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ABSTRACT.	 Murine coronavirus (CoV) is a beta-CoV that infects mice by binding to 
carcinoembryonic antigen-related cell adhesion molecule 1. Intraperitoneal infection with the 
murine CoV strain JHM (JHMV) induces acute mild hepatitis in mice. While both innate and 
acquired immune responses play a significant role in the protection against murine CoV infection 
in mice, CD8+ cytotoxic T lymphocytes (CTLs) and interferon-γ are essential for viral clearance 
in JHMV-induced hepatitis. In addition, CoVs are characterized by high diversity, caused by 
mutations, recombination, and gene gain/loss. 25V16G is an immune-escape JHMV variant, which 
lacks a dominant CTL epitope. By evading immune responses, 25V16G establishes persistent 
infections, leading to granulomatous serositis in interferon-γ-deficient mice. These examples of 
CoV-associated pathogenesis in mice might provide useful information on other CoV infections, 
including coronavirus disease 2019 (COVID-19).
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Coronaviruses (CoVs) are large, enveloped, positive-stranded RNA viruses that can be divided into four genera: alpha-CoV, 
beta-CoV, gamma-CoV, and delta-CoV [7]. CoVs are very diverse and are constantly evolving through gene gains and losses, 
in addition to recombination and accumulation of mutations [1, 10, 30]. Although CoVs are important pathogens in veterinary 
medicine, they had been overlooked as human pathogens. CoVs are believed to cause 10–30% of common colds, which are 
usually mild; however, the 2002–2004 severe acute respiratory syndrome (SARS) outbreak and the Middle East respiratory 
syndrome (MERS) were caused by CoV [37]. In December 2019, another highly pathogenic human CoV, SARS-CoV-2, caused 
a coronavirus disease 2019 (COVID-19) outbreak in Wuhan, China, which has since spread across the world [25]. SARS-CoV-2 
is a beta-CoV [29] that binds to the angiotensin-converting enzyme 2 (ACE2) [40, 47]. Although it has become evident that 
SARS-CoV-2 primarily causes respiratory disease in humans, the pathogenesis of SARS-CoV-2 infection remains mostly unclear 
[16]. The severity of COVID-19 varies immensely among individuals, ranging from subclinical to fatal [52]. Epidemiologically, 
prevalence and severity of the disease increase with age, and are higher in men than in women. Individuals with cardiovascular 
disease, diabetes, obesity and pulmonary disease have higher mortality. Death is usually the results of anoxia due to pulmonary 
failure. There is increasing evidence of dysfunction in coagulation and thrombosis in COVID-19 patients [39]. Since asymptomatic 
infected individuals can shed SARS-CoV-2, controlling person-to-person transmission is extremely challenging [6].

Murine CoV, which belongs to the beta-CoV, infects mice by binding to carcinoembryonic antigen-related cell adhesion 
molecule 1 [38]. Numerous viral strains have been isolated thus far. Based on their tropism, murine CoV strains can be broadly 
divided into enterotropic or polytropic [15]. Enterotropic strains include the mouse hepatitis virus (MHV) strains D, Y, RI, and 
DVIM; they induce enteritis in young weanling mice and are considered responsible for most of the MHV outbreaks in laboratory 
animal facilities. On the other hand, polytropic strains, such as JHM and A59, primarily cause hepatitis, enteritis, and encephalitis 
[48], depending on the route of infection [14]. For example, the murine CoV strain JHM (JHMV) is a neurotropic virus; 
nevertheless, it can cause acute mild hepatitis in different laboratory mouse strains after intraperitoneal infection.
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CYTOTOXIC T LYMPHOCYTE (CTL) RESPONSES IN CoV INFECTION

Although both innate and acquired immunity are essential in the protection against murine CoV infections [43, 49], CD8+ 
cytotoxic T lymphocytes (CTLs) play a pivotal role in viral clearance and inflammatory response in the liver after intraperitoneal 
JHMV infection in mice [21]. In one study, CD8+ T cell depletion in C57BL/6 (B6) mice using anti-CD8 antibodies significantly 
increased the viral load in the liver during the acute phase of the infection; a high JHMV titer (>104 PFU/g) was detected in the 
liver of CD8+ T cell-depleted mice seven days post-infection (p.i.), while no virus was detected in PBS-injected control mice [21]. 
By contrast, in the liver of CD4+ T cell-depleted mice, the viral titers were only marginally higher than those in control mice [21]. 
These results suggest that CTLs play a crucial role in virus clearance in JHMV-infected mice. In addition, the adoptive transfer of 
JHMV-specific CTL clones protects mice from JHMV-induced encephalitis [50, 51]. The importance of CTL-mediated immunity 
has also been demonstrated in other CoV infections [17, 28, 32, 42]. Taken together, these results suggest that CTL responses are 
essential for the clearance of CoV infections, similar to other viral infections [2, 33].

PERSISTENT MURINE CoV INFECTION IN IMMUNODEFICIENT HOSTS

Prolonged or severe viral infections are often observed in immunocompromised hosts [31, 35]. For instance, interferon-
γ-deficient (GKO) mice are prone to subacute/chronic JHMV infection [23]. Interferon (IFN)-γ is a key antiviral and 
immunomodulatory cytokine primarily produced by activated natural killer (NK) cells, NKT cells, and T cells during viral 
infections [27]. In one study, compared to wild-type (WT) B6 mice, the viral titers in the liver of GKO B6 mice at 3 and 5 days p.i. 
were nearly 10 and 40 times higher, respectively [23]. Although JHMV was cleared from the liver within 7 days p.i. in WT mice, 
the viral titers remained high at 7 days p.i. and persisted even after 20 days p.i. in GKO B6 mice [23]. GKO BALB/c mice infected 
with JHMV intraperitoneally showed acute hepatic failure and died within a week, suggesting the genetic background affected the 
outcome of JHMV-induced hepatitis in GKO mice [22]. Importantly, in other studies with impaired IFN-γ responses, murine CoV 
clearance was also delayed or suppressed [26, 41]. Therefore, IFN-γ plays a crucial role in viral clearance during murine CoV 
infection in mice.

In addition to the decrease in viral titers in the liver, hepatitis gradually improves in GKO mice [23]. However, in GKO 
mice, viral infections are associated with severe granulomatous serositis accompanied by accumulation of a viscous fluid in 
the abdominal and thoracic cavities, leading to death 16–50 days p.i. [23]. Similar symptoms have been observed in GKO 
mice naturally infected with murine CoV [12]. Although the involvement of immunological disorders is suspected, the precise 
mechanisms underlying these conditions remain unknown.

The role of virus-specific antibodies in persistent CoV infections in GKO mice has gained increasing attention. Interestingly, 
compared to WT mice, GKO mice have 4 times higher titers of virus neutralization antibodies 21 days p.i., likely due to continuous 
antigenic stimulation in GKO mice [23]. These findings confirm that antibodies are not only ineffective but also possibly aggravate 
murine CoV-related symptoms. Although there are a lot of studies indicating that antiviral antibodies effectively protect against 
viral infections [20, 34], it is also known that antibodies against virus enhance viral load and disease severity in some CoV 
infections [4, 18, 45].

MECHANISMS INVOLVED IN PERSISTENT MURINE CoV INFECTION IN GKO MICE

The mechanisms involved in the establishment of persistent CoV infection in GKO mice remain poorly understood. In one study, 
infectious viruses were isolated from ascites of JHMV-infected GKO mice at 25 days p.i. and cloned virus was named 25V16G 
after limiting dilution [24]. The clone 25V16G exhibited similar to JHMV replication in various cell lines, including DBT, IC-21, 
and J774A.1 cells, suggesting a replication potential comparable to that of JHMV [24]. Sequencing has revealed that the S gene of 
25V16G has two point mutations [24] and an 87 base deletion in the region encoding for S511–539, which contains a dominant CTL 
epitope (Fig. 1) [5]. Therefore, it is likely that CTL-escape variants contribute to the establishment of persistent CoV infections in 
mice.

WT and GKO B6 mice were inoculated with 25V16G and JHMV to compare the pathogenicity of the two strains. In WT mice, 
the viral titers of 25V16G were approximately 60 times higher than those of JHMV 5 days p.i., and in contrast to JHMV, 25V16G 
could still be detected 7 and 14 days p.i. (Takagaki and Kyuwa, unpublished data). Intraperitoneal 25V16G infection in GKO 
mice induced fatal fulminant hepatitis accompanied by abundant viral replication [24]. By contrast, JHMV infection in GKO mice 
induces the formation of focal necrotic lesions, accompanied by modest viral replication [24]. These findings support the notion 
that 25V16G evades CTL-mediated immune responses, having cytopathic effects on murine hepatocytes, although further studies 
are necessary.

ROLE OF CTL AND IFN-γ IN MURINE CoV INFECTION-ASSOCIATED DISEASE

The roles of CTL and IFN-γ in JHMV and 25V16G infections in WT and GKO B6 mice are summarized in Fig. 2. WT B6 mice 
developed acute hepatitis after intraperitoneal JHMV infection, and the virus was cleared within a week by CTLs, IFN-γ, and other 
antiviral responses. By contrast, 25V16G was not cleared from the liver of WT B6 mice, probably due to its ability to escape CTL-
mediated immune responses [5]. In GKO mice, which produce CTL- but not IFN-γ-mediated immune responses, JHMV infection 
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was not cleared, resulting in subacute infection, highlighting that IFN-γ is essential for viral clearance. Furthermore, these findings 
suggest that CTL-escape variants could contribute to the establishment of persistent infections. In the absence of both CTL- and IFN-
γ-mediated immune responses, mice are highly susceptible to the cytopathic effects of CoV, developing severe fulminant hepatitis.
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Fig. 1.	 Structure of S protein of murine coronavirus strain JHM (JHMV) and 25V16G, and cytotoxic T lymphocyte (CTL) epitope in C57BL/6 
mice. The S protein has a molecular weight of 180 kDa and is composed of S1 and S2 domains [11]. Dominant (510–518) and subdominant 
(598–605) CTL epitopes within the S protein are from Castro and Perlman [5] and are indicated with rectangles. A deletion and two point muta-
tions were observed in the S protein of 25V16G, indicated with a wedge shape line and triangles, respectively.

Fig. 2.	 Role of cytotoxic T lymphocyte (CTL) and interferon (IFN)-γ in murine coronavirus infection in C57BL/6 (B6) mice. The schema illustrates 
the events and outcomes of murine coronavirus strain JHM (JHMV) and 25V16G infections in wild-type and IFN-γ-deficient (IFN-γ KO) B6 mice. 
Light blue and yellow-green rectangles indicate CTL- and IFN-γ-mediated immune responses, respectively. The light blue rectangle with a dashed 
line indicates weak CTL response due to the lack of a dominant CTL epitope. The arrow thickness represents the approximate virus titer.
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PERSPECTIVES

The elucidation of the pathogenesis of infectious diseases is imperative to develop vaccines against infectious agents. Animal 
models play crucial roles in the better understanding of the pathogenesis of infectious diseases [44, 46]. Murine CoV infections 
might provide useful information on the pathogenesis of human CoV infections including COVID-19, especially in the interaction 
between viral and host immune responses. In this review, we summarize the role of CTLs and IFN-γ in murine CoV infections 
in mice. Although different types of vaccines have been developed over the years [9], vaccines that induce virus-specific CTL 
responses are the most promising for viral infections [3, 19]. Future studies are required to elucidate the dynamics of anti-CoV 
CTL responses in vivo [13].

In addition, the better understanding of the evolutionary history of the CTL-escape JHMV variant 25V16G would guide the 
development of effective vaccines for CoV. Because RNA viruses often form quasispecies [8], a 25V16G-like virus might already 
be present within the original JHMV population. Considering the relevance of intrahost selection pressure in driving viral evolution 
[36], 25V16G could have emerged during a persistent JHMV infection in GKO mice. It is necessary to analyze SARS-CoV-2 
evolution during the episode in each COVID-19 patient. Anyway, the administration of antiviral drugs should be considered during 
the acute phase of CoV infection to minimize the possibility of the emergence of immune-escape CoV variants.
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