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Abstract: Viral infectious diseases are a significant burden on public health and the global economy,
and new viral threats emerge continuously. Since CD4" and CD8" T cell responses are essential
to eliminating viruses, it is important to understand the underlying mechanisms of anti-viral T
cell-mediated immunopathogenesis during viral infections. Remarkable progress in transgenic (Tg)
techniques has enabled scientists to more readily understand the mechanisms of viral pathogenesis.
T cell receptor (TCR) Tg mice are extremely useful in studying T cell-mediated immune responses
because the majority of T cells in these mice express specific TCRs for partner antigens. In this review,
we discuss the important studies utilizing TCR Tg mice to unveil underlying mechanisms of T
cell-mediated immunopathogenesis during viral infections.
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1. Introduction

Despite advancements in vaccine and antiviral drug development, viral infections still cause
significant morbidity and mortality in humans. In addition to the recent emergence of Zika virus,
MERS-CoV, and SARS-CoV-2, viruses including influenza virus, hepatitis C virus (HCV), and human
immunodeficiency virus (HIV) continue to threaten human health. To counter these diseases, a fundamental
understanding of viral pathogenesis is critical. Experimental animal models are widely used to evaluate the
efficacy and safety of potential vaccines and antivirals. The mouse model is one of the most advantageous
models because the mouse immune system is evolutionarily similar to that of humans. It is also low-cost,
easy to genetically regulate, and genetically identical species can be readily obtained [1-3].

Since anti-viral T cell responses are critical to eliminating viruses and protecting against
recurrent infection, intensive and in-depth analyses of T cell responses are essential in understanding
immunopathological responses against viral infections. However, due to large T cell receptor (TCR)
diversity (1 x 10'3), complete and precise analyses of viral antigen-specific T-cell responses are almost
impossible. To overcome this limitation, transgenic (Tg) mice with high frequencies of particular TCRs
are generated. These TCR Tg mice allow researchers to efficiently study T cell-mediated immune
responses according to antigen-specific TCR activity by synchronizing all T cell responses to one
epitope [4]. In this review, we focus on the contribution of TCR Tg mice in revealing underlying
immunopathological mechanisms of viral infections.

2. Importance of T Cells in Viral Immunopathology

Antigen recognition by T cells depends on the physical interaction between TCRs and antigen-major
histocompatibility complex (MHC) molecules [5]. TCRs are composed of highly diverse heterodimers
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and fall into two classes: TCR-«f3 and TCR-y6. TCR «- and y-chains consist of variable (V), joining (J),
and constant (C) regions. The TCR 3- and 6-chains consist of V, diversity (D), J, and C regions. A V(D)]
recombination with an additional nucleotide addition or deletion results in a highly diverse TCR
repertoire during T cell development and enables millions of antigens to be recognized. The direct
interaction of a TCR with its cognate peptide-MHC complex mediates T cell development, activation,
proliferation, differentiation, cytotoxicity, and cytokine production [6,7]. Endogenously synthesized
antigens are presented by MHC class I molecules and engage TCRs on CD8" T cells. On the other hand,
exogenous antigens in the context of MHC class II molecules are recognized by TCR on CD4* T cells.

An acute infection with virus such as influenza virus is generally accompanied by early production
of virions and rapid clearance by a robust host immune system. Although effective anti-viral CD8* and
CD4* T cell response generation is critical to rapidly constraining the virus during an acute infection,
T cell responses often instead amplify pathogenic outcomes in the presence of sustained viral loads.
During chronic infection, like those caused by human immunodeficiency virus (HIV), hepatitis B virus
(HBV), and hepatitis C virus (HCV), CD8* T cells become exhausted, and effective memory T cell
production is suppressed by persistent antigen stimulation. Additionally, a loss of typical Th1 CD4* T
cell function is associated with decreased proliferative and cytokine production potential by chronic
antigen exposure [8]. Impaired anti-viral CD8* and CD4" T cell responses lead to elevated chronic
viral replication with reduced immunopathogenesis.

The quality and quantity of anti-viral T cell responses are determined by diverse factors such as
antigens, antigen-presenting cells, co-stimulatory molecules, and cytokines, which are differentially
regulated according to virus type. Thus, TCR Tg mice that can specifically recognize a particular
virus are useful in understanding the distinct T cell-mediated immunopathogenesis determined by

virus type.
3. Generating TCR Tg Mice

Most TCR Tg mice come from an artificially modified genomic construct. The term ‘transgenic’
refers to a genetically modified genome, and the basic principle behind generating TCR Tg mice is
based on the mouse germline transformation method [9]. The production of TCR Tg mice starts
by generating genomic constructs for transformation. Genes encoding TCR o- or 3-chains are
extracted from T cell clones expressing antigen-specific TCRs. T cell clones are generated through
several methods [10,11] that are followed by the selection of a specific T cell clone. Methods such as
sequencing [11], immunofluorescence [12], and cytolytic assays [13] are frequently used to confirm
whether the exact Vo or V3 segment sequences are included in a T cell clone. TCR V(D)] region-specific
primers allow recombinant DNA to be inserted into TCR shuttle vectors that include the natural TCR«
and TCR{ promoter/enhancer [14]. The genomic construct harboring the rearranged TCR chain is
then microinjected into mice with the genetic background of interest. Since engineered TCR genes
are inserted into the mouse’s genome early in development, the majority of T cells in Tg mice are
monoclonal. However, there are drawbacks to using Tg mice that can hinder efficient research. Some T
cell populations may not express a transgene while expressing non-Tg Vo and V3 TCRs [15,16], even in
RAG-deficient mice [17]. Additionally, generating de-novo Tg mice and sequentially backcrossing are
time-consuming (6 months to several years) and expensive [4]. To compensate for these disadvantages,
more advanced technologies have been introduced. For example, Holst. ] et al., 2006 introduced
a new model called a retrogenic (‘retro’ from retrovirus and ‘genic” from transgenic) mouse using
retrovirus-mediated stem cell gene transfer [18]. Additionally, a CRISPR-mediated TCR replacement
technique can generate TCR Tg mice more efficiently [19].

4. Studying Viral Inmunopathology with TCR Tg Mice

Diverse TCR Tg mice expressing TCRs specific for viral antigens of LCMYV, influenza virus, RSV,
WNYV, HBV, TMEV, HSV, and MCMYV have been generated to contribute to understanding mechanisms
of viral immunopathogenesis (Table 1).
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Table 1. TCR Transgenic mice used in the viral immunopathological studies.

Target Virus Name CD4/CD8 Epitope Positions Ref.
P14 CD8 KAVYNFATM Glycoprotein 3341 [20]

Lemy SMARTA CD4 GLKGPDIYKGVYQFKSVEFD Glycoprotein 61-80 [21]

F5 CD8 ASNENMDAM Nucleoprotein 366-374 (A/NT/60/68) 22]

Influenza virus Clone-4 CD8 [YSTVASSL He(’;?;glglzt/}r)‘ll{%/i?;z;?‘n (23]
TS1 CD4 SFERFEIFPK Hig&%ﬁﬁt}[‘};{‘é /1119%;1)19 [24]

TRBV13-1 CD8 SYIGSINNI M2 protein 82-90 [25]

RSV TRBV13-2 CD8 SYIGSINNI M2 protein 82-90 [25]
WNV WNV-I CD8 SSVWNATTA NS4B 2488-2497 [26]
11/4-12 CD4 PPAYRPPNAPIL Nucleoprotein HBeAg 129-140 [27]

HBV BC10.3 CD8 MGLKFRQL Core protein 93-100 [28]
6C2 CD8 IPQSLDSWWTSL Envelope 28-39 [28]

TMEV VP2 CD4 QEAFSHIRIPLPH Capsid protein VP 274-286 [29]
gBT-1.1 CD8 SSIEFARL Glycoprotein B 498-505 [30]

Hsv gBT-1.3 CD8 SSIEFARL Glycoprotein B 498-505 [30]
M38 CD8 SSPPMFRV M38 protein 316-323 [31]

MEMY M25 CD4 NHLYETPISATAMVI M25 protein 409-423 [32]

4.1. Lymphocytic Choriomeningitis (LCMV)

LCMYV belongs to the Arenaviridae family and has a single-stranded RNA genome [33]. Although mice
are its natural host, LCMYV infection is a widely used model to study immunopathogenesis caused by
viral infection in the animals other than mice. Since LCMYV is a non-cytolytic virus, it is possible to
accurately measure the cytotoxic activity by the host anti-viral immune response [34]. In addition, it is
an advantageous model for studying the pathogenic consequences of infection because several LCMV
strains exhibit completely distinct pathological characteristics and display different results depending
on the infection route [35]. Importantly, many studies using the LCMYV infection model have greatly
advanced our understanding of T cell characteristics. For example, mechanisms of MHC-restriction [36,37],
perforin-mediated target cell death [38,39], and memory cell generation [40—42] that are critical for the
generation of T cell-mediated immunopathogenesis were identified using the LCMV infection model.

The most commonly used TCR Tg mouse strain specific to LCMV is the P14 TCR Tg mouse.
This mouse expresses TCR specific to the MHC-I-specific LCMV glycoprotein (GP) 3341 peptide [20].
With an acute strain of LCMYV, such as the Armstrong strain, P14 TCR Tg T cells were used to study
effector function and memory formation of anti-viral CD8" T cells. For instance, molecular and
functional profiling of anti-viral memory CD8™ T cells was performed using P14 TCR Tg mice. This led
to the discovery of many important memory T cell differentiation-associated molecules such as IL-7
receptor (CD127), KLRG-1, and IL-15 [43-46]. Additionally, TCR Tg mice were used to identify novel
memory subsets such as tissue-resident memory CD8" T cells [47,48]. Interestingly, P14 TCR Tg cells
are useful in analyzing the antigen recognition affinity of anti-viral CD8* T cells when analyzed by
single cell-based techniques such as the 2D micropipette adhesion frequency assay and bio-membrane
force probe assay (BFP) [5,49,50]. Infection with an LCMV chronic strain (Clone 13, C113) is frequently
used to study mechanisms of viral persistence. Since LCMV Cl13 infection promotes T cell exhaustion,
reduces effector properties, and inhibits memory T cell formation [51,52], P14 TCR Tg T mice led to the
identification of exhaustion-, effector function-, and memory formation-associated cellular factors such
as PD-1, Lag-3, Tim-3, CD160, TIGIT, Tcf-1, sphingosine kinase 2, and Blimp-1 [52-57]. These findings
could apply to the development of novel therapeutic strategies for diverse human diseases. For example,
PD-1, Lag-3, TIGIT, and Tim-3 are upregulated in T cells upon HIV infection [58,59]. Therefore,
blockade of these molecules would be applicable as immune checkpoint inhibitor therapy to treat
human chronic viral infections.
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SMARTA TCR Tg mice express TCR specific for LCMV glycoprotein (GP) 61-80 H2-Ab
complexes [21]. Like P14 TCR Tg mice, SMARTA TCR Tg mice helped define CD4" T cell anti-viral
mechanisms against acute and chronic LCMYV infections. For example, studies using SMARTA TCR
Tg mice demonstrated that the TCR signal strength of anti-viral CD4" T cells is critical to memory
differentiation and longevity during the primary response [60-62]. Additionally, mechanisms that
control viral infection via anti-viral CD4* T cells were identified with SMARTA TCR Tg mice [63].
These Tg mice also discerned the role of anti-viral CD4* T cells in rescuing exhausted CD8" T cells
during chronic viral infection [54,64,65]. Since CD4" T cell responses are required to generate and
maintain protective antibody responses [66], these findings contributed to the enhancement of vaccine
efficacy. Additionally, SMARTA TCR Tg mice are useful in comparing distinct anti-viral CD4* T cell
responses between acute and chronic viral infections in humans.

4.2. Influenza Virus

Despite the existence of anti-viral drugs and vaccines, influenza virus is still a great threat to
humans. Influenza viruses cause high morbidity and mortality in immunocompromised individuals
and the elderly through respiratory infections [67,68]. Influenza pandemics also cause substantial
social and economic problems [68]. Given the importance of T cells in influenza pathogenesis [69],
several TCR Tg mice that specifically recognize influenza virus epitopes were developed.

In F5 TCR Tg mice, over 95% of CD8" T cells expressing TCR recognize the influenza A viral
nucleoprotein (NP) 366-374 epitope [22]. Studies using F5 TCR Tg mice have revealed important
mechanisms involved in effector/memory population generation [70,71] as well as the mechanism
facilitating CTL escape during influenza virus infection [72]. Thus, F5 TCR Tg mice have aided in
vaccine design against viruses that undergo frequent mutation. Clone-4 (CL4) TCR Tg mice express TCR
specific for the HA peptide epitope IYSTVASSL of the PRS strain of influenza virus [23]. Morgan et al.
used this TCR Tg mouse strain to investigate the onset of peripheral tolerance induction upon influenza
virus infection. They showed that the lack of tolerance during the perinatal period correlated with
a lack of antigen-specific CD8* T cell activation, providing evidence for the induction of peripheral
tolerance [73]. Because CD8* T cell-mediated immunopathogenesis is a central mechanism to eliminate
virus-infected target cells, these studies contribute to the development of more effective T cell-mediated
therapy against influenza virus infections.

Since CD4* T cells orchestrate anti-influenza viral immune responses including the CTL response
and antibody generation [74], understanding CD4* T cell mechanisms is critical for developing novel
influenza vaccines. TS1 mice bear TCR specific for the HA peptide 111-119 presented in MHC-II
I-Ed [24]. These mice have been used to discern how CD4* T cells specifically contribute to effector
immune cell generation, inflammatory cytokine production, and effector cell recruitment into the lungs
during influenza virus infection [71,75].

Therefore, understanding of influenza virus infection-mediated CD8"* and CD4* T cell response
and pathogenesis using these TCR Tg mouse models would lead to the development of more efficient
therapeutics and vaccines for human influenza infection.

4.3. Respiratory Syncytial Virus (RSV)

Respiratory Syncytial Virus (RSV) is an enveloped, single-stranded RNA virus that causes
lower respiratory tract infections especially in infants and young children [76]. Mice have been used
extensively as an RSV animal infection model, and they have provided insights into immunological and
pathological mechanisms of RSV infection. Two CD8* TCR Tg strains (TRBV13-1 and TRBV13-2) both
specific to the RSV-dominant KdM282-90 epitope were generated by Bar-Haim and colleagues [25].
By using these TCR Tg mice, the differential TCR repertoire between RSV infection and vaccination was
investigated [77]. Additionally, these mice helped identify the role of neonatal CD103* dendritic cells
(DCs) in generating a distinct anti-viral CD8" T cell response separate from that of adults [78]. Thus,
these results would contribute to a better understanding of T cell function and immunopathogenesis
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against RSV infection in humans. In addition, studies with TCR Tg mice for RSV provide insights into
the development of more efficient neonatal and infant vaccines.

4.4. West Nile Virus (WNV)

West Nile virus (WNV), a positive-sense single-stranded RNA virus that belongs to the Flaviviridae
family, is a neurotropic virus. WNV is transmitted to humans via mosquitos and causes significant
global public health problems [79]. TCR Tg mice were generated by Kim and colleagues to study WNV
(WNV-I mice) [26]. This TCR Tg mouse contains TCRs specific for the immunodominant epitope of
the WNV NS54B protein. By using WNV-I TCR Tg mice, the kinetics, expansions, and differentiation
of WNV-specific CD8" T cells within the spleen and brain were identified. Importantly, the critical
role of inflammatory cytokines and the ability of tissue-resident anti-viral CD8" T cells in reducing
viral burden within the brain was demonstrated using WNV-I TCR Tg mice [80]. Thus, this TCR Tg
mouse model could be a novel resource for understanding the protective and immunopathological
mechanisms of anti-viral CD8" T cells against WNV infection in humans.

4.5. Hepatitis B Virus (HBV)

Hepeatitis B virus (HBV), a member of the Hepadnaviridae family, is a noncytopathic enveloped
virus with a circular double-stranded DNA genome. It can cause acute and chronic hepatitis and
hepatocellular carcinoma [81,82]. Although vaccines against HBV are available, chronic hepatitis
caused by HBV still leads to a significant number of deaths [83]. During chronic HBV infection,
the functionality and dynamics of antiviral immune cells are impaired and altered; this includes
changes in cytokine production [81,82]. Chen and colleagues introduced HBV Tg mice (11/4-12),
which have nucleoprotein HBeAg-specific CD4™ T cells. This model showed that HBeAg-specific CD4*
T cells could be activated by exogenous HBeAg and elicit liver injury, suggesting the pathological
role of HBV nucleoprotein-specific CD4* T cells in liver injury [27]. Other HBV-specific TCR Tg mice
(BC10.3 and 6C2) that target the nucleocapsid (COR93 epitope) and envelope (ENV28 epitope) proteins
of HBV were generated by Isogawa and colleagues in 2013. These models provided insight into how
the activation of HBV-specific CD8* T cells is regulated by the balance between PD-1 inhibitory and
stimulatory signals against intrahepatically expressed HBV [28]. Thus, the development of HBV-specific
TCR Tg mice models can shed light on the complex interactions between T cells and other immune
cells during HBV infection. Moreover, the HBV-specific TCR Tg mouse model could help to identify
underlying mechanisms of how CD8* T cell exhaustion is caused by HBV, which can lead to the
development of therapy for chronic viral infection and perhaps other persistent viral infections as well.

4.6. Theiler’s Murine Encephalomyelitis Virus (TMEV)

Theiler’s murine encephalomyelitis virus (TMEV) was discovered in 1933 and caused
encephalomyelitis and paralysis in mice [84]. Because of its persistent infection of the central nervous
system and demyelinating, TMEV has been used as a mouse model to study paralysis associated with viral
infection, encephalomyelitis, and multiple sclerosis [85]. TCR Tg mice (VP2) that specifically recognize
TMEYV capsid protein VP274-86 were used to identify the novel pathogenic role of Th17 T cells in persistent
viral infection [29]. Since Th17 cells are one of the essential immune cells implicated in the pathogenesis
of neuroinflammatory diseases such as acute disseminated encephalomyelitis and multiple sclerosis in
humans [86], this TCR Tg mouse model would be useful to unveil the underlying mechanism for disease
progression of neuroinflammatory disorders.

4.7. Herpes Simplex Virus (HSV)

Herpes simplex virus (HSV) is a member of the Herpesviridae family. It is a highly contagious,
recurrent, life-long, and double-stranded DNA virus. Type 1 HSV (HSV-1) is mainly transmitted via
oral-to-oral contact, but HSV-2 is sexually transmitted [87]. Since severe HSV-1 symptoms are exhibited
in immune-comprised patients, understanding the immunopathogenesis during HSV infection is
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critical for developing anti-viral therapies. In 2002, two strains (gBT-I.1 and gBT-1.3) of HSV-1
specific TCR Tg mice (H-2Kb-restricted HSV-1 glycoprotein B498-505) were generated by Mueller
and colleagues [30]. These Tg mice provided insights into the complex mechanisms of how anti-viral
CD8™ T cells display protective function to control HSV-1 latency and corneal neovascularization
provoked by HSV-1. Additionally, a study using these mice demonstrated that TLR3 activation in DCs
could generate more robust anti-viral CD8" T cell responses, which can apply to the development
of novel vaccine adjuvants. [88-90]. Thus, the elucidation of HSV-specific CD8" T cell dynamics is
expected to accelerate the development of improved therapeutic strategies that ultimately reduce HSV
infection-induced lethality.

4.8. Murine Cytomegalovirus (MCMV)

Murine cytomegalovirus (MCMYV) is a rodent pathogenic virus that causes life-long latent
infection [91]. Two TCR Tg mouse strains (M38 and M25) have been used to study T cell-mediated
immunopathogenesis against MCMYV infection. The M38 TCR Tg mouse expresses the MHC-I-restricted
MCMV epitope M38-specific TCR [31]. Studies using this mouse have helped characterize the
inflationary CD8" T cell response mechanism during MCMYV infection [31,92]. The M25 TCR Tg
mouse specifically recognizes the MHC-II-restricted MCMYV epitope M25 [32]. This strain allowed
researchers to study the functional characteristics of MCMV-specific CD4" T cells and the roles of
cytokines IL-10 and IFN-y in regulating anti-viral CD4* T cell-mediated pathogeneses [32,93,94].
Since the MCMYV mouse infection model has been used to understand pathogenesis caused by human
cytomegalovirus (HCMYV) infection, studies with these TCR Tg mice would improve our understanding
of T cell-mediated immune response and pathogenesis to develop the vaccine for HCMV.

5. Recombinant Viruses Bearing Epitopes to Common TCR Tg Mice

When TCR Tg mice to specific viruses are unavailable, recombinant viruses encoding
immunodominant epitopes of commonly available TCR Tg mice can be used as an alternative. With this
system, researchers can overcome the limitations of traditional methods and easily assess analytical tools
that are already established. Several studies have utilized OVA-specific OT-I or OT-II TCR Tg mice to
study viral pathogenesis generated by diverse viruses because OT-I and OT-II TCR Tg mice are the most
commonly available Tg mice. For example, influenza viruses (A/WSN/33 or A/PR8/1934) expressing
the partner antigen (OVA) were generated to utilize OT-I and OT-II TCR Tg mice. These mice identified
roles of viral antigen-specific CD4" and CD8* T cells in host immune responses [95-98]. In addition to
studying the characteristics of T cell-mediated viral pathogenesis, other recombinant viruses including
HSV [99], murine gammaherpesvirus 68 (MHV-68) [100], and vaccinia virus (VACV) [101,102] have
been used in combination with OT-I or OT-II TCR Tg mice. LCMV antigen-specific P14 and SMARTA
are also conveniently available TCR Tg mice. Thus, many studies have utilized recombinant viruses
expressing LCMV antigen, including influenza virus and VACYV, along with P14 and SMARTA TCR
Tg mice [21,103-106] to identify the roles of anti-viral CD4* and CD8" T cells in generating memory
responses. Thus, the use of recombinant viruses that express antigens recognized by common TCR Tg
mice is a useful alternative strategy to investigate viral pathogenesis.

6. Conclusions and Discussion

This review was designed to provide background knowledge about TCR Tg mice and summarize
their various applications in studying T cell immunopathogenic mechanisms against viral infections.
The high repertoire diversity is important for hosts to recognize various foreign antigens; however,
it impedes the investigations of CD4* and CD8* T cell responses that are central to eliminating and
preventing reinfections. Diverse TCR Tg mice expressing TCRs specific for viral antigens can overcome
the limitations mentioned above. By using TCR Tg mice, researchers have uncovered novel mechanisms
of viral infection and spurred advancements in antiviral therapeutic and vaccine development.
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While TCR Tg mice are a useful tool to study antigen-specific T cells, there are some limitations.
For example, since humans are continuously exposed to a large number of various pathogens, TCR Tg
mice that are manipulated to react to a single epitope cannot fully reflect the complex pathogeneses of
human diseases. Nevertheless, to rapidly respond to newly emerged viruses such as coronavirus and
influenza virus variants, understanding exactly how T cell responses are regulated according to the
type of antigen is essential. Thus, the generation of TCR Tg mice specific for various viruses would be
in great demand to develop more efficient therapy for viral pathogenesis. Ongoing progress in the
genetic manipulation and sequencing fields will promote the generation of more diverse TCR Tg mice
in more efficient ways.

Although this review mainly focused on the importance of TCR Tg mice in exploring infectious
viral diseases, TCR Tg mice are also invaluable tools for understanding the pathogenic roles of T cells in
immune-associated diseases including cancers, autoimmune disease, and infectious bacterial diseases.

Author Contributions: Conceptualization: Y.-].S. and S.-H.H.; writing/original draft preparation: Y.-B.C., L-G.L.,
Y.-HlJ., Y.-].S., and S.-H.H.; supervision: Y.-].S. and S.-H.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), which is funded by the Ministry of Education (grant nos. 2018R1D1A1B07048530 and
2020R1F1A1069924) and the Chung-Ang University Research Scholarship Grants in 2019.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Bouvier, N.M.; Lowen, A.C. Animal Models for Influenza Virus Pathogenesis and Transmission. Viruses
2010, 2, 1530-1563. [CrossRef]

2. Matsuoka, Y.; Lamirande, E.W.; Subbarao, K. The mouse model for influenza. Curr. Protoc. Microbiol.
2009, 15, 15G.3. [CrossRef]

3. Rodriguez, L.; Nogales, A.; Martinez-Sobrido, L. Influenza A Virus Studies in a Mouse Model of Infection.
J. Vis. Exp. 2017, 55898. [CrossRef] [PubMed]

4. Bettini, M.L.; Bettini, M.; Vignali, D.A. T-cell receptor retrogenic mice: A rapid, flexible alternative to T-cell
receptor transgenic mice. Immunology 2012, 136, 265-272. [CrossRef] [PubMed]

5. Seo, YJ.; Jothikumar, P.; Suthar, M.S.; Zhu, C.; Grakoui, A. Local Cellular and Cytokine Cues in the Spleen
Regulate In Situ T Cell Receptor Affinity, Function, and Fate of CD8(+) T Cells. Immunity 2016, 45, 988-998.
[CrossRef] [PubMed]

6. Anderson, G.; Jenkinson, EJ. Lymphostromal interactions in thymic development and function.
Nat. Rev. Immunol. 2001, 1, 31-40. [CrossRef]

7. Starr, TK.; Jameson, S.C.; Hogquist, K.A. Positive and negative selection of T cells. Annu. Rev. Immunol.
2003, 21, 139-176. [CrossRef]

8. Blank, C.U.; Haining, W.N.; Held, W.; Hogan, P.G.; Kallies, A.; Lugli, E.; Lynn, R.C.; Philip, M.; Rao, A.;
Restifo, N.P; et al. Defining ‘T cell exhaustion’. Nat. Rev. Immunol. 2019, 19, 665-674. [CrossRef]

9.  Palmiter, R.D.; Brinster, R.L. Germ-line transformation of mice. Annu. Rev. Genet. 1986, 20, 465-499. [CrossRef]

10. Pircher, H.; Baenziger, J.; Schilham, M.; Sado, T.; Kamisaku, H.; Hengartner, H.; Zinkernagel, R.M.
Characterization of virus-specific cytotoxic T cell clones from allogeneic bone marrow chimeras. Eur. J. Immunol.
1987, 17, 159-166. [CrossRef]

11. Bettelli, E.; Pagany, M.; Weiner, H.L.; Linington, C.; Sobel, R.A.; Kuchroo, V.K. Myelin oligodendrocyte
glycoprotein-specific T cell receptor transgenic mice develop spontaneous autoimmune optic neuritis.
J. Exp. Med. 2003, 197, 1073-1081. [CrossRef] [PubMed]

12. Barnden, M.].; Allison, J.; Heath, W.R.; Carbone, F.R. Defective TCR expression in transgenic mice constructed
using cDNA-based alpha- and beta-chain genes under the control of heterologous regulatory elements.
Immunol. Cell Biol. 1998, 76, 34—40. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/v20801530
http://dx.doi.org/10.1002/9780471729259.mc15g03s13
http://dx.doi.org/10.3791/55898
http://www.ncbi.nlm.nih.gov/pubmed/28930978
http://dx.doi.org/10.1111/j.1365-2567.2012.03574.x
http://www.ncbi.nlm.nih.gov/pubmed/22348644
http://dx.doi.org/10.1016/j.immuni.2016.10.024
http://www.ncbi.nlm.nih.gov/pubmed/27851926
http://dx.doi.org/10.1038/35095500
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141107
http://dx.doi.org/10.1038/s41577-019-0221-9
http://dx.doi.org/10.1146/annurev.ge.20.120186.002341
http://dx.doi.org/10.1002/eji.1830170202
http://dx.doi.org/10.1084/jem.20021603
http://www.ncbi.nlm.nih.gov/pubmed/12732654
http://dx.doi.org/10.1046/j.1440-1711.1998.00709.x
http://www.ncbi.nlm.nih.gov/pubmed/9553774

Int. ]. Mol. Sci. 2020, 21, 9690 8of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Engelhard, V.H.; Lacy, E.; Ridge, J.P. Influenza A-specific, HLA-A2.1-restricted cytotoxic T lymphocytes
from HLA-A2.1 transgenic mice recognize fragments of the M1 protein. J. Immunol. 1991, 146, 1226-1232.
[PubMed]

Kouskoff, V.; Signorelli, K.; Benoist, C.; Mathis, D. Cassette vectors directing expression of T cell receptor
genes in transgenic mice. J. Immunol. Methods 1995, 180, 273-280. [CrossRef]

Uematsu, Y.; Ryser, S.; Dembic, Z.; Borgulya, P.; Krimpenfort, P.; Berns, A.; von Boehmer, H.; Steinmetz, M.
In transgenic mice the introduced functional T cell receptor beta gene prevents expression of endogenous
beta genes. Cell 1988, 52, 831-841. [CrossRef]

Bluthmann, H.; Kisielow, P.; Uematsu, Y.; Malissen, M.; Krimpenfort, P.; Berns, A.; von Boehmer, H.;
Steinmetz, M. T-cell-specific deletion of T-cell receptor transgenes allows functional rearrangement of
endogenous alpha- and beta-genes. Nature 1988, 334, 156-159. [CrossRef]

Montaudouin, C.; Boucontet, L.; Mailhe-Lembezat, M.P.; Mariotti-Ferrandiz, M.E.; Louise, A.; Six, A.;
Freitas, A.A.; Garcia, S. Endogenous TCR recombination in TCR Tg single RAG-deficient mice uncovered by
robust in vivo T cell activation and selection. PLoS ONE 2010, 5, €10238. [CrossRef]

Holst, J.; Szymczak-Workman, A.L.; Vignali, KM.; Burton, A.R.; Workman, C.J; Vignali, D.A. Generation of
T-cell receptor retrogenic mice. Nat. Protoc. 2006, 1, 406-417. [CrossRef]

Legut, M.; Dolton, G.; Mian, A.A.; Ottmann, O.G.; Sewell, A.K. CRISPR-mediated TCR replacement generates
superior anticancer transgenic T cells. Blood 2018, 131, 311-322. [CrossRef]

Pircher, H.; Moskophidis, D.; Rohrer, U.; Burki, K.; Hengartner, H.; Zinkernagel, R.M. Viral escape by
selection of cytotoxic T cell-resistant virus variants in vivo. Nature 1990, 346, 629—-633. [CrossRef]

Oxenius, A.; Bachmann, ML.E; Zinkernagel, R.M.; Hengartner, H. Virus-specific MHC-class II-restricted
TCR-transgenic mice: Effects on humoral and cellular immune responses after viral infection. Eur. J. Immunol.
1998, 28, 390—400. [CrossRef]

Mitchell, K.A.; Lawrence, B.P. T cell receptor transgenic mice provide novel insights into understanding
cellular targets of TCDD: Suppression of antibody production, but not the response of CD8(+) T cells,
during infection with influenza virus. Toxicol. Appl. Pharmacol. 2003, 192, 275-286. [CrossRef]

Morgan, D.J.; Liblau, R.; Scott, B.; Fleck, S.; McDevitt, H.O.; Sarvetnick, N.; Lo, D.; Sherman, L.A. CD8(+) T
cell-mediated spontaneous diabetes in neonatal mice. J. Immunol. 1996, 157, 978-983. [PubMed]

Kirberg, J.; Baron, A.; Jakob, S.; Rolink, A.; Karjalainen, K.; von Boehmer, H. Thymic selection of CD8+ single
positive cells with a class I major histocompatibility complex-restricted receptor. J. Exp. Med. 1994, 180, 25-34.
[CrossRef] [PubMed]

Bar-Haim, E.; Erez, N.; Malloy, A.M.; Graham, B.S.; Ruckwardt, T.J. CD8+ TCR transgenic strains expressing
public versus private TCR targeting the respiratory syncytial virus K(d)M2(82-90) epitope demonstrate
similar functional profiles. PLoS ONE 2014, 9, €99249. [CrossRef]

Kim, S.; Pinto, A.K.; Myers, N.B.; Hawkins, O.; Doll, K.; Kaabinejadian, S.; Netland, J.; Bevan, M.].;
Weidanz, J.A.; Hildebrand, W.H.; et al. A novel T-cell receptor mimic defines dendritic cells that present an
immunodominant West Nile virus epitope in mice. Eur. . Immunol. 2014, 44, 1936-1946. [CrossRef]

Chen, M; Sallberg, M.; Thung, S.N.; Hughes, J.; Jones, J.; Milich, D.R. Nondeletional T-cell receptor transgenic
mice: Model for the CD4(+) T-cell repertoire in chronic hepatitis B virus infection. J. Virol. 2000, 74, 7587-7599.
[CrossRef]

Isogawa, M.; Chung, J.; Murata, Y.; Kakimi, K.; Chisari, FE.V. CD40 activation rescues antiviral CD8(+) T cells
from PD-1-mediated exhaustion. PLoS Pathog. 2013, 9, e1003490. [CrossRef]

Hou, W.; Kang, H.S.; Kim, B.S. Th17 cells enhance viral persistence and inhibit T cell cytotoxicity in a model
of chronic virus infection. J. Exp. Med. 2009, 206, 313-328. [CrossRef]

Mueller, S.N.; Heath, W.; McLain, ].D.; Carbone, FR; Jones, C.M. Characterization of two TCR transgenic
mouse lines specific for herpes simplex virus. Immunol. Cell Biol. 2002, 80, 156-163. [CrossRef]

Torti, N.; Walton, S.M.; Brocker, T.; Rulicke, T.; Oxenius, A. Non-hematopoietic cells in lymph nodes drive
memory CD8 T cell inflation during murine cytomegalovirus infection. PLoS Pathog. 2011, 7, e1002313.
[CrossRef] [PubMed]

Walton, S.M.; Wyrsch, P.; Munks, M.W.; Zimmermann, A.; Hengel, H.; Hill, A.B.; Oxenius, A. The dynamics
of mouse cytomegalovirus-specific CD4 T cell responses during acute and latent infection. J. Immunol.
2008, 181, 1128-1134. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/1704033
http://dx.doi.org/10.1016/0022-1759(95)00002-R
http://dx.doi.org/10.1016/0092-8674(88)90425-4
http://dx.doi.org/10.1038/334156a0
http://dx.doi.org/10.1371/journal.pone.0010238
http://dx.doi.org/10.1038/nprot.2006.61
http://dx.doi.org/10.1182/blood-2017-05-787598
http://dx.doi.org/10.1038/346629a0
http://dx.doi.org/10.1002/(SICI)1521-4141(199801)28:01&lt;390::AID-IMMU390&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/S0041-008X(03)00297-7
http://www.ncbi.nlm.nih.gov/pubmed/8757600
http://dx.doi.org/10.1084/jem.180.1.25
http://www.ncbi.nlm.nih.gov/pubmed/8006585
http://dx.doi.org/10.1371/journal.pone.0099249
http://dx.doi.org/10.1002/eji.201444450
http://dx.doi.org/10.1128/JVI.74.16.7587-7599.2000
http://dx.doi.org/10.1371/journal.ppat.1003490
http://dx.doi.org/10.1084/jem.20082030
http://dx.doi.org/10.1046/j.1440-1711.2002.01071.x
http://dx.doi.org/10.1371/journal.ppat.1002313
http://www.ncbi.nlm.nih.gov/pubmed/22046127
http://dx.doi.org/10.4049/jimmunol.181.2.1128
http://www.ncbi.nlm.nih.gov/pubmed/18606665

Int. ]. Mol. Sci. 2020, 21, 9690 9of12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Welsh, RM.; Seedhom, M.O. Lymphocytic choriomeningitis virus (LCMV): Propagation, quantitation,
and storage. Curr. Protoc. Microbiol. 2008, 15, 15A.1. [CrossRef] [PubMed]

Abdel-Hakeem, M.S. Viruses Teaching Immunology: Role of LCMV Model and Human Viral Infections in
Immunological Discoveries. Viruses 2019, 11, 106. [CrossRef]

Bocharov, G.; Argilaguet, ].; Meyerhans, A. Understanding Experimental LCMV Infection of Mice: The Role
of Mathematical Models. J. Immunol. Res. 2015, 2015, 739706. [CrossRef]

Doherty, P.C.; Zinkernagel, R.M. H-2 compatibility is required for T-cell-mediated lysis of target cells infected
with lymphocytic choriomeningitis virus. J. Exp. Med. 1975, 141, 502-507. [CrossRef]

Zinkernagel, RM.; Doherty, P.C. Restriction of invitro T cell-mediated cytotoxicity in lymphocytic
choriomeningitis within a syngeneic or semiallogeneic system. Nature 1974, 248, 701-702. [CrossRef]

Kagi, D.; Ledermann, B.; Burki, K,; Seiler, P.; Odermatt, B.; Olsen, K.J.; Podack, E.R.; Zinkernagel, R.M.;
Hengartner, H. Cytotoxicity mediated by T cells and natural killer cells is greatly impaired in perforin-deficient
mice. Nature 1994, 369, 31-37. [CrossRef]

Masson, D.; Tschopp, J. Isolation of a lytic, pore-forming protein (perforin) from cytolytic T-lymphocytes.
J. Biol. Chem. 1985, 260, 9069-9072.

Blattman, J.N.; Antia, R.; Sourdive, D.J.; Wang, X.; Kaech, S.M.; Murali-Krishna, K.; Altman, J.D.; Ahmed, R.
Estimating the precursor frequency of naive antigen-specific CD8 T cells. J. Exp. Med. 2002, 195, 657-664.
[CrossRef]

Homann, D.; Teyton, L.; Oldstone, M.B. Differential regulation of antiviral T-cell immunity results in stable
CD8+ but declining CD4+ T-cell memory. Nat. Med. 2001, 7, 913-919. [CrossRef] [PubMed]

Kaech, S.M.; Wherry, E.J.; Ahmed, R. Effector and memory T-cell differentiation: Implications for vaccine
development. Nat. Rev. Immunol. 2002, 2, 251-262. [CrossRef] [PubMed]

Kaech, S.M.; Tan, ].T.; Wherry, E.J.; Konieczny, B.T.; Surh, C.D.; Ahmed, R. Selective expression of the
interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory cells. Nat. Immunol.
2003, 4, 1191-1198. [CrossRef] [PubMed]

Kaech, S.M.; Hemby, S.; Kersh, E.; Ahmed, R. Molecular and functional profiling of memory CD8 T cell
differentiation. Cell 2002, 111, 837-851. [CrossRef]

Richer, M.].; Pewe, L.L.; Hancox, L.S.; Hartwig, S.M.; Varga, S.M.; Harty, ].T. Inflammatory IL-15 is required
for optimal memory T cell responses. J. Clin. Investig. 2015, 125, 3477-3490. [CrossRef]

Sarkar, S.; Kalia, V.; Haining, W.N.; Konieczny, B.T.; Subramaniam, S.; Ahmed, R. Functional and genomic
profiling of effector CD8 T cell subsets with distinct memory fates. J. Exp. Med. 2008, 205, 625-640. [CrossRef]
Beura, L.K.; Wijeyesinghe, S.; Thompson, E.A.; Macchietto, M.G.; Rosato, P.C.; Pierson, M.].; Schenkel, ] M.;
Mitchell, ].S.; Vezys, V.; Fife, B.T.; et al. T Cells in Nonlymphoid Tissues Give Rise to Lymph-Node-Resident
Memory T Cells. Immunity 2018, 48, 327-338.e5. [CrossRef]

Casey, K.A ; Fraser, K.A.; Schenkel, ].M.; Moran, A.; Abt, M.C,; Beura, L.K,; Lucas, PJ.; Artis, D.; Wherry, E.J.;
Hogquist, K.; et al. Antigen-independent differentiation and maintenance of effector-like resident memory T
cells in tissues. J. Immunol. 2012, 188, 4866—4875. [CrossRef]

Huang, J.; Zarnitsyna, V.I; Liu, B.; Edwards, L].; Jiang, N.; Evavold, B.D.; Zhu, C. The kinetics of
two-dimensional TCR and pMHC interactions determine T-cell responsiveness. Nature 2010, 464, 932-936.
[CrossRef]

Liu, B.; Chen, W.; Evavold, B.D.; Zhu, C. Accumulation of dynamic catch bonds between TCR and agonist
peptide-MHC triggers T cell signaling. Cell 2014, 157, 357-368. [CrossRef]

Kahan, S.M.; Wherry, EJ.; Zajac, AJ. T cell exhaustion during persistent viral infections. Virology
2015, 479480, 180-193. [CrossRef] [PubMed]

Utzschneider, D.T.; Charmoy, M.; Chennupati, V.; Pousse, L.; Ferreira, D.P.; Calderon-Copete, S.; Danilo, M.;
Alfei, F; Hofmann, M.; Wieland, D.; et al. T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain
the Immune Response to Chronic Viral Infections. Immunity 2016, 45, 415-427. [CrossRef]

Schorer, M.; Rakebrandt, N.; Lambert, K.; Hunziker, A.; Pallmer, K.; Oxenius, A.; Kipar, A.; Stertz, S.; Joller, N.
TIGIT limits immune pathology during viral infections. Nat. Commun. 2020, 11, 1288. [CrossRef] [PubMed]
Studstill, C.J.; Pritzl, C.J.; Seo, Y.J.; Kim, D.Y,; Xia, C.; Wolf, ].J.; Nistala, R.; Vijayan, M.; Cho, Y.B.; Kang, K.W.;
et al. Sphingosine kinase 2 restricts T cell immunopathology but permits viral persistence. J. Clin. Investig.
2020, 130, 6523-6538. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/9780471729259.mc15a01s8
http://www.ncbi.nlm.nih.gov/pubmed/18770534
http://dx.doi.org/10.3390/v11020106
http://dx.doi.org/10.1155/2015/739706
http://dx.doi.org/10.1084/jem.141.2.502
http://dx.doi.org/10.1038/248701a0
http://dx.doi.org/10.1038/369031a0
http://dx.doi.org/10.1084/jem.20001021
http://dx.doi.org/10.1038/90950
http://www.ncbi.nlm.nih.gov/pubmed/11479623
http://dx.doi.org/10.1038/nri778
http://www.ncbi.nlm.nih.gov/pubmed/12001996
http://dx.doi.org/10.1038/ni1009
http://www.ncbi.nlm.nih.gov/pubmed/14625547
http://dx.doi.org/10.1016/S0092-8674(02)01139-X
http://dx.doi.org/10.1172/JCI81261
http://dx.doi.org/10.1084/jem.20071641
http://dx.doi.org/10.1016/j.immuni.2018.01.015
http://dx.doi.org/10.4049/jimmunol.1200402
http://dx.doi.org/10.1038/nature08944
http://dx.doi.org/10.1016/j.cell.2014.02.053
http://dx.doi.org/10.1016/j.virol.2014.12.033
http://www.ncbi.nlm.nih.gov/pubmed/25620767
http://dx.doi.org/10.1016/j.immuni.2016.07.021
http://dx.doi.org/10.1038/s41467-020-15025-1
http://www.ncbi.nlm.nih.gov/pubmed/32152316
http://dx.doi.org/10.1172/JCI125297
http://www.ncbi.nlm.nih.gov/pubmed/32897877

Int. ]. Mol. Sci. 2020, 21, 9690 10 of 12

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jin, H.T.; Anderson, A.C.; Tan, W.G.; West, E.E.; Ha, S.].; Araki, K.; Freeman, G.].; Kuchroo, V.K.; Ahmed, R.
Cooperation of Tim-3 and PD-1 in CD8 T-cell exhaustion during chronic viral infection. Proc. Natl. Acad.
Sci. USA 2010, 107, 14733-14738. [CrossRef]

Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, J.P.; Sharpe, A.H.; Freeman, G.J.; Ahmed, R.
Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682-687.
[CrossRef]

Blackburn, S.D.; Shin, H.; Haining, W.N.; Zou, T.; Workman, C.J.; Polley, A.; Betts, M.R.; Freeman, G.].;
Vignali, D.A.; Wherry, E.]. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during
chronic viral infection. Nat. Immunol. 2009, 10, 29-37. [CrossRef]

Trautmann, L.; Janbazian, L.; Chomont, N.; Said, E.A.; Gimmig, S.; Bessette, B.; Boulassel, M.R.; Delwart, E.;
Sepulveda, H.; Balderas, R.S.; et al. Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to
reversible immune dysfunction. Nat. Med. 2006, 12, 1198-1202.

Chew, G.M,; Fujita, T.; Webb, G.M.; Burwitz, B.J.; Wu, H.L.; Reed, ].S.; Hammond, K.B.; Clayton, K.L.; Ishii, N.;
Abdel-Mohsen, M.; et al. TIGIT Marks Exhausted T Cells, Correlates with Disease Progression, and Serves as
a Target for Inmune Restoration in HIV and SIV Infection. PLoS Pathog. 2016, 12, €1005349. [CrossRef]
Kim, C; Jay, D.C.; Williams, M.A. Dynamic functional modulation of CD4+ T cell recall responses is
dependent on the inflammatory environment of the secondary stimulus. PLoS Pathog. 2014, 10, e1004137.
[CrossRef]

Williams, M.A; Ravkov, E.V.; Bevan, M.]. Rapid culling of the CD4+ T cell repertoire in the transition from
effector to memory. Immunity 2008, 28, 533-545. [CrossRef] [PubMed]

Purton, J.F; Tan, ].T.; Rubinstein, M.P,; Kim, D.M.; Sprent, ].; Surh, C.D. Antiviral CD4+ memory T cells are
IL-15 dependent. J. Exp. Med. 2007, 204, 951-961. [CrossRef] [PubMed]

McDermott, D.S.; Varga, S.M. Quantifying antigen-specific CD4 T cells during a viral infection: CD4 T cell
responses are larger than we think. J. Immunol. 2011, 187, 5568-5576. [CrossRef] [PubMed]

Fahey, L.M.; Wilson, E.B.; Elsaesser, H.; Fistonich, C.D.; McGavern, D.B.; Brooks, D.G. Viral persistence
redirects CD4 T cell differentiation toward T follicular helper cells. J. Exp. Med. 2011, 208, 987-999. [CrossRef]
[PubMed]

Aubert, R.D.; Kamphorst, A.O.; Sarkar, S.; Vezys, V.; Ha, S.J.; Barber, D.L.; Ye, L.; Sharpe, A.H.; Freeman, G.J.;
Ahmed, R. Antigen-specific CD4 T-cell help rescues exhausted CD8 T cells during chronic viral infection.
Proc. Natl. Acad. Sci. USA 2011, 108, 21182-21187. [CrossRef] [PubMed]

Doherty, P.C.; Topham, D.J.; Tripp, R.A.; Cardin, R.D.; Brooks, J.W.; Stevenson, P.G. Effector CD4+ and CD8+
T-cell mechanisms in the control of respiratory virus infections. Immunol. Rev. 1997, 159, 105-117. [CrossRef]
[PubMed]

Arbeitskreis Blut, U. Influenza Virus. Transfus. Med. Hemother. 2009, 36, 32-39.

Fauci, A.S.; Morens, D.M. The perpetual challenge of infectious diseases. N. Engl. |. Med. 2012, 366, 454-461.
[CrossRef]

Hufford, M.M.; Kim, T.S.; Sun, J.; Braciale, T.J. The effector T cell response to influenza infection. Curr. Top.
Microbiol. Immunol. 2015, 386, 423-455.

Haanen, ].B.; Toebes, M.; Cordaro, T.A.; Wolkers, M.C.; Kruisbeek, A.M.; Schumacher, T.N. Systemic T cell
expansion during localized viral infection. Eur. . Immunol. 1999, 29, 1168-1174. [CrossRef]

Turner, D.L.; Bickham, K.L.; Farber, D.L.; Lefrancois, L. Splenic priming of virus-specific CD8 T cells following
influenza virus infection. J. Virol. 2013, 87, 4496-4506. [CrossRef] [PubMed]

Price, G.E.; Ou, R;; Jiang, H.; Huang, L.; Moskophidis, D. Viral escape by selection of cytotoxic T cell-resistant
variants in influenza A virus pneumonia. J. Exp. Med. 2000, 191, 1853-1867. [CrossRef]

Morgan, D.J.; Kurts, C.; Kreuwel, H.T.; Holst, K.L.; Heath, W.R.; Sherman, L.A. Ontogeny of T cell tolerance
to peripherally expressed antigens. Proc. Natl. Acad. Sci. USA 1999, 96, 3854-3858. [CrossRef] [PubMed]
McKinstry, K.K.; Strutt, TM.; Swain, S.L. Hallmarks of CD4 T cell immunity against influenza. J. Intern. Med.
2011, 269, 507-518. [CrossRef] [PubMed]

Bot, A.; Casares, S.; Bot, S.; von Boehmer, H.; Bona, C. Cellular mechanisms involved in protection against
influenza virus infection in transgenic mice expressing a TCR receptor specific for class II hemagglutinin
peptide in CD4+ and CD8+ T cells. . Immunol. 1998, 160, 4500-4507. [PubMed]


http://dx.doi.org/10.1073/pnas.1009731107
http://dx.doi.org/10.1038/nature04444
http://dx.doi.org/10.1038/ni.1679
http://dx.doi.org/10.1371/journal.ppat.1005349
http://dx.doi.org/10.1371/journal.ppat.1004137
http://dx.doi.org/10.1016/j.immuni.2008.02.014
http://www.ncbi.nlm.nih.gov/pubmed/18356084
http://dx.doi.org/10.1084/jem.20061805
http://www.ncbi.nlm.nih.gov/pubmed/17420265
http://dx.doi.org/10.4049/jimmunol.1102104
http://www.ncbi.nlm.nih.gov/pubmed/22043009
http://dx.doi.org/10.1084/jem.20101773
http://www.ncbi.nlm.nih.gov/pubmed/21536743
http://dx.doi.org/10.1073/pnas.1118450109
http://www.ncbi.nlm.nih.gov/pubmed/22160724
http://dx.doi.org/10.1111/j.1600-065X.1997.tb01010.x
http://www.ncbi.nlm.nih.gov/pubmed/9416506
http://dx.doi.org/10.1056/NEJMra1108296
http://dx.doi.org/10.1002/(SICI)1521-4141(199904)29:04&lt;1168::AID-IMMU1168&gt;3.0.CO;2-J
http://dx.doi.org/10.1128/JVI.03413-12
http://www.ncbi.nlm.nih.gov/pubmed/23388712
http://dx.doi.org/10.1084/jem.191.11.1853
http://dx.doi.org/10.1073/pnas.96.7.3854
http://www.ncbi.nlm.nih.gov/pubmed/10097127
http://dx.doi.org/10.1111/j.1365-2796.2011.02367.x
http://www.ncbi.nlm.nih.gov/pubmed/21362069
http://www.ncbi.nlm.nih.gov/pubmed/9574556

Int. ]. Mol. Sci. 2020, 21, 9690 11 0f12

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Heymann, PW.; Carper, H.T.; Murphy, D.D.; Platts-Mills, T.A.; Patrie, J.; McLaughlin, A.P.; Erwin, E.A;
Shaker, M.S.; Hellems, M.; Peerzada, J.; et al. Viral infections in relation to age, atopy, and season of admission
among children hospitalized for wheezing. J. Allergy Clin. Immunol. 2004, 114, 239-247. [CrossRef]
Rey-Jurado, E.; Bohmwald, K.; Correa, H.G.; Kalergis, A.M. TCR Repertoire Characterization for T Cells
Expanded in Response to hRSV Infection in Mice Immunized with a Recombinant BCG Vaccine. Viruses
2020, 12, 233. [CrossRef]

Ruckwardt, T.J.; Morabito, KM.; Bar-Haim, E.; Nair, D.; Graham, B.S. Neonatal mice possess two
phenotypically and functionally distinct lung-migratory CD103(+) dendritic cell populations following
respiratory infection. Mucosal Immunol. 2018, 11, 186-198. [CrossRef]

Suthar, M.S.; Diamond, M.S.; Gale, M., Jr. West Nile virus infection and immunity. Nat. Rev. Microbiol.
2013, 11, 115-128. [CrossRef]

Aguilar-Valenzuela, R.; Netland, J.; Seo, Y.J.; Bevan, M.].; Grakoui, A.; Suthar, M.S. Dynamics of Tissue-Specific
CD8(+) T Cell Responses during West Nile Virus Infection. J. Virol. 2018, 92, e00014-18. [CrossRef]

Chisari, FV,; Ferrari, C. Hepatitis B virus immunopathogenesis. Annu. Rev. Immunol. 1995, 13, 29-60. [CrossRef]
[PubMed]

Seto, WK.; Lo, Y.R,; Pawlotsky, ].M.; Yuen, M.F. Chronic hepatitis B virus infection. Lancet 2018, 392,
2313-2324. [CrossRef]

World Health Organization. Global Hepatitis Report 2017; World Health Organization: Geneva, Switzerland, 2017.
Theiler, M. Spontaneous Encephalomyelitis of Mice, a New Virus Disease. |. Exp. Med. 1937, 65, 705-719.
[CrossRef] [PubMed]

Stavrou, S.; Feng, Z.; Lemon, S.M.; Roos, R.P. Different strains of Theiler’s murine encephalomyelitis virus
antagonize different sites in the type I interferon pathway. J. Virol. 2010, 84, 9181-9189. [CrossRef]

Kothur, K.; Wienholt, L.; Brilot, F.; Dale, R.C. CSF cytokines/chemokines as biomarkers in neuroinflammatory
CNS disorders: A systematic review. Cytokine 2016, 77, 227-237. [CrossRef]

Whitley, R.J.; Roizman, B. Herpes simplex virus infections. Lancet 2001, 357, 1513-1518. [CrossRef]
Mueller, S.N.; Jones, C.M.; Chen, W.; Kawaoka, Y.; Castrucci, M.R.; Heath, W.R.; Carbone, ER. The early
expression of glycoprotein B from herpes simplex virus can be detected by antigen-specific CD8+ T cells.
J. Virol. 2003, 77, 2445-2451. [CrossRef]

Carr, D.J.; Montgomery, M.; Royer, D.]. Virus-specific T cell receptor transgenic mice vaccinated with HSV-1
O0ANLS limit HSV-induced corneal neovascularization in the absence of antibody. Investig. Ophthalmol.
Vis. Sci. 2019, 60, 6416.

Davey, G.M.; Wojtasiak, M.; Proietto, A.L; Carbone, ER.; Heath, WR.; Bedoui, S. Cutting edge: Priming of
CD8 T cell immunity to herpes simplex virus type 1 requires cognate TLR3 expression in vivo. J. Immunol.
2010, 184, 2243-2246. [CrossRef]

Alexandre, Y.O.; Cocita, C.D.; Ghilas, S.; Dalod, M. Deciphering the role of DC subsets in MCMYV infection to
better understand immune protection against viral infections. Front. Microbiol. 2014, 5, 378. [CrossRef]
Welten, S.P.M.; Yermanos, A.; Baumann, N.S.; Wagen, E,; Oetiker, N.; Sandu, I.; Pedrioli, A.; Oduro, J.D.;
Reddy, S.T.; Cicin-Sain, L.; et al. Tefl1(+) cells are required to maintain the inflationary T cell pool upon
MCMYV infection. Nat. Commun. 2020, 11, 2295. [CrossRef] [PubMed]

Mandaric, S.; Walton, S.M.; Rulicke, T.; Richter, K.; Girard-Madoux, M.].; Clausen, B.E.; Zurunic, A.;
Kamanaka, M.; Flavell, R.A ; Jonjic, S.; et al. IL-10 suppression of NK/DC crosstalk leads to poor priming of
MCMV-specific CD4 T cells and prolonged MCMYV persistence. PLoS Pathog. 2012, 8, €1002846. [CrossRef]
[PubMed]

Jeitziner, S.M.; Walton, S.M.; Torti, N.; Oxenius, A. Adoptive transfer of cytomegalovirus-specific effector
CD4+ T cells provides antiviral protection from murine CMV infection. Eur. J. Immunol. 2013, 43, 2886-2895.
[CrossRef] [PubMed]

Topham, D.J.; Castrucci, M.R.; Wingo, ES.; Belz, G.T.; Doherty, P.C. The role of antigen in the localization of
naive, acutely activated, and memory CD8(+) T cells to the lung during influenza pneumonia. J. Immunol.
2001, 167, 6983-6990. [CrossRef]

Hamada, H.; Bassity, E.; Flies, A.; Strutt, TM.; Garcia-Hernandez Mde, L.; McKinstry, K.K.; Zou, T.; Swain, S.L.;
Dutton, R.W. Multiple redundant effector mechanisms of CD8+ T cells protect against influenza infection.
J. Immunol. 2013, 190, 296-306. [CrossRef]


http://dx.doi.org/10.1016/j.jaci.2004.04.006
http://dx.doi.org/10.3390/v12020233
http://dx.doi.org/10.1038/mi.2017.28
http://dx.doi.org/10.1038/nrmicro2950
http://dx.doi.org/10.1128/JVI.00014-18
http://dx.doi.org/10.1146/annurev.iy.13.040195.000333
http://www.ncbi.nlm.nih.gov/pubmed/7612225
http://dx.doi.org/10.1016/S0140-6736(18)31865-8
http://dx.doi.org/10.1084/jem.65.5.705
http://www.ncbi.nlm.nih.gov/pubmed/19870629
http://dx.doi.org/10.1128/JVI.00603-10
http://dx.doi.org/10.1016/j.cyto.2015.10.001
http://dx.doi.org/10.1016/S0140-6736(00)04638-9
http://dx.doi.org/10.1128/JVI.77.4.2445-2451.2003
http://dx.doi.org/10.4049/jimmunol.0903013
http://dx.doi.org/10.3389/fmicb.2014.00378
http://dx.doi.org/10.1038/s41467-020-16219-3
http://www.ncbi.nlm.nih.gov/pubmed/32385253
http://dx.doi.org/10.1371/journal.ppat.1002846
http://www.ncbi.nlm.nih.gov/pubmed/22876184
http://dx.doi.org/10.1002/eji.201343690
http://www.ncbi.nlm.nih.gov/pubmed/23921569
http://dx.doi.org/10.4049/jimmunol.167.12.6983
http://dx.doi.org/10.4049/jimmunol.1200571

Int. ]. Mol. Sci. 2020, 21, 9690 12 0of 12

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

McKinstry, KK.; Strutt, TM.; Kuang, Y.; Brown, D.M,; Sell, S.; Dutton, RW.; Swain, S.L. Memory CD4+ T
cells protect against influenza through multiple synergizing mechanisms. J. Clin. Investig. 2012, 122, 2847-2856.
[CrossRef]

Garulli, B.; Di Mario, G.; Sciaraffia, E.; Kawaoka, Y.; Castrucci, M.R. Immunogenicity of a recombinant
influenza virus bearing both the CD4+ and CD8+ T cell epitopes of ovalbumin. ]. Biomed. Biotechnol.
2011, 2011, 497364. [CrossRef]

Mackay, L.K.; Rahimpour, A.; Ma, ]J.Z.; Collins, N.; Stock, A.T.; Hafon, M.L.; Vega-Ramos, J.; Lauzurica, P;
Mueller, S.N.; Stefanovic, T.; et al. The developmental pathway for CD103(+)CD8+ tissue-resident memory
T cells of skin. Nat. Immunol. 2013, 14, 1294-1301. [CrossRef]

Braaten, D.C.; Sparks-Thissen, R.L.; Kreher, S.; Speck, S.H.; Virgin, HW.,, IV. An optimized CD8+ T-cell
response controls productive and latent gammaherpesvirus infection. J. Virol. 2005, 79, 2573-2583. [CrossRef]
Butz, E.A.; Bevan, M.]. Massive expansion of antigen-specific CD8+ T cells during an acute virus infection.
Immunity 1998, 8, 167-175. [CrossRef]

Rolph, M.S.; Ramshaw, I.A. Interleukin-4-mediated downregulation of cytotoxic T lymphocyte activity is
associated with reduced proliferation of antigen-specific CD8+ T cells. Microbes Infect. 2003, 5, 923-932.
[CrossRef]

Wolf, AL; Buehler, D.; Hensley, S.E.; Cavanagh, L.L.; Wherry, E.J.; Kastner, P.; Chan, S.; Weninger, W.
Plasmacytoid dendritic cells are dispensable during primary influenza virus infection. J. Immunol. 2009, 182,
871-879. [CrossRef] [PubMed]

Laidlaw, B.J.; Decman, V.; Ali, M.A.; Abt, M.C.; Wolf, A.I.; Monticelli, L.A.; Mozdzanowska, K.;
Angelosanto, ].M.; Artis, D.; Erikson, ].; et al. Cooperativity between CD8+ T cells, non-neutralizing
antibodies, and alveolar macrophages is important for heterosubtypic influenza virus immunity. PLoS Pathog.
2013, 9, €1003207. [CrossRef] [PubMed]

Oxenius, A.; Zinkernagel, RM.; Hengartner, H. Comparison of activation versus induction of
unresponsiveness of virus-specific CD4+ and CD8+ T cells upon acute versus persistent viral infection.
Immunity 1998, 9, 449-457. [CrossRef]

Manjunath, N.; Shankar, P.; Wan, J.; Weninger, W.; Crowley, M. A.; Hieshima, K.; Springer, T.A.; Fan, X;
Shen, H.; Lieberman, J.; et al. Effector differentiation is not prerequisite for generation of memory cytotoxic T
lymphocytes. J. Clin. Investig. 2001, 108, 871-878. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1172/JCI63689
http://dx.doi.org/10.1155/2011/497364
http://dx.doi.org/10.1038/ni.2744
http://dx.doi.org/10.1128/JVI.79.4.2573-2583.2005
http://dx.doi.org/10.1016/S1074-7613(00)80469-0
http://dx.doi.org/10.1016/S1286-4579(03)00190-4
http://dx.doi.org/10.4049/jimmunol.182.2.871
http://www.ncbi.nlm.nih.gov/pubmed/19124730
http://dx.doi.org/10.1371/journal.ppat.1003207
http://www.ncbi.nlm.nih.gov/pubmed/23516357
http://dx.doi.org/10.1016/S1074-7613(00)80628-7
http://dx.doi.org/10.1172/JCI13296
http://www.ncbi.nlm.nih.gov/pubmed/11560956
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Importance of T Cells in Viral Immunopathology 
	Generating TCR Tg Mice 
	Studying Viral Immunopathology with TCR Tg Mice 
	Lymphocytic Choriomeningitis (LCMV) 
	Influenza Virus 
	Respiratory Syncytial Virus (RSV) 
	West Nile Virus (WNV) 
	Hepatitis B Virus (HBV) 
	Theiler’s Murine Encephalomyelitis Virus (TMEV) 
	Herpes Simplex Virus (HSV) 
	Murine Cytomegalovirus (MCMV) 

	Recombinant Viruses Bearing Epitopes to Common TCR Tg Mice 
	Conclusions and Discussion 
	References

