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Abstract: Tumor necrosis factor alpha (TNF-α) is a cytokine that is responsible for many processes
associated with immune response and inflammation. It is involved in the development of an antiviral
response to many virus infections. This factor was shown to be activated in influenza A virus
infection, which enhances production of other cytokines. The overexpression of these cytokines can
lead to a cytokine storm. To study the role of TNF-α in the development of pathologies associated
with viral infection, we generated a Tnfa knockout mouse strain. We demonstrated that these mice
were characterized by a significant increase in the number of viral genomes compared to that in
the parental strain, but the amount of live virus did not differ. A histopathology of the lungs in the
genetically modified animals was significantly lower in terms of interalveolar septal infiltration. The
generated model may be used to further study pathological processes in viral infections.

Keywords: TNF-α; influenza A virus; H1N1; knockout mice; CRISPR/Cas9

1. Introduction

Tumor necrosis factor alpha (TNF-α) is a pleiotropic cytokine known as a crucial
regulator of immune responses that are involved in various inflammatory, malignant, and
infectious processes. This cytokine is produced by activated macrophages, T-lymphocytes,
and natural killers and exists in two different forms. The first form is a transmembrane
TNF-α (tmTNF-α) that is synthesized as a 233-amino-acid precursor. Then, tmTNF-α
undergoes proteolytic processing by the TNF-α-converting enzyme (TACE), which results
in a soluble TNF-α (sTNF-α) form. This is a 157-amino-acid form. The part of tmTNF-α
remaining in the membrane is translocated to the nucleus. Both tmTNF-α and sTNF-α exist
as homotrimer proteins and provide their biological functions through binding to type 1
and 2 TNF receptors, TNFR1 and TNFR2, respectively [1–4]. TNF-α is known to activate
at least three distinct effectors, which leads to the recruitment and activation of caspases,
nuclear factor NF-kappa-B (NF-kappa-B), and transcription factor Jun. Therefore, TNF-a
can initiate either cell death or gene expression and surviving through the interaction with
its receptors [5,6].
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During viral infection, TNF-α activates macrophages and dendritic cells, acts as a
pyrogen in the development of fever, mediates hematopoiesis modulation, and is able to
directly inhibit viral replication. Moreover, TNF-α stimulates epithelial cells to release some
molecules, such as hydrogen peroxide, defensin, cathelicidin, and azurocidin, which act
against various infectious agents, in particular viruses [2,7]. For example, TNF-α was found
to induce secretion of β-defensin-2 by respiratory epithelial cells in response to human
respiratory syncytial virus (RSV) infection, which leads to blocking RSV entry into cells [8].
TNF-α is able to inhibit human immunodeficiency virus type 1 (HIV-1) entry into cells
by downregulating CD4 and CCR5 receptors on the surface of lymphoid cells. Besides,
TNF-α activates expression of several factors, such as C–C motif chemokine 5 (CCL5),
C–C motif chemokine 3 (CCL3), and C–C motif chemokine 4 (CCL4), which exert negative
effects on HIV-1 replication [9]. Through activation of NF-kappa-B, TNF-α suppresses
the tight-junction protein claudin-5 that causes capillary leakage and massive influx of
plasma proteins and white blood cells infiltrating the surrounding tissue and promotes
the development of acute respiratory distress syndrome (ARDS) [10,11]. However, TNF-α
facilitates viral infection in some cases. Dengue virus (DENV) has been demonstrated to
induce, through TNF-α expression, cytopathological changes in blood cells, endovascular
dysfunction, and neurotoxicity [12,13]. HIV-1 proteins Tat, Nef, and Gp120 stimulate TNF-
α expression, which facilitates viral replication and initiates the apoptosis of uninfected
bystander cells. Also, the HIV-1 Tat protein interacts with TNF-α receptors, which leads to
NF-kappa-B activation and promotes HIV-1 LTR activation [9,14].

Influenza A virus (IAV) is an enveloped virus belonging to the Orthomyxoviridae
family and Alphainfluenzavirus genus. IAV is a negative-sense RNA virus harboring
eight different genome segments [15,16]. The virus causes respiratory tract infections and
initiates activation of many proinflammatory cytokines and chemokines, in particular
TNF-α. In addition, TNF-α was shown to be capable of affecting susceptibility to H1N1
in humans [17,18]. In response to IAV infection overexpression of TNF-α can cause an
increase in cytokine and chemokine production via activation of STAT3, MAPK, and NF-κB
signaling pathways, which may lead to a cytokine storm. Uncontrolled overexpression
of pro-inflammatory cytokines, such as TNF-α, can lead to destroying the endothelial
barrier and cause pulmonary edema and lung injury [10,19]. TNF-α is involved in necrop-
tosis of alveolar epithelial cells during IAV H1N1 infection. Necroptosis was shown
to be associated with high morbidity and mortality of infected mice [20]. Remarkably,
Tnf-α and IL-1 receptor gene knockout mice exhibited reduced morbidity and delayed
mortality in infection with a lethal H5N1 virus and no such differences with the less
virulent H1N1 virus [21].

To study the influence of TNF-α on respiratory tract pathogenesis associated with
viral infection, Tnfa knockout animal models are required. In this article, we present a
study of Tnfa knockout mice infected with a mouse-adapted H1N1 influenza virus. Our
results show that Tnf-α has a negative effect on H1N1 replication, and the absence of Tnf-α
can cause a decrease in lymphocyte infiltration into interalveolar septa in the early stages
of infection. These findings may expand our knowledge of the role of Tnf-α in response
to influenza viral infection. An understanding of Tnf-α functions during viral infection is
important for the development of therapies against cytokine storm in severe infection.

2. Results
2.1. Genotypes of the Knockout Mouse Strain

Tnfa knockout mice were generated using the CRISPR/Cas9 system. A 241 bp homozy-
gous deletion (GRCm39/mm39, chr17:35420792-35421032) in the Tnfa gene of knockout
mice was confirmed by Sanger sequencing (Figure 1a). The deleted genomic region con-
sisted of 192 bp of the Tnfa first exon with the start codon and part of the Tnfa promoter.
The analysis of the Tnfa mRNA expression level demonstrated the lack of Tnfa mRNAs in
samples from C57BL6/J-Tnfa_KO mice.
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Tnfa gene of C57BL6/J-Tnfa_KO mice. (b) Graphical representation of the experimental design. (c) 
Amount of viral genomic RNA in lungs of infected mice 1. (d) Amount of infectious viral particles 
in lungs of infected mice 1. (e) Amount of viral genomic RNA in brain of infected mice1. (f) Histo-
logical alterations in organs on the 5th day after infection. Infiltration of lymphocytes into in-
teralveolar septa is obvious in C57BL6/J mice. (g) Graphical representation of severity of interalve-
olar septal infiltration in mice1. Note: * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.1. 1 Legend on block g 
is common for blocks c, d, e, and g. 

2.2. Viral RNA Replication Is Enhanced in Knockout Mice 
Viral genomic RNA levels in mice were evaluated using qPCR. Lung and brain 
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Figure 1. Infection of Tnfa knockout mice with H1N1 influenza A virus. (a) Scheme of deletion
in Tnfa gene of C57BL6/J-Tnfa_KO mice. (b) Graphical representation of the experimental design.
(c) Amount of viral genomic RNA in lungs of infected mice 1. (d) Amount of infectious viral particles
in lungs of infected mice 1. (e) Amount of viral genomic RNA in brain of infected mice 1. (f) Histological
alterations in organs on the 5th day after infection. Infiltration of lymphocytes into interalveolar
septa is obvious in C57BL6/J mice. (g) Graphical representation of severity of interalveolar septal
infiltration in mice 1. Note: * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.1. 1 Legend on block (g) is
common for blocks (c–e,g).

2.2. Viral RNA Replication Is Enhanced in Knockout Mice

Viral genomic RNA levels in mice were evaluated using qPCR. Lung and brain samples
from infected animals were collected on 3rd and 5th days after infection with H1N1
influenza virus (Figure 1b). These time points were chosen because in the previous research
it was shown that peak of infection occurs in days 3–5, and the titer dramatically decreases
to day 7 [22]. Here we are checking the role of Tnf-α in the presence of the virus. On the
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3rd day after infection, there were no significant differences in the viral RNA level between
C57BL6/J controls and C57BL6/J-Tnfa_KO mice in both studied organs (Figure 1c,e). On
the 5th day after infection, the level of viral genomes in C57BL6/J-Tnfa_KO mice lungs was
three-fold higher than in the controls (p = 0.0298). Moreover, the number of viral genomes
in the lungs of C57BL6/J-Tnfa_KO mice increased, while that in the lungs of C57BL6/J mice
decreased by the 5th day after infection (Figure 1c).

The level of viral genomic RNA in brain samples was approximately 50-fold lower
than that in the lungs, regardless of the mice strain (Figure 1e). Despite the lack of significant
differences (p > 0.05) between C57BL6/J and C57BL6/J-Tnfa_KO mice, there were more
viral genome equivalents in the brain samples from C57BL6/J-Tnfa_KO mice than in those
from C57BL6/J mice (p = 0.0590).

Next, to determine the amount of live infectious viral particles in lung and brain
samples from infected mice, an FFU assay was performed. There were no significant differ-
ences in lung or brain tissues between C57BL6/J and C57BL6/J-Tnfa_KO mice. However, a
significant decrease in infectious viral particles was detected in the lungs of both strains
(C57BL6/J-Tnfa_KO mice, p = 0.0001; C57BL6/J mice, p = 0.0088) between the 3rd and
5th days. The mean virus count in lung samples collected on the 3rd and 5th days after
infection was 1.5 × 106 and 3.4 × 105 FFU/mL, respectively. In the brains of infected
animals, no or negligible virus counts were detected.

2.3. Deficiency of TNF-α Reduces Tissue Disturbance in Mice

A histological study of lung tissue was performed on the 3rd and 5th days after infec-
tion. We analyzed several parameters: interalveolar septal infiltration, perivascular and
peribronchial infiltration, parenchymal consolidation, neutrophil infiltration of the alveolar
lumen, intra-alveolar and intra-bronchial hemorrhages, sloughing of bronchial epithe-
lium, sludge and separation of blood in the lung vessels, perivascular edema, alveolocyte
hyperplasia, and intra-alveolar fibrin and precipitates.

Only a few of the studied parameters showed differences between C57BL6/J and
C57BL6/J-Tnfa_KO mice. Interalveolar septal infiltration decreased in C57BL6/J-Tnfa_KO
mice and increased in C57BL6/J mice by the 5th day (p = 0.0187) (Figure 1f,g). The same
trend was observed for the occurrence rate of interalveolar septal infiltration
(p = 0.0264). On the 5th day after infection, these infiltrative changes were detected in 1 out
of 9 C57BL6/J-Tnfa_KO mice and 7 out of 8 C57BL6/J mice. Interalveolar septal infiltration
was diffuse.

Perivascular infiltration was weak and tended to increase slightly by the 5th day.
Peribronchial inflammatory reaction was not observed in any animal groups. Bronchial
epithelium damage was present in most animals of all groups and decreased by the 5th
day after infection. Disturbances of local blood circulation, such as perivascular edema,
fibrin precipitates in small vessels, and intra-alveolar hemorrhages, were also observed in
infected animals and increased with time.

3. Discussion

In the present work, we studied the role of Tnf-α in infection of laboratory mice
with the H1N1 influenza virus adapted to this species. For this purpose, we generated
genetically modified mice carrying a 241 bp deletion in the Tnfa gene, which affected part of
the promoter. Also, this deletion resulted in the loss of the start codon and a frameshift. The
resulting C57BL6/J-Tnfa_KO strain was deficient in expression of the Tnfa gene. Infection
of these animals with mouse-adapted influenza A H1N1 virus caused a significant increase
in viral genome production compared with that in the parental C57BL6/J strain on the
5th day after infection. In this case, by the 5th day after infection, the number of viral
genomes decreased in the parental strain and increased in the genetically modified mice.
However, the amount of live virus did not differ in both strains, regardless of the day
after infection. Our findings demonstrate that Tnfa gene knockout in mice enhances viral
genome replication, but does not increase the number of new infectious viral particles.
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According to previous studies, the level of live virus production is similar in Tnf-α deficient
mice and the parental C57BL6/J strain, but there are no data on the changes in the number
of viral genomes in tissues of infected animals [22]. An anti-Tnf-α agent, etanercept, was
shown to significantly reduce the number of viral genomes. However, the influence of the
drug on the influenza virus cannot be excluded [23]. It is like that the lack of cytokine Tnf-α
production enhances influenza virus replication.

Histopathological analysis revealed that interalveolar septal infiltration was signif-
icantly lower in the C57BL6/J-Tnfa_KO strain than in the C57BL6/J strain on the 5th
day after infection, but there were no differences in other indicators. The significant de-
crease in interalveolar septal infiltration in C57BL6/J-Tnfa_KO mice compared with that
in C57BL6/J mice may be explained by that TNF-α is a pro-inflammatory cytokine that
activates macrophages and other immune cells [1,10]. TNF-α expression was shown to
induce white blood cell infiltration into surrounding tissues. Therefore, TNF-α deficiency
may decrease immune cell infiltration into surrounding tissues, in particular, interalveolar
septal tissue. A similar reduction in lung inflammation was revealed in mice knocked out
in another cytokine, IL1B [24]. However, it is important that influenza A H1N1 infection is
accompanied by the release of not only TNF-α but also other cytokines exhibiting antiviral
activity, which may explain the lack of histopathological differences between the study
groups in other indicators.

The influence of Tnf-α on the course of influenza A virus infection was previously
studied. For example, Tnf-α receptor gene knockout mice infected with a virulent H5N1
influenza virus were characterized by low lethality; however, there was no difference
between the infected transgenic mice and infected controls with a less virulent H1N1
virus [21]. Later, no difference was found in viral production between Tnfa knockout
mice and the parental C57BL6/J strain. In this case, lung histopathology was significantly
higher in the knockout strain in inflammation, injury, and remodeling [22]. These findings
are partly consistent with ours. For example, we showed that live virus production did
not differ in knockout mice and the original strain; however, histopathology in terms of
interalveolar septal infiltration was significantly lower in the genetically modified mice
than in the parental strain, and there were no differences in other histological indicators.

It has been shown that Tnf-α is involved in inhibition of immunopathology in mouse
lungs during H1N1 infection. In our study, we have demonstrated that the absence of
Tnf-α can also lead to a decreasing in lymphocyte infiltration into interalveolar septa in
early stage of infection.

Therefore, the response of the generated mouse model to H1N1 influenza virus in-
fection is different from that of the parental strain. Histopathology is reduced, while the
number of viral genomes increases, which is likely due to the influence of cytokines on
viral replication. The generated model may be used for further investigation of functions
of various cytokines and study of pathological processes associated with viral infection.

4. Materials and Methods
4.1. CRISPR System Design and Preparation of Components for Microinjections

Single guide RNA (sgRNA) was designed with the Benchling online tool
(https://benchling.com/, accessed on 22 February 2023) (Table 1) using the scoring method
described previously [25]. Genotyping primers, TNF-F and TNF-R, were created using
the Primer Blast tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on
22 February 2023) (Table 1). A HiScribe™ T7 High Yield RNA Synthesis kit (NEB, Ipswich,
MA, USA) and an RNA Clean & Concentrator-25 kit (Zymo Research, Irvine, CA, USA)
were used for in vitro sgRNA transcription and purification, respectively.

https://benchling.com/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 1. Oligonucleotide sequences used in the study.

Name Sequence 5′-3′ Reference

sgRNA gAGAAAGCATGATCCGCGACG(TGG) NC_000083.7
Tnf-F CCCTCCTAACCCGTTTTGCT NC_000083.7
Tnf-R TTCCTTGATGCCTGGGTGTC NC_000083.7

Polr2a-F TGTGACAACTCCATACAATGC NM_001291068.1
Polr2a-R CTCTCTTAGTGAATTTGCGTACT NM_001291068.1

Tnf-exp-F AGCCGATGGGTTGTACCTTG NM_001278601.1
Tnf-exp-R GGTTGACTTTCTCCTGGTATGAGA NM_001278601.1

4.2. Generation of Tnfa Knockout Mice

The study was conducted in accordance with the Directive 2010/63/EU of the Euro-
pean Parliament and of the Council of 22 September 2010 on the protection of animals used
for scientific purposes and approved by the Ethics Committee of the Institute of Cytology
and Genetics (protocol No. 96 of 25 October 2021). Mice were bred at the SPF vivarium of
the Institute of Cytology and Genetics (Novosibirsk, Russia). After weaning, mice of the
same sex were kept in groups of 4 to 5 animals per cage (Optimice, Animal Care Systems,
Centennial, CO, USA) at a temperature of 24 ± 2 ◦C, humidity of 45–50%, and a 14:10
dark–light cycle (lights on 01:00; lights off 15:00). The mice were fed with sterile food
and water ad libitum. C57BL6/J females (4–6 weeks old) and C57BL6/J males (3 months
old) were used as sources of oocytes and spermatozoa, respectively. In vitro fertilization
was performed according to the protocol [26]. Fertilized oocytes in a solution containing
25 ng/µL sgRNA and an equimolar concentration of Alt-R HiFi Cas9 Nuclease V3 (IDT,
Coralville, IA, USA) were injected into the cytoplasm. After the microinjection, embryos
were cultivated overnight, and 2-cell stage embryos were transferred into the oviducts of
pseudopregnant mothers (CD-1 females).

Born mice were genotyped for modifications with TNF-F and TNF-R primers flanking
a deletion (Table 1), and one founder with a 241 bp deletion (chr17: 35420792-35421032,
GRCm39/mm39) was selected for breeding and generating a Tnfa knockout strain. The
generated mouse strain was named C57BL6/J-Tnfa_KO.

4.3. Tnfa Gene Expression Analysis

Midbrain and lung tissues were homogenized in Trizol (Thermo Fisher Scientific,
Waltham, MA, USA) using a motor-driven grinder (Sigma-Aldrich, Burlington, MA, USA);
total RNA was extracted according to the manufacturer’s protocol, air dried, and solved
in 25 µL of DEPC-treated water. Genomic DNA traces were removed by incubation
with RNAse-free DNAse (Promega, Madison, WI, USA) according to the manufacturer’s
protocol. Total RNA (1 µg) was taken for cDNA synthesis using a random hexanucleotide
primer mixture. The number of Tnfa and Polr2a gene transcripts was evaluated with
SYBR Green real-time quantitative PCR using selective primers (Table 1) as described
earlier [27,28].

4.4. H1N1 Infection

All animal procedures were carried out on 18 C57BL6/J and 19 Tnfa knockout two-
month-old mice of both sexes in accordance with the European Convention for the Protec-
tion of Vertebrate Animals Used for Experimental and Other Scientific Purposes (CETS No.
123). The experimental design was approved by the Ethics Committee of the State Research
Center of Virology and Biotechnology “Vector” (protocol No. 5, 31 August 2023).

Mice were inoculated with pandemic influenza virus A/California/04/2009
(H1N1)pdm09 provided by the Centers for Disease Control and Prevention (CDC, At-
lanta, GE, USA) (Figure 1b). The parental virus was passaged 8 times in mice. Influenza
viruses were then propagated by a single passage in 9-day-old chicken embryos. Mice were
infected intranasally with 24 LD50 (5.2 lg EID50), which caused 100% mortality [29]. All
procedures with live influenza virus were performed in a biosafety level 3 facility.
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4.5. Quantification of Viral RNA Load in Biological Samples by RT-PCR

RNA was isolated using a MagnoPrime UNI kit (NextBio, Moscow, Russia). Reverse
transcription was carried out using a Reverta-L kit (InterLabService, Moscow, Russia). The
resulting IAV cDNA fragments were amplified using an AmpliSens Influenza virus A/B-FL
kit (InterLabService, Moscow, Russia). PCR and data collection were conducted on a Rotor
Gene 6000 real-time cycler (Qiagen, Venlo, The Netherlands). The calibration curve of viral
RNA Ct values on the influenza virus concentration (in FFU/mL) was plotted to calculate
concentrations of influenza virus strains (in FFU-equivalents/mL). The PCR assay was
performed once and was considered correct when all control samples of a given test system
were released [30].

4.6. Focus-Forming Assay

Tenfold dilutions of 10% mouse organ homogenates were prepared and added to a
MDCK cell monolayer in a 96-well plate, incubated at 37 ◦C for 1 h, and removed. Cells
were incubated in supporting medium for 18–20 h. The FFU assay was performed as
described earlier [30].

4.7. Histological Analysis

For histological analysis, brain and lung tissue samples from both C57BL6/J and
C57BL6/J-Tnfa_KO mice were fixed in a 4% paraformaldehyde solution (Sigma-Aldrich,
Burlington, MA, USA) for 48 h, followed by washing in water for 10 min. The samples were
sequentially dehydrated in alcohol at increasing concentrations, followed by processing in
a xylene–paraffin mixture. Paraffin fixation and pathology evaluation were conducted as
described previously [31].

4.8. Statistical Analyses

Statistical analyses were performed using the GraphPad Prism 9.2.0 software package.
Data are presented as a mean and standard deviation. For normally distributed quantitative
variables, the significance was determined using a two-way ANOVA test with a Tukey’s
HSD test. Nonparametric Kruskal–Wallis one-way analysis of variance with Dunn’s multi-
ple comparison technique was used to establish significant differences between nominal
data or not normally distributed quantitative variables. The significance threshold for all
tests was set at p < 0.05.

Author Contributions: Conceptualization, D.V.Y., D.V.B. and N.R.B.; methodology, D.V.Y., A.S.G.
and A.N.K.; formal analysis, D.A.S., A.S.G. and O.S.T.; investigation, D.A.S., A.S.G., A.N.K., O.S.T.,
D.V.B., N.V.D., O.N.P., E.K.I., A.A.M., Y.A.B., E.V.R., I.A.S. and E.A.K.; resources, A.S.G. and D.V.B.;
data curation, D.A.S.; writing—original draft preparation, D.A.S., A.S.G., A.N.K., O.S.T. and D.V.B.;
writing—review and editing, D.A.S. and D.V.Y.; supervision, D.V.Y., D.V.B. and N.R.B.; project
administration, D.V.Y.; funding acquisition, D.V.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: State Assignment No. 10/21 (FBRI SRC VB ‘Vector’ Rospotrebnadzor) supported this research.

Institutional Review Board Statement: The study was conducted in accordance with the Ethics
Committee of the Institute of Cytology and Genetics (protocol No. 96 of 25 October 2021) and with
the Ethics Committee of the State Research Center of Virology and Biotechnology “Vector” (protocol
No. 5, 31 August 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

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



Int. J. Mol. Sci. 2024, 25, 1156 8 of 9

References
1. Jang, D.; Lee, A.-H.; Shin, H.-Y.; Song, H.-R.; Park, J.-H.; Kang, T.-B.; Lee, S.-R.; Yang, S.-H. The Role of Tumor Necrosis Factor

Alpha (TNF-α) in Autoimmune Disease and Current TNF-α Inhibitors in Therapeutics. Int. J. Mol. Sci. 2021, 22, 2719. [CrossRef]
2. Waters, J.P.; Pober, J.S.; Bradley, J.R. Tumour Necrosis Factor in Infectious Disease. J. Pathol. 2013, 230, 132–147. [CrossRef]
3. Yu, M.; Zhou, X.; Niu, L.; Lin, G.; Huang, J.; Zhou, W.; Gan, H.; Wang, J.; Jiang, X.; Yin, B.; et al. Targeting Transmembrane TNF-α

Suppresses Breast Cancer Growth. Cancer Res. 2013, 73, 4061–4074. [CrossRef] [PubMed]
4. Horiuchi, T.; Mitoma, H.; Harashima, S.-I.; Tsukamoto, H.; Shimoda, T. Transmembrane TNF-: Structure, Function and Interaction

with Anti-TNF Agents. Rheumatology 2010, 49, 1215–1228. [CrossRef] [PubMed]
5. Bradley, J. TNF-Mediated Inflammatory Disease. J. Pathol. 2008, 214, 149–160. [CrossRef]
6. Xu, G.; Shi, Y. Apoptosis Signaling Pathways and Lymphocyte Homeostasis. Cell Res. 2007, 17, 759–771. [CrossRef]
7. Ramshaw, I.A.; Ramsay, A.J.; Karupiah, G.; Rolph, M.S.; Mahalingam, S.; Ruby, J.C. Cytokines and Immunity to Viral Infections.

Immunol. Rev. 1997, 159, 119–135. [CrossRef]
8. Kota, S.; Sabbah, A.; Chang, T.H.; Harnack, R.; Xiang, Y.; Meng, X.; Bose, S. Role of Human β-Defensin-2 during Tumor Necrosis

Factor-α/NF-KB-Mediated Innate Antiviral Response against Human Respiratory Syncytial Virus. J. Biol. Chem. 2008, 283,
22417–22429. [CrossRef] [PubMed]

9. Kumar, A.; Abbas, W.; Herbein, G. TNF and TNF Receptor Superfamily Members in HIV Infection: New Cellular Targets for
Therapy? Mediat. Inflamm. 2013, 2013, 484378. [CrossRef]

10. Gu, Y.; Zuo, X.; Zhang, S.; Ouyang, Z.; Jiang, S.; Wang, F.; Wang, G. The Mechanism behind Influenza Virus Cytokine Storm.
Viruses 2021, 13, 1362. [CrossRef]

11. Li, J.; Jie, X.; Liang, X.; Chen, Z.; Xie, P.; Pan, X.; Zhou, B.; Li, J. Sinensetin Suppresses Influenza a Virus-Triggered Inflammation
through Inhibition of NF-KB and MAPKs Signalings. BMC Complement. Med. Ther. 2020, 20, 135. [CrossRef]

12. Jhan, M.-K.; HuangFu, W.-C.; Chen, Y.-F.; Kao, J.-C.; Tsai, T.-T.; Ho, M.-R.; Shen, T.-J.; Tseng, P.-C.; Wang, Y.-T.; Lin, C.-F.
Anti-TNF-α Restricts Dengue Virus-Induced Neuropathy. J. Leukoc. Biol. 2018, 104, 961–968. [CrossRef]

13. Satria, R.D.; Huang, T.-W.; Jhan, M.-K.; Shen, T.-J.; Tseng, P.-C.; Wang, Y.-T.; Yang, Z.-Y.; Hsing, C.-H.; Lin, C.-F. Increased TNF-α
Initiates Cytoplasmic Vacuolization in Whole Blood Coculture with Dengue Virus. J. Immunol. Res. 2021, 2021, 6654617. [CrossRef]
[PubMed]

14. Gallitano, S.M.; McDermott, L.; Brar, K.; Lowenstein, E. Use of Tumor Necrosis Factor (TNF) Inhibitors in Patients with HIV/AIDS.
J. Am. Acad. Dermatol. 2016, 74, 974–980. [CrossRef] [PubMed]

15. Cheung, T.K.W.; Poon, L.L.M. Biology of Influenza A Virus. Ann. N. Y. Acad. Sci. 2007, 1102, 1–25. [CrossRef] [PubMed]
16. International Committee on Taxonomy of Viruses: ICTV. Available online: https://ictv.global/ (accessed on 18 November 2023).
17. Elsayed, S.M.; Hassanein, O.M.; Hassan, N.H.A. Influenza A (H1N1) Virus Infection and TNF-308, IL6, and IL8 Polymorphisms

in Egyptian Population: A Case–Control Study. J. Basic Appl. Zool. 2019, 80, 61. [CrossRef]
18. Li, Y.; Chen, X.-Y.; Gu, W.-M.; Qian, H.-M.; Tian, Y.; Tang, J.; Cheng, T. A Meta-Analysis of Tumor Necrosis Factor (TNF) Gene

Polymorphism and Susceptibility to Influenza A (H1N1). Comput. Biol. Chem. 2020, 89, 107385. [CrossRef] [PubMed]
19. Gu, Y.; Hsu, A.C.-Y.; Pang, Z.; Pan, H.; Zuo, X.; Wang, G.; Zheng, J.; Wang, F. Role of the Innate Cytokine Storm Induced by the

Influenza A Virus. Viral Immunol. 2019, 32, 244–251. [CrossRef]
20. Rodrigue-Gervais, I.G.; Labbé, K.; Dagenais, M.; Dupaul-Chicoine, J.; Champagne, C.; Morizot, A.; Skeldon, A.; Brincks, E.L.;

Vidal, S.M.; Griffith, T.S.; et al. Cellular Inhibitor of Apoptosis Protein CIAP2 Protects against Pulmonary Tissue Necrosis during
Influenza Virus Infection to Promote Host Survival. Cell Host Microbe 2014, 15, 23–35. [CrossRef]

21. Perrone, L.A.; Szretter, K.J.; Katz, J.M.; Mizgerd, J.P.; Tumpey, T.M. Mice Lacking Both TNF and IL-1 Receptors Exhibit Reduced
Lung Inflammation and Delay in Onset of Death Following Infection with a Highly Virulent H5N1 Virus. J. Infect. Dis. 2010, 202,
1161–1170. [CrossRef]

22. Damjanovic, D.; Divangahi, M.; Kugathasan, K.; Small, C.-L.; Zganiacz, A.; Brown, E.G.; Hogaboam, C.M.; Gauldie, J.; Xing, Z.
Negative Regulation of Lung Inflammation and Immunopathology by TNF-α during Acute Influenza Infection. Am. J. Pathol.
2011, 179, 2963–2976. [CrossRef]

23. Shi, X.; Zhou, W.; Huang, H.; Zhu, H.; Zhou, P.; Zhu, H.; Ju, D. Inhibition of the Inflammatory Cytokine Tumor Necrosis
Factor-Alpha with Etanercept Provides Protection against Lethal H1N1 Influenza Infection in Mice. Crit. Care 2013, 17, R301.
[CrossRef]

24. Guo, L.; Wang, Y.-C.; Mei, J.-J.; Ning, R.-T.; Wang, J.-J.; Li, J.-Q.; Wang, X.; Zheng, H.-W.; Fan, H.-T.; Liu, L.-D. Pulmonary Immune
Cells and Inflammatory Cytokine Dysregulation Are Associated with Mortality of IL-1R1-/-Mice Infected with Influenza Virus
(H1N1). Zool. Res. 2017, 38, 146–154. [CrossRef]

25. Hsu, P.D.; Scott, D.A.; Weinstein, J.A.; Ran, F.A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; Wu, X.; Shalem, O.; et al. DNA
Targeting Specificity of RNA-Guided Cas9 Nucleases. Nat. Biotechnol. 2013, 31, 827–832. [CrossRef] [PubMed]

26. Takeo, T.; Nakagata, N. In Vitro Fertilization in Mice. Cold Spring Harb. Protoc. 2018, 2018, pdb.prot094524. [CrossRef] [PubMed]
27. Kulikov, A.V.; Naumenko, V.S.; Voronova, I.P.; Tikhonova, M.A.; Popova, N.K. Quantitative RT-PCR Assay of 5-HT1A and

5-HT2A Serotonin Receptor MRNAs Using Genomic DNA as an External Standard. J. Neurosci. Methods 2005, 141, 97–101.
[CrossRef] [PubMed]

28. Naumenko, V.S.; Osipova, D.V.; Kostina, E.V.; Kulikov, A.V. Utilization of a Two-Standard System in Real-Time PCR for
Quantification of Gene Expression in the Brain. J. Neurosci. Methods 2008, 170, 197–203. [CrossRef]

https://doi.org/10.3390/ijms22052719
https://doi.org/10.1002/path.4187
https://doi.org/10.1158/0008-5472.CAN-12-3946
https://www.ncbi.nlm.nih.gov/pubmed/23794706
https://doi.org/10.1093/rheumatology/keq031
https://www.ncbi.nlm.nih.gov/pubmed/20194223
https://doi.org/10.1002/path.2287
https://doi.org/10.1038/cr.2007.52
https://doi.org/10.1111/j.1600-065X.1997.tb01011.x
https://doi.org/10.1074/jbc.M710415200
https://www.ncbi.nlm.nih.gov/pubmed/18567888
https://doi.org/10.1155/2013/484378
https://doi.org/10.3390/v13071362
https://doi.org/10.1186/s12906-020-02918-3
https://doi.org/10.1002/JLB.MA1217-484R
https://doi.org/10.1155/2021/6654617
https://www.ncbi.nlm.nih.gov/pubmed/34041302
https://doi.org/10.1016/j.jaad.2015.11.043
https://www.ncbi.nlm.nih.gov/pubmed/26774690
https://doi.org/10.1196/annals.1408.001
https://www.ncbi.nlm.nih.gov/pubmed/17470908
https://ictv.global/
https://doi.org/10.1186/s41936-019-0131-1
https://doi.org/10.1016/j.compbiolchem.2020.107385
https://www.ncbi.nlm.nih.gov/pubmed/33032038
https://doi.org/10.1089/vim.2019.0032
https://doi.org/10.1016/j.chom.2013.12.003
https://doi.org/10.1086/656365
https://doi.org/10.1016/j.ajpath.2011.09.003
https://doi.org/10.1186/cc13171
https://doi.org/10.24272/j.issn.2095-8137.2017.035
https://doi.org/10.1038/nbt.2647
https://www.ncbi.nlm.nih.gov/pubmed/23873081
https://doi.org/10.1101/pdb.prot094524
https://www.ncbi.nlm.nih.gov/pubmed/29669849
https://doi.org/10.1016/j.jneumeth.2004.06.005
https://www.ncbi.nlm.nih.gov/pubmed/15585293
https://doi.org/10.1016/j.jneumeth.2008.01.008


Int. J. Mol. Sci. 2024, 25, 1156 9 of 9

29. Turianova, L.; Lachova, V.; Svetlikova, D.; Kostrabova, A.; Betakova, T. Comparison of Cytokine Profiles Induced by Nonlethal
and Lethal Doses of Influenza A Virus in Mice. Exp. Ther. Med. 2019, 18, 4397–4405. [CrossRef]

30. Gudymo, A.; Onkhonova, G.; Danilenko, A.; Susloparov, I.; Danilchenko, N.; Kosenko, M.; Moiseeva, A.; Kolosova, N.;
Svyatchenko, S.; Marchenko, V.; et al. Quantitative Assessment of Airborne Transmission of Human and Animal Influenza
Viruses in the Ferret Model. Atmosphere 2023, 14, 471. [CrossRef]

31. Dolskiy, A.A.; Gudymo, A.S.; Taranov, O.S.; Grishchenko, I.V.; Shitik, E.M.; Prokopov, D.Y.; Soldatov, V.O.; Sobolevskaya, E.V.;
Bodnev, S.A.; Danilchenko, N.V.; et al. The Tissue Distribution of SARS-CoV-2 in Transgenic Mice With Inducible Ubiquitous
Expression of hACE2. Front. Mol. Biosci. 2022, 8, 821506. [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.

https://doi.org/10.3892/etm.2019.8096
https://doi.org/10.3390/atmos14030471
https://doi.org/10.3389/fmolb.2021.821506

	Introduction 
	Results 
	Genotypes of the Knockout Mouse Strain 
	Viral RNA Replication Is Enhanced in Knockout Mice 
	Deficiency of TNF- Reduces Tissue Disturbance in Mice 

	Discussion 
	Materials and Methods 
	CRISPR System Design and Preparation of Components for Microinjections 
	Generation of Tnfa Knockout Mice 
	Tnfa Gene Expression Analysis 
	H1N1 Infection 
	Quantification of Viral RNA Load in Biological Samples by RT-PCR 
	Focus-Forming Assay 
	Histological Analysis 
	Statistical Analyses 

	References

