washes with 300 uL. of wash solution
LS. Following the final washing step, the solution was removed as completely as possible,
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while ensuring the retention of the beads. The beads were then dried at 50 °C for 15 min.
Finally, the DNA was eluted with 15 uL of RNase-free water.

4.9. DNA Isolation from Human Cell Lines and Sequencing by Oxford Nanopore Technology

Cell line cells were suspended in PBS and DNA isolation was performed using the
QIAamp® DNA Blood Mini Kit 50 protocol (Qiagen, Hilden, Germany), following the
guidelines outlined in the test manual. The column-purified DNA was subsequently
submitted for Oxford Nanopore Technology (ONT) sequencing at the Vienna Biocenter core
facility. After undergoing quality checks, the obtained reads were utilized for bioinformatics
analysis, specifically focusing on the integration of the virus into the human host genome.

4.10. Bioinformatics Identification of BK Polyoma Virus Integration

Basecalling of raw data (pod5-format) from the promethION sequencing device was
performed with ONT’s basecaller Dorado [https://github.com/nanoporetech/dorado].
Samples were aligned against the viral reference sequence available at https://www.
ncbi.nlm.nih.gov /nuccore/0Q230873.1, using Minimap?2 v2.24 [https:/ /github.com/1h3
/minimap2], (accessed on 20 February 2024), (minimap2 -t 16 -ax mapont $viralReference
$reads). Subsequently, only reads that aligned to the viral reference sequence with a
mapping quality of at least 60 were retained after filtering (“filtered ViralReads”). Filtering
and format conversion were performed using samtools v1.18 [https:/ /samtools.github.io/],
(accessed on 20 February 2024). In order to identify putative insertion sites, the viral
reads were aligned against the canonical chromosomes of the human genome available at
https:/ /www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/, using the splice-
aware alignment mode of Minimap?2 (accessed on 20 February 2024), with the following
command: minimap?2 -t 16 -ax splice $humanReference $filteredViralReads. The IGV hg18
database for localizing the genetic environment of integration was accessed on 20 February

2024 (https:/ /igv.org/app/).

4.11. In Silico Analysis of Potential Translation Initiation Sites on the VP1 mRNA

The freely available calculator from the Helix Research Institute (https://atgpr.dbcls.
jp) was used to calculate the translation initiation probability. The 1089 nucleotide sequence
encoding the VP1 genotype I and IV cDNA was entered into the server to identify potential
open reading frames with possible translation start sites.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25169130/s1.
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Abstract: Hepatitis B virus (HBV) infects approximately 300 million people worldwide, causing
chronic infections. The HBV X protein (HBx) is crucial for viral replication and induces reactive
oxygen species (ROS), leading to cellular damage. This study explores the relationship between
HBx-induced ROS, p53 activation, and HBV replication. Using HepG2 and Hep3B cell lines that
express the HBV receptor NTCP, we compared ROS generation and HBV replication relative to p53
status. Results indicated that HBV infection significantly increased ROS levels in p53-positive HepG2-
NTCP cells compared to p53-deficient Hep3B-NTCP cells. Knockdown of p53 reduced ROS levels
and enhanced HBV replication in HepG2-NTCP cells, whereas p53 overexpression increased ROS
and inhibited HBV replication in Hep3B-NTCP cells. The ROS scavenger N-acetyl-L-cysteine (NAC)
reversed these effects. The study also found that ROS-induced degradation of the HBx is mediated
by the E3 ligase Siah-1, which is activated by p53. Mutations in p53 or inhibition of its transcriptional
activity prevented ROS-mediated HBx degradation and HBV inhibition. These findings reveal a
p53-dependent negative feedback loop where HBx-induced ROS increases p53 levels, leading to
Siah-1-mediated HBx degradation and HBV replication inhibition. This study offers insights into the
molecular mechanisms of HBV replication and identifies potential therapeutic targets involving ROS
and p53 pathways.

Keywords: HBx; Hepatitis B virus; proteasome; reactive oxygen species; Siah-1; p53

1. Introduction

The infection of the hepatitis B virus (HBV)—a member of the Hepadnaviridae family—
poses a significant public health challenge, affecting approximately 350 million individuals
globally with chronic HBV infection [1]. This condition is associated with a high risk
of developing severe liver diseases, including acute and chronic hepatitis, cirrhosis, and
hepatocellular carcinoma [1]. The HBV replicates a partially double-stranded circular DNA
genome of approximately 3200 base pairs through reverse transcription of its pregenomic
RNA (pgRNA) [2]. This genome includes four major open reading frames (ORFs) that
encode surface antigens (preS1, preS2, and S proteins), core antigens (preC and C proteins),
polymerase (P protein), and X protein (HBx). The HBx is a 17-kDa multifunctional onco-
protein that influences signal transduction, transcription, and mitochondrial function and
is found in the cytoplasm, nucleus, and mitochondria [3,4]. The HBx is recognized as a
positive regulator of HBV replication, as demonstrated in various models including in vitro
infection systems, human hepatocyte chimeric mice, and murine hydrodynamic injection
studies [5-7]. The HBx activates viral promoters to synthesize HBV mRNA and pgRNA

Int. ]. Mol. Sci. 2024, 25, 6606. https:/ /doi.org/10.3390/ijms25126606 91 https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 6606

from a covalently closed circular DNA template [2]. Additionally, HBx indirectly promotes
HBYV replication by disrupting cellular signaling pathways such as the cytosolic calcium
signaling pathway and the phosphatidylinositol 3-kinase/ Akt pathway [8,9].

Reactive oxygen species (ROS) are highly reactive molecules derived from oxygen.
Under normal circumstances, cells generate ROS continuously through processes like pro-
tein folding in the endoplasmic reticulum, oxidative phosphorylation in mitochondria, and
the catabolism of lipids and amino acids in the cytosol [10]. It has been demonstrated that
ROS levels are frequently elevated in the liver and blood of HBV-infected patients [11,12].
Moreover, in vitro HBV infection has been shown to induce ROS production in cells [13].
While viral proteins like the HBsAg and the HBcAg may contribute to this process [14],
HBx is considered the primary driver of oxidative stress in the course of HBV infection.
For instance, the HBx interacts with the human voltage-dependent anion channel in mi-
tochondria, affecting its transmembrane potential [15,16] and decreasing mitochondrial
enzymes involved in electron transport, resulting in elevated ROS levels in mitochon-
dria [17]. Excess ROS from chronic HBV infection can damage proteins, lipids, and DNA,
potentially leading to liver fibrosis and hepatocellular carcinoma [18,19]. Although ROS
plays a well-established role in HBV pathogenesis, their impact on HBV replication is not
yet fully understood.

Several studies have suggested that the HBx levels are primarily regulated by the E3
ligase seven in absentia homolog 1 (Siah-1), which facilitates ubiquitin (Ub)-dependent
proteasomal degradation of the HBx. Additionally, p53 can stimulate the transcriptional
activation of Siah-1 via p53 response elements located in its promoter [20]. Given that p53 is
a crucial mediator of DNA damage induced by excess ROS [21], it is valuable to investigate
whether HBx-induced ROS triggers Siah-1 expression through p53 activation. This could
lead to the downregulation of the HBx via a negative feedback loop, thereby inhibiting HBV
replication. For this study, we used an optimized in vitro HBV replication system [22,23]
to accurately evaluate the effect of HBx-induced ROS on HBV replication. For this purpose,
we first investigated whether the HBV induces varying levels of ROS generation depending
on the p53 status in human hepatoma cells. Following this, we examined the mechanism
by which the HBV amplifies ROS in a p53-dependent manner. Subsequently, we explored
whether HBV-induced ROS negatively regulates HBV replication in hepatoma cells. Fur-
thermore, we assessed the role of the HBx in the p53-dependent ROS amplification and the
ROS-mediated inhibition of the HBV in these cells. Finally, we investigated whether ROS
upregulates Siah-1 expression by elevating p53 levels and subsequently reduces HBx levels
through Siah-1-mediated proteasomal degradation.

2. Results
2.1. Exploring the Relationship between ROS Induction and HBV Replication in p53-Positive
Human Hepatoma Cells

Initially, we explored whether HBV infection leads to differential ROS generation in
human hepatoma cells based on the p53 status. HepG2 cells express wild-type (WT) p53,
whereas Hep3B cells do not, providing a unique platform for comparative studies on the
role of p53 in HBV-related molecular mechanisms [24]. For in vitro HBV replication studies,
HepG2 and Hep3B cell lines were stably transfected with a plasmid encoding the HBV
receptor, sodium taurocholate co-transporting polypeptide (NTCP) [25], to establish HepG2-
NTCP and Hep3B-NTCP cell lines, respectively [26]. These cell lines support the entire
HBYV life cycle, from entry to the release of infectious virions. HBV particles were produced
from a 1.2-mer HBV replicon [26,27]. Replication of the HBV in both HepG2-NTCP and
Hep3B-NTCP cells was confirmed by western blot analysis of viral proteins such as the
HBx and HBsAg in cell lysates (Figure 1a), detection of extracellular hepatitis B envelope
antigen (HBeAg) by ELISA (Figure 1b), and quantification of virus particles in cell culture
media using conventional PCR and quantitative real-time PCR (qPCR) (Figure 1c). Large
amounts of large (L)- and middle (M)-HBsAg, along with trace amounts of small (S)-HBsAg,
were detected in the infected cells (Figure 1a), consistent with previous findings [26]. In
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contrast to HepG2-NTCP cells, small quantities of HBsAg derived from the inserted viral
genome [28] were present in the cell lysates of uninfected Hep3B-NTCP cells (Figure 1a,
lane 4), while neither conventional PCR nor qPCR detected evidence of HBV replication in
these cells (Figure 1c, lane 4). These findings suggest that the HBV replicates successfully
in HepG2-NTCP and Hep3B-NTCP cells under our experimental conditions. In line with
prior studies that identified p53 as a negative regulator of HBV replication [26,29], all three
experimental methods revealed higher levels of HBV replication in Hep3B-NTCP cells
(Figure 1a—c).
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Figure 1. Exploring the relationship between ROS induction and HBV replication in p53-positive
human hepatoma cells: (a) HepG2-NTCP and Hep3B-NTCP cells were infected with HBV at 10 or
50 MO per cell for 24 h in DMEM with 2% DMSO and 4% PEG 8000. The cells were washed twice
with DMEM without serum and incubated for an additional three days in DMEM with 3% FBS, 2%
DMSO, and 4% PEG 8000. Cell lysates were analyzed by western blotting to measure the levels of
indicated proteins. (b) Levels of HBeAg derived from the cells prepared in (a) were detected by
ELISA. Results are presented as mean =+ standard deviation from five independent experiments
(n = 5). (c) Levels of extracellular HBV DNA from (a) were determined using both conventional
PCR and quantitative real-time PCR (qQPCR) (n = 4). (d) Intracellular ROS levels were assessed
with chloromethyl dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Invitrogen), a widely used
H,O,-specific probe, in intact cells [30]. The conversion of CM-H2DCFDA to the green fluorescent
product, DCF, was measured using a microplate reader with excitation and emission wavelengths of
485 nm and 535 nm, respectively (1 = 4).

We next focused on determining whether the HBV induces differential ROS generation
based on the p53 status during its replication in human hepatoma cells. In alignment
with prior research [31], HBV infection elevated intracellular ROS levels in both cell lines
(Figure 1d). Notably, the effect of HBV infection on ROS levels was markedly more
pronounced in HepG2-NTCP cells (approximately 4-fold increase) compared to Hep3B-
NTCP cells (approximately 1.5-fold increase). These observations align with a previous
study [32,33] demonstrating the role of p53 in amplifying ROS levels during HBV infection.
Moreover, the inverse relationship between HBV and ROS levels hints at a possible role
for ROS in negatively regulating HBV replication2.2. HBV Activates p53 to Amplify ROS
during Infection in Human Hepatoma Cells

We further investigated the mechanism by which HBV triggers ROS amplification
in a p53-dependent manner. In line with earlier findings [20,34], HBV infection led to an
upregulation of p53 levels in HepG2-NTCP cells (Figure 1a). To ascertain the role of p53
activation in ROS amplification, we employed p53 shRNA to knock down p53 in HepG2-
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NTCP cells and used ectopic p53 expression to overexpress p53 in Hep3B-NTCP cells. In
this study, scrambled short hairpin RNA (SC shRNA) served as a negative control, ensuring
that the effects observed are due to specific gene silencing rather than nonspecific ShARNA
actions. Concurrently, p53 shRNA was utilized to specifically knock down the p53 gene,
enabling the assessment of the role of p53 in cellular processes. The comparison between
these two treatments allowed for clear differentiation of specific gene silencing effects from
potential off-target effects or general RNA interference toxicity. As a result, reduction in
p53 resulted in decreased ROS levels in HBV-infected HepG2-NTCP cells, while increased
p53 expression elevated ROS levels in HBV-infected Hep3B-NTCP cells (Figure 2a). This
underscores the involvement of p53 in ROS amplification during HBV infection in human
hepatoma cells. Conversely, reducing p53 levels boosted both intracellular viral proteins
and extracellular HBV virions in HBV-infected HepG2-NTCP cells, while increased p53
expression curtailed HBV replication in Hep3B-NTCP cells (Figure 2b,c). These findings
confirm the role of p53 as a negative modulator of HBV replication in hepatocytes [26,29].
Based on these observations, we conclude that p53 activation plays a dual role: it is both
implicated in ROS amplification and contributes to the inhibition of HBV replication in
p53-positive human hepatoma cells during HBV infection.
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Figure 2. HBV activates p53 to amplify ROS during infection in human hepatoma cells. (a) HepG2-
NTCP and Hep3B-NTCP cells were transfected with p53 shRNA and p53 expression plasmid for 24 h.
Cells were then infected with HBV at 50 MOI for an additional 3 days. Intracellular ROS levels were
analyzed as in Figure 1d (n = 4). (b) The levels of the specified proteins were measured by western
blotting. Each protein band’s normalized intensity was calculated relative to the housekeeping
protein y-tubulin to measure protein expression levels across samples. (c) Extracellular HBV DNA
levels were quantified using qPCR (n = 4).
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2.2. HBV Induces ROS Generation to Inhibit Virus Replication via a Negative Feedback Loop

To determine if HBV-induced ROS regulates HBV replication in both cell lines, we
assessed the impact of the antioxidant N-acetyl-L-cysteine (NAC) on HBV replication.
Known as a potent ROS scavenger, NAC effectively neutralized ROS during HBV infec-
tion in a dose-dependent manner, thereby nullifying the ability of the HBV to increase
ROS and p53 levels in HepG2-NTCP cells (Figure 3a,b). Furthermore, NAC treatment
led to dose-dependent activation of HBV replication in HepG2-NTCP cells, evidenced by
the incremental rise in intracellular viral proteins and extracellular virus particles (Fig-
ure 3b,c). In Hep3B-NTCP cells, NAC treatment did not affect the levels of intracellular
HBYV proteins or extracellular HBV virions, although it effectively quelled HBV-induced
ROS (Figure 3d—f). From these results, we deduce that HBV-induced ROS acts as an in-
hibitor of HBV replication in human hepatoma cells, but this inhibition is contingent upon

the presence of p53.
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Figure 3. HBV induces ROS generation to inhibit virus replication via a negative feedback loop.
(a,d) HepG2-NTCP and Hep3B-NTCP cells were infected with HBV for 48 h. Cells were then treated
with NAC at the specified concentrations for 24 h before harvesting. ROS levels in cells were measured
using CM-H2DCFDA (n = 5). (b,e) Levels of p53, HBx, HBsAg, and y-tubulin in cell lysates were
analyzed by western blotting. (c,f) Extracellular HBV DNA levels were quantified using conventional

PCR and qPCR (1 = 3).
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2.3. The Transcriptional Activity of p53 Is Crucial for the ROS-Induced Suppression of
HBYV Replication

We next explored whether the potential of ROS to inhibit HBV replication depends on
p53 transcriptional activity. Two p53 mutants, p53 R175H and p53 R248Q), cannot activate
target gene transcription [35]. The protein levels of p53 upregulated modulator of apoptosis
(PUMA) were upregulated during HBV infection in Hep3B-NTCP cells in the presence
of WT p53, whereas HBV infection either without p53 or with the mutated p53 forms
minimally affected PUMA levels (Figure 4a). Under these conditions, WT p53 amplified
ROS and suppressed HBV replication in Hep3B-NTCP cells, while neither R175H nor p53
R248Q displayed these effects (Figure 4a—c), suggesting that p53 transcriptional activity is
pivotal for ROS amplification and subsequent HBV inhibition in human hepatoma cells.
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Figure 4. The transcriptional activity of p53 is crucial for the ROS-induced suppression of HBV
replication. (a—c) Hep3B-NTCP cells were transfected with an expression plasmid encoding wild
type (WT) p53, p53 R175H, and p53 R248Q for 24 h and then infected with HBV 50 MOI for an
additional 3 days. (d—f) HepG2-NTCP cells and Hep3B-NTCP cells were infected with HBV, followed
by treatment with PFT-« at the indicated concentrations. For lanes 7 and 10, Hep3B-NTCP cells were
transfected with indicated plasmid before infection. (a,d) Levels of the intracellular proteins were
determined by western blotting. (b,e) Levels of extracellular HBeAg were determined by ELISA
(n = 3). (¢,f) Levels of ROS were determined after treatment with CM-H2DCFDA (1 = 3). (a,d) Each
protein band’s normalized intensity was calculated relative to the housekeeping protein y-tubulin to

measure protein expression levels across samples.
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To corroborate the importance of p53 transcriptional activity for ROS-induced HBV
inhibition, we used the specific p53 inhibitor, pifithrin-« (PFT-«), which curtails the tran-
scriptional activation of p53 target genes [36]. PFT-« treatment diminished PUMA levels
in HepG2-NTCP cells, regardless of HBV infection status, thereby nearly abolishing the
effect of the HBV on PUMA levels (Figure 4d). This indicates successful inhibition of p53
transcriptional activity by PFT-« during HBV infection in HepG2-NTCP cells. PFT-« also
reduced p53 levels in uninfected and HBV-infected HepG2-NTCP cells (Figure 4d), as it
interrupted p53 amplification through a positive feedback loop [37]. However, PFT-« could
not entirely negate the effect of the HBV on p53 levels (Figure 4d), likely because initial
ROS induction and subsequent p53 upregulation during HBV infection are not contingent
on p53 transcriptional activity. In HepG2-NTCP cells, PFT-o stimulated HBV replication,
as evidenced by heightened intracellular HBx and HBsAg and extracellular HBeAg levels
(Figure 4d,e). Moreover, PFT-« reduced ROS levels by approximately one-third during
HBYV infection in these cells, whereas the effect was minimal in uninfected cells, possibly
due to ROS detection limit (Figure 4f). Conversely, PFT-oc did not induce noticeable changes
in ROS production and HBV replication in Hep3B-NTCP cells (Figure 4d—f). Ectopic p53
expression restored the potential of PFT-o to diminish ROS levels and stimulate HBV
replication in Hep3B-NTCP cells (Figure 4d—f). Based on these observations, we conclude
that p53 transcriptional activity is indispensable for HBV-induced ROS generation and the
subsequent p53-mediated inhibition of HBV replication in human hepatoma cells.

2.4. ROS Reduces HBx Levels to Suppress HBV Replication in Human Hepatoma Cells

Next, we examined the potential role of HBx in p53-dependent ROS amplification and
ROS-mediated HBV inhibition in hepatoma cells. HepG2-NTCP cells were infected with
either WT HBV or its HBx-null variant. Notably, WT HBV displayed a significantly higher
replication rate than HBx-null HBV, which is evident from elevated levels of intracellular
HBsAg and extracellular virions (Figure 5a,b). The potential of WT HBV to induce ROS
and elevate p53 levels during infection in HepG2-NTCP cells was also more pronounced
compared to HBx-null HBV (Figure 5a,c). Furthermore, ectopic HBx expression largely
complemented the defects observed in HBx-null HBV (Figure 5d—f), confirming the pivotal
roles of the HBx in HBV replication [6,26,27], ROS generation [13,17], and p53 activation [26].
Intriguingly, HBx-null HBV still managed to induce ROS during replication in HepG2-
NTCP cells (Figure 5c), implying potential contributions from other viral factors such as
HBsAg and HBcAg in this mechanism. Treatment with NAC significantly attenuated the
potential of WT HBYV to elevate p53 and ROS levels during infection in HepG2-NTCP cells
(Figure 5a,c). Likewise, NAC abolished the potential of HBx-null HBV to augment ROS
and p53 levels in HepG2-NTCP cells with HBx expression (Figure 5d,f). Furthermore, NAC
promoted the replication of HBx-null HBV in the presence of the HBx and WT HBV in
HepG2-NTCP cells (Figure 5a,b,d,e). Conversely, in the absence of the HBx, NAC had a
marginal effect on HBx-null HBV replication, even though it effectively neutralized the
virus-induced alterations of p53 and ROS levels (Figure 5a—c). These findings suggest that
HBx predominantly mediates the p53-dependent inhibition of HBV replication provoked
by ROS.
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Figure 5. ROS reduces HBx levels to suppress HBV replication in human hepatoma cells. (a)
HepG2-NTCP cells were infected with either WT HBV or HBx-null HBV for 3 days. If required, cells
were treated with NAC for 24 h before harvesting. For lanes 3 and 5 in (d—f), pPCMV-HA-HBx was
transfected 24 h before HBV infection. (a,d) The levels of the indicated proteins were measured by
western blotting. (b,e) Extracellular HBV DNA levels were quantified using conventional PCR and
qPCR (n = 3). (c,f) ROS levels were measured after treatment with CM-H2DCFDA (n = 3). (a,d)
The normalized intensity of each protein band was calculated relative to the housekeeping protein
Y-tubulin to compare protein expression levels across samples.

2.5. ROS Drives Siah-1-Mediated Proteasomal Degradation of HBx in a p53-Reliant Manner

To elucidate the direct roles of the HBx in ROS generation and subsequent p53 activa-
tion, we transiently transfected HBx in HepG2 and Hep3B cells. Ectopic HBx expression
alone elevated ROS and p53 levels in HepG2 cells (Figure 6a,b). In Hep3B cells, although
the HBx slightly upregulated ROS levels, the effect was less pronounced than in HepG2
cells (Figure 6c,d). This suggests that HBx initially induces ROS generation via a p53-
independent mechanism, which is further amplified mainly through p53 upregulation,
consistent with a previous study [32]. Notably, p53 knockdown resulted in elevated HBx
levels during HBV infection in HepG2-NTCP cells, whereas p53 overexpression led to
reduced HBx levels in Hep3B-NTCP cells (Figure 2b), aligning with previous findings on
the negative regulatory effect of p53 on the HBx during HBV infection [20,26,29,38]. More-
over, ROS depletion using NAC increased HBx levels during HBV infection and ectopic
expression in HepG2-NTCP cells (Figures 5a and 6b). However, NAC had minimal effect
on HBx levels during HBV replication and ectopic expression in Hep3B-NTCP cells where
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no p53 signal was detected (Figures 3e and 6d). These data strongly link HBx-induced ROS
generation to p53-mediated HBx downregulation in hepatoma cells.
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Figure 6. ROS drives Siah-1-mediated proteasomal degradation of HBx in a p53-reliant manner.
HepG2 and Hep3B cells were transfected with an HBx expression plasmid for 48 h in the presence or
absence of NAC. (a,c) ROS levels were determined (n = 4). (b,d) Levels of the indicated proteins were
determined by western blotting. (e) Cells were treated with 50 ug/mL of cycloheximide (CHX) for
the indicated time to inhibit further protein synthesis before harvesting, followed by western blotting.
Each band was quantified using Image] image-analysis software (Version 2.1.0, NIH) to determine
the half-life (t;») of HBx protein (f) HA-Ub expression plasmid was added in the transfection
cocktails. Ubiquitin-conjugated HBx products were immunoprecipitated with anti-HA antibodies
and pulled down with magnetic beads. Western blotting was performed to measure levels of HBXx,
p53, Siah-1, and Ub-complexed HBx. The input lanes show the levels of the proteins. (g) Cells were
mock-treated or treated with 10 uM MG132 for 4 h before protein sampling. (b,d,e, f) Each protein
band’s normalized intensity was calculated relative to the housekeeping protein y-tubulin to measure
protein expression levels across samples.

Previous reports indicate that p53 transcriptionally activates the Siah-1 gene, which
encodes an E3 ligase for the HBx [20,23,39]. Indeed, ectopic HBx expression, independent
of other viral proteins, upregulated Siah-1 levels via p53 upregulation in HepG2 cells but
not in Hep3B cells (Figure 6b,d). Additionally, NAC treatment reduced p53 and Siah-1
levels in HepG2 but not in Hep3B cells (Figure 6b,d). These findings strongly suggest
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that Siah-1 is involved in ROS-mediated HBx downregulation in a p53-dependent manner.
To substantiate that ROS reduces HBx levels via p53-dependent Siah-1 upregulation, we
evaluated if ROS affects HBx protein stability in a p53-dependent manner. We treated
HBx-expressing HepG2 and Hep3B cells with or without NAC, followed by cycloheximide
(CHX) treatment to halt protein synthesis. The half-life (t; /) of the HBx in HepG2 cells was
60.7 min and increased to 113.0 min with NAC, while in Hep3B cells, it was 149.7 min and
minimally affected by NAC (Figure 6e), confirming the role of ROS in HBx destabilization
via p53.

Additionally, we investigated whether ROS enhances Siah-1-mediated ubiquitination
of the HBx through p53 dependence. We co-transfected HBx and HA-tagged ubiquitin into
both cell lines, with or without NAC treatment, and immunoprecipitated the ubiquitin-
complexed HBx. Co-immunoprecipitation revealed that Siah-1 interacted with the HBx,
inducing its ubiquitination in HepG2 cells (Figure 6f, lane 2). In contrast, this interaction
and subsequent HBx ubiquitination were compromised in Hep3B cells due to the absence
of p53-mediated Siah-1 upregulation (Figure 6f, lane 5). NAC treatment reduced HBx-
Siah-1 interaction in HepG2 cells, decreasing HBx ubiquitination and elevating its protein
levels, whereas these effects were largely absent in Hep3B cells (Figure 6f, lanes 3 and
6). MG132, a proteasomal inhibitor, attenuated HBx and NAC-induced p53 and HBx
upregulation in HepG2 cells (Figure 6g). In conclusion, these findings establish that
Siah-1 drives ROS-induced ubiquitination and proteasomal degradation of the HBx in a
p53-dependent manner.

3. Discussion

HBYV infection typically induces oxidative stress, marked by increased levels of ROS,
such as HyO», in the liver and blood of patients, and both host and viral factors are known
to be included in this process [11,12]. Virus-specific cytotoxic T lymphocytes, which are
mainly responsible for liver injury by destroying infected hepatocytes and promoting the
production of inflammatory cytokines, significantly contribute to ROS generation in the
liver [40]. Additionally, the HBV contributes to the production of ROS in hepatocytes, and
this effect is primarily mediated by the HBx [13-15,17]. In this study, we employed an
optimized HBV infection system, which allows successful HBV infection [22]. Infection
of HepG2-NTCP cells with the HBV at an indicated multiplicity of infection (MOI) for
4 days enabled quantitative analysis of HBV replication rates through measurement of HBV
proteins in the cell lysates and extracellular HBV particles in the culture media (Figure 1).
Our findings revealed a significant difference in ROS levels between HepG2 and Hep3B
cells, suggesting a potential role for p53 in ROS modulation. Given the inherent limitations
of using Hep3B cells, including the possible impact of genomic integration, we further
sought to clarify the role of p53 in regulating ROS. To this end, we manipulated p53
expression by knocking down its expression in HepG2 cells and ectopically expressing
it in Hep3B cells (Figure 2a). These manipulations consistently demonstrated that ROS
levels are influenced by the status of p53, thereby reinforcing the link between p53 and ROS
regulation. To conclusively determine the influence of p53 on ROS and HBV replication, we
employed p53 inhibitors, specifically the p53 dominant negative mutant R175H and R248Q),
and PFT-q, to disrupt normal p53 function. The application of these inhibitors resulted
in the attenuation of the p53 effects on ROS and subsequent HBV replication (Figure 4),
thereby confirming the interdependence of p53, ROS production, and HBV replication
dynamics. These results collectively highlight the critical role of p53 in modulating ROS
levels and its subsequent impact on HBV replication, providing valuable insights into the
cellular mechanisms governing viral replication in liver cells.

The HBx appears to play a predominant role in ROS production during HBV infection.
When localized within mitochondria, the HBx alters mitochondrial membrane potential,
triggering ROS generation [15,16]. Additionally, the HBx modulates the permeability of
the mitochondrial membrane and disrupts the mitochondrial respiratory chain [15,41].
HBx-induced ROS may induce DNA damage, such as double-strand DNA breaks, resulting

100



Int. J. Mol. Sci. 2024, 25, 6606

in activation of the ATM-Chk2 pathway and subsequent stabilization of p53. Previous
reports have demonstrated that the HBx induces the accumulation of y-H2AX [42] and
activates ATM and Chk?2 via phosphorylation at the Ser-1981 and Thr-68 residues, respec-
tively, leading to activation of p53 via phosphorylation at the Ser-15 and Ser-20 residues.
Consistently, the present study showed that ectopic HBx expression alone is sufficient to
elevate both ROS and p53 levels in hepatoma cells (Figure 6). While HBx-null HBV also
induces ROS generation and activates p53 (Figure 5a), presumably due to the possible roles
of HBsAg and HBcAg [43], the magnitude of these effects appears considerably weaker
compared to that observed in the presence of the HBx (Figures 1 and 6).

The slight increase in ROS levels in Hep3B-NTCP cells following HBV infection
(Figure 1) suggests that HBV can trigger ROS production through a p53-independent
mechanism. The involvement of the HBx in this phenomenon was validated through
ectopic expression experiments in Hep3B cells, where the HBx alone induced ROS ele-
vation independent of other viral proteins (Figure 6¢). This effect was likely due to the
potential of the HBx to induce ROS generation in mitochondria through p53-independent
mechanisms [15,16,41]. However, the ROS levels generated by the HBx in the absence
of p53 were considerably lower than those obtained in the presence of p53 (Figure 6a,c),
underscoring the crucial role of p53 in amplifying ROS in HBV-infected cells. Many p53-
inducible genes encode redox-active proteins involved in ROS generation, such as quinone
oxidoreductase, proline oxidase, and manganese superoxide dismutase [44,45]. Therefore,
p53 may amplify its protein levels through a positive feedback loop involving ROS and the
ATM-ChK?2 pathway.

The R175 residue located within the zinc-binding site adjacent to the DNA-binding
interface of p53 is crucial for maintaining structural stability, while R248 is involved
in direct interaction with DNA [35]. Mutations in these residues result in the loss of
transcriptional activator function and interfere with p53 tetramer formation as dominant
negatives. Consistently, both p53 R175H and p53 R248Q expressed in Hep3B-NTCP cells
did not exhibit transcriptional activity, as demonstrated by the protein levels of PUMA
(Figure 4a). Neither mutation induced ROS amplification nor inhibited HBV replication
(Figure 4a—c), indicating the importance of p53 transcriptional activity in regulating ROS
production and HBV replication. Additionally, treatment with PFI-«, which decreases
nuclear p53 stability [46] or its DNA binding activity [47], stimulated HBV replication but
decreased ROS levels in both HepG2-NTCP and Hep3B-NTCP cells (Figure 4d—f). This
suggests that transcriptional activity is required for p53 to regulate ROS generation and
viral replication. Interestingly, the potential of p53 to inhibit HBV replication remained
active even when treatment with PFT-« completely inhibited the ability of p53 to activate
the expression of its target genes. This suggests that p53 can function as a negative regulator
of HBV replication through another mechanism that does not involve its transcriptional
activity.

The role of p53 as a negative regulator of HBV replication is relatively
well-established [26,32,48]. The present study provides several lines of evidence sup-
porting that HBx-induced ROS inhibits HBV replication by downregulating HBx levels in
a p53-dependent manner. First, lower levels of intracellular HBx and HBsAg and extra-
cellular HBeAg and HBV particles were produced during HBV infection in HepG2-NTCP
cells where the HBx effectively upregulated p53 and ROS levels (Figure 1). Second, p53
knockdown downregulated ROS levels but stimulated HBV replication in HepG2-NTCP
cells, whereas ectopic p53 expression increased ROS levels but inhibited HBV replication
in Hep3B-NTCP cells (Figure 2). Third, HBV replication was enhanced when ROS levels
were lowered by treatment with NAC (Figure 3a—), as demonstrated in a previous study
suggesting the negative role of ROS in HBV replication [49]. Notably, this effect was not
observed during WT HBV infection in Hep3B-NTCP cells and HBx-null HBV infection
in HepG2-NTCP and Hep3B NTCP cells, where p53 was largely unaffected or absent
(Figures 3 and 5), indicating the significant role of p53 activation in this process.
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It has been shown that p53 reduces HBx levels through ubiquitin-dependent pro-
teasomal degradation, inhibiting HBV replication [20,50]. Siah-1, acting as an E3 ligase
for the HBx, facilitates the ability of p53 to downregulate HBx levels. [20,39]. Given that
Siah-1 expression is recognized to be transcriptionally activated by p53 [20,51], it is conceiv-
able that the p53 activated by HBx-induced ROS could stimulate the expression of Siah-1.
Consistently, ectopic HBx expression upregulated both p53 and Siah-1 levels in HepG2
cells, whereas treatment with NAC nullified the ability of the HBx to induce this effect
(Figure 6b). In addition, treatment with NAC decreased the binding of Siah-1 to the HBx
and HBx ubiquitination, resulting in the upregulation of HBx levels in a p53-dependent
manner (Figure 6). Given the potential of the HBx to enhance HBV replication [6,52,53],
as also shown in the current study (Figure 5), the Siah-1-mediated ubiquitination and
proteasomal degradation of the HBx likely play a crucial role in ROS-induced inhibition of
HBYV replication.

This study demonstrated that the HBx potentially contributes to ROS-induced inhibi-
tion of HBV replication by being downregulated through a negative feedback loop. The
reasons why the HBx limits its expression during HBV replication via this feedback loop
involving ROS and p53 are not yet clear. One possibility is that the HBV modulates HBx
protein levels to remain within a specific threshold during persistent infection. Alterna-
tively, the ROS-induced inhibition of HBV replication may serve as an innate host defense
mechanism against HBV infection, highlighting p53’s role as the guardian of the genome.
By demonstrating the inhibitory effect of ROS on HBV replication in a p53-dependent
manner and elucidating the involvement of Siah-1 in HBx degradation, this research under-
scores the therapeutic potential of targeting ROS signaling pathways for HBV treatment.
Further studies on ROS-inducing agents could pave the way for innovative strategies to
combat HBV and enhance patient outcomes. A limitation of the current study is that it does
not address the long-term effects of chronic infection, as the current in vitro system is not
suitable for studying prolonged infection periods necessary to confirm chronic infection.
To address the role of p53 in ROS generation and HBV replication during chronic hepatitis
B, in vivo experiments based on the p53 status of patients should be performed.

4. Materials and Methods
4.1. Plasmid

The plasmid pCMV-3 x HA1-HBx (HA-HBXx) carries the HBx gene (genotype D)
situated downstream from three influenza virus haemagglutinin (HA) tags [54]. The 1.2-
mer WT HBV replicon, which includes 1.2 copies of the genotype D HBV genome, and
a version without the HBx gene were provided by W. S. Ryu (Yonsei University, Seoul,
Republic of Korea) [27]. The plasmid RC210241, which codes for the human NTCP, was
sourced from OriGene (Rockville, MD, USA, Cat No. 003049). Scrambled (SC) and p53-
targeting short hairpin RNA (shRNA) were acquired from Santa Cruz Biotechnology (Santa
Cruz, CA, USA, Cat No. sc-37007 and sc-29435, respectively). The pCMV p53-WT plasmid
was a gift from Chang-Woo Lee (Sungkyunkwan University, Suwon, Republic of Korea).
The pCMYV p53 R175H and pCMYV p53 R274Q) plasmids were provided by Bum-Joon Park
(Pusan National University, Busan, Republic of Korea). The plasmid pHA-Ub that encodes
HA-tagged ubiquitin was generously supplied by Y. Xiong (University of North Carolina
at Chapel Hill, NC, USA).

4.2. Cell Culture and Transfection

The HepG2 (Cat No. 88065) and Hep3B (Cat No. 88064) cell lines were gained from
the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). To create stable cell lines,
HepG2-NTCP and Hep3B-NTCP cells were transfected with NTCP expression plasmid
and then selected using 500 pug/mL G418 sulfate (Sigma-Aldrich, St. Louis, MO, USA, Cat
No. A1720). These cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
by WelGENE (Gyeongsan, Republic of Korea, Cat No. LM001-05), with 10% fetal bovine
serum (FBS, Capricorn Scientific, Ebsdorfergrund, Germany, Cat No. FBS-22A), 100 ug/mL
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streptomycin (United States Biological, Salem, MA, USA, Cat No. 21865), and 100 units/mL
penicillin G (Sigma-Aldrich, Cat No. P3032). The culture conditions were maintained
at 37 °C in a 5% CO,-humidified atmosphere. For transient expression studies, 2 x 10°
cells per well in a 6-well plate were transfected with a transfection reagent (Thermo Fisher
Scientific, Waltham, MA, USA, Cat No. R0532). The cells were subjected to various
treatments, including CHX(Sigma-Aldrich, Cat No. C7698), N-acetylcysteine (NAC, Sigma-
Aldrich, Cat No. A7250), (PFT-«, Sigma-Aldrich, Cat No. P4359), and MG132 (Millipore,
Burlington, MA, USA, Cat No. 474790), under specific experimental conditions.

4.3. HBV Cell Culture System

For HBV stock preparations, Hep3B-NTCP cells were transfected with the 1.2-mer
HBYV replicon plasmid as described above. The culture medium was collected to prepare
the HBV stocks. The concentration of HBV in these stocks was assessed by qPCR, details
of which are provided in the following section. For the infection experiments, HBV was
introduced into cells seeded in 6-well plates at a MOI of 50, based on a slightly modified
protocol from an established HBV cell culture protocol [22,23]. Initially, 2 x 10° cells per
well were exposed to 1 x 10° genome equivalents (GEQs) of HBV and incubated for 24 h in
serum-free DMEM supplemented with 2% DMSO (Sigma-Aldrich, Cat No. D8418) and 4%
PEG 8000 (Sigma-Aldrich, Cat No. D4463). After two PBS washes, the cells were further
cultured in DMEM enriched with 3% FBS, 4% PEG 8000, and 2% DMSO for 72 h.

4.4. Quantitative Real-Time PCR of HBV DNA

The extracellular HBV levels were measured using a qPCR protocol [26]. Initially,
extracellular HBV DNA was extracted from the collected culture supernatant employing
the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany, Cat No. 51306). For conventional
PCR analysis, the genomic DNA underwent amplification using 2 x Taq PCR Master Mix 1
(BioFACT, Daejeon, Republic of Korea, Cat No. ST301-19h) with the primers HBV 1399F
(5’-TGG TAC CTG CGC GGG ACG TCC TT-3') and HBV 1632R (5'-AGC TAG CGT TCA
CGG TGG TCT CC-3’). Subsequent qPCR analysis was performed using SYBR premix Ex
Taq II (Takara Bio, Kusatsu, Japan, Cat No. RR82LR) and the primers HBV 379F (5'-GTG
TCT GCG GCG TTT TAT CA-3’) and HBV 476R (5-GAC AAA CGG GCA ACA TAC
CTT-3’) on a Rotor-Gene qPCR machine (Qiagen).

4.5. Measurement of Intracellular ROS Levels

Intracellular ROS levels were determined using the H,O,-specific probe, CM-H2DCFDA
(Invitrogen, Waltham, MA, USA, Cat No. C6827), which is commonly used for detecting
ROS in living cells [30]. In the procedure, 1 x 10° cells per well were incubated in 12-well
plates with 10 uM CM-H2DCFDA in serum-free medium for 30 min. Cells were washed with
PBS and collected using Trypsin-EDTA (Gibco, Cleveland, TN, USA, Cat No. 25200-072) for
analysis. The fluorescence intensity of DCF was analyzed using a fluorescence microplate
reader (Mithras LB940, Berthold Technologies, Bad Wildbad, Germany) set to excitation and
emission wavelengths of 485 nm and 535 nm, respectively.

4.6. Western Blot Analysis

Cells were ruptured using a lysis buffer composed of 0.1% SDS, 50 mM Tris-HCI (pH
8.0), 1% NP-40, and 150 mM NaCl, which also contained protease inhibitors from Roche
(Basel, Switzerland, Cat No. 11836153001). The protein levels in the lysates were determined
with a Bio-Rad protein assay kit (Hercules, CA, USA, Cat No. 5000006). Proteins were
separated based on sizes by SDS-PAGE. Transferred proteins on a nitrocellulose membrane
(Amersham, UK, Cat No. 10600003) were probed with primary antibodies such as Siah-1
(Abcam, Cambridge, UK, Cat No. ab2237, 1:2000), p53 (Santa Cruz Biotechnology, Cat
No. sc-126, 1:1000), HBsAg (Santa Cruz Biotechnology, Cat No. sc-53300, 1:400), y-tubulin
(Santa Cruz Biotechnology, Cat No. sc-17787, 1:500), PUMA (Cell signaling, 4976S, 1:2000),
HBx (Millipore, Cat No. MAB8419, 1:500), and HA (Santa Cruz Biotechnology, Cat No.
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sc-7392, 1:500). These were then incubated with HRP-conjugated secondary antibodies,
specifically anti-mouse (Bio-Rad, Cat No. BR170-6516, 1:3000), anti-rabbit IgG (H + L)-HRP
(Bio-Rad, Cat No. BR170-6515, 1:3000), or anti-goat IgG (H + L)-HRP (Thermo Scientific,
Cat No. 31400, 1:10,000). Protein detection was performed using an ECL kit (Advansta,
San Jose, CA, USA, Cat No. K-12043-D20) and imaged with the ChemiDoc XRS system
(Bio-Rad).

4.7. Immunoprecipitation

Immunoprecipitation (IP) assay was performed using a kit from Thermo Fisher Scien-
tific (Classic Magnetic IP/Co-IP, Cat No. 88804), following the manufacturer’s instructions.
Initially, 4 x 10° cells were seeded per 60 mm-diameter dish and transfected with desig-
nated expression plasmids for 48 h as specified. Cell lysates were then treated with an
anti-HBx antibody (Millipore, Cat No. 8419) at 4 °C overnight to facilitate immune complex
formation. To isolate the immune complexes, the mixture was incubated with protein
A /G beads, which bind to the Fc region of the antibody, allowing the antibody-protein
complexes to be precipitated out of the lysate. A magnetic stand (Pierce, Waltham, MA,
USA) was used to elute the protein complexes from the beads. The eluted proteins are
analyzed by SDS-PAGE, followed by western blotting to detect the presence of the target
protein and any interacting partners.

4.8. Quantification of Western Blot Images

Western blot images were captured using a standardized protocol to ensure consistent
lighting and exposure across all samples [55]. Band intensity quantification was performed
using Image] software (version 2.1.0, National Institutes of Health, Bethesda, MD, USA).
Each band of interest was outlined with a uniformly sized rectangular selection tool to
measure the integrated density, which includes the area and mean gray value of the selected
region. Background intensity was determined by measuring a similarly sized area adjacent
to the bands. This background value was subtracted from the corresponding band intensity
to correct for ambient noise and nonspecific signals. The normalized intensity of each
protein band was then calculated relative to the intensity of the housekeeping protein
v-tubulin, providing a relative value of protein expression level in each sample.

4.9. Statistical Analysis

The reported data represent the average values and standard deviations calculated
from a minimum of three separate experiments. A two-tailed Student’s t-test was performed
using SigmaPlot (ver 12.5). Statistical significance was determined based on the P values;
specifically, a p value of 0.05 or less indicates significant differences between experimental
groups. Conversely, a p value greater than 0.05 was regarded as not statistically significant,
suggesting no meaningful difference between the groups under comparison. This statistical
method helps to ensure that the observed effects are not due to random variation, providing
a reliable measure of the reproducibility and accuracy of the experimental results.
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Abstract: Elite controllers (ECs) are people living with HIV (PLWH) able to control HIV replication
without antiretroviral therapy and have been proposed as a model of a functional HIV cure. Much
evidence suggests that this spontaneous control of HIV has a cost in terms of T cell homeostasis
alterations. We performed a deep phenotypic study to obtain insight into T cell homeostasis dis-
turbances in ECs maintaining long-term virologic and immunologic control of HIV (long-term elite
controllers; LTECs). Forty-seven PLWH were included: 22 LTECs, 15 non-controllers under suc-
cessful antiretroviral therapy (onART), and 10 non-controllers not receiving ART (offART). Twenty
uninfected participants (UCs) were included as a reference. T cell homeostasis was analyzed by
spectral flow cytometry and data were analyzed using dimensionality reduction and clustering using
R software v3.3.2. Dimensionality reduction and clustering yielded 57 and 54 different CD4 and CD8
T cell clusters, respectively. The off ART group showed the highest perturbation of T cell homeostasis,
with 18 CD4 clusters and 15 CDS8 clusters significantly different from those of UCs. Most of these
alterations were reverted in the onART group. Interestingly, LTECs presented several disturbances of
T cell homeostasis with 15 CD4 clusters and 13 CDS8 clusters different from UC. Moreover, there was
a specific profile of T cell homeostasis alterations associated with LTECs, characterized by increases
in clusters of naive T cells, increases in clusters of non-senescent effector CD8 cells, and increases in
clusters of central memory CD4 cells. These results demonstrate that, compared to ART-mediated
control of HIV, the spontaneous control of HIV is associated with several disturbances in CD4 and
CD8 T cell homeostasis. These alterations could be related to the existence of a potent and efficient
virus-specific T cell response, and to the ability to halt disease progression by maintaining an adequate
pool of CD4 T cells.

Keywords: HIV control; long-term elite controllers (LTECs); T cell homeostasis; immunology

1. Introduction

HIV infection represents a paradigm of chronic viral infection without a model of
spontaneous clearance. A subgroup of people living with HIV (PLWH) known as elite

Int. ]. Mol. Sci. 2024, 25, 5937. https:/ /doi.org/10.3390/ijms25115937 108 https:/ /www.mdpi.com/journal/ijms
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controllers (ECs) [1] are the closest model of this situation; they have the ability to limit viral
replication to undetectable levels in the absence of treatment. These PLWH are thought
to be the best example of a functional cure for HIV infection because of ECs’ remarkable
capacity to control HIV replication and disease progression. In this scenario, the virus
is greatly suppressed but not completely eradicated, allowing the patient to maintain
immunological and virological stability without needing to take life-long antiretroviral
therapy (ART) [1,2].

Since ECs have this ability, numerous studies have been conducted to identify the
immunological mechanisms underlying the spontaneous control of HIV disease [3]. This
is necessary to identify surrogate immunological markers of protection against the pro-
gression of HIV disease, which is a necessary first step in developing immunotherapeutic
strategies aimed at controlling the infection without the need for life-long ART. The im-
mune response mediated by T cells, particularly CD8 T cells, has been one of the most
extensively researched of the proposed mechanisms because of its significant function in
controlling viral replication [4-8].

However, the fact that ECs are a diverse population of PLWH [9] has complicated
efforts to identify correlates of HIV disease control using ECs as a model. A significant
proportion of ECs are unable to sustain HIV control over extended periods of time, and
a number of studies have found that EC cohorts experience varying rates of virological
and/or immunological control loss [10,11]. Several factors have been associated with
the loss of virological and/or immunological control in ECs, including a waning HIV-
specific T cell response [12], a heightened inflammatory milieu [13], and alterations in
several aspects of T cell homeostasis [14]. In fact, the percentage of ECs able to maintain
long-term immunological and virological control—known as long-term elite controllers, or
LTECs—may be as low as 0.15% of the entire PLWH population [11]. Therefore, research
aiming at identifying the immunological traits associated with protection against HIV
disease should concentrate on the population of LTECs, as they represent the closest model
of an HIV functional cure.

Given the pivotal role of T cells in maintaining not only an adequate anti-viral immune
response but also the homeostatic equilibrium necessary to halt immunological progression,
the goal of the current study was to thoroughly characterize the T cell phenotypes in
a well-defined cohort of LTEC patients in comparison to both non-controller patients whose
viral replication was uncontrolled and non-controller patients whose viral replication was
controlled by ART.

2. Results
2.1. Characteristics of the Study Groups

A total of 67 volunteers were included in the study, including 47 PLWH volunteers
and 20 HIV-seronegative volunteers (UC group). Among the PLWH, 22 were LTECs,
15 were onART, and 10 were off ART. Table 1 shows the main characteristics of the different
study groups at inclusion. Age was similar in all study groups, whereas the distribution of
sex was different, with a majority of males in the onART and off ART groups, in contrast
to a more balanced distribution of males and females in the LTEC and UC groups. CD4
counts were similar among the different PLWH groups. Length of HIV infection (since
diagnosis) was lowest for the off ART group. The length of EC status in the LTEC group
was 13 years and the length of ART in the onART group was 6 years.
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Table 1. Characteristics of groups included in this study.

. LTEC onART offART ucC

Characteristic (n = 22) ( = 15) @ =10) (1 = 20) p-Value
44 44 43 43

Age (years) [35-49] [42-49] [36-49] [36-49] 0.266

Sex (% of males) 59 * 80 100 50 * 0.025

Years since HIV 15* 12 5

diagnosis [6-20] [5-15] [3-9] NA 0.027
13

Years as EC [7-16] NA NA NA NA

Years on ART NA [3?9] NA NA NA

Plasma HIV load 57,937

(copies/mL) 50 50 [28,817-80,676] NA NA

CD4 count 837 820 625

(cells/uL) [603-1210] [599-1127] [518-920] NA 0.200

Data are given as median [Q1-Q3], except sex that is expressed as a percentage. Statistical differences between
the four study groups were tested by Kruskal-Wallis test for continuous variables and by Chi-square test for
sex. Statistical significance was considered for p-values below 0.05 (in bold in the table). NA: not appicable.
An asterisk denotes statistically significant differences (p < 0.05) with respect to the offART group.

2.2. Unsupervised Multidimensional Analysis of Flow Cytometry Data Yielded Several CD4 and
CD8 T Cell Clusters That Differentiated the Study Groups

Spectral flow cytometry was used to examine eighteen CD4 and CD8 T cell markers
in order to investigate various functional traits of these cells: maturation stage (CD45RA,
CCR?7, and CD28 markers); recent thymic emigrants (RTEs) (CD31 marker); activation
(CD38 and HLADR markers); exhaustion (PD-1, Tim3, CTLA4, and TIGIT markers); senes-
cence (CD57 and CD28 markers); apoptosis (CD95 and CD28 markers); homeostatic poten-
tial (CD127 marker); Tregulatory (Treg) cells (CD127, CD25, and CD39 markers); Thelper or
Teytotoxic 1 (Thl or Tcl), Thelper or Tcytotoxic 2 (Th2 or Tc2), and Thelper or Tcytotoxic
17 (Th17 or Tc17) cells (CXCR3 and CCR6 markers); and peripheral follicular helper T
cells (pTth) (CXCR5 marker) (Supplementary Table S1). To create a two-dimensional map
and reduce the dimensionality of the data, T-distributed stochastic neighbor embedding
(tSNE) was used. The normalized density of events across this tSNE map was different in
the four study groups, as well as the distribution of events from each group in the tSNE
map (Supplementary Figure S1), suggesting the existence of differences in the phenotypes
of CD4 and CD8 T cells between the study groups. Clustering analysis yielded 57 clus-
ters of CD4 and 54 clusters of CD8 T cells (Supplementary Figure S2), differentiated by
the expression levels of the markers analyzed (Supplementary Figure S3). The propor-
tion of each cluster in the total population of CD4 or CD8 T cells was calculated for each
study sample and a differential abundance analysis was performed, using the UC group as
a reference.

Several clusters of CD4 (Figure 1 and Supplementary Table S2) and CD8 (Figure 2 and
Supplementary Table S3) T cells were differentially expressed in the PLWH groups com-
pared to the UC group, revealing a deep perturbation of T cell homeostasis in the context
of HIV infection. Moreover, the heatmaps of fold-change of expression of each sample over
the median expression in the UC group showed a clear separation between each PLWH
group and the UC group (Supplementary Figures 54 and S5).
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Figure 1. The upper graph of the figure shows a schematic representation (bubble diagram) of CD4
T cell clusters, with significant differences between the PLWH groups and the UC group. Clusters
are grouped according to maturation stage (defined by CD45RA and CCR7 markers). Each bubble
in the diagram represents a significant difference with respect to the UC group. The size of the
bubble (from the smallest to the biggest size) indicates the degree of difference in fold-change: <2,
2-3, 34, 4-5, and >5. Red colors indicate an increase and blue colors indicate a decrease with respect
to the UC group. The level of statistical significance (corrected p-value) is indicated by the color
tone: 0.05-0.01, 0.01-0.001, and <0.001 for the light, medium, and dark tones, respectively. The lower
graphs of the figure show violin plot graphs of the levels (expressed as a percentage of total CD4 T
cells) of each cluster in the four study groups. As in the upper graph, clusters are grouped according
to maturation stage. In each violin plot graph, bars inside the plots indicate those PLWH groups that
showed a statistically significant difference with respect to the UC group.
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Figure 2. The upper graph of the figure shows a schematic representation (bubble diagram) of CD8
T cell clusters, with significant differences between the PLWH groups and the UC group. Clusters
are grouped according to maturation stage (defined by CD45RA and CCR7 markers). Each bubble
in the diagram represents a significant difference with respect to the UC group. The size of the
bubble (from the smallest to the biggest size) indicates the degree of difference in fold-change: <2,
2-3,3-4, 4-5, and >5. Red colors indicate an increase and blue colors indicate a decrease with respect
to the UC group. The level of statistical significance (corrected p-value) is indicated by the color
tone: 0.05-0.01, 0.01-0.001, and <0.001 for the light, medium, and dark tones, respectively. The lower
graphs of the figure show violin plot graphs of the levels (expressed as a percentage of total CD8 T
cells) of each cluster in the four study groups. As in the upper graph, clusters are grouped according
to maturation stage. In each violin plot graph, bars inside the plots indicate those PLWH groups that
showed a statistically significant difference with respect to the UC group.
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2.3. Uncontrolled Viral Replication Is Associated with a Deep Perturbation of CD4 and CD8 T
Cell Homeostasis

The highest perturbation of T cell homeostasis was observed in PLWH with un-
controlled viral replication (offART group). Regarding CD4 T cells, 18 different clusters
were differentially expressed: most of them (14) decreased and only 4 increased with
respect to UCs (Figure 1). Among the decreased clusters, four (C00, C02, C12, C44) were
formed by naive cells (CD45RA*CCR7*CD28*) expressing CD127 and CD38 markers, with
two of them also expressing CD31 (RTE cells). Another seven clusters (C09, C13, C17, C22,
C24, C26, C38) were formed by central memory (CM) cells (CD45RA~CCR7+CD28*): three
with a Th1 phenotype (CXCR3*CCR67), three with a Th2 phenotype (CXCR3~CCR67),
and another with a mixed Th1/Th17 phenotype (CXCR3*CCR6"). All seven clusters
of central memory phenotypes expressed low levels of activation and exhaustion. An-
other two decreased clusters (C36 and C39) were formed by pTth cells (Supplementary
Figure S4). Among the increased CD4 clusters, one was formed by central memory
cells with high expression of activation and exhaustion (C28) and another by TEMRA
(CD45RA*CCR7~CD287) cells with high expression of activation, apoptosis, senescence,
and exhaustion (C34) (Supplementary Figure S4).

Regarding CD8 T cells, 15 different clusters were differentially expressed: 10 decreased
and 5 increased compared to the UC group (Figure 2). Among the decreased clusters, six
(C00, €01, C12, C26, C28, C45) were formed by naive cells expressing CD127, with some of
them also expressing Tim3 or CD57. Another three clusters (C22, C23, C39) were also formed
by naive cells co-expressing CD127 and CD95 markers. Among the increased clusters,
two of them (C06, C32) were formed by effector memory (EM) (CD45RA~CCR7~CD287)
cells with high expression of activation and exhaustion markers. The other three clusters
(C25, C30, C35) were formed by effector memory re-expressing CD45RA (TEMRA) cells
with high expression of activation and senescence markers.

As another approach to analyze the distribution of CD4 and CD8 T cell clusters between
the PLWH groups and the UC group as a reference, a random forest and hierarchical clus-
tering were carried out using the levels of the different clusters (Supplementary Figure S6).
The random forest model showed very good discrimination between the off ART and UC
groups. Moreover, a heatmap of the hierarchical clustering showed a clear difference in the
profiles of CD4 and CD8 T cell cluster expression levels when comparing the off ART and
UC groups (Supplementary Figure S6).

2.4. The Majority of T Cell Homeostasis Disturbances Are Restored with Long-Term ART

PLWH with ART-mediated long-term suppression of viral replication (onART group)
presented the lowest perturbation of T cell homeostasis, with a profile of CD4 and CD8 T
cells approaching the profile of the UC group. However, some perturbation still remained,
with one cluster of CD4 (C45) (Figure 1) and two clusters of CD8 (C27 and C30) (Figure 2) T
cells differentially expressed in the onART compared to the UC group. Of note, two of the
clusters (C30 and C45) were formed by TEMRA cells expressing high levels of activation,
exhaustion, and senescence (Supplementary Figures 54 and S5).

2.5. PLWH with Spontaneous Control of HIV Replication Show a Deep Perturbation of CD4 and
CD8 T Cell Clusters

The most interesting finding came from the LTEC group, in which a large number of
CD4 and CD8 T cell clusters were differentially expressed compared to the UC group, even
though plasma HIV load was undetectable, as in the onART group.

Regarding CD4 T cells, fifteen different clusters were differentially expressed in
LTECs: eight decreased and seven increased (Figure 1). The decreased clusters included
three clusters formed by Th2 naive cells expressing CD127 and CD38 (C02, C18, and C12);
two clusters formed by CM cells expressing CD95 and CD25 (C24 and C26); two clusters
formed by pTth (CXCR5+) cells (C36 and C39); and, lastly, one cluster formed by Treg
(CD127-CD25+) cells (C43). The increased clusters included two clusters formed by Th2
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naive cells expressing CD127 and CD38 (C00 and C44); four clusters formed by CM cells
with variable levels of activation and exhaustion (C13, C21, C38, and C42), three of them
with a Th1 phenotype; and one cluster formed by TEMRA cells with high levels of acti-
vation, exhaustion, and senescence (C51) (Supplementary Figure S4). It is important to
clarify that although LTECs exhibited both decreased (C02, C18, C12) and increased (C00,
C44) clusters of Th2 naive CD4 T cells, there were some important phenotypic differences
between them. Thus, among the decreased clusters, two of them (C18, C12) expressed mod-
erate levels of the activation marker CD25 and the other decreased cluster (C02) expressed
moderate levels of the exhaustion marker CTLA4. In contrast, the two increased clusters
(CO00, C44) lacked the expression of CD25 or CTLA4. There were also both decreased (C24,
C26) and increased (C13, C21, C38, C42) clusters of CM CD4 T cells in LTECs, but, again,
there were some important phenotypic differences between the decreased and the increased
central memory clusters, mainly in the expression profiles of activation and exhaustion
markers (Supplementary Figure S3).

Regarding CD8 T cells, as many as thirteen clusters were differentially expressed in
the LTEC group: seven increased and six decreased (Figure 2). Increased clusters were
mainly formed by cells with TEMRA (C11, C30, C38) or EM (C06) phenotypes with high
expression of activation and exhaustion markers. Among the decreased clusters, most of
them were formed by cells with naive phenotypes expressing CD127, with three of them
(C00, C01, C04) also expressing Tim3 and two of them (C22, C23) also expressing CD95
(Supplementary Figure S5). As for the off ART group, the random forest model showed very
good discrimination between the LTEC and UC groups, and a heatmap of the hierarchical
clustering showed a clear difference in the profiles of CD4 and CD8 T cell cluster expression
levels when comparing the LTEC and UC groups (Supplementary Figure S6).

Notably, the profile of differentially expressed clusters (with respect to the UC group)
partially overlapped between LTEC and off ART groups (Supplementary Figure S7). Of the
15 CD4 T cell clusters altered in LTECs, 10 (67%) were in common with the clusters altered
in the offART group. However, only six of these common clusters (C02, C12, C24, C26, C36,
C39) were altered in the same direction in the LTEC and offART groups. All six clusters
were decreased in both groups and consisted of naive (C02, C12), CM (C24, C26), and pTth
(C36, C39) cells. In contrast, the other four clusters (C00, C13, C38, C44) were altered in
opposite directions in the LTEC and off ART groups (increased in LTECs and decreased
in offART). As for CD8 T cell clusters, of the 13 clusters altered in LTECs, 7 (54%) were in
common with the clusters altered in the off ART group, and all of them altered in the same
direction in the LTEC and off ART groups. Of these common clusters, decreased clusters
were formed by naive cells (C00, C01, C22, C23), whereas increased clusters were formed
by senescent and/or exhausted TEMRA cells (C30) or by EM cells (C06).

2.6. A Specific Profile of CD4 and CD8 T Cell Clusters Associated with the Spontaneous Control of
HIV Replication

Although the profiles of T cell homeostasis alteration presented some similarities in
the LTEC and off ART groups, different findings demonstrated the existence of a specific
profile of T cell homeostasis alteration associated with the LTEC group. First, there were
some CD4 and CD8 T cell clusters that were significantly altered (with respect to the UC
group) only in the LTEC group (Supplementary Figure S7). Five CD4 T cell clusters were
significantly altered only in LTECs (C18, C21, C42, C43, C51), although C18 and C21 were
altered in the same direction also in the off ART group, without reaching statistical signifi-
cance. Thus, only C42, C43, and C51 were distinctive for the LTEC group. Interestingly, C43
(decreased in LTECs) was formed by Treg cells with a mixed Th1/Th17 phenotype, whereas
C42 (increased in LTECs) was formed by CM cells with a Th1 phenotype expressing high
levels of activation (Supplementary Figure S3). As for CD8 T cell clusters, six clusters
presented a significant alteration only in LTECs (C04, C11, C15, C26, C29, C38), although
three of them (C04, C11, C38) were also altered in the same direction in the offART group,
without statistical significance. Thus, only clusters C15, C26, and C29 were distinctive
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for the LTEC group. C15 (decreased in LTECs) was formed by senescent TEMRA cells,
whereas C29 (increased in LTECs) was formed by cells with a mixed Tc1/Tc17 pheno-
type (CXCR3+CCR6+) expressing CD127, and C26 was formed by naive cells with a Tcl
phenotype (Supplementary Figure S3).

Secondly, there were many T cell clusters differentially expressed between the LTEC
and off ART groups (Supplementary Figure S8), including twelve clusters of CD4 T cells
and nine clusters of CD8 T cells. Among the CD4 T cell clusters, increased clusters in
LTECs were formed by clusters of naive cells (C00, C44), CM/Thl cells (C14, C17, C38),
CM/Th2 cells (C13), and CM/Th1-Th17 cells (C09, C42). Decreased clusters in LTECs were
formed by clusters of naive cells (C08, C37), one of them with high levels of exhaustion
(C37); exhausted CM/Thlcells (C28); and senescent TEMRA cells (C34) (Supplementary
Figure S3). Regarding CD8 T cell clusters, increased clusters in LTECs were formed
by clusters of naive cells (C01, C12, C26, C28) and cells with a mixed maturation stage
expressing CD127 (C20, C29, C39). Decreased clusters in LTECs were formed by clusters of
senescent/activated TEMRA cells (C30) and activated cells with a mixed maturation stage
(C32) (Supplementary Figure S3).

Thirdly, several clusters were differentially expressed between the LTEC and onART
groups, despite undetectable plasma HIV viremia in both groups (Supplementary Figure S9).
With regard to CD4 clusters, eight clusters were down and four clusters were up for LTECs.
The decreased clusters included naive (C02, C18, C37, C43), CM (C26), TEMRA (C35), and
pTth (C36, C39) clusters, while the increased clusters included naive (C00, C44) and CM
(C13, C42) clusters. As for the CDS8 clusters, LTECs showed a decrease in several naive
clusters (C00, C04, C22, C23) and one TEMRA cluster (C15) and an increase in one naive
cluster (C26), one EM cluster (C06), and two clusters composed of cells with a mixed
maturation stage (C29, C32) (Supplementary Figure 59).

Lastly, there were a few T cell clusters differentially expressed in the LTEC group
when compared with all the other study groups (UC, offART, and onART groups). Among
CD4 cells, clusters C00 and C44 (formed by naive cells) were greatly increased in LTECs
compared to the UC, off ART, and onART groups. Clusters C13, C38, and C42 (formed by
CM cells) were also greatly increased in LTECs compared to the rest of the groups (Figure 1).
Regarding CD8 cells, cluster C26 (formed by naive cells) was greatly increased and cluster
C15 (formed by senescent TEMRA cells) was decreased in LTECs compared to the rest of
the groups (Figure 2).

2.7. Correlations between T Cell Clusters and Inmmuno-Virological Parameters

The potential associations of levels of CD4 and CD8 T cell clusters with virological
(pVL) or immunological (CD4 counts) parameters were analyzed using non-parametric
tests (Spearman rho correlation coefficient). In the off ART group, the level of pVL was
positively correlated with two clusters of naive CD4 T cells (C80, C19) and two clusters
of naive CD8 T cells (C16, C26), whereas negative correlations were observed with CM
clusters of CD4 T cells (C14, C21), pTth clusters of CD4 T cells (C10, C36), and TEMRA
clusters of CD8 T cells (C09, C19) (Figure 3). Regarding correlations with CD4 counts, the
profile of correlations was different for the different PLWH groups (Figure 4). The offART
and onART groups presented several positive correlations with naive clusters of CD4 T
cells; additionally, the off ART group presented a negative correlation with pTth and Treg
clusters of CD4 T cells. In contrast, the LTEC group presented positive correlations between
CD4 counts and several clusters of CD8 T cells, mainly of EM or TEMRA phenotypes,
something that was also observed to a lesser extent in the off ART group (Figure 4).
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Figure 3. Scatter plots showing correlations between HIV plasma viral load and levels of different

clusters of CD4 (upper plots) or CD8 (lower plots) T cells. Correlations with plasma HIV load were

analyzed in the off ART group. In all plots, the x-axis represents the level of each cluster expressed

as a percentage of total CD4 or CD8 T cells and the y-axis represents the HIV plasma viral load

expressed as copies/mL (log scale). The Spearman’s Rho correlation coefficient and p-value are

given inside each scatter plot and the legend over each plot describes the phenotype of cells forming

that cluster.
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Figure 4. Schematic representation (bubble diagram) of bivariate correlations (Spearman rho coef-
ficient) between CD4 (upper left diagram) or CD8 (upper right diagram) T cell clusters and CD4
counts in the different PLWH groups. Each bubble in the diagram represents a positive (red color)
or negative (blue color) correlation. The size of the bubble (from the smallest to the biggest size)
indicates the value of the Spearman rho coefficient: <0.5, 0.5-0.7, and >0.7. The level of statistical
significance (p-value) is indicated by the color tone: 0.1-0.05, <0.05-0.01, and <0.01 for the light,
medium, and dark tones, respectively. T cell clusters are grouped according to maturation stage.
Below the diagrams, scatter plots of correlations between CD4 counts (y-axis on the plots) and the
levels of different clusters of CD4 (left) and CDS8 (right) T cells are shown. The Spesarman’s rho
coefficient and p-value are given inside each scatter plot.

3. Discussion

In order to identify the phenotypic traits of T cells linked to the long-term spontaneous
control of viral replication, this study is the first, to our knowledge, to perform a thorough
phenotypic analysis of T cell homeostasis in PLWH who are long-term elite controllers
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(LTECs) compared with that found in non-controller PLWH with uncontrolled viremia and
in non-controller PLWH with treatment-suppressed viremia. Our study’s main conclusions
are as follows: (a) the thorough phenotypic and multidimensional analysis approach
allowed us to identify distinct variations in T cell homeostasis profiles between the various
PLWH groups; (b) T cell homeostasis disturbances are most pronounced in PLWH with
uncontrolled viral replication; (c) the majority of T cell homeostasis disturbances are
restored by long-term ART-mediated suppression of viral replication; (d) interestingly,
T cell homeostasis is significantly altered in LTECs compared to PLWH with treatment-
suppressed viremia; (e) the T cell homeostasis profile that was specifically associated with
the LTEC group was characterized by a decrease in Treg cell clusters; a decrease in cell
clusters expressing high levels of activation, exhaustion, and senescence; and an increase in
clusters of naive cells and central memory cells.

Uncontrolled viral replication was linked to a significant disruption in the phenotypic
profiles of T cells. In the off ART group, alterations were found in 18 out of 57 (32%) CD4
T cell clusters and in 15 out of 54 (28%) CD8 T cell clusters when compared to the UC
reference group. The most significant alterations in the off ART group were characterized
by decreases in several CD4 T cell clusters of naive phenotype and of CM phenotype
expressing low levels of activation and exhaustion as well as decreases in clusters of pTth
cells; there were also decreases in naive clusters of CD8 T cells and increases in activated
and exhausted EM and TEMRA clusters of CD8 T cells. Altogether, these results point to
a significant impairment of T cell homeostasis in PLWH with uncontrolled HIV replication,
in agreement with previous studies [15-17]. There were several correlations between T
cell clusters and levels of HIV viremia, suggesting that many of these alterations may
be the consequence of viral replication. Thus, levels of CM and pTth CD4 T cells were
negatively correlated with plasma viremia, in agreement with the diminished levels of
these clusters in the off ART group. It is interesting that, in spite of the decrease in several
naive clusters of CD4 T cells, some naive clusters showed a positive correlation with HIV
viremia (clusters C08 and C19), which supports the functional diversity of clusters with
naive phenotype. This was also observed for two naive clusters of CD8 T cells (C16 and
C26), which correlated positively with HIV viremia. Of note, the naive clusters showing
a positive correlation with HIV viremia also expressed CD31 (a marker of recent thymic
emigrants) and lacked expression of the rest of the markers analyzed (activation, exhaustion,
senescence), suggesting that these clusters may represent the thymus s attempt to maintain
the pool of naive T cells [18,19]. Of note, some clusters of naive CD4 T cells (C01 and
C19) were positively correlated with CD4 counts, which supports a relevant role of these
clusters in the maintenance of the CD4 T cell pool. A similar phenomenon was observed
for TEMRA clusters of CD8 T cells, with some of them (C09 and C19) showing a negative
correlation with HIV viremia, even though there was an increase in several TEMRA clusters
in the off ART group, which supports the functional heterogeneity of CD8 T cell clusters
with TEMRA phenotype.

The majority of T cell homeostasis alterations seen in PLWH with uncontrolled viremia
were reversed in PLWH with ART-mediated control of HIV replication, suggesting that
these alterations may be the result of high viral replication. Interestingly, the few clusters
that remained altered in the onART group were TEMRA clusters expressing high levels
of activation, exhaustion, and senescence, which suggests the persistence of low viral
replication driving the expansion of these highly differentiated T cell clusters [20,21].
Alternatively, the expansion of these highly differentiated subsets of T cells in the onART
group may have been driven by the presence of cytomegalovirus (HCMYV) infection [22].
We did not analyze either the serostatus of HCMYV or the presence of HCMYV reactivation
and, thus, we could not test this hypothesis.

The most interesting findings of our study were those found in the LTEC group. In
contrast to the onART group (in which the suppression of viremia was mediated by ART),
the spontaneous control of HIV replication was associated with a deep perturbation of T
cell homeostasis. Overall, our findings agree with those of previous studies addressing
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specific aspects of T cell homeostasis in different cohorts of PLWH who are ECs, such as
the distribution of the maturation stage of T cells [23-25]; the activation, exhaustion, and
senescence of T cells [26-28]; and Treg cell levels [29,30]. Our study confirms and extends
these previous results by the analysis of a well-characterized cohort of elite controllers with
long-term control of HIV infection, in which a comprehensive phenotypic analysis of T cells
and a dimensionality reduction approach allowed us to perform an in-depth analysis of the
homeostasis of this cell population. Moreover, this approach allowed us to find a specific
profile of T cell homeostasis perturbation associated with the spontaneous control of HIV
infection. Several findings from our study point to a profile of T cell homeostasis alteration
specific to LTECs: (a) changes in different clusters of T cells that were only found in the
LTEC group (when compared to the UC group as a reference); (b) differences in T cell
cluster levels between the LTEC and onART groups, despite undetectable plasma viremia
in both groups; (c) changes in several clusters of T cells that differentiated the LTEC group
from the rest of the groups.

Of note, many of the perturbations observed in the LTEC group were similar to those
observed in the context of uncontrolled viral replication. These perturbations could be
driven by the existence of residual viral replication in LTECs at higher levels than in the ART-
mediated control of HIV replication, a fact that has been previously reported [31-33]. In
agreement with this hypothesis, previous studies have shown that antiretroviral treatment
in elite controllers decreases T cell activation and exhaustion [34,35]. Alternatively, the
existence of T cell homeostasis perturbations in LTECs may be a consequence of the
existence of a potent and effective HIV-specific immune response. Interestingly, LTECs
showed increased levels of non-senescent TEMRA clusters of CD8 T cells expressing low
levels of activation and exhaustion (C11), something that was not observed in the off ART
group, in which the increased clusters of TEMRA CD8 T cells expressed high levels of
activation, exhaustion, and senescence (C25, C30, C35). Taking into account the more
preserved functionality of cluster C11 (non-senescent and non-exhausted), it is tempting
to speculate that the expansion of this cluster in LTECs may be associated with the better
anti-HIV CD8 T cell response reported in PLWH able to spontaneously suppress HIV
replication [3]. Another perturbation of T cell homeostasis in the LTEC group that could be
associated with the better HIV-specific immune response in this group is the existence of
several expanded clusters of CM CD4 T cells in LTECs when compared not only to the UC
group but also to the off ART and onART PLWH groups. CM CD4 T cells are necessary to
maintain a functional anti-viral CD8 T cell response [36]. Moreover, all these CM clusters
expressed CD127, a surrogate marker of preserved homeostatic potential [37]. Lastly, some
characteristics of T cell homeostasis specific of the LTEC group could be associated with the
ability of this group of PLWH to maintain control of immunological progression (depletion
of the CD4 T cell pool), among them the expansion of clusters of naive CD4 (clusters C00,
C44) and naive CD8 (C26) T cells). C00 is a cluster of naive cells expressing CD31 (recent
thymic emigrants) and CD127 (proliferative potential), suggesting a high capacity of this
cluster to repopulate the CD4 T cell pool. Cluster C44 has the same phenotype as C00,
except that it lacks the expression of CD31, suggesting that this cluster may originate from
the peripheral expansion of CD31+ naive cells. Of note, a previous study of a cohort of elite
controllers reported that a low level of naive CD4 T cells is associated with HIV disease
immunological progression [14].

In summary, the results of our study demonstrate the existence of a specific profile
of T cell homeostasis in the population of PLWH that spontaneously control HIV disease
in the long term (LTECs). This specific profile may be the consequence of different factors
operating in this special population of PLWH: (a) the existence of low-level HIV replication;
(b) the existence of a potent and efficient virus-specific T cell response; (c) the ability to halt
disease progression by maintaining an adequate pool of CD4 T cells.
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4. Materials and Methods
4.1. Study Design and Participants

This was a cross-sectional study including adult participants with chronic HIV infec-
tion (people living with HIV, PLWH) and HIV-seronegative healthy volunteers (uninfected
controls, UC group). Three different groups of PLWH participants were included: PLWH
with long-term spontaneous control of HIV infection (long-term elite controllers, LTEC
group); PLWH non-controllers on antiretroviral treatment (ART) with an undetectable
plasma HIV viral load (pVL) for at least five years at the time of inclusion in the study
(onART group); and PLWH non-controllers off ART with detectable HIV pVL (offART
group). The LTEC group was selected from the Spanish ECRIS database, a multicenter
cohort of HIV elite controllers (ECs) launched in 2013 and described elsewhere [10]. The EC-
sRIS cohort includes patients from the long-term non-progressors (LTNPs) cohort, the AIDS
research cohort (CoRIS), and several clinical centers in Spain (Supplementary Methods in
Supplementary Materials). From this ECsRIS cohort, LTECs were defined as those ECs
maintaining control (both virological and immunological) for a minimum of five years and
throughout their whole follow-up period. Virological control was defined as having more
than 90% of HIV pVL during the follow-up below the limit of detection. Immunological
control was defined as having stable CD4 counts during follow-up. All study participants
signed written informed consent. This study was approved by the Ethical Review Board of
the Instituto de Investigacion Sanitaria-Fundacion Jiménez Diaz, Madrid, Spain (Approval
ID: PIC097-19_FJD) and carried out in accordance with the Declaration of Helsinki.

4.2. Cell Samples

Blood samples were collected by venipuncture in tubes containing ethylenediaminete-
traacetic acid (EDTA) as an anticoagulant, sent on the same day to the Spanish HIV HGM
BioBank (http://hivhgmbiobank.com/?lang=en), immediately processed to obtain pe-
ripheral blood mononuclear cells (PBMCs) by gradient centrifugation over a ficoll-paque
solution (Sigma-Aldrich, St. Louis, MA, USA), and kept frozen in liquid nitrogen. PBMC
samples were kindly provided by the Spanish HIV HGM Biobank.

4.3. Multiparameter Flow Cytometry

One million PBMCs were stained with a panel of twenty-one different monoclonal
antibodies (plus a viability dye) (Supplementary Table S4). A detailed staining protocol is
given in the Supplementary Materials (Supplementary Methods). After staining, cells were
acquired using an Aurora Spectral flow cytometer (Cytek Biosciences, Fremont, CA, USA),
and a minimum of 200,000 events were acquired for further analysis. Data analysis was
performed using FCS Express 7 v.7 (DeNovo software, Pasadena, CA, USA). Dead cells
were excluded using the live/dead viability dye, and live lymphocytes were gated based
on forward (FSC) and side (SSC) scatter. Lastly, single live lymphocytes were selected
using FSC width vs. FSC height. Starting from the population of single live lymphocytes,
a gate was placed to select T cells (CD3* lymphocytes) and then CD3*CD4"CD8~ or
CD3*CD8*CD4 ™~ T cells were selected for further analysis.

4.4. Preparation of Flow Cytometry Data for Unsupervised Multidimensional Analysis

Flow cytometry data from each study participant were manually gated using FCS
Express 7 software as described above. Using the CD3*CD4*CD8~ and CD3*CD8*CD4~
gates, each fcs. file was split into two different files: one containing only the CD3*CD4*CD8~
events and another containing only the CD3*CD8"CD4 "~ events. Next, these new fcs. files
were annotated using FCS Express 7 to include information about the positivity /negativity
of each event contained in the file for each of the 18 different cell surface markers (lineage
markers CD3, CD4, and CD8 were excluded from the annotation). These fcs. files were
used for dimensionality reduction and clustering analysis.
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4.5. Unsupervised Analysis of Flow Cytometry Data

All pre-gated data files containing CD3*CD4*CD8~ and CD3*CD8*CD4 ™~ cells were
included for unsupervised multidimensional analysis [38], including batch correction,
dimensionality reduction, and clustering analysis. R software (version 4.1.1) was used for
the implementation of the automated pipeline. The workflow for this analysis is shown in
Supplementary Figure S10.

First, batch effects were corrected using the CytoNorm algorithm [39]. By taking
advantage of the existence of the same control sample acquired in each batch or experiment
along with the rest of the samples, non-biological variability was estimated and removed
from the data before their unbiased analysis. Each file was subsampled to 25,000 cells
to facilitate the proper processing of all samples at once and balance the contribution of
each sample to the total number of cells analyzed. After transforming the data with the
arcsinh function (cofactor = 6000), marker expression levels were jointly scaled via Zscore
normalization. The whole panel of fluorescent markers (except the lineage markers CD3,
CD4, and CD8) were used in the downstream analysis using the Seurat R package [40]. For
the detection of cell subpopulations sharing a similar expression fingerprint, we used Lou-
vain’s algorithm [41], which identifies clusters by modularity optimization from a shared
nearest neighbor graph (SNN). A level of cluster granularity corresponding to a resolution
parameter value of 2.0 was used. To visualize single-cell measurements and clustering
results, we used 2-dimension representations obtained with nonlinear dimensionality
reduction techniques. T-distributed stochastic neighbor embedding (tSNE) maps were
obtained using the FFT-accelerated Interpolation-based t-SNE (FIt-SNE) algorithm [42]
(parameters: perplexity = 30, theta = 0.5, distance = Euclidean, rest default parameters).
Cell frequencies in each cluster were computed and compared between each pair of groups
using the Wilcoxon test. p-values were corrected using the Holm method. We also com-
puted fold-change with respect to a reference group (typically the UC group) to represent
the relative changes in cluster proportions between groups.

4.6. Statistical Analysis

The clinical and epidemiological characteristics of the different study groups were
expressed as median and interquartile ranges, and differences were tested using non-
parametric tests (Kruskall-Wallis test). Levels of the different clusters of CD4 and CD8
T cells were compared among the different study groups, as explained above. Moreover,
using the levels (proportion) of the different CD4 and CD8 T cell clusters in each study
volunteer, a random forest and hierarchical clustering analysis were performed as classifi-
cation methods in order to ascertain the T cell clusters involved in discriminating between
pairs of study groups. The Boruta algorithm was applied to select the most important
variables for classification. Variables selected by Boruta were used to carry out the random
forest and hierarchical clustering. The number of trees and variables for the random forest
were optimized by minimizing the out-of-bag error. An internal validation, using the
leave-one-out method, was conducted to assess the classification capabilities of the random
forest. Hierarchical clustering was performed using the Euclidean distance and Ward’s
agglomerative method and graphically represented by a heat map with dendrograms.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/1jms25115937 /s1. References [15,43-58] are cited in the supplementary materials.
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Abstract: A critical determinant of infectivity and virulence of the most infectious and or lethal
variants of concern (VOCs): Wild Type, Delta and Omicron is related to the binding interactions
between the receptor-binding domain of the spike and its host receptor, the initial step in cell infection.
It is of the utmost importance to understand how mutations of a viral strain, especially those that are
in the viral spike, affect the resulting infectivity of the emerging VOC, knowledge that could help us
understand the variant virulence and inform the therapies applied or the vaccines developed. For this
sake, we have applied a battery of computational protocols of increasing complexity to the calculation
of the spike binding affinity for three variants of concern to the ACE2 cell receptor. The results clearly
illustrate that the attachment of the spikes of the Delta and Omicron variants to the receptor originates
through different molecular interaction mechanisms. All our protocols unanimously predict that
the Delta variant has the highest receptor-binding affinity, while the Omicron variant displays a
substantial variability in the binding affinity of the spike that relates to the structural plasticity of
the Omicron spike-receptor complex. We suggest that the latter result could explain (at least in part)
the variability of the in vitro binding results for this VOC and has led us to suggest a reason for the
lower virulence of the Omicron variant as compared to earlier strains. Several hypotheses have been
developed around this subject.

Keywords: COV-2; variants of concern; variant infectivity; spike-receptor affinities; molecular
mechanism; molecular mechanics calculations

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent
of COVID-19, which was first reported in Wuhan (China) at the end of 2019 and which
escalated into a global pandemic in 2020, producing, to date, hundreds of millions of
infections and more than 6,000,000 deaths besides the countless human, social and eco-
nomic disruptions, according to the World Health Organization (WHO). SARS-CoV-2
continuously undergoes mutations due to changes in the genetic code that usually occur
during the replication of its genome. The new strains go unchecked because the virus lacks
proofreading machinery. In the case of SARS-CoV-2, the mutants that have spread more
widely and produced a larger number of deaths have been named variants of concern
(VOCs) by the WHO. The ones that have proven to have the most lasting effects are the
Delta [1] and Omicron [2] VOCs and their variants.

The SARS-CoV-2 viral membrane has a transmembrane glycoprotein, the spike (S)
glycoprotein, and the envelope protein, and it surrounds the flexible helical nucleocapsid.
The spike glycoprotein engages human angiotensin-converting enzyme (ACE2) through
the spikes that protrude from the virion and give it its characteristic crown shape. The
interaction between the virus receptor and the cell allows for viral genetic material to be
delivered to the host cell cytoplasm for replication [3].
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The segment of the spike that enters in direct contact with the ACE2 cell receptor
is called the receptor-binding domain (RBD) and it contains many of the mutations that
distinguish one VOC from others. Figure 1 displays the Delta and Omicron RBDs with the
residue variants with respect to the native strain.
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Figure 1. Placement of the mutations in the RBD spike of the Delta variant (left-hand side) and the
Omicron variant (right-hand side). The Delta RBD has only 2 mutations whereas the Omicron RBD
has 15 mutations. In the case of Delta, one mutation is in a loop (T478K) and the other is in a sheet
(L452R). For its part, in Omicron, most of the mutations are in loops and sheets.

1.1. Hypothesis for Infectivity and Virulence of the VOCs

It is of the utmost importance to understand how mutations of a viral strain, especially
those that are in the viral spike, affect the resulting infectivity of the emerging VOC,
knowledge that could help us understand the variant virulence and inform the therapies
applied or the vaccines developed. Several hypotheses have been developed around
this subject.

1.1.1. Spike—ACE2 Receptor Interactions

Since the initial step in cell infection is the viral cell entry that starts with the interaction
of the spike trimer or monomer with the cell ACE2 receptor, it has been thought that this
could be a rate-limiting step for viral entry into the cell [4-7] and hence an increase in
the spike—ACE2 receptor affinity for the different VOCs could translate into enhanced
infectivity. It has been observed that a greater infectivity does not always lead to enhanced
virulence and lethality. Even though the Omicron variant has shown to be very infectious,
it causes milder symptoms than previous VOCs, like the Wild Type and Delta, since it
infects mostly the respiratory tracts rather than affecting the lungs.

The experimental spike—receptor affinities for a variety of mutant strains have been
obtained independently by various research groups through Surface Plasmon Resonance
(SPR) experiments [4,7,8] and microscale thermophoresis [9]. The results are shown
in Table 1.

Table 1. Spike-receptor affinities from various laboratories.

Source Wild Type Delta Omicron
Mannar et al. (kd, nM) [4] 3.0+03 20+02 21+£03
Kim et al. (Kd, nM) [9] 275+ 438 21.5+29 55+ 14
Han et al. (Kd, nM) [7] 24.63 +5.00 25.07 £ 6.70 31.40 £ 11.62
Zhangetal. (Kd,nM)[8] = -—— 29 8.9

As seen from this table, the results from different labs are dissimilar in many aspects.
While the results of Han et al. indicate that the spike—receptor affinities for the Wild Type
and Delta variants are very similar [7], the results of other labs show an increase in affinity
for the latter strain (Delta). Moreover, only the results of the Im lab indicate that the
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larger number of mutations in the Omicron variant produces an increase in affinity [9].
Understanding the origin of the variability seen in these experiments is a very important
step in determining the importance of the spike—receptor interaction (the first step in the
virus cell entrance) in these VOCs'’ infectivity.

1.1.2. Spike-Antibody Interactions

An alternative source of increased infectivity upon the emergence of a new VOC is
the ability of the new strain to reduce the affinity of the viral spikes for the antibodies pro-
duced by the organism and hence evade the immune system, as proposed for the omicron
variant [4]. This knowledge should inform the design of antibody-based vaccines [10-13].

There has been an intensive effort aimed at understanding the spike—cell receptor
and spike-antibody interactions using computational chemistry and especially molecular
mechanics/molecular dynamics (MM/MD) tools [14-27]. The study of protein associations
by MM/MD calculations represents a grand challenge in computational biochemistry since
they involve the study of protein—protein interactions (PPIs), a difficult task given the size of
the systems involved and the fact that protein—protein interactions (like antibody—-antigen)
are mediated by residue residents in loops, the most flexible secondary structure [27,28].
As seen from Figure 1, the spike interface with the receptor is predominantly made up of
loop segments. Hence, most of the mutations of the Delta and Omicron variants reside in
these segments. Given the flexibility, an exponential explosion of conformations should be
expected, leading to sizable standard deviations in the calculation of binding affinities from
MD simulations, which may exceed the average value of this property. Some of the authors
have sidestepped this problem by calculating the binding affinities from the average over
those frames that have the lowest binding energy [24]. In most of the calculations, the spike
RBD-receptor complexes for the latter strains (Delta, Omicron) were modeled from the
structure obtained by mutating the Wild Type strain (PDB entry 6m0j [29]) in silico, rather
than starting from the actual experimental structures for the spike-receptor structures, a
feature of the calculations that may have influenced the results. Since then, cryo-EM-based
structures of the VOC spike RBD with the receptor are now available in the case of the Delta
variant (PDB entry 7tew [30]) and in more than one case for the Omicron mutant (PDB
entries 7u0n, 7wpb, 7wbp, 7t9]) [4,6,30-32]. The present work uses these experimentally
determined structures, a route that will allow us to avoid the uncertainty of starting from
modeled structures.

Most previous work aiming at ranking the spike-receptor affinities of the VOCs
studied in this work resulted in the following order (see, for instance, refs. [20,21,24]).

Native < Delta < Omicron.

Sometimes, this was with sizable differences favoring the Omicron variant [20].

In this work, we propose a few protocols (some of them MD-based) aimed at predicting
the affinities of any COV-2 RBD spike variant for the cell receptor. The methodology used
here was designed to substantially reduce computer expense and hence can be applied to a
wider range of larger systems describing the viral cell entry, without having to delve into
coarse-grained approaches used previously [17]. The binding affinity prediction protocols
have been organized as a battery of techniques of increasing complexity to evaluate the
spike-receptor affinity. This strategy is expected to eliminate the bias from a single protocol
and allow us to look for possible consensus amongst the predictions provided by these
methods. As shown below, it has allowed us to determine that the Delta and Omicron
variants” RBD spikes enhance their ACE2 receptor affinity through very different molecular
interactions. Our results have also allowed us to put forward an explanation for the
variability observed in different SPR binding affinity experiments shown in Table 1.

2. Results and Discussion
2.1. Ranking Affinity Prediction by a Suite of Protocols of Increasing Complexity

The most basic protocol for evaluating protein—protein affinities is related to the
calculation of the surface area that is buried upon protein association, called Buried Surface
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Area (BSA) (For a review, see ref. [33]). We present the BSA-based affinity values from
the six known PDB structures (see Table 2) as well as the average values generated by the
spike-receptor association, obtained from the MD trajectories (see the Section 3 for details)
for the three VOCs studied here (see Table 3). As shown from both types of calculations, the
Delta variant is predicted to increase the binding affinity with respect to the original (Wild
Type) strain, in line with the experiments of Mannar et al. [4] and Kim et al. [9]. On the
other hand, this protocol predicts that the large number of mutations present in Omicron
does not translate into a rise in affinity above the native variant.

Table 2. Spike-receptor association energies from Buried Surface Area calculations.

VOC (PDB Entry) BSA @ Binding Energy ®
Wild Type (6m0j) —1719.2 —43.0
Omicron (7u0n) —1720.6 —43.0
Omicron (7wbp) —1733.1 —43.3
Omicron (7wpb) —-1710.7 —42.8
Omicron (7t91) —1678.2 —42.0
Delta (7tew) —1807.6 —45.2

@ BSA values in A2® energies in Kcal/mol.

Table 3. Spike-receptor association energies from MD frames on a BSA approach.

VOC/PDB BSA © Binding Energy @
Wild Type (6MO]) —1750.9 (32.0) ®) —43.7 (0.8) ®)
Delta (7TEW) —1849.4 (19.6) —46.2 (0.5)
Omicron (7T9L) —1708.0 (48.0) —42.7(1.2)
Omicron (7UON) —1682.5 (50.9) —42.1(1.3)

(@ These are the average binding energies from the MD trajectories in Kcal/mol. ® The number in parentheses is
the standard deviation from the average of the property. () BSA values in A2,

The above protein—protein interaction energy BSA-based protocol neglects many
components of the binding free energy or at best only includes them indirectly. That
is the case of the electrostatic interaction energy, which comprises both charge—charge
interactions and the process leading to the desolvation of the charged groups during the
binding process, as well as the contribution of entropy to the binding affinity.

There have been many efforts in developing protocols that include all the relevant
components of the protein—protein binding free energy. One of them is based on chemi-
cal thermodynamics principles and used for the automatic detection of macromolecular
assemblies in the Protein Data Bank (PDB) entries in the PISA server [34]. Here, we have
applied this method to all known spike RBD-receptor complexes. They include the Wild
Type and Delta variants and the four Omicron structures (PDB entries 7t91, 7u0n, 7wpb
and 7wbp). The evaluation of these latter structures will allow us to determine how the
structural variability of the loops where mutations reside (see Figure 1) affects the binding
energy results. The results are shown in Table 4.

Perusal of this table indicates that (once again) the spike RBD from the Delta variant is
the one that is predicted to have the highest affinity for the ACE2 receptor. For some of
the Omicron structures, their association energies are comparable to the ones obtained by
Delta (as in the case of the 7t91 and 7wbp), but other Omicron structures like 7wpb and
7uln present binding energies lower than even the native strain.
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Table 4. Results for the binding of the RBD spike segment to cell receptor using PISA.

vVOC PDB Entry ® Binding Energy (Pisa) @
Wild Type 6m0j —5.1
Delta 7tew —6.3
Omicron 7t91 —6.1
Omicron 7wpb —34
Omicron 7uln —44
Omicron 7wbp —6.2

@ Results in Kcal/mol, ® calculations were performed directly from PDB structures.

To determine the possibility of interconversion of one structure into the others, we
performed MD studies using the protocol described in the Section 3 for Omicron structures
7uln and 791 as well as the Delta (7tew) and Wuhan (6m0j) structures. The binding
energies were obtained using the molecular mechanics energy differences supplemented
by the corresponding changes in implicit generalized Born solvation energy upon binding,
performed on frames that resulted from extensive MD simulations (see the Section 3 for
details). The binding affinities that resulted from these calculations are listed in Table 5.

Table 5. Binding energies from MD/GBSW protocol on MD trajectories.

vocC PDB Entry Binding Energy @

Native 6m0j —76.7(1.4) ®

Delta 7tew —87.3 (4.3)
Omicron 7uln —67.0 (2.0)
Omicron 7t91 —83.9 (1.0)

@ Energies in Kcal/mol. ® Numbers in parentheses are standard deviations.

As seen from Table 5, the Delta variant is (once again) the mutant with the highest
affinity, in agreement with all previous protocols employed here (see Tables 2—4). More-
over, this variant has the largest standard deviation (4.3 Kcal/mol), an outcome that has
implications for the ranking of the Omicron spike binding whose evaluation started from
the 7t91 structure. Although the spike mean binding energy from the latter structure is
more positive than the average from Delta, their combined standard deviations make the
Omicron binding energy results indistinguishable from those for the Delta strain.

The results displayed in Tables 1-5 support some of the conclusions reached by Mannar
et al. [4] rather than the ones by Han et al. [7] or Kim et al. [9]. The mutations that give rise
to the Delta variant (T478K and L452R) are definitely the ones that enhance the binding
affinity of the viral spike for the receptor. The Omicron variant shares a mutation (T478K)
with the Delta variant, but that feature is not enough to increase the Omicron spike-receptor
affinity above the one found for the Delta variant, and in some cases not even above the
native variant (see Tables 2—4). This outcome would imply that the couple of mutations
present in the RBD of the Delta variant (T478K and L452R) indeed increase the affinity of
the spike for the receptor. The surplus of mutations present in the Omicron variant (over
the Delta one) does not seem to increase the binding affinity, a result obtained previously
within the PISA prediction approach. This outcome is probably due to the fact that the
contributions of single mutations seem to cancel each other out, a result that is backed
up by high-throughput single-mutation assays [4,7]. Hence, it would seem that the large
number of mutations present in the RBD of the Omicron spike is not designed to increase
its affinity for the receptor but rather fulfill some other tasks like reducing the affinity of
the antibodies for them, a feature that sets the Omicron mutant apart from other VOCs [4].
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2.2. Affinity Ranking and Structural Variability

The variability in the ranking of the binding affinities for the native, Delta and Omi-
cron (see Table 1) variants has been attributed by other authors to the differences in the
experimental setup of these labs [9]. Our multi-protocol approach for the evaluation of the
binding affinity of the spike RBD for its cognate receptor allowed us to reach the consensus
conclusion that the Delta variant RBD consistently has the highest affinity amongst all
VOCs, in all evaluations. The only outstanding issue relates to the affinity of the spike of
the Omicron variant. The variability of the calculated spike-receptor binding energies (that
have, as a starting point, structures obtained in different labs) may be puzzling at first sight.
The superimpositions of any two Omicron structures indicate that their maximum RMS
value hovers around 1.0 A, a rather small value. This issue draws attention to the structural
plasticity of the PPIs, especially the most variable regions. The rationale for this variability
in the binding affinities results in vitro and in silico could be related to the sizable extent of
the protein—protein interface. This feature may lead to different predicted binding receptor
affinities even for the same spike strain for different starting structures. It may even lead
to different binding poses (for the spike RBD). In this study, we have observed this trend
for the Omicron variant. The protein—protein interface areas for the original PDB Omicron
structures display different values (see Table 2).

Still, the binding energy predictions for these two structures are quite different when
a full MM/GBSA protocol is applied. To understand the structural underpinnings of
this difference, we have superimposed the 7t91 and 7u0n structures (see Figure 2). In

spite of the small RMS between these two structures (1.1 A), there are some notice-
able differences between these two structures, more evident in the spike component,
which has a preponderance of loops and beta sheets, whose conformation differs among
these structures.

Figure 2. Overlap of the PDB structures 7u0n (yellow) and 7t91 (red). On the left panel is the full
complex and on the right are the spike RBDs for both molecules. Notice the change in structure

especially in the spike regions that are spanned by loops and sheets.

One feature that sets the Omicron mutant apart from the earlier variants (Delta and
native) is the very strong difference in the cell type tropism of the former type. While it
is known that the native and Delta strains have a broad cell tropism that directly impacts
into substantial viral replication rates in many tissues, the Omicron variant shows more
restricted cell preferences. Its replication rates are similar for Delta in human nasal epithelial
cultures and kidney cells [35] although it decreases substantially in gut cells and more
importantly for lung cells [36].
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The differences in replication were mapped to the entry efficiency of the virus on the
basis of spike-pseudotyped virus assays [35]. Various rationales have been put forward
to explain these differences including the lower efficiency of the S1/52 cleavage of the
Omicron variant by the TMPRSS2 protease [37].

In the present work, our results indicate that the first step in cell entry (that is, the
spike—cell receptor interaction) is governed by a different molecular interaction mechanism
for the Omicron mutant than for the native and Delta strains. Possibly, as a result, our
calculations indicate a broad range of affinities of the Omicron spike for the receptor that
varies from below the one found for the native strain to values that are close to the Delta
mutant. It has occurred to us that these results could have a direct bearing on the Omicron
cell type tropism. It could happen that in the lung tissue environment, the spike-receptor
affinities have lower affinities than in some in vitro experiments, possibly lower than the
ones for the native variant. This outcome could explain the low virulence of the Omicron
viral type.

The results obtained here have allowed us to obtain insights into the molecular inter-
actions that underpin the VOC binding affinities for the receptor and hence their binding
ranking. As seen from Tables 2 and 3, the results from the BSA-based affinity predictors
clearly single out the Delta spike variant as the one with the higher affinity (over the native
strain). Since the contact area calculated from the BSA should be based primarily on Van
der Waals interactions, we expect that these are paramount for the increased affinity of
the Delta strain. Only when electrostatic interactions and the corresponding desolvation
terms are included in the calculations does the Omicron spike affinity for the receptor reach
values close to that of the Delta spike (see Tables 4 and 5). This outcome indicates that
diverse VOCs’ spikes may increase their affinity over the native variant through different
molecular interactions.

One outstanding issue is how the mutations found in the Delta variant modify the BSA
due to spike-receptor interactions. Saville et al. argued that these residue modifications
increase electrostatic complementarity between both proteins [30]. Perusal of the structure
indicates indeed that new hydrogen bonds in the region of residues 500-505 of the spike
are created in the Delta variant [30]. The mutants that define the Delta variant (T478K and
L452R) lie far away from the above segment, so a question arises as to how they could
produce this effect.

Overlap of the protein—protein complex for the native and Delta structures (see Figure 3)
sheds some light. As expected, there are some changes in the segment that spans from 500
to 505 in the RBD. Nevertheless, there are wider differences in the backbone of the two
loops (see residues 471-490) that are closer to Lys 478, one of two mutated residues. A
possible explanation is that the latter residue exerts a pull effect that changes the location
of the adjacent loops, resulting in an enhanced buried surface and binding affinity. The
ACE2 cell receptor has many acidic residues and hence a highly negative charge (—23)
that could produce an electrostatic attraction on Lys 478 that results in the loop drag
mentioned above.
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A471-450

Figure 3. Close-up of the spike-receptor interface for the native (PDB entry 6m0j) and the Delta strain
(PDB entry 7tew). Notice that the mutations (T478K and L452R) are not close to the receptor.

3. Materials and Methods

All the structures used in this work were downloaded from the Protein Data Bank
(PDB). The structures used in this study were the native (6m0j), the Delta (7tew) and the
four Omicron structures obtained independently (7u0n, 7t91, 7twbp and 7wpb. For the
molecular mechanics-based studies, we only used the 7u0n and 7t91 structures for the
Omicron studies. The input files for the molecular dynamics simulations were generated by
the CHARMM-GUI Web interface [38]. All water and sugar molecules were discarded. The
number of residues in each of the PDB structures differs slightly at the N and C terminals,
so we took a template of the spike RBD and the ACE2 receptor, the one found in the
native structure, and modified the other structures accordingly. The force field used in
all simulations was CHARMM_36 [39]. To avoid the use of all atom solvents, we used
the generalized Born with switching (GBSW) implicit solvation function [40]. In order
to mimic the friction provided by the solvent, we used Langevin dynamics [41] with a
friction factor (fbeta) of 20. In all cases, the time step was 2 femtoseconds, and a cutoff of

18 A was used for non-bonded interactions. The dynamics protocol was divided into two
stages: In the first one, a dynamic trajectory of 2.5 ns was performed with initial heating,
equilibration and preliminary production steps that added up to 0.5 ns, followed by ten
steps, each one 0.2 ns. The structures saved after each of these steps were cooled down to
50K in two stages. The final frame of each trajectory (a total of 10) was saved for analysis of
the spike-receptor interaction energies, which was evaluated using the same MM/GBSW
protocol as the dynamics runs.

Two other alternative evaluation protocols were applied. The simplest is based on the
calculation of the Buried Surface Area (BSA) generated by the protein—protein association.
This quantity has been shown to be a primary descriptor of the binding affinity or inter-
action energy of two macromolecular entities. A first-order approximation assumes that
the BSAs could be proportional to the binding energies with a proportionality constant of
0.025 Kcal /mol per A2 of surface protein removed from contact with water [33]. We applied
this protocol to both the original spike-receptor structures found in the PDB, as well as to
the frames that resulted from the last stage of our MD protocol, using the tools present in
the graphical interface from Discovery Studio visualizer [42]. To find the accessible surface,
we used a sphere the size of a water molecule (1.4 A). The last and more elaborated proto-
col used here is based on a chemical thermodynamics approach which includes explicit
entropic contributions to the protein—protein affinity [34].
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Associated Method Information

The input files for the MM /MD simulations (which included the parameter, connec-
tivity files, coordinate files, etc.) were obtained through the input generator option of
the CHARMM-GUI interface https://www.charmm-gui.org/. Last accessed on the 10
December 2023.

The MM /MD calculations were carried out by CHARMM version 46. The software can
be found at https:/ /www.charmm.org/archive/charmm/showcase/news/free-charmm/
and the documentation at https:/ /www.charmm.org/archive/charmm/documentation.
Last accessed 12 December 2023.

The parameter files and connectivity library can be found at https://github.com/
fsussman/TOPPARI.

The binding free energy calculations based on the Buried Surface Area (BSA) approach
were performed on the PDB structures on the PISA-PDB server https:/ /www.ebi.ac.uk/
pdbe/pisa/. Documentation is available at the site. Last accessed on 5 November 2023.

The binding free energy calculations based on the BSA approach for the frames result-
ing from the MD trajectories were performed with the free version of Discovery Studio V3.5,
which can be found at https:/ /discover.3ds.com/discovery-studio-visualizer-download?
gclid=CjwKCAjwu4WoBhBkEiw AojNdXpgnprVjkxLBhnSIdL1mRc6-7_twnRb26LNEPOy1
-2G68t65nrpqSRoCH2wQAvD_BWwE, Last accessed on 1 January 2023. Documentation is
available for every task in the graphic interface.

4. Conclusions

The initial step in the COV-2 cell infection process (and possibly the rate-limiting step)
is the interaction of the viral spike with its cognate receptor, the ACE2 enzyme.

In this work, we have applied a battery of protocols of increasing complexity to the
calculation of the spike binding affinity for three variants of concern to the ACE2 cell
receptor. The results clearly illustrate that binding to the receptor (of the Delta and Omicron
VOC spikes) occurs through different kinds of molecular interactions. While the Delta
variant enhances its binding affinity above the one found for the native by an increased
contact area between the proteins involved and hence through augmented Van der Waal
contacts, the Omicron variant reaches the highest affinity by increasing electrostatic and
entropic contributions.

The existence of various structures of Omicron complexes obtained by cryo-EM has
allowed us to determine the effect of structural variability on the results. The results
obtained indicate that there is a high variability in the binding affinity of the Omicron spike
depending on the starting cryo-EM structures used. The highest binding affinity reaches
at most the affinity value of the Delta variant, indicating that the surplus of mutations in
the Omicron RBD segment of the spike exists to fulfill a different role possibly related to
antibody escape [4]. Other cryo-EM structures produce binding affinities that are even
lower than those calculated for the native strain (see Table 5), indicating that under some
conditions, the Omicron spike may be a weaker binder than the native variant. The
experimental results used here (see Table 1) were obtained in vitro. We have thought that
the results obtained here could give some clue about the in vivo infectivity and lethality.
It is known that the Omicron strain binds to the respiratory tract rather than to the lungs,
a result that explains the high infectivity but low virulence of this variant. Our results
indicate that the Omicron spike structure is endowed with a high variability and that some
of the possible structures may bind to lung ACE2 receptors with an affinity predicted to be
lower than the one calculated for the native variant spike, a result that could explain the
lower virulence of this strain.

The protocols presented here for the evaluation of the spike-receptor affinities involve
substantial computer time savings within all atom molecular mechanics approaches for
protein—protein interactions and will be especially useful for research in this field that
requires intensive computer resources. One of the research lines we are involved in is the
antibody evasion by some of the COV-2 VOCs. This is a major computational endeavor
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given the number of known antibodies, each one targeting different epitopes within the
spike [43].
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Abstract: DP96R of African swine fever virus (ASFV), also known as uridine kinase (UK), encodes
a virulence-associated protein. Previous studies have examined DP96R along with other genes in
an effort to create live attenuated vaccines. While experiments in pigs have explored the impact of
DPI6R on the pathogenicity of ASFV, the precise molecular mechanism underlying this phenomenon
remains unknown. Here, we describe a novel molecular mechanism by which DP96R suppresses
interferon regulator factor-3 (IRF3)-mediated antiviral immune responses. DP96R interacts with a
crucial karyopherin (KPNA) binding site within IRF3, disrupting the KPNA-IRF3 interaction and
consequently impeding the translocation of IRF3 to the nucleus. Under this mechanistic basis, the
ectopic expression of DP96R enhances the replication of DNA and RNA viruses by inhibiting the
production of IFNs, whereas DP96R knock-down resulted in higher IFNs and IFN-stimulated gene
(ISG) transcription during ASFV infection. Collectively, these findings underscore the pivotal role
of DP96R in inhibiting IFN responses and increase our understanding of the relationship between
DP96R and the virulence of ASFV.

Keywords: African swine fever virus; DP96R (UK gene); IRF3; KPNA

1. Introduction

African swine fever, a highly contagious and fatal viral disease caused by the African
swine fever virus (ASFV), is extremely harmful to the swine industry. This viral disease,
linked to significant fatality rates in domestic pigs, poses a risk to worldwide pork pro-
duction and food safety [1,2]. ASFV, the only member of the family Asfarviridae, is an
icosahedral, enveloped, double-stranded DNA arbovirus (genus Asfivirus) with a genome
of 170-193 kb [3-5]. The virus replicates within the cytoplasm of mononuclear phagocytic
cells, and its genome encodes 150-167 proteins that are responsible for viral replication,
interaction with host molecules, and regulation of the host innate immune response [6,7].
However, many of these viral proteins have unresolved functions [8,9]; this lack of knowl-
edge impedes our understanding of disease pathophysiology and immune evasion, making
vaccine development a challenge. Despite significant research to date, there is no safe and
efficient commercial vaccine against ASFV.

Type I IFNs and pro-inflammatory cytokines play a vital role in a host’s defense
against invading viruses [10]. The sensor cGAS [cyclic GMP-AMP (2'3'cGAMP) synthase]
is primarily responsible for recognizing cytosolic viral DNA [11]. Upon activation, cGAS
undergoes a reconfiguration of its catalytic pocket before binding its substrates, adenosine
triphosphate (ATP) and guanosine triphosphate (GTP), which are then used to generate the
mammalian second messenger 2'3'cGAMP [12,13]. The synthesized 2'3'cGAMP molecule
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attaches itself to the endoplasmic reticulum (ER) membrane adaptor STING, thereby trig-
gering the structural modifications that are required for its activation [14]. Once activated,
STING relocates to the ER-Golgi intermediate compartment, where it recruits and activates
TANK-binding kinase 1 (TBK1), which in turn triggers the phosphorylation of interferon
regulatory factor 3 (IRF3). Finally, cytoplasmic KPNA molecules recruit phosphorylated
and dimerized IRF3 for nuclear translocation; translocated IRF3 then induces the transcrip-
tion of type I IFNs [15,16]. As a result, to facilitate effective replication within the host,
viruses have developed various antagonistic tactics to avoid host type I IFN and inflamma-
tory responses [17-20]. Previous studies suggest that the virulent ASFV isolate Armenia/07
inhibits generation of IFN-f3 via the cGAS-STING pathway [21], and that diverse ASFV
proteins play various roles in blocking type I IFNs and pro-inflammatory cytokines to
facilitate innate immune evasion, which is necessary for the successful replication of ASFV
inside macrophages [6,22-34].

ASFV DP96R, the UK gene, encodes a 9.6 kDa protein with no significant homology
to other known genes in databases. In the late 1990s, a study demonstrated that deleting
this highly conserved DP96R from a pathogenic ASFV strain E70 reduced its virulence and
protected immunized pigs from challenge with homologous ASFV [35]. Thus, DP96R has
been utilized, in combination with other genes, to develop live attenuated vaccines [36-38].
While the impact of DP96R on ASFV pathogenicity has been explored in vivo, the un-
derlying molecular mechanism is unknown. Here, we describe a novel mechanism by
which DP96R suppresses host type I IFNs and pro-inflammatory reactions by interacting
directly with IRF3. Thus, DP96R plays a crucial role in ASFV virulence and could serve as
a promising target for the development of live attenuated vaccines.

2. Results
2.1. DP96R Targets IRF3

Immune evasion is a critical virulence factor. ASFV uses a wide range of immune
evasion strategies to inhibit the generation of IFNs and pro-inflammatory cytokines to
enable efficient reproduction within the host. To examine whether ASFV proteins play a
role in modulating type I IFN signaling or promoting virus replication, we subjected 158
ASFV viral proteins to individual testing using the Adenoviral replication system. PK-15
cells were transiently transfected with plasmids encoding discrete ASFV genes, or with
a control vector (as a negative control). Twenty-four hours post-transfection (hpt), cells
were exposed for two hours to a green fluorescent protein (GFP)-expressing adenovirus
(ADV-GFP) at a multiplicity of infection (MOI) of 1. Cells infected with the virus were
collected 24 h after infection (24 hpi), and the harvested cell pellets were collected to
quantify the amount of replicated virus using a fluorescence modulator. As shown in
Figure 51, we selected a number of ASFV proteins that increased viral replication. Among
them, we identified DP96R. Previous studies have used DP96R in combination with other
genes to develop live attenuated vaccines, and the effect of DP96R on the pathogenicity
of ASFV has been studied in pigs [35-38]. However, the exact molecular mechanism
underlying virulence remains unknown. Based on our screening results and on previous
information, we selected the ASFV DP96R gene and used it to determine the precise
molecular mechanism that is involved in immune evasion. To explore the crucial role
and precise target of ASFV DP96R during type I IFN signaling, we conducted a luciferase
promoter assay. This assay involved co-expression of the DPI96R gene alongside various
adapters that are associated with the cGAS-STING pathway. The findings revealed that
DP96R inhibited poly(dA:dT)-, cGAS-, 2'3'cGAMP-, STING-, TBK1-, IKKe-, IRF3-, and IRF3-
5D (a constitutively active form of IRF3)-mediated activation of the IFN-3 promoter in a
dose-dependent manner (Figure 1A). This suggests that ASFV DP96R suppresses the cGAS-
STING pathway and might target IRF3 to inhibit its dimerization /nuclear translocation or
nuclear translocation alone. To confirm the results of the luciferase promoter activity assay,
we conducted a series of co-immunoprecipitation (IP) assays to examine the association
between ASFV DP96R and IRE3 or several IRF3 deletion mutants (Figure 1B-D,G,H). First,
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using molecules from the cGAS-STING pathway, we performed an IP assay to determine
whether DP96R interacts specifically with IRF3. As shown in Figure 1B, DP96R interacted
specifically with IRF3. Furthermore, the DP96R-IRF3 interaction was confirmed by an
overexpression IP assay in HEK293T cells (Figure S2A,B). Subsequently, we validated the
endogenous interaction between DP96R and IRF3 in HEK293T cells (Figure 1C) and porcine
alveolar macrophages (PAMs) (Figure 1D). A Flag-tagged IRF3 and Strep-tagged DP96R
overexpression immunofluorescence colocalization assay in PK-15 cells with a significant
correlation of 0.603 verified this interaction. It is worth highlighting that ASFV DP96R
was localized primarily within the cytoplasm and was not translocated to the nucleus
(Figure 1E).
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Figure 1. DP96R targets the IRF3 nuclear import domain. (A) IFN-f luciferase assay. HEK293T cells
were used for STING-, TBK1-, IKKe-, IRF3-, and IRF3-5D-induced IFN-f luciferase assays. HEK293T
cells were transfected with Flag-DP96R plasmid, as indicated with relevant stimulants, and firefly
luciferase reporter plasmid encoding the IFN-3 promoter plus TK-renilla plasmid as transfection
control to normalize firefly luciferase activity. Expression plasmids of STING, TBK1, IKKe, IRF3,
and IRF3-5D were used as stimulants of the cGAS-STING pathway. STING overexpressing 293-
Dual™ hSTING-A162 cells were used for poly(dA:dT)-, cGAS-, and cGAMP-induced luciferase
assays. 293-Dual™ hSTING-A162 cells were transfected with Flag-DP96R plasmid as indicated, along
with 3xFlag-cGAS expression plasmid, or transfected with poly(dA:dT) or 2/3'cGAMP for 12 h.
Thirty six hpt, the luciferase activity of each sample was measured. Results are expressed relative
to those renilla luciferases alone. The first and second black bars represent negative and positive
controls, respectively. Grey bars represent DP96R dose-dependent transfection. (B) HEK293T cells
were co-transfected with Strep-DP96R with Flag-tagged cGAS, STING, TBK1, IKKe, IRF3, and Flag
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control plasmids. Cell lysates were subjected to immunoprecipitation (IP) by Flag antibody, followed
by immunoblotting with an anti-Strep and anti-Flag antibodies. (C) HEK293T and (D) PAMs were
transfected with Flag-DP96R and Strep-DP96R and their control plasmids, respectively. Cell lysates
were subjected to IP by Flag antibody and Strep beads, followed by immunoblotting with anti-IRF3,
anti-Flag or anti-Strep antibodies. (E) Colocalization of DP96R and IRF3. PK-15 cells were transfected
with Strep-tagged DP96R plasmid and its control plasmid with Flag-tagged IRF3 plasmid, followed by
confocal microscopy assay with anti-Flag and anti-Strep primary and anti-mouse (red) and anti-rabbit
(green) secondary antibodies. Nuclei were stained with DAPI (blue). (F) IRF3 domain constructs.
GST-tagged IRF3 wild-type (WT) and amino acid 1-140 (DBD), 140-380 (IAD), 380-427 (AIE), and
control vector (GST) were co-transfected to HEK293T cells together with Strep-tagged ASFV DP96R
plasmid (G). GST-tagged IRF3 WT and amino acid 1-140 (DBD), amino acid 1-70 (DBD excluding
NLS), and control vector (GST) were co-transfected to HEK293T cells together with Strep-tagged
ASFV DP96R plasmid (H). Cell lysates were subjected to GST-PD and immunoblotted with anti-Strep
antibodies after immunoblotting the WCL with anti-Strep and anti-GST antibodies. Luciferase data
represent three independent experiments, each with similar results, and all the values are expressed
as mean =+ SD of two biological replicates. All the immunoblot and confocal data represent at least
two independent experiments, each with similar results. The scale bar represents 20 uM. Student’s
t-test: **, p < 0.01.

Next, we constructed expression plasmids containing GST-tagged DBD (a DNA-
binding domain spanning aa 1-140), IAD (an IRF association domain spanning aa 140-380),
and AIE (an autoinhibition element spanning aa 380-427) domains to identify which of
them interact with DP96R (Figure 1F). We found that DP96R precipitated with the DBD
of IRF3, but not with the IAD domain (Figure 1G). Thus, we hypothesized that DP96R
prevents IRF3 from translocating to the nucleus by inhibiting the IRF3 nuclear localization
signal (NLS). The NLS region between IRF3 aa 70-114 comprises two clusters of basic
amino acids (K77, R78, and R86, K87) that are embedded in the DBD [39]. Therefore,
we removed aa 70-140 from the IRF3-DBD, which includes the NLS region (Figure 1F),
and investigated the interaction with DP96R. Exclusion of the NLS impaired the DP96R-
IRF3-DBD interaction, confirming that IRF3-NLS is required for the DP96R interaction
(Figure 1H). These data strongly suggest that ASFV DP96R hinders type I IFN signaling by
interacting with IRF3 and its NLS.

2.2. DP96R Impairs the Nuclear Translocation of IRF3

Subsequently, to ascertain how ASFV DP96R impacts the activation of IRF3, we ex-
amined the phosphorylation, dimerization, and nuclear translocation of IRF3. Different
cells express IRF3 constitutively, where it resides within the cytoplasm in an inactive form.
Phosphorylation of the C-terminal domain of IRF3 by virus-activated kinases triggers
dimerization of IRF3 and its translocation to the nucleus. This event, in turn, leads to the
activation of IFN genes [40—42]. First, we examined phosphorylation of IRF3 induced by
the overexpression of TBK1 in response to escalating quantities of ASFV DP96R protein.
Figure 2A shows that increasing doses of ASFV DP96R protein did not affect IRF3 phos-
phorylation. Furthermore, we examined the interaction between IRF3-5D and DP96R and
compared it with the activity of wild-type (WT) IRF3. Concomitant with the results of
the IRF3-5D-IFN f3-luciferase assay, and similar to the DP96R-IRF3-WT interaction, DP96R
interacted with IRF3-5D (Figure 2B), confirming that DP96R does not interfere with the
five amino acid residues of IRF3 that are necessary for its phosphorylation. Second, we
performed an IRF3 dimerization assay using IRF3 plasmids tagged with Strep and GST
and exposed them to increasing doses of Flag-tagged DP96R. Again, DP96R did not affect
IRF3 dimerization (Figure 2C). Third, we performed an ADV-GFP-induced IRE3 nuclear
translocation assay using DP96R and a control vector stably expressing PAMs. Cytoplas-
mic and nuclear fractions were obtained from harvested PAMs, and immunoblotting was
carried out to identify specific proteins. The nuclear uptake of IRF3 by DP96R-expressing
PAMs was diminished significantly (Figure 2D,E). At 16 hpi, nuclear translocation of IRF3
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in DP96R-expressing PAMs was impaired by nearly ~80% compared with that in control
PAMs. Even though DP96R does not target IRF3 phosphorylation, DP96R-expressing
PAMs showed suppression of phosphorylated IRF3 in the cytoplasmic fraction only at 16 h,
which might be due to the inhibition of the IFN signaling pathway by nearby bystander
cells. Suppression of type I IFN reduces the transcription of antiviral genes that affect the
activation of the cGAS-STING axis. To further confirm the suppressive impact of ASFV
DP96R on type I IFN signaling, we carried out an immunofluorescence assay in PK-15
cells overexpressing DP96R or control plasmids after infection with Sendai virus (Sev) at
specified time intervals. Upon viral infection, the quantity of nuclear-translocated IRF3
in control cells at 16 hpi increased to nearly ~80% of the total cellular level. By contrast,
the amount of IRF3 within the nucleus of PK-15 cells expressing ASFV DP96R was nearly
~30% of the total cellular level (Figure 2F,G). At each time point, DP96R colocalized with
endogenous IRF3, and the interaction was strongest at 16 hpi. These findings indicate that
ASFV DP96R disrupts the nuclear translocation of IRF3, leading to a reduction in type I
IEN production.

2.3. DP96R Disrupts Type I IFN Signaling and Subsequent Transcription of Antiviral Genes

To conduct a more thorough assessment of the effects of DP96R on the virus-induced
type I IFN signaling pathway, we examined the phosphorylation status of TBK1, IRF3,
IKKo/ B, IkBax, P65, and STAT1 in PAMs stably expressing DP96R, as well as in PK-15
cells that were transfected with DP96R. ADV-GFP-infected cells were harvested at the
specified time points. Specific antibodies were used to assess the phosphorylation status
of signaling molecules involved in the cGAS-STING signaling axis, the NF-«B signaling
axis, and the type I IFN pathway that is associated with virus-related processes. The levels
of TBK1, IRF3, IKK«/ 3, IkBa, P65, and STAT1 phosphorylation were notably reduced
in PAMs expressing DP96R (Figure 3A) and in PK-15 cells (Figure 3B) compared with
control cells. Subsequently, to clarify the impact on IEN signaling and the IFN-antagonistic
function of ASFV DP96R, we examined the transcription of genes related to IFN (IFN-f
and IFN-v), a pro-inflammatory cytokine (IL-6), and IFN-stimulated genes (ISGs) IFIT1,
ISG15, OASL, MX-1, and PKR. For this experiment, PAMs stably overexpressing DP96R
and PK-15 cells transiently overexpressing DP96R, both of which had been transiently
transfected, were subsequently infected with ADV-GFP, followed by quantitative real-time
PCR (qRT-PCR) using specific primers for the genes of interest (Table S1). Compared with
control cells, DP96R-overexpressing PAMs (Figure 3C) and PK-15 cells (Figure 3D) showed
a marked reduction in their expression of mRNA encoding IFN-B, IFN-v, IL-6, and other
antiviral genes.

These findings indicate that the interaction of DP96R with IRF3 has a detrimental
impact on host type I IFN signaling pathways, thereby suppressing the transcription of
antiviral genes.
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Figure 2. DP96R inhibits the nuclear localization of IRF3. (A) IRF3 phosphorylation inhibition assay.
HEK293T cells were transfected with Flag-IRF3, and V5-TBK1 with Strep-DP96R dose-dependently.
Cell lysates were immunoblotted with anti-pIRF3, -Flag, -V5, and -Strep antibodies. (B) HEK293T
cells were transfected with Flag-IRF3-WT and Flag-IRF3-5D, and its control vector with Strep-DP96R.
Cell lysates were subjected to Flag IP and immunoblotted with anti-Flag and anti-Strep antibodies.
(C) IRF3 dimerization inhibition assay. HEK293T cells were transfected with Strep and GST-tagged
IRE3 with Flag-DP96R dose-dependently. Cell lysates were subjected to GST PD and immunoblotted
with anti-Flag, -GST, and -Strep antibodies. (D) Cellular fractionation assay. PAMs expressing Flag-
DP96R, and its control plasmid were infected with ADV-GFP (IMOI) and harvested at indicated
time points. Cytoplasmic and nuclear extracts were then subjected to immunoblot with anti-pIRF3,
-IRF3, KPNA2, and KPNA4 antibodies. Lamin B1 and «-tubulin were used to confirm equal loading
of proteins of nuclear and cytoplasmic fractions, respectively. (E) The histogram represents the
relative quantification of the protein levels of the Western blot. Nuclear localization intensity of IRF3
quantified by IRF3 band intensity in nuclear fraction adjusted to nuclear Lamin B1 fraction. (F) PK-15
cells were transfected with the Flag control or Flag DP96R plasmid, followed by the Sev (1IMOI)
infection. Cells were fixed at indicated time points, followed by confocal microscopy assay with
anti-IRF3, anti-Flag primary and anti-rabbit (green) and ant-mouse (red) secondary anti-bodies with
DAPI (blue) to stain the nuclei. (G) By dividing the number of cells expressing nuclear expression
of IRF3 by the total number of IRF3-positive cells, the percentages of cells demonstrating nuclear
translocation of IRF3 were computed. All the immunoblot and confocal data represent at least two
independent experiments, each with similar results. The scale bar represents 20 uM. Student’s -test:
**, p <0.01; ***, p <0.001.
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Figure 3. DP96R impairs cGAS-STING signaling and transcription of antiviral genes. Flag-tagged
DP96R stably expressing PAMs (A) and transfected PK-15 cells (B) were infected with ADV-GFP
(IMOI), and cells were harvested at indicated time points. DP96R protein expression level and
total and phosphorylated TBK1, IRF3, IKK«x (pIKKa/ ), IkBx, P65, and STAT1 were measured
by immunoblotting. 3-actin was used as a loading control indicator. PAMs (C) and PK-15 cells
(D), expressing Flag-DP96R with Flag control, were mock-infected and infected with Adenovirus
GFP (1MOQI), and following 0 hpi and 24 hpi, total RNA was extracted at indicated time points.
Quantitative RT-PCR analyzed the mRNA transcripts of the indicated genes relative to internal
control of porcine GAPDH. All qRT-PCR data represent at least two independent experiments, each
with similar results, and the values are expressed as the mean + SD of two biological replicates.
All the immunoblot data represent at least two independent experiments, each with similar results.
Student’s t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

2.4. DP96R Negatively Regulates Innate Immune Responses against Viral Infection

So far, the data imply that ASFV DP96R inhibits type I IFN signaling and transcription
of antiviral genes by targeting the nuclear translocation of IRF3. To investigate the role of
DP96R during DNA virus replication in vitro, we infected PAMs stably expressing Flag-
tagged DP96R or control vector, porcine immortalized bone marrow-derived macrophages
(PIBs), and monkey kidney epithelial cells (MA-104) with three GFP proteins expressing
DNA viruses. Additionally, we transfected PK-15 cells with a Flag-tagged DP96R or control
vector, followed by infection with a DNA virus. Cells were infected with three IFN-sensitive
surrogate DNA viruses expressing GFP protein (ADV-GFP, herpes simplex virus (HSV-
GFP), and vaccinia virus (VACV-GFP)) instead of ASFV [43-45]. The efficacy of transient
transfection with the plasmids and the expression of DP96R protein in each cell line was
validated by immunoblotting (Figure S3A-D). Remarkably, virus replication was more
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robust in PAMs, porcine epithelial cells, and the monkey cell line overexpressing DP96R
than in control cells (Figure 4A-D, Figures S4A-D and S5A-D). Next, we conducted ELISAs
to determine the amounts of IFN-{3 and IL-6 that were secreted by each virus-infected cell
line. In alignment with the outcome of the viral replication test, we observed that DP96R-
overexpressing cells secreted lower levels of cytokines than control cells (Figure 4E-H,
Figures S4E-H and S5E-H). In line with the earlier findings, both the virus replication
and ELISA assays confirmed that DP96R inhibited production of type I IFNs and pro-
inflammatory cytokines. As a result, the replication of viral DNA in porcine macrophages,
epithelial cells, and monkey epithelial cells is increased.
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Figure 4. DP96R impairs virus-induced innate immune responses. Stably expressing Flag-DP96R
protein in PAMs and PIBs with Flag-control cells were infected with ADV-GFP (1IMOI) (A,C) and
HSV-GFP (1IMOQI) (B,D). Viral replication was determined at 24 hpi by GFP expression levels by
fluorescence microscopy and quantified at 12 hpi and 24 hpi by a fluorescence modulator. The virus
titers of each sample were determined by plaque assay in A549 cells and Vero cells. Porcine IFN-f3
and IL-6 secretion in cell culture supernatant at 12 hpi and 24 hpi were determined by ELISA (E-H).
Data represent at least two independent experiments, each with similar results, and the values are
expressed as mean £ SD of three biological replicates. The scale bar represents 50 uM. Student’s
t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

IRF3 plays a crucial role in multiple innate immune signaling pathways, including
RIG-I-like Receptor (RLR) signaling, cGAS/STING signaling, and TLR3 signaling [46].
Viral-derived RNAs trigger RLR signaling, resulting in the activation of IRF3 [47,48]. Thus,
we used two RNA viruses, the GFP-expressing Newcastle disease virus (NDV-GFP) and
the PR8 strain of H;Nj virus (PR8-GFP), to infect PAMs and MA104 cells stably expressing
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DP96R protein. As expected, both cell lines expressing ASFV DP96R protein showed
a significant increase in GFP expression and virus replication relative to control cells
(Figure S6A-D). Subsequently, we quantified the amounts of IFN-3 and IL-6 that was
secreted by each virus-infected cell line. Consistent with the virus replication results, the
ELISAs showed that cells stably expressing DP96R secreted lower amounts of IFNs and
cytokines than control cells (Figure S6E-H). These findings reinforce the idea that DP96R
promotes viral replication by interacting with IRF3, thereby exerting a negative regulatory
effect on the production of type I IFN.

2.5. DP96R Inhibits Interaction between IRF3 and KPNA

To explore the mechanism by which DP96R hinders the nuclear translocation of IRF3,
we examined the interaction between karyopherin o (KPNA) and IRE3 in the presence of
DP96R. Proteins that have an NLS are shuttled from the cellular cytoplasm to the cellular nu-
cleoplasm by KPNA, which recognizes the NLS of the cargo protein and recruits the KPNB
subunit for nuclear localization [49,50]. Many virus proteins block the cargo-NLS-KPNA
interaction to inhibit the movement of transcription factors into the cell nucleus, thereby
impairing secretion of type I IFNs and pro-inflammatory cytokines [29,51,52]. Previous
studies demonstrated that KPNA3 and KPNA4 interact with IRF3 [53-55], whereas a recent
study revealed that of the six KPNAs, only KPNA?2 interacts with IRF3 [56]. Therefore, we
next examined the interaction between IRF3 and KPNA1-KPNAG6. Interestingly, we found
that KPNA1, KPNA2, KPNA3, and KPNA4 interacted strongly with IRF3 (Figure 5A).
Next, we checked the interaction between KPNA and the DBD of IRF3, including the NLS
region. As shown in Figure 5B, KPNA1, KPNA2, KPNA3, and KPNA4 interacted strongly
with the IRF3-DBD. Accordingly, we hypothesized that, despite the slight differences in
sequence homology, KPNA1, KPNA2, KPNA3, and KPNA4 interact with a similar motif
within the IRF3-NLS region. Next, we performed a competition binding assay in which we
overexpressed KPNA1-KPNA4, IRF3, and DP96R in HEK293T cells in a dose-dependent
manner. Then, we examined the IRF3-DP96R interaction and the KPNA-IRF3 interac-
tion. An increase in the interaction between DP96R and IRF3 coincided with a reduction
in the interaction between KPNA and IRF3 (Figure 5C-F). These results suggest that the
DP96R and IRF3 interaction interferes with the KPNA-IRF3 interaction in a dose-dependent
manner. The inhibition of the IRF3-KPNA interaction in this overexpression system was
verified under virus-induced conditions by performing a competition assay in PAMs stably
expressing DP96R. In the first step, we determined the optimal time point of the association
between cellular IRF3 and KPNA2 and KPNA4 in PAMs. PAMs were exposed to ADV-GFP
(MOI = 1) and then collected at specified intervals. Cellular IRF3 was pulled down and
immunoblotted with anti-KPNA2 and anti-KPNA4 antibodies. Figure 5G shows that the
ADV-GFP infection-induced interaction between KPNA2 and KPNA4 with IRF3 was strong
at 16 hpi, at which point the phosphorylation of IRF3 was augmented (later time points
were not tested). Next, we used an endogenous competition binding assay using PAMs
that were transiently transfected with DP96R or empty vector, followed by infection with
ADV-GFP. As the interaction between DP96R and IRF3 increased, the interaction between
IRF3 and KPNA2 or KPNA4 decreased (Figure 5H).
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Figure 5. DP96R impairs IRF3-KPNA interaction. (A) HEK293T cells were transfected with Flag-
KPNA1-KPNAG6 and its control plasmid along with the Strep IRF3 plasmid. Cell lysates were
subjected to Flag IP and immunoblotted with anti-Strep and anti-Flag antibodies. (B) HEK293T
cells were transfected with Flag-KPNA1-KPNAG, its control plasmid, and GST-IRF3-DBD mutant
plasmid. Cell lysates were subjected to Flag IP and immunoblotted with anti-Flag and anti-GST
antibodies. (C-F) KPNA-DP96R competition assay. HEK293T cells were transfected with (C) Flag-
KPNA1, (D) KPNA2, (E) KPNA3, (F) KPNA4, GST IRF3, its control, and Strep DP96R plasmids in
a dose-dependent manner. Cell lysates were subjected to GST PD and immunoblotted with anti-
Flag, -Strep, and -GST antibodies. (G) PAMs were infected with ADV-GFP (1MOI), and cells were
harvested at indicated time points. Cell lysates were subjected to IRF3 IP and immunoblotted with
anti-KPNA2, -KPNA4, -pIRF3, and -IRF3 antibodies. (H) PAMs were transfected with Flag-DP96R
dose-dependently and infected with ADV-GFP (IMOI), and cells were harvested at indicated time
points. Cell lysates were subjected to IP with IRF3 antibodies and immunoblotted with anti-KPNA2,
-KPNA4, -pIRF3, -IRF3, and -Flag antibodies. Data represents at least two independent experiments,

each with similar results.

2.6. DPI96R Interacts with the Major KPNA-Binding Site within IRF3

Previously, Shun Li et al. reported that dephosphorylation of serine 97 (597) within
IRF3 is critical for the nuclear translocation of IRF3 [57]. Upon virus infection, nuclear
translocation of IRF3 was inhibited by the S97D substitution in IRF3 (which imitates the
phosphorylated condition) in IRE3- and IRF7-knockout cells. Zeng Cai et al. also showed
that the S97D substitution disrupts the KPNA2-IRF3 interaction, whereas IRF3 S97A (which
mimics the dephosphorylated state) triggers the interaction. These findings imply that
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when IRF3 is dephosphorylated at 597, it strengthens the interaction with KPNA2, thereby
facilitating the nuclear translocation of IRF3 [56]. To determine how DP96R interferes
with the IRF3-KPNA interaction, we performed a series of binding assays using several
mutant IRF3 plasmids. First, we asked whether DP96R prevents the dephosphorylation
of IRF3 at position 597 to inhibit nuclear translocation. To this end, we confirmed that
the S97D and S97A substitutions in IRF3 inhibit and enhance the interaction with KPNA4,
respectively (Figure S7A,B). Consequently, we found that both S97A and S97D IRF3 mutant
proteins interacted with DP96R at a similar level to WT IRF3, suggesting that DP96R does
not interfere with the S97 of IRF3 (Figure 6A,B). Next, we conducted a competitive binding
assay using IRF3 S97A and KPNA4 and added DP96R incrementally. Figure 6C shows that
the interaction between IRF3 S97A and KPNA4 was inhibited by DP96R, suggesting that
DP96R disrupts the KPNA-IRF3 interaction without interfering with the dephosphorylation
of IRF3 S97.

To examine the IRF3-KPNA and IRF3-DP96R interactions at the amino acid level, we
performed several immunoprecipitation assays using two mutant IRF3 plasmids. Previous
studies suggested that the basic amino acid clusters K77/R78 and R86/K87 within IRF3,
which occupy the minor and major binding sites within IRF3, respectively, are important
for the nuclear translocation of IRF3 and may interact with KPNA [39,53]. The NLS region
of IRF3, which contains these amino acid clusters, is highly conserved in most mammalian
species (Figure S7C). Armed with this information, we performed a binding assay using
K77N/R78G and R86L/K87Q double-mutant IRF3 plasmids, along with Flag-KPNA4 and
Strep-DP96R. First, we checked the IRF3-KPNA4 and IRF3-DP96R interactions using the
K77N/R78G IRF3 double-mutant plasmid. The mutant IRF3 protein still interacted with
KPNA4 and DP96R (Figure 6D,E), indicating that DP96R does not interact with the KPNA4
minor binding site within IRF3. Second, we performed a similar interaction analysis using
the R86L/K87Q double-mutant IRF3 plasmid. By contrast, we found that the mutant IRF3
protein interacted neither with KPNA4 (Figure 6F) nor with DP96R (Figure 6G), suggesting
that DP96R targets the KPNA major interacting site within IRF3 exclusively to inhibit the
IRF3-KPNA interaction.

IRF7, which belongs to the IRF family of proteins, is activated by the cytosolic DNA-
sensing pathway to generate IFNs. To test whether the interaction between DP96R and IRF3
is specific, we investigated the interaction between DP96R and IRF7. As shown in Figure
S7D, IRF7 did not precipitate DP96R, suggesting that the interaction between endogenous
IRF3 and DP96R is unique. Finally, we compared the NLS sequences of IRF3 and IRF7 and
discovered that the KPNA-binding amino acids in IRF3 differ from those in IRF7 (Figure
S7E). These findings strongly suggest that DP96R interacts with IRE3 via the IRF3 major
binding site of KPNA, which then inhibits the IRF3-KPNA interaction and impairs the
nuclear translocation of IRF3.
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Figure 6. DP96R interacts with the KPNA major binding site of IRF3. HEK293T cells were trans-
fected with GST-IRF3-WT, GST-IRF3 (S97D) (A) or GST-IRF3 (97A) (B), and Strep-DP96R plasmid.
Cell lysates were subjected to GST PD and immunoblotted with anti-Strep, and -GST antibodies.
(C) KPNA4-DP96R competition assay. HEK293T cells were transfected with Flag-KPNA4, GST-IRF3
(S97A), its control, and Strep DP96R plasmid in a dose-dependent manner. Cell lysates were subjected
to GST PD and immunoblotted with anti-Flag, -Strep, and -GST antibodies. (D,E) HEK293T cells were
transfected with GST-IRF3-WT, GST-IRF3 (K77N, R78G), its control plasmid, and Flag-KPNA4 (D) or
Strep-DP96R (E) plasmid. Cell lysates were subjected to GST PD and immunoblotted with anti-Flag,
-Strep and -GST antibodies. (F,G) HEK293T cells were transfected with GST-IRF3-WT, GST-IRF3
(R86L, K87Q) and its control plasmid along with Flag-KPN A4 (F) or Strep-DP96R (G) plasmid. Cell
lysates were subjected to GST PD and immunoblotted with anti-Flag, -Strep, and -GST antibodies.
Data represents at least two independent experiments, each with similar results.

2.7. DP96R Is an Early Transcribed Protein Involved in the Antagonism of IFN and ISG
Transcription

To assess the transcription kinetics of DP96R, total RNA was isolated from pri-
mary porcine alveolar macrophages (primary PAMs) infected with an ASFV (Korea/wild
boar/Hwacheon/2020-2287) strain at a MOI of 0.5. The mRNA levels of the viral gene,
relative to the cellular beta-actin (3-actin), were determined as outlined in previous proto-
cols [58]. As depicted in Figure 7A, the transcription pattern of DP96R closely resembled
that of CP302L, an early-transcribed gene, but differed from that of B646L, a late-transcribed
gene. This observation supports the conclusion that DP96R is an early-transcribed gene of
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ASFV. To investigate the immunomodulatory functions of DP96R during ASFV infection,
we knocked down DP96R mRNA that was induced by ASFV infection using DP96R-specific
siRNA (siDP96R) in primary PAMs. Subsequently, these cells were infected with ASFV
ata MOI of 0.5 for 12 h. DP96R mRNA was knocked down with almost 51% efficiency at
12 hpi (Figure 7B). In accordance with that, upon DP96R knock-down in ASFV-infected
primary PAMs, the transcriptions of IFNs and ISGs were upregulated (Figure 7C). These
data demonstrate that DP96R exerts inhibitory effects on IFN transcription, leading to
reduced ISGs and thus inhibiting viral replication.
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Figure 7. DP96R protein is transcribed early, inhibiting the transcription of IFNs and ISGs. Primary
PAMs were infected with ASFV at 0.5 MOI and harvested at indicated time points. DP96R, CP302L,
and B646L transcription expression levels during ASFV infection were determined by gRT-PCR. The
p30 and p72 are shown as indicators of early and late genes, respectively (A). Primary PAMs in 24-well
plates were transfected with the siRNAs against the DP96R or control siRNA for 6 h and then infected
with the ASFV at an MOI of 0.5. The transcription levels of the indicated genes in the ASFV-infected
primary PAMs were examined at 12 hpi (B,C). Data represents two independent experiments, each
with similar results, and all the values are expressed as mean + SD of two biological replicates.

Student’s t-test: **, p < 0.01; ***, p < 0.001.

2.8. The Central Region of DP96R Regulates Immune Evasion

The results described so far suggest that ASFV DP96R inhibits the nuclear translocation
of IRF3. Next, we aimed to pinpoint the precise region within DP96R that is responsible
for inhibiting IFNs, cytokines, and chemokines. To do this, we created two plasmids
that express truncated mutants of DP96R spanning aa 1-29 (D1) and 30-96 (D2) (Figure
S8A); the construction of these mutants is described elsewhere [59]. Moreover, we further
narrowed down DP96R, generating 30-60 (D3) and 61-96 (D4) fragments. Subsequently, we
conducted IFN-{ luciferase assays, mediated by TBK1 and IRF3-5D, and IRF3 interaction
assays using truncated mutants of ASFV DP96R. The luciferase assays indicated that the
D3 fragment of DP96R led to a decrease in luciferase activity, whereas the D1 and D4
fragments did not exhibit such an effect (Figure S8B,C). Next, we examined the interaction
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between DP96R fragments and IRF3. We found that the DP96R-D3 fragment is vital for this
interaction (Figure S8D,E). Taken together, our findings suggest that the central region of
DP96R, specifically amino acids 30-60, plays a pivotal role in suppressing the production
of IFNs, pro-inflammatory cytokines, and chemokines by interacting with IRF3.

3. Discussion

Immune evasion mechanisms are important virulence factors. ASFV uses various im-
mune evasion strategies to inhibit the production of IFNs and pro-inflammatory cytokines.
These strategies involve manipulating and controlling multiple components within the IFN
and NF-«kB signaling pathways. Prior studies suggest that specific ASFV genes suppress
host IFN or pro-inflammatory cytokine responses by targeting elements within the cGAS-
STING-IRE3 and IKK-NF-kB signaling pathways. A recent study examined the idea that
ASF viruses lacking these specific genes show reduced virulence, potentially serving as
the basis for developing live attenuated vaccine strains [60]. The recombinant ASFV virus
Benin AMGE, which lacks MGF family genes, shows impaired inhibition of IFN signaling,
leading to reduced pathogenicity and protection of pigs against a subsequent challenge [61].
Infection with ASFV AMGF505-7R virus, which lacks the MGF505-7R gene, resulting in the
induction of type I IFN production and NF-kB activation, also led to increased secretion
of IFN-f3 in porcine serum and a reduction in viral virulence [6,23]. Additionally, ASFV
CD2v, which encodes EP402R, and ASFV 1267L regulate type I IFN signaling. Both ASFV
ACD2v and ASFV AI267L show attenuated virulence in pigs [62,63]. Hence, investigating
ASFV genes that are involved in evading IFN, or inflammatory responses may serve as a
foundation for developing live attenuated ASFV vaccines.

ASFV DP96R encodes a protein that was previously demonstrated to be an inhibitor
of cGAS-STING signaling [59], is transcribed towards the right end of the genome and does
not exhibit significant similarity to other known genes in existing databases. Analysis of the
DPI6R gene sequence of various pathogenic ASFVs from Europe, the Caribbean, and Africa
shows that this gene is remarkably conserved among pathogenic isolates, including those
from ticks and pigs. In the late 1990s, a study demonstrated that the ASFV ADP96R virus
lacking DP96R was not virulent in inoculated pigs and protected against challenge with
homologous ASFV-E70 [35]. Therefore, a double-gene-deleted ASFV-G-A9GL/ADP96R
virus [36], a seven-gene-deleted ASFV-HL]/-18-7GD (including ASFV UK) virus [38], and a
double-gene-deleted ASFV-SY18-ACD2v/ADP96R virus [37] were constructed and showed
attenuated virulence and protected immunized pigs from challenge with parental ASFV.
Although the relationship between DP96R and ASFV virulence has been studied in vivo,
the molecular mechanisms, including immune invasion related to DP96R, remain unknown.

Here, we identified a novel molecular mechanism by which ASFV DP96R inhibits IRF3-
mediated antiviral immune responses. First, DP96R interacts with a crucial karyopherin
(KPNA) binding site within IRF3. Second, in vitro mutagenesis of IRF3 showed that DP96R
prevents interaction between activated IRF3 and KPNA and consequently impedes the
translocation of IRF3 to the nucleus. Third, overexpression of DP96R boosts the replication
of both DNA and RNA viruses by impeding the cGAS-STING signaling pathway and
subsequent transcription of antiviral genes. Fourth, DP96R knock-down using DP96R-
specific siRNA resulted in higher IFNs and ISG transcription during ASFV infection.

The IRF family in mammals includes IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, IRFS,
and IRF9 [41,64,65]. Indeed, among IRF family members, IRF3 is a key transcription
factor, crucial for initiating the production of type I IFNs. Expressing numerous genes
that are involved in innate immune responses is essential and highlights their significance
in antiviral defense mechanisms and overall immune regulation [66]. Upon infection by
RNA or DNA viruses, activated TBK1 and IKKe /i phosphorylate IRF3 at specific serine
residues [67,68]; and IRF3 then undergoes nuclear translocation to initiate the transcription
of type I IEN by binding to specific regulatory elements known as IFN-stimulated response
elements (ISREs). This process is crucial for activating the innate immune response against
viral infections [69].
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IRF3 comprises three key domains: AIE for phosphorylation, IAD for dimerization,
and an NLS-associated DBD for nuclear translocation and binding to promoter DNA.
The DBD and AIE of IRF3, but not the IAD, are highly conserved in humans and pigs.
Given the central role of IRF3 in virus-induced innate immunity, many RNA or DNA
viruses, including ASFV, have developed mechanisms to avoid or counteract IRF3-mediated
responses within host cells [18,70]. Indeed, studies demonstrate that several viral proteins
interact specifically with IRF3, which effectively hinders its nuclear translocation. For
instance, the V protein of simian virus 5 [71]; the NS1 protein of influenza B virus [72]; the
L protein of Theiler’s murine encephalomyelitis virus [73]; the ICPO protein of HSV-1 [74];
and the ORF6 [75], NSP12 [76], and NSP5 [77] proteins of SARS-CoV-2 all inhibit the nuclear
translocation of IRF3.

Reports suggest that the inhibition of the nuclear translocation of phosphorylated IRF3
in the virulent isolate ASFV Armenia/(7 is greater than that of IRF3 in the non-virulent
ASFV isolate NH/P68 [21], suggesting that there are specific ASFV proteins that impair the
type I IFN signaling cascade by inhibiting the translocation of IRF3 to the nucleus. A recent
study showed that MGF 505-7R of ASFV-HL]/18 associates with IRF3 to inhibit the nuclear
translocation of IRF3, although the mechanism is unclear [6]. Here, we show that ASFV
DP96R interacts with a critical binding site in IRF3, which is essential for the interaction
with KPNA. This interaction between DP96R and IRF3 effectively hinders the translocation
of IRF3 to the nucleus by disrupting the IRF3-KPNA interaction. KPNA molecules play
a pivotal role in the nuclear translocation of IRF3 by acting as an adaptor protein that
links NLS-containing proteins (e.g., IRF3, IRF7, P65, and STAT1) with KPNB [78]. The
KPNA family comprises KPNA1-KPNAG6. Previously, Zeng Cai et al. showed that IRF3
only interacts with KPNA2, although this result may be due to the disproportionate
expression of KPNA molecules in the experiments [56]. In the current study, we show that
IRF3 interacts with KPNA1, KPNA2, KPNA3, and KPNA4 (Figure 5A,B) and that DP96R
impedes interaction between IRF3 and all of these molecules (Figure 5C-H).

Shun Li et al. demonstrated that S97 of IRF3 must be dephosphorylated for nuclear
translocation of IRF3 [57], and Zeng Cai et al. showed that KPNA2 interacts with IRF3
when 597 is dephosphorylated [56]. Therefore, we asked whether DP96R inhibits the
dephosphorylation of IRF3 S97 or blocks the KPNA-S97 dephosphorylated IRF3 interaction.
When we used an S97A mutant of IRF3, DP96R was not involved in the dephosphorylation
of IRF3 597, and the interaction between dephosphorylated IRF3 with KPNA4 was still
disrupted by ASFV DP96R, suggesting that DP96R blocks the KPNA-597-dephosphorylated
IRF3 (Figure 6C).

The IRF3 protein possesses a bipartite NLS that is defined by two clusters of basic
amino acids: one formed by lysine 77 (K77) and arginine 78 (R78), located at the minor
binding site, and the other comprising arginine 86 (R86) and lysine 87 (K87), located at
the major binding site of KPNA. Notably, prior to our study, there was no evidence of
an interaction between these components [39]. Here, we demonstrate that R86 and K87
of IRF3 are necessary for the interaction with KPNA, whereas K77 and R78 of IRF3 are
not (Figure 6D,F). Specifically, DP96R also targets R86 and K87 of IRF3 (Figure 6G). These
results suggest that DP96R competes with KPNA molecules for binding to IRF3 without
affecting the dephosphorylation of S97.

Previously, Wang et al. also described a mechanism of cGAS-STING pathway inhibi-
tion by DP96R degrading TBK1 [59]. However, we did not observe evidence of endogenous
or overexpressed TBK1 degradation by DP96R in a dose-dependent manner in our condi-
tion. Moreover, our luciferase data showed that DP96R dose-dependently reduces IRF3
and IRF3-5D that are mediated IFN-f3 luciferase activity. During our study, we depended
on the dosage-dependent effects of DP96R, which could potentially be a determining factor
in the varied outcomes obtained. In summary, we report a novel molecular mechanism by
which DP96R acts as a negative modulator of type I IFNs and pro-inflammatory responses
by impairing the nuclear translocation of IRF3. These data increase our understanding
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of the connection between DP96R and the virulence of ASFV and reinforce the idea that
DP96R represents a crucial target for the development of live attenuated vaccines.

4. Materials and Methods
4.1. Cells and Antibodies

HEK293T cells (ATCC® CRL11268™), 293-Dual™ hSTING-A162 cells (Invivogen, San
Diego, CA, USA, 293d-a162), PK-15 cells (ATCC® CCL-33), A549 cells (ATCC CCL-185),
Vero cells (ATCC® CCL-81™), and MA104 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Cytiva, Marlborough, MA, USA) media and PAMs (ATCC® CRL2843™)
in Roswell Park Memorial Institute Medium (RPMI) (Cytiva) media. For the culture of
PIBs, RPMI media were utilized, supplemented with 5% Glutamax (Gibco, Waltham, MA,
USA) along with 300 uL of normacin (Invivogen). Each cell type was provided with 10%
fetal bovine serum (Gibco) and 1% antibiotic/antimycotic (AA) (Gibco). Subsequently, they
were placed in a humidified incubator with 5% CO; at 37 °C. Primary PAM (Optipharm
Inc., Cheongju, Republic of Korea) was cultured in 10% fetal bovine serum (FBS) (Gibco™)
and 1% Penicillin-Streptomycin (Gibco™)-added RPMI-1640 medium (Hyclone™, Cytiva)
in an incubator at 37 °C and 5% CO, atmosphere. The antibodies employed for both
immunoblot and immunoprecipitation analyses are as follows: Flag-mouse (Cell Signaling,
Danvers, MA, USA, 8146), Flag-Rabbit (Sigma, St. Louis, MO, USA, F7425), GST (Santa
Cruz, sc-138), Strep (QIAGEN, Venlo, The Netherlands, 34850), IRF3 (Cell Signaling 4302s),
phospho IRF3 (Ser396) (Cell Signaling, 4947), IKK« (Santa Cruz, Dallas, TX, USA, sc-7606),
phospho IKK«/ 3 (Cell Signaling, 2697S), p65 (Cell Signaling, 4764S), phospho p65 (Cell
Signaling, 3031S), TBK1 (Cell Signaling, 3504S), phospho TBK1 (Cell Signaling, 5483S),
phospho I'kBx (Cell Signaling, 2859S), IxBx (Cell Signaling, 9242S), STAT1 (Cell Signaling,
9172S), pSTAT1 (Cell Signaling, 9167S), KPNA2 (Santa Cruz, sc-55538), KPNA4 (Santa
Cruz, 390535), a-tubulin (Santa Cruz, sc-8035), Lamin B1(Cell Signaling, 12586), and f3-
actin (Santa Cruz, SC 47778). For the immunofluorescence assay, cy3-conjugated donkey
mouse IgG (The Jackson Laboratory, Bar Harbor, ME, USA, 715-165-150) and Alexa 488
goat rabbit IgG (Invivogen, A11034) were used. These antibodies were utilized following
the manufacturer’s provided instructions.

4.2. Porcine Bone Marrow-Derived Macrophage Isolation

Cells derived from porcine bone marrow were isolated following the subsequent
protocols [79-81]: Five ribs from the rear portion were extracted from each side of the
animal, and the bone surfaces were cleansed with alcohol. Both ends were incised, and
the bone marrow was flushed from both sides using a 20 mL syringe and an 18 G needle,
with RPMI 1640 (Cytiva) supplemented with 5 mM EDTA (Gibco) to prevent clotting. The
cells were filtered, subjected to centrifugation, and then suspended in red blood cell lysis
buffer (ACK lysing buffer, Gibco) for 2 min. After the cells were lysed, they underwent
centrifugation, and the resulting pellet was washed first with PBS and then with RPMI
1640. Lastly, the bone marrow cells were suspended in a freezing medium consisting of 90%
heat-inactivated FBS and 10% DMSO. They were then frozen overnight in a “Mr. Frosty”
isopropanol box (Nalgene, Rochester, NY, USA) at —80 °C, enabling gradual temperature
reduction for controlled freezing. On the subsequent day, the cells were transferred to a
freezer set at a temperature of —196 °C for extended, long-term storage. To retrieve the
cells from the freezer, they were rapidly thawed in a 37 °C water bath and then cautiously
diluted by gradually adding complete medium drop by drop over 2-3 min. This gradual
dilution was performed to prevent any abrupt changes in osmolarity due to DMSO. The
cells were slowly diluted by adding 40 mL of warm PBS drop by drop over a 2-3-min period,
preventing the sudden dilution shock from DMSO. Following the DMSO removal through
washing, the cells were cultured in a complete medium consisting of RPMI 1640, 10%
heat-inactivated FBS (Gibco), AA (Gibco), and GlutaMAX-I supplement (Gibco). Porcine
BMDMs were generated by culturing bone marrow cells on sterile 100 mm? petri dishes for
5-7 days in the presence of pPGM-CSF-1 (20 ng/mL; R&D Systems, Minneapolis, MN, USA,
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711-pg-010). The obtained macrophages were detached by forcefully splashing them with
a medium using a syringe and an 18 G needle. Afterward, they were washed, counted, and
then seeded into tissue culture plates at a concentration of 1 million cells per milliliter (10°
cells/mL) in a medium containing pGM-CSEF-1.

4.3. Porcine Bone Marrow-Derived Macrophage Immortalization

Before the lentiviral transduction, a G418 dose selection assay was performed, and the
minimum G418 concentration for the onset of pPBMDM cell death was determined. First,
pBMDMs were allowed to differentiate for 5-7 days. Then, the pPBMDMs were split into
a 24-well cell culture plate. For G410, 100ug/mL to 400 nug/mL doses were tested, and
cell death was shown at 400 pg/mL. Subsequently, primary porcine BMDMs were divided
and placed into individual wells of a 24-well cell culture plate. Each well contained 0.5 mL
of RPMI1640 supplemented with 10% FBS, GlutaMax-1, and AA, with a cell density of
1 million cells (1 x 10° cells) per well. The plates were then incubated at 37 °C in a 5% CO,
environment overnight.

At the time of transduction, cell confluence was 50-70%. Preformed lentiviral particles
expressing SV40 large T antigen under the CMV promoter and containing neomycin
markers were purchased (AMSBIO, Abingdon, UK). The calculated virus particle and
polybrene levels were 5 uL and 0.6 pg/pL, respectively. A determined amount of retrovirus
was added into 1.5 mL microcentrifuge tubes, bringing the volume up to 0.5 mL using
complete media. Polybrene was introduced into the mixture to achieve a final concentration
of 8 ug/mL. The medium was removed from the cell culture plate, and 500 uL of the
prepared mixture of complete medium, including lentivirus and polybrene, was added
without disturbing the cells. The cells were cultured with the virus for a period of 48 to
72 hin a 37 °C incubator under 5% CO, conditions.

Three days after transduction, cells were treated with complete media containing
800 ng/mL G418 to select resistant cells. The integration of hTERT and SV40LT was
verified using PCR. For the template for PCR, the genomic DNA was isolated using
an RNA/DNA mini kit. PCR primers for hTERT were as follows: forward primer- 5'-
GCCGAGACCAAGCACTTCCTCTACT-3, reverse primer-5'-GCAACTTGCTCCAGACA
CTCTTCCG-3' and SV40LT; forward primer- 5-GATGGCTGGAGTTGCTTGGCTACAC-3/,
reverse primer-5 GCCTGAAATGAGCCTTG GGACTGTG-3'. The PCR protocol included
an initial denaturation cycle of 5 min at 95 °C, followed by 35 cycles consisting of 30 s at
94 °C, 30 s at 63 °C, and 45 s at 72 °C. Finally, there was a concluding extension step of
5minat72 °C.

4.4. Continuous ASFV DP96R Protein-Expressing Cell Generation

DP96R continuously expressing PAMs, PIBs, and MA104 cells were generated by tran-
sient transfection of the DP96R-pIRES-Flag plasmid with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Positive colonies were selected in 10% FBS-containing DMEM treated
with 2 ng/mL, 0.3 ng/mL, or 4 ug/mL puromycin (Thermo Fisher Scientific, Waltham,
MA, USA) for each cell line for at least two weeks. The presence of DP96R protein in the
cells was validated through immunoblotting using anti-Flag antibodies.

4.5. Plasmids

The complete form of the ASFV DP96R protein-expressing sequence (GenBank, Bethesda,
MD, USA: FR682468.1) was cloned into Flag-tagged pIRES, Strep-tagged pEXPR, and GST-
tagged pEGB vectors. Truncated DP96R gene fragments were cloned into a pEGB vector
with a GST tag. To generate IRF3 different constructs, IRF3 was amplified from template
DNA using PCR and cloned into pIRES-Flag, pEXPR-Strep, or pEBG-GST vectors. IRF3
domains were subcloned into the pEGB vector. The mutation cloning kit (Thermo Fisher,
00940669) generated the IRF3 point mutated sequences. KPNA (Importin «) 1 to 6 were
cloned into a pIRES vector with a Flag tag. Generation procedures of the IFN-f3 and NF-«B
promoter and luciferase reporter plasmids have been described elsewhere [82]. cGAS 3 x
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Flag-tagged plasmid was kindly donated by Dr Jae U. Jung (Lerner Research Institute,
9500 Euclid Avenue, Cleveland, OH, USA). Flag-tagged STING, TBK1, IKKe, IRF3, P65,
and V5-tagged TBK1 were generated by amplifying template DNA and cloning it into the
PIRES vector. The integrity of all sequences was verified by sequencing analysis. Plasmids
utilized in the studies encode human proteins.

4.6. Virus Infection and Plasmid Transfection

ADV-GFP was amplified in PK-15 cells, while HSV-GFP and VACV-GFP were am-
plified in Vero cells and quantified using a plaque assay. The Sendai virus Cantell strain,
GFP-tagged H1Nj virus-PR8 strain (PR8-GFP), and NDV-GFP were amplified in specific
pathogen-free (SPF) eggs. Before virus infection, the culture medium was replaced with
DMEM containing 1% FBS, and the virus was introduced into the target cells at a specific
multiplicity of infection (MOI). After a 2 h incubation at 37 °C, the extracellular viruses
were eliminated, and the medium was substituted with DMEM containing 10% FBS. At
the specified time points, the cells were detached from the culture plates along with the
supernatants, and the mixture was subjected to centrifugation at 3000 rpm for 3 min. The
supernatant of each sample was separated from the cell pellet for ELISA. The cell pellet
was reconstituted in 300 pL of phosphate-buffered saline (PBS), and the fluorescence of
each sample was assessed using a fluorometer, specifically, the Glomax detection system
from Promega. The plasmids were introduced into PK-15, PAMs, PIBs, and MA104 cells
using Lipofectamine 2000 (Invitrogen), and for HEK293T and 293-Dual™ hSTING-A162
cells, Polyethylenimine (PEIL Polyscience Inc., Warrington, PA, USA, 23966) was employed
for transfection. The procedures followed the manufacturer’s protocol.

4.7. Virus Titration

Virus-infected cells and cell culture supernatants were collected at the indicated time
points, and viruses were titrated by plaque assay using A549 cells for ADV-GFP and VACV-
GFP and Ceropithecus aethiops epithelial kidney (Vero) cells for HSV-GFP, PR8-GFP, and
NDV-GFP. A549 and Vero cells were placed into 12-well plates and allowed to incubate
for a duration of 12 h. Subsequently, the cells were exposed to supernatants containing
the virus that had been serially diluted, using 1% DMEM, for a period of 2 h. After the
incubation period, the inoculums were discarded and substituted with DMEM containing
0.1% agarose (from Sigma-Aldrich). The plates were incubated for 36 h at 37 °C and
subsequently examined for plaque formation under a magnification of 200x. Determining
virus titers was performed by employing the number of plaque-forming units (PFUs) and
the dilution factor in the calculations.

4.8. DP96R Transcription Assay

In the ASFV experiment, primary porcine alveolar macrophages (primary PAMs) were
exposed to a 0.5 multiplicity of infection (MOI) of ASFV (Korea/wild boar/Hwacheon/2020-
2287). Cell pellets were collected at 0, 3, 6, 9, 12, 15, and 18 hpi. Subsequently, RNA
extraction was carried out, and qRT-PCR analysis was performed using DP96R primers
(Table S1). All experiments dealing with ASFV were conducted in accordance with the
Standard Operating Procedure (SOP) in the biosafety level 3 (BSL-3) laboratory of the
NIWDC in Korea.

4.9. RNA Interference Experiments

The specific small interfering RNA (siRNA) for targeting ASFV DP96R was designed
and synthesized by Bioneer (Daejeon, Republic of Korea). Primary PAMs (cell number
1 x 10° in 24-well plates) were transfected with negative control (siControl) or DP96R
(siDP96R) siRNA by RNAimax (Invivogen). The target sequence of DP96R was 256-
GGAUCCCUAAUGCGCUCCA-274. Nontargeting siRNA was used as a negative control
(UUCUCCGAACGUGUCACGU). At 6 hpt, the cells were left uninfected or infected with
ASFV at a multiplicity of infection (MOI) of 0.5. The mRNA expression levels of the target
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gene, IFNs, and ISG mRNA were detected by qRT-PCR. All experiments dealing with
ASFV were conducted in accordance with the Standard Operating Procedure (SOP) in the
biosafety level 3 (BSL-3) laboratory of the NIWDC in Republic of Korea.

4.10. ELISA

ELISA was conducted to identify the presence of secreted interferons, pro-inflammatory
cytokines, and chemokines within the cell culture supernatants. Human IL-6 (BD OptEIA,
Franklin Lakes, NJ, USA, 5552220), Human IFN- (CUSABIO, CSB-E0988%9h), porcine
IL-6 (R&D Systems, p6000B), and porcine IFN-3 (CUSABIO, CSB-E09890p), were used for
analysis, and the procedures followed the manufacturer’s provided protocols.

4.11. Quantitative Real-Time PCR

DP96R pIRES or pIRES stably expressing PAMs were cultivated in 6-well tissue culture
plates, with a seeding density of 1 x 10° cells per well, and maintained at a temperature of
37 °C. The cells were infected with ADV-GFP and HSV-GFP at a multiplicity of infection
(MOI) of 1 and then collected at 0, 12, and 24 hpi. The total RNA from the cells was
extracted using the Machery Nagel Nucleospin RNA kit (790955.250), and subsequently,
c¢DNA was synthesized using reverse transcriptase (Toyobo, Osaka, Japan). The varying
levels of cDNA were quantified through real-time polymerase chain reaction (RT-PCR)
employing the Smart Gene SYBR Green Q-PCR master mix (SG. SYBR.500) kit, following
the manufacturer’s provided instructions. The primer sequences utilized in the quantitative
polymerase chain reaction (qQPCR) are detailed in Table S1.

4.12. Immunoprecipitation

At 36 h post-transfection (hpt), the cells were collected, and whole-cell lysates (WCLs)
were acquired following lysis using a lysis buffer containing protease inhibitor cocktail
(PI), phosphatase inhibitor cocktail (Sigma), and radio-immunoprecipitation assay (RIPA)
lysis buffer (comprising 50 mM Tris-HCl, 150 mM NacCl, 0.5% sodium deoxycholate, 1%
IGEPAL, 1 mM NaF, and 1 mM Na3VO4). The lysates were then sonicated using a sonicator
from Sonics. The whole-cell lysate (WCL) was initially subjected to a pre-clearing step by
incubation with Sepharose 6B (GE Healthcare Life Science, Little Chalfont, UK) at 4 °C with
rotation for 2 h. Following the pre-clearing step, for GST and Strep pull-down, the WCL
was subjected to incubation with a 50% slurry of glutathione-conjugated Sepharose (GST)
beads (Amersham Biosciences, Slough, UK) and Strep beads (IBA) for 12 h. In contrast,
for antibody pull-down, the specified antibodies were incubated with WCL for 12 h, and
protein A/G PLUS-Agarose beads (Santa Cruz, H0422) were employed for incubation,
lasting 4 h. The immunoprecipitated beads were gathered following centrifugation and
subjected to washing with lysis buffer using various washing conditions. Subsequently, the
interaction between the relevant proteins was assessed through immunoblot analysis.

4.13. Immunoblot Analysis

The cell lysates prepared with immunoprecipitated beads were separated via SDS-
PAGE and then transferred to a PVDF membrane using a Trans-Blot® semi-dry transfer cell
from Bio-Rad located in Seoul, Republic of Korea. Following the transfer, the membrane
was blocked for a duration of 1 h using 5% bovine serum albumin (Georgiachem, Nor-
cross, GA, USA, BS1005) and subsequently incubated overnight at 4 °C with the primary
antibody. Subsequently, the membranes were subjected to washing with either TBST or
PBST, and then, the membrane was incubated with a horseradish peroxidase-conjugated
(HRP) secondary antibody (GeneTex, Irvine, CA, USA, GTX213111-01) for a period of 2 h at
room temperature. The membrane underwent three rounds of washing with TBST or PBST.
Lastly, the reaction was visualized using an enhanced chemiluminescence detection system
(ECL) (GE Healthcare, located in Little Chalfont, UK) and with Amersham ImageQuant
800 (Cytiva).
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4.14. Luciferase Reporter Assay

HEK293T cells and 293-Dual™ hSTING-A162 cells were cultured in 12-well tissue cul-
ture plates (3.5 x 10° cells/well) and incubated at 37 °C. The human STING-overexpressing
HEK293T cell line, 293-dual hSTING-A162, was used to examine the IFN-f luciferase ac-
tivity induced by poly(dA:dT), cGAS and 2'3'cGAMP, while HEK293T cells were used
to test the STING-, TBK1-, IKKe-, IRF3- and IRF3-5D-induced IFN-f luciferase reporter
assay. HEK293T cells were transfected with IFN-f luminescence, TK renilla-luciferase
reporter plasmid (an internal control to normalize transfection efficiency). DP96R pIRES
plasmid or control vector was dose-dependently transfected. poly(dA:dT) (InvivoGen) and
2'3'cGAMP ligands (InvivoGen) were transfected with Lipofectamine 2000 (Invitrogen)
and Lipofectamine RNAi max (Invitrogen), respectively. At 24 h post-transfection, cells
were washed with phosphate-buffered saline (PBS) and lysed with 1x Passive Lysis buffer
(Promega, Madison, WI, USA) for 15 min. Following the manufacturer’s protocol, luciferase
activity was measured using a dual-luciferase reporter assay system (Promega; E1980).

4.15. Nuclear Fractionation Assay

In a 6-well cell culture plate, 80-90% confluent DP96R protein stably expressing PAMs,
infected with ADV-GFP 1MOI for 2 h, were harvested at specified time intervals. Then,
nuclear and cytoplasmic extraction procedures were performed following the instructions
provided by the manufacturer (Invent Biotechnologies Inc., Plymouth, MN, USA, SM-005).
The concentration of cytosol or nuclear lysate was quantified using the Bradford assay
(Bio-Rad, Hercules, CA, USA).

4.16. Immunofluorescence and Confocal Microscopy

PK-15 cells were placed into an eight-well chamber slide manufactured by Ibidi.
Harvested cells were fixed by incubating them with 4% paraformaldehyde for a duration
of 20 min at room temperature. The fixed cells were rinsed with 1x PBS and then made
permeable by treating them with absolute methanol. This was followed by an incubation
period of 20 min at —20 °C. The cells were rinsed with 1x PBS and subsequently blocked
by exposing them to 2% BSA in 1x PBS for a duration of 1 h at room temperature. The
primary antibodies were added and incubated at 4 °C overnight. Following this, the
cells underwent three rounds of washing with 1x PBST and were then exposed to an
appropriate secondary antibody for a period of 1 h at room temperature. Subsequently,
the cells were subjected to three additional washes with 1x PBST and stained with DAPI
(4’ 6-diamidino-2-phenylindole) for a duration of 10 min at room temperature. Images
were captured using a LEICA DMi8 microscope and then analyzed with LAS-X software
(version 3.7.1.21655). Pearson correlation coefficient of confocal images was calculated
using Fiji Image J (version 1.54c); an open-source platform for biological image analysis.

4.17. Statistical Analysis

Graphs and all statistical analyses were performed using GraphPad Prism software
version 6 for Windows. Data are presented as the means and standard deviations (SDs)
representing at least two independent experiments. An unpaired Student’s f-test was
performed to compare the control and treatment groups at each time point. p values of
<0.05, <0.01, <0.001, or <0.0001 were considered significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25042099/s1.

Author Contributions: Conceptualization J.-S.L.; methodology, ].-S.L., N.D. and J.-W.C.; software,
N.D; validation, N.D., J.-W.C,, YK, W], K.C.,, WA.G.C,, AW, LR. and J.-S.L.; formal analysis, N.D.,
K.C.,WA.G.C, AW, LR. and J.-S.L.; resources, Y.K.,, W.J. and J.-S.L.; Data curation, N.D. and J.-S.L.,
Writing—original draft preparation, N.D. and ].-S.L.; Writing—review and editing, N.D. and ].-S.L.;
Visualization, N.D. and J.-S.L.; Supervision, ].-S.L.; Project administration, J.-S.L.; Funding acquisition,
J.-S.L. All authors have read and agreed to the published version of the manuscript.

156



Int. J. Mol. Sci. 2024, 25, 2099

Funding: This research was funded by the Ministry of Environment (Grant No. NIWDC-2021-SP-02);
National Research Foundation (Grant No. 2021R1A6A1A03045495), Institute for Basic Science (IBS)
Research Program (Grant No. IBS-R801-D9-A01); and the Ministry for Food, Agriculture, Forestry
and Fisheries (Grant No. 119081-5), Republic of Korea.

Institutional Review Board Statement: The authors declare that porcine bone marrow-derived
macrophages were isolated from the bone marrow samples sourced from ChoongAng Vaccine
Laboratories, Daejeon, 34055, Republic of Korea. Bone marrow isolation was performed according to
the guidelines approved by the Institutional Review Board of Choong Ang Vaccine Laboratories Co.,
Ltd. (protocol code 211220-06, approval date 20 December 2021), Republic of Korea.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the pertinent data can be found within the manuscript and its
accompanying supporting information files. The authors confirm that all data supporting the findings
of this study are available at figshare (https://figshare.com/s/89a1f90c6eab8dc7d4fd) (accessed on
27 November 2023).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Dixon, LK,; Sun, H.; Roberts, H. African swine fever. Antivir. Res. 2019, 165, 34—41. [CrossRef]

2. Galindo, I; Alonso, C. African Swine Fever Virus: A Review. Viruses 2017, 9, 103. [CrossRef]

3.  Gaudreault, N.N.; Madden, D.W.; Wilson, W.C.; Trujillo, ].D.; Richt, J.A. African Swine Fever Virus: An Emerging DNA Arbovirus.
Front. Vet. Sci. 2020, 7, 215. [CrossRef] [PubMed]

4. Alonso, C; Borca, M.; Dixon, L.; Revilla, Y.; Rodriguez, E; Escribano, ].M.; ICTV Report Consortium. ICTV Virus Taxonomy
Profile: Asfarviridae. J. Gen. Virol. 2018, 99, 613-614. [CrossRef] [PubMed]

5. Wilkinson, P. The persistence of African swine fever in Africa and the Mediterranean. Prev. Vet. Med. 1984, 2, 71-82. [CrossRef]

6. LiJ;Song, J.; Kang, L; Huang, L.; Zhou, S.; Hu, L.; Zheng, J.; Li, C.; Zhang, X.; He, X. pMGF505-7R determines pathogenicity of
African swine fever virus infection by inhibiting IL-13 and type I IFN production. PLoS Pathog. 2021, 17, e1009733. [CrossRef]
[PubMed]

7. Sanchez-Cordén, P.; Montoya, M.; Reis, A.; Dixon, L. African swine fever: A re-emerging viral disease threatening the global pig
industry. Vet. ]. 2018, 233, 41-48. [CrossRef] [PubMed]

8. Alejo, A.; Matamoros, T.; Guerra, M.; Andrés, G. A Proteomic Atlas of the African Swine Fever Virus Particle. J. Virol. 2018, 92,
€01293-18. [CrossRef] [PubMed]

9. Karger, A.; Pérez-Nufiez, D.; Urquiza, J.; Hinojar, P.; Alonso, C.; Freitas, F.B.; Revilla, Y.; Le Potier, M.F.; Montoya, M. An Update
on African Swine Fever Virology. Viruses 2019, 11, 864. [CrossRef] [PubMed]

10. McNab, E; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015, 15,
87-103. [CrossRef]

11.  Yu, L; Liu, P. Cytosolic DNA sensing by cGAS: Regulation, function, and human diseases. Signal Transduct. Target. Ther. 2021, 6,
170. [CrossRef] [PubMed]

12.  Kato, K.; Omura, H.; Ishitani, R.; Nureki, O. Cyclic GMP-AMP as an Endogenous Second Messenger in Innate Immune Signaling
by Cytosolic DNA. Annu. Rev. Biochem. 2017, 86, 541-566. [CrossRef] [PubMed]

13.  Zhang, X.; Shi, H.; Wu, J.; Zhang, X.; Sun, L.; Chen, C.; Chen, Z.]. Cyclic GMP-AMP containing mixed phosphodiester linkages is
an endogenous high-affinity ligand for STING. Mol. Cell 2013, 51, 226-235. [CrossRef] [PubMed]

14. Ablasser, A.; Goldeck, M.; Cavlar, T.; Deimling, T.; Witte, G.; Rohl, I.; Hopfner, K.P; Ludwig, J.; Hornung, V. cGAS produces a
2’-5-linked cyclic dinucleotide second messenger that activates STING. Nature 2013, 498, 380-384. [CrossRef] [PubMed]

15. Zhong, B.; Yang, Y.; Li, S.; Wang, Y.Y.; Li, Y.; Diao, F,; Lei, C.; He, X.; Zhang, L.; Tien, P; et al. The adaptor protein MITA links
virus-sensing receptors to IRF3 transcription factor activation. Immunity 2008, 29, 538-550. [CrossRef] [PubMed]

16. Tanaka, Y.; Chen, Z.J. STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA signaling pathway. Sci. Signal 2012, 5,
ra20. [CrossRef] [PubMed]

17.  Garcia-Sastre, A. Ten Strategies of Interferon Evasion by Viruses. Cell Host Microbe 2017, 22, 176-184. [CrossRef]

18. Ma, Z.; Damania, B. The cGAS-STING Defense Pathway and Its Counteraction by Viruses. Cell Host Microbe 2016, 19, 150-158.
[CrossRef]

19. Deng, L.; Zeng, Q.; Wang, M.; Cheng, A_; Jia, R;; Chen, S.; Zhu, D.; Liu, M.; Yang, Q.; Wu, Y. Suppression of NF-«B activity: A
viral immune evasion mechanism. Viruses 2018, 10, 409. [CrossRef]

20. Rahman, M.M.; McFadden, G. Modulation of NF-«B signalling by microbial pathogens. Nat. Rev. Microbiol. 2011, 9, 291-306.
[CrossRef]

21. Garcia-Belmonte, R.; Pérez-Nufiez, D.; Pittau, M.; Richt, J.A.; Revilla, Y. African Swine Fever Virus Armenia/07 Virulent Strain

Controls Interferon Beta Production through the cGAS-STING Pathway. J. Virol. 2019, 93, €02298-18. [CrossRef] [PubMed]

157



Int. J. Mol. Sci. 2024, 25, 2099

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Li, Z.; Chen, W.; Qiu, Z.; Li, Y,; Fan, J.; Wu, K,; Li, X.; Zhao, M.; Ding, H.; Fan, S. African Swine Fever Virus: A Review. Life 2022,
12, 1255. [CrossRef] [PubMed]

Li, D,; Yang, W.; Li, L.; Li, P.; Ma, Z.; Zhang, ].; Qi, X,; Ren, J.; Ru, Y; Niu, Q. African swine fever virus MGF-505-7R negatively
regulates cGAS-STING-mediated signaling pathway. J. Immunol. 2021, 206, 1844-1857. [CrossRef] [PubMed]

Liu, H.; Zhu, Z.; Feng, T.; Ma, Z.; Xue, Q.; Wu, P;; Li, P; Li, S.; Yang, F.; Cao, W. African swine fever virus E120R protein inhibits
interferon beta production by interacting with IRF3 to block its activation. J. Virol. 2021, 95, €00824-21. [CrossRef] [PubMed]
Liu, X.; Ao, D,; Jiang, S.; Xia, N.; Xu, Y.; Shao, Q.; Luo, J.; Wang, H.; Zheng, W.; Chen, N. African swine fever virus A528R inhibits
TLR8 mediated NF-«B activity by targeting p65 activation and nuclear translocation. Viruses 2021, 13, 2046. [CrossRef] [PubMed]
Wang, Y.; Cui, S.; Xin, T.; Wang, X.; Yu, H.; Chen, S.; Jiang, Y.; Gao, X,; Jiang, Y.; Guo, X,; et al. African Swine Fever Virus
MGF360-14L Negatively Regulates Type I Interferon Signaling by Targeting IRF3. Front. Cell Infect. Microbiol. 2021, 11, 818969.
[CrossRef]

Yang, ].; Li, S.; Feng, T.; Zhang, X.; Yang, F; Cao, W.; Chen, H.; Liu, H.; Zhang, K.; Zhu, Z.; et al. African Swine Fever Virus F317L
Protein Inhibits NF-«kB Activation to Evade Host Immune Response and Promote Viral Replication. mSphere 2021, 6, e€0065821.
[CrossRef]

Yang, K.; Huang, Q.; Wang, R.; Zeng, Y.; Cheng, M.; Xue, Y.; Shi, C; Ye, L.; Yang, W.; Jiang, Y. African swine fever virus
MGF505-11R inhibits type I interferon production by negatively regulating the cGAS-STING-mediated signaling pathway. Vet.
Microbiol. 2021, 263, 109265. [CrossRef]

Zhuo, Y.; Guo, Z.; Ba, T.; Zhang, C.; He, L.; Zeng, C.; Dai, H. African swine fever virus MGF360-12L inhibits type I interferon
production by blocking the interaction of importin « and NF-«B signaling pathway. Virol. Sin. 2021, 36, 176-186. [CrossRef]
Chen, H.; Wang, Z.; Gao, X.; Lv, J.; Hu, Y;; Jung, Y.-S.; Zhu, S.; Wu, X,; Qian, Y.; Dai, ]. ASFV pD345L protein negatively regulates
NF-«B signalling by inhibiting IKK kinase activity. Vet. Res. 2022, 53, 32. [CrossRef]

Cheng, M.; Luo, J.; Duan, Y.; Yang, Y.; Shi, C.; Sun, Y.; Lu, Y.; Wang, J.; Li, X.; Wang, J. African swine fever virus MGF505-3R
inhibits cGAS-STING-mediated IFN-f pathway activation by degrading TBK1. Anim. Dis. 2022, 2, 13. [CrossRef]

Dodantenna, N.; Ranathunga, L.; Chathuranga, W.G.; Weerawardhana, A.; Cha, ].-W.; Subasinghe, A.; Gamage, N.; Haluwana, D.;
Kim, Y.; Jheong, W. African Swine Fever Virus EP364R and C129R Target Cyclic GMP-AMP To Inhibit the cGAS-STING Signaling
Pathway. J. Virol. 2022, 96, €01022-22. [CrossRef] [PubMed]

Sun, M.; Yu, S;; Ge, H.; Wang, T.; Li, Y,; Zhou, P; Pan, L.; Han, Y; Yang, Y; Sun, Y.; et al. The A137R Protein of African Swine
Fever Virus Inhibits Type I Interferon Production via the Autophagy-Mediated Lysosomal Degradation of TBK1. J. Virol. 2022, 96,
e0195721. [CrossRef] [PubMed]

Yang, K.; Xue, Y;; Niu, H.; Shi, C.; Cheng, M.; Wang, ].; Zou, B.; Wang, J.; Niu, T.; Bao, M. African swine fever virus MGF360-11L
negatively regulates cGAS-STING-mediated inhibition of type I interferon production. Vet. Res. 2022, 53, 1-12. [CrossRef]
Zsak, L.; Caler, E.; Lu, Z,; Kutish, G.; Neilan, J.; Rock, D. A nonessential African swine fever virus gene UK is a significant
virulence determinant in domestic swine. J. Virol. 1998, 72, 1028-1035. [CrossRef]

O’Donnell, V.; Risatti, G.R.; Holinka, L.G.; Krug, PW.; Carlson, ].; Velazquez-Salinas, L.; Azzinaro, P.A.; Gladue, D.P.; Borca, M.V.
Simultaneous deletion of the 9GL and UK genes from the African swine fever virus Georgia 2007 isolate offers increased safety
and protection against homologous challenge. J. Virol. 2017, 91, e01760-16. [CrossRef] [PubMed]

Teklue, T.; Wang, T.; Luo, Y.; Hu, R.; Sun, Y.; Qiu, H.-J. Generation and evaluation of an African swine fever virus mutant with
deletion of the CD2v and UK genes. Vaccines 2020, 8, 763. [CrossRef]

Chen, W.; Zhao, D.; He, X;; Liu, R;; Wang, Z.; Zhang, X.; Li, E; Shan, D.; Chen, H.; Zhang, J. A seven-gene-deleted African swine
fever virus is safe and effective as a live attenuated vaccine in pigs. Sci. China Life Sci. 2020, 63, 623-634. [CrossRef]

Zhu, M.; Fang, T.; Li, S.; Meng, K.; Guo, D. Bipartite nuclear localization signal controls nuclear import and DNA-binding activity
of IFN regulatory factor 3. J. Immunol. 2015, 195, 289-297. [CrossRef]

Sato, M.; Suemori, H.; Hata, N.; Asagiri, M.; Ogasawara, K.; Nakao, K.; Nakaya, T.; Katsuki, M.; Noguchi, S.; Tanaka, N.; et al.
Distinct and essential roles of transcription factors IRF-3 and IRF-7 in response to viruses for IFN-alpha/beta gene induction.
Immunity 2000, 13, 539-548. [CrossRef]

Honda, K,; Taniguchi, T. IRFs: Master regulators of signalling by Toll-like receptors and cytosolic pattern-recognition receptors.
Nat. Rev. Immunol. 2006, 6, 644—-658. [CrossRef] [PubMed]

Weaver, B.K.; Kumar, K.P; Reich, N.C. Interferon regulatory factor 3 and CREB-binding protein/p300 are subunits of double-
stranded RNA-activated transcription factor DRAF1. Mol. Cell Biol. 1998, 18, 1359-1368. [CrossRef] [PubMed]

Holly, M.K,; Smith, ].G. Adenovirus infection of human enteroids reveals interferon sensitivity and preferential infection of goblet
cells. J. Virol. 2018, 92, €00250-18. [CrossRef] [PubMed]

Altinkilic, B.; Brandner, G. Interferon inhibits herpes simplex virus-specific translation: A reinvestigation. J. Gen. Virol. 1988, 69,
3107-3112. [CrossRef]

Stewart, W.E.; Scott, W.D.; Sulkin, S.E. Relative sensitivities of viruses to different species of interferon. J. Virol. 1969, 4, 147-153.
[CrossRef]

Shen, Q.; Wang, Y.E.; Palazzo, A.F. Crosstalk between nucleocytoplasmic trafficking and the innate immune response to viral
infection. J. Biol. Chem. 2021, 297, 100856. [CrossRef]

Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537-551.
[CrossRef]

158



Int. J. Mol. Sci. 2024, 25, 2099

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Glanz, A.; Chakravarty, S.; Varghese, M.; Kottapalli, A.; Fan, S.; Chakravarti, R.; Chattopadhyay, S. Transcriptional and non-
transcriptional activation, posttranslational modifications, and antiviral functions of interferon regulatory factor 3 and viral
antagonism by the SARS-coronavirus. Viruses 2021, 13, 575. [CrossRef]

Gorlich, D.; Kraft, R.; Kostka, S.; Vogel, F; Hartmann, E.; Laskey, R.A.; Mattaj, L W.; Izaurralde, E. Importin provides a link
between nuclear protein import and U snRNA export. Cell 1996, 87, 21-32. [CrossRef] [PubMed]

Nigg, E.A. Nucleocytoplasmic transport: Signals, mechanisms and regulation. Nature 1997, 386, 779-787. [CrossRef] [PubMed]
Ye, J.; Chen, Z.; Li, Y.; Zhao, Z.; He, W.; Zohaib, A.; Song, Y.; Deng, C.; Zhang, B.; Chen, H. Japanese encephalitis virus NS5
inhibits type I interferon (IFN) production by blocking the nuclear translocation of IFN regulatory factor 3 and NF-«B. J. Virol.
2017, 91, e00039-17. [CrossRef]

Khan, H.; Sumner, R.P; Rasaiyaah, ].; Tan, C.P,; Rodriguez-Plata, M.T.; Van Tulleken, C.; Fink, D.; Zuliani-Alvarez, L.; Thorne, L.;
Stirling, D. HIV-1 Vpr antagonizes innate immune activation by targeting karyopherin-mediated NF-kB/IRF3 nuclear transport.
Elife 2020, 9, e60821. [CrossRef]

Kumar, K.P.; McBride, K.M.; Weaver, B.K.; Dingwall, C.; Reich, N.C. Regulated nuclear-cytoplasmic localization of interferon
regulatory factor 3, a subunit of double-stranded RNA-activated factor 1. Mol. Cell. Biol. 2000, 20, 4159-4168. [CrossRef]

Li, J.; Lu, M.; Huang, B.; Lv, Y. Porcine circovirus type 2 inhibits interferon-{3 expression by targeting Karyopherin alpha-3 in
PK-15 cells. Virology 2018, 520, 75-82. [CrossRef]

Zhang, L.; Qiu, S.; Lu, M.; Huang, C.; Lv, Y. Nuclear transporter karyopherin subunit alpha 3 levels modulate Porcine circovirus
type 2 replication in PK-154cells. Virology 2020, 548, 31-38. [CrossRef]

Cai, Z.; Zhang, M.-X,; Tang, Z.; Zhang, Q.; Ye, ].; Xiong, T.-C.; Zhang, Z.-D.; Zhong, B. USP22 promotes IRF3 nuclear translocation
and antiviral responses by deubiquitinating the importin protein KPNA2. J. Exp. Med. 2020, 217, e20191174. [CrossRef]

Li, S.; Zhu, M,; Pan, R.; Fang, T.; Cao, Y.-Y.; Chen, S.; Zhao, X.; Lei, C.-Q.; Guo, L.; Chen, Y. The tumor suppressor PTEN has a
critical role in antiviral innate immunity. Nat. Immunol. 2016, 17, 241-249. [CrossRef] [PubMed]

Zhang, Y.; Ke, ].; Zhang, J.; Yang, J.; Yue, H.; Zhou, X.; Qi, Y.; Zhu, R.; Miao, E; Li, Q. African swine fever virus bearing an [226R
gene deletion elicits robust immunity in pigs to African swine fever. J. Virol. 2021, 95, e02185-18. [CrossRef] [PubMed]

Wang, X.; Wu, J.; Wu, Y.; Chen, H.; Zhang, S.; Li, ].; Xin, T; Jia, H.; Hou, S.; Jiang, Y. Inhibition of cGAS-STING-TBKI1 signaling
pathway by DP96R of ASFV China 2018/1. Biochem. Biophys. Res. Commun. 2018, 506, 437-443. [CrossRef] [PubMed]

Afonso, C.; Piccone, M.; Zaffuto, K.; Neilan, J.; Kutish, G.; Lu, Z.; Balinsky, C.; Gibb, T.; Bean, T.; Zsak, L. African swine fever
virus multigene family 360 and 530 genes affect host interferon response. J. Virol. 2004, 78, 1858-1864. [CrossRef] [PubMed]
Reis, A.L.; Abrams, C.C.; Goatley, L.C.; Netherton, C.; Chapman, D.G.; Sanchez-Cordon, P,; Dixon, L.K. Deletion of African swine
fever virus interferon inhibitors from the genome of a virulent isolate reduces virulence in domestic pigs and induces a protective
response. Vaccine 2016, 34, 4698-4705. [CrossRef]

Huang, L.; Chen, W.; Liu, H.; Xue, M.; Dong, S.; Liu, X,; Feng, C.; Cao, S.; Ye, G.; Zhou, Q. African Swine Fever Virus HL]/18
CD2v Suppresses Type I IFN Production and IFN-Stimulated Genes Expression through Negatively Regulating cGMP-AMP
Synthase-STING and IFN Signaling Pathways. J. Immunol. 2023, 210, 1338-1350. [CrossRef]

Ran, Y; Li, D.; Xiong, M.G.; Liu, H.N,; Feng, T.; Shi, ZW.; Li, YH.; Wu, H.N.; Wang, 5.Y.; Zheng, H.X,; et al. African swine fever
virus I267L acts as an important virulence factor by inhibiting RNA polymerase III-RIG-I-mediated innate immunity. PLoS Pathog.
2022, 18, €1010270. [CrossRef]

Taniguchi, T.; Ogasawara, K.; Takaoka, A.; Tanaka, N. IRF family of transcription factors as regulators of host defense. Annu. Rev.
Immunol. 2001, 19, 623. [CrossRef]

Lohoff, M.; Mak, T.W. Roles of interferon-regulatory factors in T-helper-cell differentiation. Nat. Rev. Immunol. 2005, 5, 125-135.
[CrossRef] [PubMed]

Yanai, H.; Chiba, S.; Hangai, S.; Kometani, K.; Inoue, A.; Kimura, Y.; Abe, T.; Kiyonari, H.; Nishio, J.; Taguchi-Atarashi, N.
Revisiting the role of IRF3 in inflammation and immunity by conditional and specifically targeted gene ablation in mice. Proc.
Natl. Acad. Sci. USA 2018, 115, 5253-5258. [CrossRef] [PubMed]

Fitzgerald, K.A.; McWhirter, S.M.; Faia, K.L.; Rowe, D.C.; Latz, E.; Golenbock, D.T.; Coyle, A.J.; Liao, S.-M.; Maniatis, T. IKKe and
TBK1 are essential components of the IRF3 signaling pathway. Nat. Immunol. 2003, 4, 491-496. [CrossRef] [PubMed]

Sharma, S.; TenOever, B.R.; Grandvaux, N.; Zhou, G.-P; Lin, R.; Hiscott, J. Triggering the interferon antiviral response through an
IKK-related pathway. Science 2003, 300, 1148-1151. [CrossRef]

Tamura, T.; Yanai, H.; Savitsky, D.; Taniguchi, T. The IRF family transcription factors in immunity and oncogenesis. Annu. Rev.
Immunol. 2008, 26, 535-584. [CrossRef] [PubMed]

Chathuranga, K.; Weerawardhana, A.; Dodantenna, N.; Lee, J.-S. Regulation of antiviral innate immune signaling and viral
evasion following viral genome sensing. Exp. Mol. Med. 2021, 53, 1647-1668. [CrossRef] [PubMed]

He, B.; Paterson, R.G.; Stock, N.; Durbin, ].E.; Durbin, R K.; Goodbourn, S.; Randall, R.E.; Lamb, R.A. Recovery of paramyxovirus
simian virus 5 with a V protein lacking the conserved cysteine-rich domain: The multifunctional V protein blocks both interferon-f3
induction and interferon signaling. Virology 2002, 303, 15-32. [CrossRef]

Donelan, N.R.; Dauber, B.; Wang, X.; Basler, C.F.; Wolff, T.; Garcia-Sastre, A. The N-and C-terminal domains of the NS1 protein
of influenza B virus can independently inhibit IRF-3 and beta interferon promoter activation. J. Virol. 2004, 78, 11574-11582.
[CrossRef]

159



Int. J. Mol. Sci. 2024, 25, 2099

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Delhaye, S.; Van Pesch, V.; Michiels, T. The leader protein of Theiler’s virus interferes with nucleocytoplasmic trafficking of
cellular proteins. J. Virol. 2004, 78, 4357-4362. [CrossRef]

Paladino, P; Collins, S.E.; Mossman, K.L. Cellular localization of the herpes simplex virus ICPO protein dictates its ability to block
IRF3-mediated innate immune responses. PLoS ONE 2010, 5, e10428. [CrossRef]

Xia, H.; Cao, Z.; Xie, X.; Zhang, X.; Chen, ].Y.-C.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P--Y. Evasion of type I interferon
by SARS-CoV-2. Cell Rep. 2020, 33, 108234. [CrossRef]

Wang, W.; Zhou, Z.; Xiao, X.; Tian, Z.; Dong, X.; Wang, C.; Li, L.; Ren, L.; Lei, X.; Xiang, Z. SARS-CoV-2 nsp12 attenuates type I
interferon production by inhibiting IRF3 nuclear translocation. Cell. Mol. Immunol. 2021, 18, 945-953. [CrossRef]

Fung, S.-Y,; Siu, K.-L.; Lin, H.; Yeung, M.L,; Jin, D.-Y. SARS-CoV-2 main protease suppresses type I interferon production by
preventing nuclear translocation of phosphorylated IRF3. Int. J. Biol. Sci. 2021, 17, 1547. [CrossRef]

Oka, M.,; Yoneda, Y. Importin «: Functions as a nuclear transport factor and beyond. Proc. Jpn. Acad. Ser. B 2018, 94, 259-274.
[CrossRef] [PubMed]

Kapetanovic, R.; Fairbairn, L.; Beraldi, D.; Sester, D.P.; Archibald, A.L.; Tuggle, C.K.; Hume, D.A. Pig bone marrow-derived
macrophages resemble human macrophages in their response to bacterial lipopolysaccharide. . Immunol. 2012, 188, 3382-3394.
[CrossRef] [PubMed]

Kapetanovic, R.; Fairbairn, L.; Downing, A.; Beraldi, D.; Sester, D.P,; Freeman, T.C.; Tuggle, C.K.; Archibald, A.L.; Hume, D.A.
The impact of breed and tissue compartment on the response of pig macrophages to lipopolysaccharide. BMC Genom. 2013, 14,
1-15. [CrossRef] [PubMed]

Gao, J.; Scheenstra, M.R.; van Dijk, A.; Veldhuizen, E.].; Haagsman, H.P. A new and efficient culture method for porcine bone
marrow-derived M1-and M2-polarized macrophages. Vet. Immunol. Immunopathol. 2018, 200, 7-15. [CrossRef] [PubMed]

Kim, J.-H.; Kim, T.-H.; Lee, H.-C.; Nikapitiya, C.; Uddin, M.B.; Park, M.-E.; Pathinayake, P; Lee, E.S.; Chathuranga, K.; Herath,
T.U. Rubicon modulates antiviral type I interferon (IFN) signaling by targeting IFN regulatory factor 3 dimerization. J. Virol. 2017,
91, 00248-17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

160



ﬁ

International Journal of
Molecular Sciences

Article

Chicken Interferon-Alpha and -Lambda Exhibit Antiviral Effects
against Fowl Adenovirus Serotype 4 in Leghorn Male
Hepatocellular Cells

Jinyu Lai 2%, Xingchen He 3%, Rongjie Zhang "3, Limei Zhang 1’3, Libin Chen 2, Fengping He 13, Lei Li 13,

Liangyu Yang 3, Tao Ren 2* and Bin Xiang

1,3,%

College of Veterinary Medicine, Yunnan Agricultural University, Kunming 650201, China;
2018018@ynau.edu.cn (L.Z.); 1993009@ynau.edu.cn (L.Y.)

College of Veterinary Medicine, South China Agricultural University, Guangzhou 510642, China

Center for Poultry Disease Control and Prevention, Yunnan Agricultural University, Kunming 650201, China
Correspondence: rentao6868@126.com (T.R.); xiangbin2018@126.com (B.X.)

These authors contributed equally to this work.

“+ ¥ W N

Abstract: Hydropericardium hepatitis syndrome (HHS) is primarily caused by fowl adenovirus
serotype 4 (FAdV-4), causing high mortality in chickens. Although vaccination strategies against
FAdV-4 have been adopted, HHS still occurs sporadically. Furthermore, no effective drugs are
available for controlling FAdV-4 infection. However, type I and III interferon (IFN) are crucial
therapeutic agents against viral infection. The following experiments were conducted to investigate
the inhibitory effect of chicken IFN against FadV-4. We expressed recombinant chicken type I IFN-
o (ChIFN-«) and type III IEN-A (ChIEN-A) in Escherichia coli and systemically investigated their
antiviral activity against FAdV-4 infection in Leghorn male hepatocellular (LMH) cells. ChIFN-« and
ChIFN-A dose dependently inhibited FAdV-4 replication in LMH cells. Compared with ChIFN-A,
ChIFN-o more significantly inhibited viral genome transcription but less significantly suppressed
FAdV-4 release. ChIFN-«- and ChIFN-A-induced IFN-stimulated gene (ISG) expression, such as
PKR, ZAP, IRF7, MX1, Viperin, IFIT5, OASL, and IFI6, in LMH cells; however, ChIFN-« induced a
stronger expression level than ChIFN-A. Thus, our data revealed that ChIFN-« and ChIFN-A might
trigger different ISG expression levels, inhibiting FAdV-4 replication via different steps of the FAdV-4
lifecycle, which furthers the potential applications of IFN antiviral drugs in chickens.

Keywords: antiviral activity; fowl adenovirus serotype 4; hydropericardium hepatitis syndrome;
interferon; interferon-stimulated genes

1. Introduction

An outbreak of fowl adenoviruses occurred in China in 2015 and rapidly dissemi-
nated across the country [1]. The subgroup C fowl adenovirus serotype 4 (FAdV-4) within
group I was the most destructive among the fowl adenoviruses involved in the outbreak,
responsible for inducing hydropericardium syndrome (HHS) [2,3]. Furthermore, the im-
munosuppressive effects induced by fowl adenoviruses contribute to secondary infections
with other pathogens, increasing mortality in nearly 100% of the affected population [4-6].
Furthermore, FAdV-4 can be cross-transmitted between various hosts, such as laying hens,
broilers, ducks, mandarin ducks, geese, and wild birds [7-9]. FAdV-4 is transmitted through
the fecal-oral route and vertically via breeding eggs, posing challenges in adenovirus pre-
vention and resistance [10]. Vaccination strategies against FAdV-4 have been adopted;
however, HHS still occurs sporadically. In addition, immunosuppression in chickens after
infection with various pathogens frequently leads to suboptimal immunization outcomes
with commercial vaccines [11]. Our recent study focused on the epidemiology of fowl
adenoviruses and revealed the presence of FAdV-4 in healthy flocks [12]. Thus, developing
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anti-FAdV-4 drugs could be a valuable adjunct to vaccine immunization, expanding the
range of preventive and control measures available for managing HHS.

IFNs were categorized into three groups, type I, type 11, and type III IFNs, based on
their gene sequence, molecular structure, chromosomal localization, and receptor speci-
ficity [13]. The chicken interferons (IFNs) IFN-«, IFN-f3, IFN-«, IFN-w, IFN-(, and IFN-t
were successively characterized in 2000, and ChIFN-A was genetically engineered for ex-
pression in 2008 [14-16]. Previous studies revealed that the infection of chickens with
FAdV-4 induces a strong innate immune response, including the upregulation of IFN
expression [17-19]. Li et al. revealed that FAdV-4 induces cellular pathways in chickens
to produce IFNs and antigen-presenting molecules (MHCI/II) [20]. However, research
investigating the impact of IFNs on adenoviruses is lacking. Previous investigations into
the antiviral properties of IFNs predominantly concentrated on type I IFNs. The pres-
ence of type I IFNs in fowl species were elucidated by characterizing its two primary
members, IFN-« and IFN-f [21], and IFN-« exhibits more robust antiviral efficacy than
IFN-{ [22]. Nevertheless, emerging evidence suggests that IFN-A is essential to mucosal
immunity against viral pathogens [23]. Consequently, IFN-« was selected as the focus of
this study. Furthermore, as a newly identified IFN, whether IFN-A exhibits anti-FAdV-4
activity is unknown.

IENs are versatile antiviral medications which demonstrated their efficacy in sup-
pressing various viruses, such as encephalomyocarditis, lymphocytic choriomeningitis,
herpes simplex virus type 2, and hepatitis B viruses [24,25]. Type I and type III IFNs also
have inhibitory properties against severe acute respiratory syndrome-related coronavirus 2
(SARS-CoV-2), suggesting their potential as therapeutic options for SARS-CoV-2 infections.
Recombinant type I IFN can effectively hinder the infection of various viruses in avian
species, such as fowl leukemia, Marek’s, highly pathogenic fowl influenza, and infectious
bronchitis [26-29]. Nevertheless, the effects of type I and type III IFNs differ significantly
among different viruses. For example, type III IFNs, specifically IFN-A, exhibit greater
efficacy against porcine epidemic diarrhea virus (PEDV) than IFN-« [30].

Type I and type III IFNs bind to different receptors on the cell membrane, with chicken
type I IFNs binding to IFNAR1 and IFNAR2 and type III IFNs binding to IFNLR1 and
IL10R2 [31,32]. These receptors are distributed in different abundances in different cells,
and the receptors for type I IFNs are primarily distributed in fibroblasts. In contrast, the
receptors for type III IFNs are mainly distributed in epithelial cells [33]. Leghorn male
hepatocellular (LMH) cells were characterized and established in 1987 and belong to the
epithelial cell line, which can be used to study FAdVs [34,35]. IFN induces many IFN-
stimulated genes (ISGs) crucial for the antiviral response, and this induction relies on the
Janus kinase/signal transducer and activator of the transcription signaling pathway [36].
Oligoadenylate synthetase (OAS) is a secondary messenger that detects foreign RNA, exert-
ing antiviral effects [37]. Viperin hinders viral replication by impacting cellular metabolism
and mitochondrial function [38]. Mx dynamin-like GTPases are crucial as antiviral effectors
in type I and II IFN systems. These proteins exert their inhibitory effects on various viruses
by impeding the initial stages of viral replication [39]. Initially identified as an ISG, IF16
was initially observed to localize in mitochondria; however, subsequent investigations
revealed its presence in the endoplasmic reticulum (ER). IFI6 serves a prophylactic function
by safeguarding uninfected cells against virus-induced invagination formation in the ER
membrane [40]. The IFN-induced protein with tetratricopeptide repeats (IFIT) family plays
a crucial role in various processes that counteract viral infection, primarily by modulating
translation, which consequently impedes viral replication [41]. Although the limiting effect
of chicken IFN on various avian pathogens was demonstrated, the effect of chicken IFNs
on FAdV-4 was not reported.

In this study, chicken type I IFN-« (ChIFN-o) and type III IFN-A (ChIFN-A) were
prokaryotically expressed, and their ability to inhibit FAdV-4 in LMH cells was compared.
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2. Results
2.1. ChIFN-« and ChIFN-A Structure Prediction

ChIFN-« and ChIFN-A possess signal peptides at the N-terminus. Consequently,
based on the signal peptide prediction results, we amplified ChIFN-« (residues 32-193) and
ChIFN-A (residues 24-186) using polymerase chain reaction (PCR) and cloned the two genes
into the pET-32a vector respectively, resulting in the creation of pET-32«-ChIFN-« and
pET-320-ChIFN-A plasmids, both of which were fused with a His-Tag at the N-terminus.

A three-dimensional reconstruction was performed using the SWISS-MODEL on-
line server (https:/ /swissmodel.expasy.org/; accessed on 19 May 2023) to determine the
structures of recombinant ChIFN-« and ChIFN-A. Recombinant ChIFN-« and ChIFN-A
have similar structures, comprising five «-helices (Figure 1). The five x-helices of recom-
binant ChIFN-« are arranged in a barrel-like configuration, whereas the five x-helices of
recombinant ChIFN-A exhibit an irregular distribution when aggregated.
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Figure 1. Structure prediction of chickem type I IFN-« (ChIFN-«) and type III IFN-A (ChIFN-A).
The three-dimensional models of the ChIFN-« and ChIFN-A proteins were reconstructed using the
SWISS-MODEL online server (https:/ /swissmodel.expasy.org/; accessed on 19 May 2023). Three-
dimensional structure prediction of ChIFN-« (A,B). (C) shows the credibility of the prediction results,
and the prediction results of one amino acid site are unstable. Three-dimensional structure prediction
of ChIEN-A (D,E). (F) shows the credibility of the prediction results.

2.2. ChIFN-a and ChIFN-A Expression and Purification

The recombinant ChIFN-« and ChIFN-A expression was further verified using West-
ern blotting (Figure 2A). The expression strain E. coli BL21 (DE3) was used to obtain
natural recombinant ChIFN-« and ChIFN-A, and induction was achieved using isopropyl
(-d-1-thiogalactopyranoside. The expression was validated, demonstrating the expres-
sion of recombinant ChIFN-a and ChIFN-A in inclusion bodies (Figure 2B,C). Following
nickel column purification, the protein purity exceeded 90% after dialysis (Figure 2B,C).
The concentration of ChIFN-o was 0.0565 mg/mL, and the ChIFN-A concentration was
0.165 mg/mL after ultrafiltration.
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Figure 2. Purification and expression validation of ChIFN-o and ChIFN-A. (A) Using Western
blotting, 2 ug of the purified ChIFN-a and ChIFN-A were validated. Validation of ChIFN-« (B) and
ChIEN-A (C) purification via sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
ChIFN-a and ChIFN-A were located in inclusion body expression and were purified using nickel
columns with good purity.

2.3. Assessing the Antiviral Efficacy of ChIFN-a and ChIFN-A

Both CHIFN-« and CHIFN-A showed activity against Porcine vesicular stomatitis
virus (VSV). The specific activity of ChIFN-o in LMH cells was 3.96 x 10* UI/mg, whereas
that of ChIFN-A was 2.3 x 10* UI/mg. These findings demonstrated a dose-dependent rela-
tionship between the anti-FAdV-4 activity of recombinant ChIFN-o« and ChIFN-A (Figure 3).
Considerable inhibition of FAdV-4 hexon expression was observed with the administration
of 100 ng of recombinant ChIFN-« and ChIFN-A. Furthermore, the inhibitory effect on
FAdV-4 hexon expression increased gradually with the concentration of the treatments
(Figure 3A,C). However, this dose-dependent inhibitory effect became non-significant at
48 h post-infection (hpi) (Figure 3B,D).
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Figure 3. ChIFN-« and ChIFN-A dose dependently inhibit fowl adenovirus serotype 4 (FAdV-4).
(A) After pretreating Leghorn male hepatocellular (LMH) cells with different doses of ChIFN-c, the
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cells were inoculated with 1 MOI FAdV-4, and the inhibitory effect measured 24 h after inoculation

increased with the ChIFN-« dose increase. (B) The ChIFN-« dose-dependent inhibition of FAdV-4
became insignificant after 48 h of inoculation. (C) ChIFN-A pretreatment inhibited FAdV-4 dose
dependently within 24 h after inoculation. (D) This dose-dependent inhibitory effect became non-
significant 48 h after inoculation.

2.4. ChIFN-a and ChIFN-A Pretreatments Restrict FAdV-4 within a Specific Temporal Horizon

Various experiments, including Western blotting, quantitative real-time PCR, and viral
titration, were conducted in LMH cells to elucidate the impact of recombinant ChIFN-o
and ChIFN-A on FAdV-4 restriction.

The inhibitory effect of recombinant ChIFN-« and ChIFN-A on hexon expression in
FAdV-4 was significant within 48 hpi (Figure 4A,B). Furthermore, when LMH cells were
pretreated with recombinant ChIFN-a and ChIFN-A, hexon expression was significantly
inhibited 24 h after inoculation with FAdV-4. However, the suppressive effect of recom-
binant ChIFN-« and ChIFN-A on FAdV-4 gradually diminished as the duration of viral
infection increased.
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Figure 4. ChIFN-« (1000 UI) or ChIFN-A (1000 UI) pretreatment inhibited hexon expression, tran-
scription, and FAdV-4 viral release. After 12 h of ChIFN-« pretreatment, ChIFN-A pretreatment, or no
treatment, 1 MOI FAdV-4 was inoculated into the LMH cells. (A) and (B) Western blot experiments of
protein samples collected at 12 h intervals after FAdV-4 inoculation. (C) Total mRNA was collected
at 12 h intervals after FAdV-4 inoculation for RT-qPCR experiments. (D) One-step growth curves
of interferon-treated and untreated groups. The first one shows the difference between FAdV-4 and
ChIFN-0+FAdV-4, and the middle one shows the difference between FAdV-4 and ChIFN-A+FAdV-4.
The last one is the difference between ChIFN-a+FAdV-4 and ChIFN-A+FAdV-4. The data above
represent three independent experiments with three replicates in each experiment (the error bar
represents the SEM) and were analyzed via one-way ANOVA using GraphPad Prism 9.5.0 software.
(ns, not significant, * p < 0.5; ** p < 0.01; ** p < 0.001,**** p <0.0001 compared to the FAdV-4 group).

The transcription levels of LMH cells infected with FAdV-4 decreased upon recombi-
nant ChIFN-o and ChIFN-A treatment. Specifically, the hexon transcription of FAdV-4 was
significantly reduced in LMH cells pretreated with recombinant ChIFN-« and ChIFN-A
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compared to the control group. This significant reduction was observed at 24, 36, and 48 h
post-treatment (Figure 4C).

Pretreating LMH cells with ChIFN-a and ChIFN-A significantly reduced viral release
(Figure 4D). At 12 hpi after inoculation with FAdV-4, the viral titer of the control group
reached 101'%%7, the viral titer of the ChIFN-a-treated group was 10'?%7, and the viral titer
of the ChIFN-A-treated group was 0. ChIFN-A exhibited a substantial inhibitory effect on
FAdV-4 release during the initial stages of viral infection, resulting in a 2-log10 reduction
in viral titer within 24 hpi. These findings suggest that ChIFN-A plays a crucial role in im-
peding the early replication process of FAdV-4. However, ChIFN-« exhibited no significant
FAdV-4 release inhibition during the initial phase of FAdV-4 infection. Nonetheless, ChIFN-
o demonstrated a more pronounced impact during the later stages of FAdV-4 replication,
specifically between 36 and 72 hpi.

2.5. ChIFN-a and ChIFN-A Induce ISG Expression in LMH Cells

LMH cells were exposed to 1000 UI of ChIFN-« or ChIEN-A for 12 h to investigate
their antiviral effects. ChIFN-« and ChIFN-A had a stimulatory effect on the mRNA levels
of ISGs, including IFITM3, PKR, ZAP, IRF7, MX1, Viperin, IFIT5, OASL, and IFI6 (Figure 5).
The increase in PKR, ZAP, IRF7, MX1, OASL, IF16, IFIT5, and Viperin upregulation was
significant (ChIFN-« treatment group: 4.5-, 4.5-, 6.9-, 12-,192.3-, 187.1-, 350.6-, 716-, and
771.3-fold, respectively; ChIFN-A treatment group: 1.1-,1.5-, 2.8-, 3.8-, 34.9-, 30.8-, 191.8-,
160-, 40.7-fold, respectively). Among the ISGs examined, ChIFN-« induced significantly
higher ISG levels than ChIFN-«.
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Figure 5. ChIFN-« and ChIFN-A promoted mRNA expression of the ISGs IFITM3, PKR, ZAP, IRF7,
MX1, Viperin, IFIT5, OASL, and IFI6. RT-qPCR experiments were performed on total mRNA collected
12 h after LMH cells were treated with or without ChIFN-o« and ChIFEN-A. The relative quantities
were determined using the 2~ 22T method and normalized to B-actin. The data above represent
three independent experiments with three replicates in each experiment (the error bar represents the
SEM) and were analyzed via one-way ANOVA using GraphPad Prism 9.5.0 software. (ns, p > 0.05;
**p <0.01; *** p < 0.0001 compared to the negative control group).

3. Discussion

FAdV-4 is a significant emerging pathogen, causing harm to poultry and infecting
a diverse array of fowl species [42]. Numerous investigations substantiated the escalat-
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ing prevalence of FAdV-4 infection in Chinese poultry, with evidence of cross-species
transmission further complicating prevention and control efforts [7]. Consequently, other
prevention and control measures should be conducted to supplement the deficiency of
vaccine immunization.

Considering the specificities of the poultry industry, namely the imperative to min-
imize drug production costs, we opted to use cost-effective prokaryotic expression to
generate recombinant ChIFN-« and ChIFN-A. However, the complex structure of ChIFN-«
and ChIFN-A resulted in their expression as inclusion bodies during prokaryotic expression,
rendering them biologically inactive. Therefore, the inclusion bodies were purified under
denaturing conditions to address this issue, and optimal complexity conditions were deter-
mined to facilitate the folding of ChIFN-« and ChIFN-A into their native conformations.

In this study, pretreatment with ChIFN-oc and ChIFN-A caused substantial FAdV-4
inhibition within 24 hpi. However, this inhibitory effect exhibited a significant decline after
48 hpi. This phenomenon could be attributed to the gradual reduction in biological activity
of IFNs as treatment duration increases, particularly under elevated temperatures.

ChIFN-oc and ChIFN-A demonstrated significant FAdV-4 release inhibition within
72 hpi; however, discernible differences in their antiviral capabilities were observed. The
biological activity of ChIFN-« was significantly higher than that of ChIFN-A; however,
ChIFN-A was more effective than ChIFN-c in inhibiting viral release. Therefore, ChIFN-A
exhibited a greater ability to inhibit FAdV-4 release, particularly during the early stages of
viral infection (12-24 hpi), compared to ChIFN-«. Numerous studies extensively compared
the antiviral abilities of type I and III IFNs. Type I IFNs exhibit significantly superior antivi-
ral efficacy against Crimean—-Congo hemorrhagic fever virus and SARS-CoV-2 compared
to type III IFNs [43,44]. However, type III IFNs also exert a markedly stronger restriction
effect on PEDV than type I IFNs in intestinal epithelial cell lines [30]. Hence, the antiviral
capacities of type I and III IFNs vary depending on the specific virus and cell line. Type I
IEN receptors (IFNAR1 and IFNAR?2) are primarily expressed in fibroblasts, whereas type
II IFN receptors (IFNLR1 and IL10R2) are predominantly expressed in epithelial cells or
tissues abundant in epithelial cells [45,46]. Previous studies that systematically examined
the induction of ChIFN-A-stimulated genes in LMH cells identified a total of 421 type III
ISGs [47]. In contrast, only 115 ISGs of ChIFN-A were identified in DF-1 cells [48]. This sug-
gests that differences in receptor expression in different cell lines may lead to differences in
ISG induction. Variations in receptor expression levels and the affinity for receptor binding
impact the antiviral efficacy of IFNs. For instance, despite sharing the same receptor, IFN-o
and IFN-§ display distinct levels of antiviral activity, which is attributed to the stronger
affinity of IFN-o for IFNAR1 and IFNAR?2 [49]. Consequently, the dissimilarity in antiviral
resistance between ChIFN-« and ChIFN-A may be associated with the distribution of re-
ceptors and their respective affinities. ChIFN-o induced higher ISG levels than ChIFN-A;
however, excessive upregulation does not necessarily benefit the antiviral response of the
host. This disparity in ISG expression levels may contribute to the stronger inhibitory effect
of ChIFN-A compared to ChIFN-« during the initial phase of FAdV-4 infection.

Many ISGs can participate in diverse viral infection processes. For instance, certain
members of the IFITM family can hinder viral membrane fusion, impeding viral inva-
sion [50]. Additionally, ZC3HAV1 (ZAP) exhibited efficacy in suppressing viral mRNA
translation in mammals while concurrently preserving the integrity of host mRNAs [51].
Protein kinase R also plays a crucial role in attenuating viral mRNA translation [52], and
mammalian piperin impedes viral replication and restricts viral outgrowth [53]. ISG ex-
pression was detected after ChIFN-« and ChIFN-A treatment to investigate the mechanism
of ChIFN-a and ChIFN-A FAdV-4 inhibition. ChIFN-« and ChIFN-A promoted the upreg-
ulation of mRNAs associated with ISGs, including PKR, ZAP, IRF7, MX1, Viperin, IFITS5,
OASL, and IFI6. PKR, ZAP, IRF7 MX1, Viperin, IFIT5, OASL, and IFI6 upregulation exhib-
ited significant increases. However, ChIFN-«-induced transcriptional upregulation was
significantly higher in all ISGs compared with the ChIFN-A treatment group.
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The present study demonstrates the pronounced inhibitory effects of ChIFN-« and
ChIFN-A on FAdV-4. These effects include suppressing viral transcription in LMH cells, re-
stricting viral protein synthesis, and limiting viral release. These findings strongly indicate
that ChIFN-x- and ChIFN-A-induced ISG expression play a pivotal role in various stages
of viral infection. Further studies are underway to identify the effective host restriction
factors of FAdV-4 with transcriptome sequencing. In relation to practical implementation,
we posit that it holds potential as a therapeutic approach for addressing the immune pre-
vention and control insufficiency associated with FAdV-4, particularly within the precious
chicken population. Nevertheless, regarding the precise execution strategy, we contend
that additional comprehensive experimentation is imperative. This aspect constitutes our
research team’s primary area of interest, which we aim to explore further in subsequent
investigations.

4. Materials and Methods
4.1. Cells, Viruses, and Antibodies

LMH cells were obtained from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium /F12 (Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, USA) in
a 5% CO, incubator at 37 °C. The FAdV-4 KM strain was isolated and preserved in our
laboratory and propagated in LMH cells. Vesicular stomatitis virus was obtained from the
Department of Avian Diseases, South China Agricultural University. Prof. Shijun J. Zheng
from the China Agricultural University kindly donated the hexon monoclonal FAdV-4
antibody [54]. His-Tag Monoclonal antibody (66005-1-Ig) and GAPDH monoclonal rabbit
antibody (60004-1-Ig) were purchased from Wuhan Proteintech Group (Proteintech, Wuhan,
China), and horseradish peroxidase-labeled goat anti-rabbit antibody (CW0103) and goat
anti-mouse antibody (CW0102) were purchased from CWBIO (CWBIO, Beijing, China).

4.2. ChIFN-a and ChIFN-A Structure Prediction and Epression

Signal peptide prediction was performed via the SignalP website using the ChIFN-«
(assembly: EU937528.1) and ChIFN-A (assembly: EF587763) sequences published on the
National Library of Medicine website. The three-dimensional models of the ChIFN-« and
ChIEN-A proteins were reconstructed using the SWISS-MODEL online server (https://
swissmodel.expasy.org/; accessed on 19 May 2023). ChIFN-a and ChIFN-A were amplified
using polymerase chain reaction (PCR) from chicken embryo fibroblasts. The primers used
during PCR are presented in Table 1. The amplified gene was cloned into the pET32«
vector (Novagen; EMD Millipore, Billerica, MA, USA) and expressed in Escherichia coli
BL21 (DE3). The specific procedure involved transforming the plasmid into BL21 (DE3)
and subsequently culturing the BL21 (DE3) at 37 °C and 220 rpm until its optical density
at 600 nm (OD600) reached 0.6~0.8. Following this, 1 mM isopropyl-f3-d-thiogalactoside
(IPTG) was introduced for induction, and the culture was sustained for a duration of 10 h.
Subsequently, the bacterial solution was collected.

Table 1. Primers for gene cloning and reverse transcription qPCR.

Name Sequence(5'-3')

Primers for gene cloning

ChIFN-«-F CCGGAATTCTGCAACCACCTTC

ChIFN-«-R CCCAAGCTTCTAAGTGCGCGTGTTGCC
ChIFN-A-F CCGGAATTCCAGGTCACCCCGAAGAA
ChIFN-A-R CCCAAGCTTCTAAGTGCAATCCTCGCGCTGGGC
Primers for RT-qPCR

Q-Hexon-F CGAGGACTACGACGATTA

Q-Hexon-R CGTGATACAGCAGGTTAATG

Q-MX1-F AAGCCTGAGCATGAGCAGAA
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Table 1. Cont.

Name Sequence(5'-3)

Q-MX1-R TCTCAGGCTGTCAACAAGATCAA
Q-OASL-F ACATCCTCGCCATCATCGA
Q-OASL-R GCGGACTGGTGATGCTGACT
Q-IFIT5-F TGCTCTGAGGGAAGAACCCAACA
Q-IFIT5-R AGGCTCCAGGGATGAGTCCACTT
Q-Viperin-F AACGGTGGTTCAAGAAGTATGG
Q-Viperin-R ACAGCATAATCTCGGCACCA
Q-IFITM3-F TGGTGACGGTGGAGACG
Q-IFITM3-R GGCAACCAGGGCGATGA

Q-ZAP-F TTCCAAGTCAAGCCTGTCCC
Q-ZAP-R CTCCGCTCTGCCTCTTCATC
Q-PKR-F TGACTTCTGTGACATACAACCCTC
Q-PKR-R TTTCAAACCAAATCAATCCC
Q-IRF7-F AACGACGACCCGCACAAG
Q-IRF7-R GCAGCAGGTCCAAATCCA
Q-IFI6-F TCAACACACTCCTCAGGCTTTACC
Q-IFI6-R GAACTCCGCCTCCGCAAGAG
Q-B-actin-F CAACACAGTGCTGTCTGGTGGTA
Q-B-actin-R ATCGTACTCCTGCTTGCTGATCC

4.3. IFN Purification and Renaturation

After harvesting the expression strains, the organisms were lysed using an ultrasonic
crusher (Jinxing, Shanghai, China), the inclusion bodies were lysed with 8 M urea, and
ChIFN-o and ChIFN-A were purified using the His-Tagged Protein Purification Kit (CWBIO,
Beijing, China). The protein was renatured by gradually removing urea from the purified
protein through dialysis. The synthesized proteins were confirmed through 15% sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis with Kaumas
Brilliant Blue staining and Western blotting with anti-His antibody (1:8000 dilution with
Tris-buffered saline [TBS]).

4.4. Antiviral Assay

The biological activities of recombinant ChIFN-« and ChIFN-A were measured using
VSV according to previously described methods [55]. The biological activity of ChIFN-«
and ChIFN-A in LMH was analyzed by inhibiting FAdV-4-induced LMH cytopathic effects
as described previously [47]. Recombinant IFN was diluted with F12 at a 4-fold dilution
and inoculated into 96-well plates with 100 uL per well. The supernatant was incubated
for 12 h and discarded, and the 96-well plates were inoculated with FAdV-4 at 100 TCIDs.
The cytopathic lesions were observed 24 h after infection, and the assay was calculated
using the Reed-Muench method and expressed as Ul/mg.

LMH cells were treated with 100-1000 ng of ChIFN-o& or ChIFN-A for 12 h and inoc-
ulated with 1 MOI of FAdV-4 to further compare the anti-FAdV-4 activity of ChIFN-
o and ChIFN-A. Cell samples were collected for Western blotting at 24 h and 48 h
post-infection (hpi).

LMH cells were treated with 1000 UI of ChIFN-« or ChIFN-A for 12 h and then
inoculated with 1 MOI of FAdV-4 to elucidate the time frame of viral inhibition caused by
ChIFN-« and ChIFN-A. Cell and supernatant samples were collected at 12, 24, 36, 48, 60,
and 72 hpi for further use.

4.5. Western Blot Analysis

Proteins (20 pg) were resolved using SDS-PAGE in Tris-Gly buffer at 150V and trans-
ferred to a polyvinylidene difluoride membrane (Sigma-Aldrich, St. Louis, Missouri, USA)
at 250 mA. Specific mouse anti-hexon (1:8000 dilution with TBS) and rabbit anti-GAPDH
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monoclonal antibodies (1:10,000 dilution with TBS) were used for Western blotting. Protein
expression was analyzed using a Tanon 5200 instrument (Tanon, Shanghai, China).

4.6. Virus Titration

LMH cells were inoculated into 96-well plates and allowed to attain 80% confluence to
conduct the TCIDs( assay. The samples underwent a 10-fold serial dilution at 100 uL/well,
with three repetitions per sample. Following the manifestation of a noticeable cytopathic ef-
fect (CPE) in the cells, the number of wells exhibiting CPE at each dilution was documented,
and the TCIDs, value was determined using the Reed—-Muench method.

4.7. Quantitative Real-Time PCR

mRNA was extracted from the cells using RNAfast2000 (Feijie, Shanghai, China)
according to the manufacturer’s guidelines, and 100 ng of RNA was used for qRT-PCR
experiments. Subsequently, HiScript II QRT SuperMix for quantitative PCR (Vazyme,
Nanjing, China) was used for quantitative real-time PCR (qRT-PCR) analysis. The primer
sequences used to quantify cDNA through qRT-PCR experiments were documented in
Table 1. The relative quantities were determined using the 2~4CT method and normalized
to B-actin.

4.8. Statistical Analyses

Statistical analyses were conducted using GraphPad Prism 9.5.0 (GraphPad Software,
San Diego, CA, USA), using paired t-tests and one-way ANOVA to assess group differences.
p-values of <0.05 indicated statistical significance. The intensity of the protein bands was
analyzed using Image ] software (https://imagej.net/ij/; accessed on 11 December 2023;
National Institutes of Health, Bethesda, MD, USA), and image layout and cropping were
performed using Adobe Photoshop 2020 (Adobe, San Jose, CA, USA).

5. Conclusions

In conclusion, this study successfully generated ChIFN-« and ChIFN-A through
prokaryotic expression and demonstrated their strong anti-FAdV-4 activity in LMH cells.
Furthermore, ChIFN-« and ChIFN-A significantly enhanced PKR, ZAP, IRF7, MX1, OASL,
IFI6, IFIT5, and Viperin expression levels. These findings suggest that ChIFN-« has stronger
overall anti-FadV-4 activity than ChIFN-A; however, ChIFN-A exhibited greater efficacy in
inhibiting FAdV-4 release during the early stages of infection. Our findings indicate that
ChIFN-« and ChIFN-A hold promise as potential therapeutic agents for treating HHS.
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