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Neurotropic viruses infect the central nervous system (CNS) and can cause severe neurological 
disorders. Theiler’s murine encephalomyelitis virus (TMEV) infection in C57BL/6 mice serves as 
a model for virus-induced encephalitis and hippocampal damage. C-type lectin domain family 
12 member A (CLEC12A) is an inhibitory receptor, which modulates immune responses during 
inflammatory processes. However, the role of CLEC12A during neurotropic virus infections remains 
unclear. In this study, CLEC12A-deficient (CLEC12A−/−) and wild type C57BL/6 mice were infected with 
TMEV. Neuroinflammatory responses, viral load, and immune cell infiltration were analyzed using 
immunohistochemistry, RT-qPCR, and flow cytometry. CLEC12A−/− mice exhibited increased T cell 
sequestration in the brain, along with a higher expression of pro-inflammatory cytokine (TNF-α, IL-1β) 
and antigen presentation genes (CD11c, CD80, MHC-I) during acute infection. This led to an improved 
viral clearance in the hippocampus. CLEC12A deficiency also activates splenic CD4+ T cells and CD8+ 
cytotoxic T cells upon infection. Despite increased peripheral T cell activation and neuroinflammation, 
CLEC12A−/− mice displayed less hippocampal damage with improved neuronal and axonal integrity. 
In conclusion, CLEC12A signaling in C57BL/6 mice contributes to suppressive immune modulation, 
delaying viral elimination and exacerbating brain damage during acute neurotropic virus infection.
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Neurotropic viruses have the ability to infect the central nervous system (CNS) and cause neurologic disorders in 
humans and animals. Although most viral infections are asymptomatic and self-limiting in immunocompetent 
hosts, some can lead to fatal or debilitating disease. Moreover, hippocampal damage accompanied by long-
term cognitive deficits and an increased risk of developing epilepsy can be observed in survivors of acute viral 
encephalitis1–3. Besides viral properties, CNS lesion development and disease outcome also depend on host 
immune responses. Here, early pathogen sensing by innate immune cells and the timely onset of protective 
antiviral immunity are crucial for viral elimination, but uncontrolled responses can cause immune-mediated 
brain injury in neurotropic virus infections4,5.
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Theiler’s murine encephalomyelitis virus (TMEV) is a neurotropic picornavirus that primarily targets the 
hippocampus of mice6–9. While TMEV infection of SJL mice results in viral persistence, C57BL/6 mice rapidly 
eliminate the virus following acute encephalitis10,11. However, resulting robust inflammatory responses in 
C57BL/6 mice also lead to hippocampal damage, which manifests as cognitive deficits, impaired spatial memory 
and seizure development, making TMEV infection a well-established model for viral encephalitis-associated 
neurodegeneration7,10,12–14. Particularly, the early activation of innate immune cells, including CNS-infiltrating 
macrophages and microglia, triggers antiviral T cell responses in C57BL/6 mice, but significantly contributes 
also to neuropathology following TMEV infection by releasing neurotoxic factors6,10,11,15–17.

Myeloid C-type lectin receptors (CLRs) are pattern recognition receptors that recognize glycan structures 
on pathogen- or damage-associated molecular patterns in inflammatory disorders18–20. Activating CLRs 
utilize immunoreceptor tyrosine-based activation motifs (ITAM) and activate the spleen tyrosine kinase (Syk) 
for innate immune cell stimulation. In contrast, inhibitory CLRs contain an immunoreceptor tyrosine-based 
inhibitory motif (ITIM), which recruits tyrosine phosphatases and counteracts Syk to negatively modulate 
cellular activation21–28. Previous studies revealed that the inhibitory myeloid CLR dendritic cell immunoreceptor 
(DCIR) contributes to acute hippocampal injury by reducing antiviral immunity in C57BL/6 mice upon TMEV 
infection, indicating that inhibitory CLRs represent potential targets for intervention strategies to selectively 
enhance protective immunity in neurotropic virus infection29.

C-type lectin domain family 12 member A (CLEC12A; also known as myeloid inhibitory C-type lectin 
receptor, MICL) is an inhibitory CLR expressed on innate immune cells, including macrophages, monocytes 
and dendritic cells30,31. CLEC12A signaling negatively regulates immune responses and has been shown 
to suppress host immune responses in mice following mycobacterial infection32. In addition, it limits sterile 
inflammation and ameliorates immunopathology in murine colitis and rheumatoid arthritis models33–35. In 
contrast, CLEC12A signaling contributes to neuropathology in cerebral malaria models and experimental 
autoimmune encephalitis, demonstrating a complex and likely disease context-dependent function of the 
CLR in inflammatory disorders36,37. Interestingly, CLEC12A has been shown to promote protective antiviral 
immunity in lymphocytic choriomeningitis virus (LCMV) and influenza virus infection38. However, whether 
this represents a universal effect in viral disorders and whether CLEC12A signaling influences brain pathology 
in neurotropic virus infections remains undetermined.

The study aims to characterize the effect of CLEC12A signaling on virus control and neuropathology in 
TMEV infection. The findings indicate that intact CLEC12A signaling in C57BL/6 mice contributes to antiviral 
immunity, while CLEC12A deficiency is associated with enhanced peripheral T cell responses and leukocyte 
recruitment to the brain, thereby preventing hippocampal injury following neurotropic virus infection.

Results
CLEC12A deficiency leads to enhanced inflammation and reduced viral load in the brain
The effect of CLEC12A deficiency on neuroinflammation and neuropathology was determined in mice infected 
with TMEV. Histology revealed an increased mononuclear cell infiltration of hippocampus in CLEC12A−/− 
mice as compared to WT mice upon infection at 3 days post infection (dpi; p = 0.01; Fig. 1A–C). Likewise, a 
significant elevation of GFAP+ astrocytes (astrogliosis) was found in the brain of CLEC12A−/− mice compared 
to WT mice at 3 dpi (p = 0.01, Fig. 1D–F). Indicative of termination of glial responses in knockout mice and 
ongoing neuroinflammation in WT mice, a gradual significant decline of GFAP+ astrocytes was found in the 
hippocampus of CLEC12A−/− mice at 7 and 14 dpi (p = 0.01; p = 0.03 respectively, Fig. 1F).

Hippocampal damage was found in both groups following TMEV infection, characterized by a loss of 
NeuN+ mature neurons and increased number of damaged axons expressing β-APP. Densitometry revealed a 
significantly higher number of NeuN+ cells in the pyramidal layer of CLEC12A−/− compared to WT mice at 7 
dpi (p = 0.05, Fig. 1G–I). Moreover, a significant lower number of β-APP+ damaged axons was found in TMEV-
infected CLEC12A−/− mice at 7 dpi (p = 0.04, Fig. 1J–L). As expected, non-infected CLEC12A−/− and WT mice 
showed no inflammation or hippocampal damage at any time point. Data show that intact CLEC12A signaling 
reduces neuroinflammation in C57BL/6 mice following TMEV infection. Increased inflammatory responses in 
CLEC12A−/− mice did not lead to additional damage of hippocampal neurons, but even improved neuronal and 
axonal integrity.

TMEV exhibits a tropism for pyramidal cells of the hippocampus13. Accordingly, immunohistochemistry 
revealed a preferential infection of hippocampal neurons in CLEC12A−/− and WT mice. Spatiotemporal analysis 
showed a significantly reduced TMEV load in the brain of CLEC12A−/− mice compared to WT mice at 7 dpi 
(p = 0.04, Fig. 2A,C,D). In addition, RT-qPCR showed significantly reduced TMEV RNA levels in the brain of 
CLEC12A−/− mice as compared to WT mice at 7 dpi (p = 0.02, Fig. 2B), suggesting that CLEC12A deficiency 
accelerates virus elimination. TMEV was not detected in the brain of non-infected mice from CLEC12A deficient 
and WT group.

In summary, CLEC12A deficiency leads to enhanced viral clearance from the brain, which is associated with 
preserved neuronal and axonal integrity in the hippocampus.

CLEC12A deficiency is associated with improved T cell recruitment and pro-inflammatory 
responses in the brain
Immunohistochemistry revealed a significantly increased infiltration of CD3+ T cells (p = 0.04, Fig. 3A–C) in 
the brain of CLEC12A−/− mice as compared to WT mice at 3 dpi. CD45R+ B cells and CD107b+ macrophages/
microglia did not show significant differences between groups at any time point (Supplementary Fig. S1B,C). As 
compared to CD8+ T cells, CD4+ T cells showed a relatively higher infiltration in animals lacking CLEC12A at 3 
(p = 0.01) and 7 dpi (p = 0.01; Fig. 3D–F; Supplementary Fig.S1A). Granzyme B+ effector cells were significantly 
increased in the brain in response to neurotropic virus infection in CLEC12A deficient mice compared to WT 
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mice at 3 dpi (p = 0.02, Fig. 3G–I). Non-infected animals from both groups showed no leukocytic infiltration 
to the brain at any time point. Data revealed that intact CLEC12A signaling in C57BL/6 mice negatively affects 
effector T cell sequestration in the brain during viral encephalitis.

To characterize the participating cytokine environment in the CNS, RT-qPCR was performed. Results 
revealed an enhanced TNF-α mRNA expression in the brain of CLEC12A−/− mice as compared to WT mice at 
3 dpi (p = 0.03) and 7 dpi (p = 0.01, Fig. 4A). In addition, immunohistochemistry revealed an increased TNF-α 
protein expression within the hippocampus of CLEC12A−/− mice at 3 dpi (p = 0.05, Supplementary Fig. S3A-C). 
At 14 dpi, dynamics shifted and WT mice showed a statistical trend towards an increase of TNF-α mRNA 
expression compared to CLEC12A−/− mice (p = 0.05, Fig. 4A), likely related to prolonged virus infection in WT 
mice. IL-1β transcription was significantly higher in CLEC12A−/− mice compared to WT mice at 7 dpi (p = 0.05, 
Fig. 4B).

Fig. 1.  Neuropathology in CLEC12A−/− mice and C57BL/6 wild type (WT) mice following Theiler’s murine 
encephalomyelitis virus (TMEV) infection. (A–C) Enhanced infiltration of inflammatory cells in CLEC12A−/− 
mice. Representative images (histology) showing increased mononuclear cell infiltration in the hippocampus 
of (A) CLEC12A−/− mice compared to (B) WT mice at 3 days post infection (dpi). (D–F) Enhanced astrogliosis 
in CLEC12A−/− mice. Representative images (immunohistochemistry) showing increased numbers of 
GFAP+ astrocytes in (D) CLEC12A−/− mice compared to (E) WT mice at 3 dpi. (G–I) Reduced neuronal 
loss in CLEC12A−/− mice. Arrows in representative images (immunohistochemistry) showing more NeuN+ 
pyramidal neurons in (G) CLEC12A−/− mice compared to (H) WT mice at 7 dpi. (J–L) Decreased axonal 
damage in CLEC12A−/− mice. Representative images (immunohistochemistry) showing reduced numbers 
of β-APP+ axons in (J) CLEC12A−/− mice compared to (K) WT mice at 7 dpi. (C,F,I, L) Statistical analysis: 
Mann-Whitney U test (*p ≤ 0.05: data are displayed as mean with standard deviation). (A,B,D,E,G,H,J,K) Scale 
bars = 250 μm; (A,B,D,E,J,K) inserts: scale bars = 50 μm; CLEC12A−/− = ○, WT=▽.
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Regulatory T cells account for the termination of inflammation in order to maintain tissue homeostasis and 
avoid virus-mediated immunopathology4. At 7 dpi, mRNA expression level of Foxp3, a marker for regulatory T 
cells, was significantly elevated in the brain of CLEC12A−/− mice as compared to WT mice (p = 0.05, Fig. 4C). 
In addition, mRNA copy numbers of TGF-β1 in the brain of CLEC12A−/− mice differed significantly to WT 
mice at 7 dpi, indicating the onset of compensatory immune responses (p = 0.01, Fig. 4D). Expression of other 
investigated cytokines (IFN-α, IFN-β, IFN-γ, IL-1α, IL-4, IL-5, IL-6) in the brain did not differ significantly 
between CLEC12A−/− and WT mice (Supplementary Fig.S2A–G).

In conclusion, enhanced T cell recruitment and pro-inflammatory cytokine responses in the brain of 
CLEC12A−/− mice at the early infection stage suggest a robust immune response, while intact CLEC12A 
signaling in WT mice is accompanied by impaired virus control following TMEV infection. Diminished pro-
inflammatory cytokine responses in the brain of CLEC12A−/− mice at later stages (14 dpi) is likely a consequence 
of reduced viral load and accelerated termination of neuroinflammation in mice lacking the inhibitory CLR.

Early enhancement of neuroinflammation in CLEC12A deficient mice correlates with the 
activation of antigen presenting cells
To investigate whether CLEC12A deficiency was associated with alterations in the expression of genes 
related to antigen presentation and co-stimulation, the mRNA expression of CD11c, CD80, CD86, and major 
histocompatibility complex class I (MHC-I) were quantified in the brain by RT-qPCR. Results showed that CD11c 
mRNA transcripts were significantly higher in the brain of CLEC12A−/− mice at 7 dpi compared to WT mice 
following TMEV infection (p = 0.01, Fig. 5A). Similarly, significantly increased numbers of CD11c+ cells were 
found in the hippocampus of CLEC12A−/− mice at 7 dpi by immunohistochemistry (p = 0.02, Supplementary 
Fig.S3D–F). MHC-I mRNA quantities were significantly increased in the brain of CLEC12A−/− mice at 3 and 7 
dpi compared to WT mice (p = 0.02; p = 0.04 respectively, Fig. 5B). Immunohistochemistry showed significantly 
increased numbers of MHC-I+ cells in the hippocampus of CLEC12A−/− mice at 3 and 7 dpi (p = 0.05; p = 0.01; 
Supplementary Fig.S3G–I). CD80 mRNA expression in the brain of CLEC12A−/− mice significantly differed 
from WT mice at 3 dpi (p = 0.04, Fig. 5C). At 14 dpi, the dynamics shifted and CD11c, CD80 and MHC-I mRNA 
expression were significantly higher in the brain of WT mice as compared to CLEC12A−/− mice (p = 0.02; 
p = 0.02; p = 0.01 respectively, Fig. 5A–C), likely related to prolonged inflammation in the brain of infected WT 

Fig. 2.  Theiler’s murine encephalomyelitis virus (TMEV) quantification in the brain. (A) TMEV antigen 
positive area labelled by immunohistochemistry. (B) TMEV mRNA measurement by reverse transcriptase 
quantitative polymerase chain reaction. Representative images (immunohistochemistry) showing TMEV 
antigen in the hippocampus of (C) CLEC12A-/- and (D) wild type (WT) mice. (A, B) Statistical analysis: Mann-
Whitney U test (*p ≤ 0.05: data are displayed as mean with standard deviation). (C, D) Scale bars = 250 μm; 
inserts: scale bars = 50 μm. dpi: days post infection; CLEC12A-/- = ○, WT=▽.
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mice. CD86 mRNA levels in the brain of CLEC12A−/− differed significantly compared to WT mice at 14 dpi 
(p = 0.02, Fig. 5D).

Conclusively, enhanced expression of CD11c together with co-stimulatory molecules in CLEC12A−/− mice 
may be indicative of an increased antigen presenting capacity, thus enhancing the ability to trigger T cell responses 
in the brain. In addition, CLEC12A deficiency increases MHC-I expression following TMEV infection, likely 
linked to an increased presentation of viral antigens to cytotoxic T cells.

CLEC12A deficiency enhances peripheral T cell responses following neurotropic virus 
infection
To characterize the dynamics of CD4+ and CD8+ T cell responses of the peripheral immune system upon the 
neurotropic virus infection, flow cytometry of spleen tissue was performed. Timely priming of naïve T cells by 
antigen presenting cells decisively determines antiviral immune responses in the TMEV model39,40. Analysis 
revealed significantly higher frequencies of activated CD4+ T cells expressing the early activation marker CD69 
at 3 dpi (p = 0.01, Fig. 6A,B) and an increased fraction of CD8+ cytotoxic T cells at 3 and 14 dpi (p = 0.06, p = 
0.02; Fig. 6C) in the spleens of CLEC12A−/− mice as compared to WT mice upon TMEV infection. At 14 dpi, 
an increased percentage of CD8+ cells expressing CD44 and reduced CD62L levels was found in WT mice (p 
= 0.02, p = 0.02 respectively Fig. 6D,E) indicative of prolonged T cell activation and sustained inflammation in 
mice with intact CLEC12A signaling.

Results suggest an early enhanced priming of peripheral T cell responses in CLEC12A−/− mice upon TMEV 
infection, resulting in an improved antiviral immunity during viral encephalitis.

Fig. 3.  Phenotyping of inflammatory cells in the brain following Theiler’s murine encephalomyelitis virus 
(TMEV) infection. (A–C) Quantification of CD3+ T cells in the hippocampus. Representative images 
(immunohistochemistry) showing increased numbers of CD3+ T cells in (A) CLEC12A-/- compared to (B) 
wild type (WT) mice at 3 days post infection (dpi). (D–E) CD4+ T cells in the cerebrum. Representative images 
(immunohistochemistry) showing increased numbers of CD4+ T cells in (D) CLEC12A-/- compared to (E) WT 
mice at 3 and 7 dpi. (G–I) Quantification of granzyme B+ effector cells in the hippocampus. Representative 
images (immunohistochemistry) showing increased numbers of granzyme B+ cells in (G) CLEC12A-/- 
compared to (H) WT mice at 3 dpi. (C, F,I) Statistical analysis: Mann-Whitney U test (*p ≤ 0.05: data are 
displayed as mean with standard deviation). (A, B,D,E,G,H) Scale bars = 250 μm; (A,B,D,E,G,H) inserts: scale 
bars = 20 μm; CLEC12A-/- = ○, WT=▽.
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Discussion
CLEC12A is a myeloid inhibitory CLR mostly expressed by antigen presenting cells30. This study demonstrates 
that CLEC12A signaling plays a critical role in modulating antiviral immune responses. During TMEV infection, 
CLEC12A deficiency is associated with enhanced peripheral T cell activation, faster recruitment of activated 
lymphocytes to the brain, and accelerated viral clearance. Despite heightened immune responses, CLEC12A−/− 
mice exhibit reduced neuronal and axonal damage with preserved hippocampal integrity, suggesting that 
CLEC12A acts as a modulator of the initiated inflammation at the cost of prolonged viral infection leading to 
increased neurodegeneration upon neurotropic picornavirus infection.

CLEC12A−/− mice show accelerated T cell recruitment to the brain with increased numbers of granzyme B+ 
effector cells and enhanced MHC-I expression during the early stage of TMEV infection (3 dpi). In addition, 
increased numbers of CD4+CD69+ T cells and CD8+ cytotoxic T cells in the spleen indicate strengthened 
peripheral T cell responses in CLEC12A−/− mice following TMEV infection. A rapid induction of T cell 
responses, particularly CD8+ cytotoxic T cell responses, is critical for combating acute infection with intracellular 
pathogens41. In TMEV infection, the disease outcome depends decisively on the genetic background of mice42. 
While SJL and FVB mice develop insufficient antiviral immunity, which leads to chronic CNS infection and 
demyelinating disease in the spinal cord, C57BL/6 mice clear the virus after acute encephalitis and are resistant 
to persistent infection13. Protective immunity and TMEV clearance in C57BL/6 mice are linked to the H-2D 
MHC class I locus and mediated by robust MHC class I-restricted cytotoxic T cell responses43–46. CD8+ T cells 
of C57BL/6 mice recognize TMEV capsid epitopes and lyse virus-infected cells through granzyme B release47–50. 
The central role of early cytotoxicity has also been shown in transgenic FVB mice expressing the Db class I 
molecule, which promotes robust antiviral cytotoxicity and TMEV elimination45,51. Similarly, the adoptive 
transfer of TMEV-specific cytotoxic T cells prevents virus persistence and demyelinating disease in SJL mice, 
while C57BL/6 mice lacking CD8+ T cells develop chronic infection and myelin loss. Moreover, the ablation 
of CD8+ T cells or the MHC class I component β2-microglobulin in C57BL/6 mice results in reduced antiviral 
cytotoxicity26,52,53.

An increased expression of CD11c and CD80 was found in the brain of infected CLEC12A−/− mice. CD11c+ 
antigen presenting cells have been shown to be critical for the priming of CD8+ T cells and early viral clearance 
in TMEV-infected C57BL/6 mice54. Besides CD8+ T cells, CD4+ T cells are required for protective immunity 

Fig. 4.  Pro and anti-inflammatory cytokine expression in the brain of Theiler’s murine encephalomyelitis virus 
(TMEV) infected mice. (A) Quantification of tumor necrosis factor (TNF)-α and (B) interleukin (IL)−1β, 
(C) forkhead box protein P3 (Foxp3) and (D) transforming growth factor-β1 (TGF-β1) in CLEC12A-/- and wild 
type (WT) mice by reverse transcriptase quantitative polymerase chain reaction. (A–D) Statistical analysis: 
Mann-Whitney U test (*p ≤ 0.05: data are displayed as mean with standard deviation). dpi: days post infection; 
CLEC12A-/- = ○, WT=▽.
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in TMEV infection, since CD4 deficient C57BL/6 mice exhibit reduced antiviral responses and impaired 
viral elimination26,55,56. CD4+ T cells support antiviral cytotoxicity by licensing of dendritic cells for antigen 
presentation to CD8+ T cells in peripheral lymphoid organs41. In addition, the co-stimulatory molecule CD80 
(also known as B7-1) is expressed on activated innate immune cells and promotes cytotoxic T cell differentiation 
in viral infections57.

In the present study, the mRNA expression of IL-1β and TNF-α was upregulated in the brain of CLEC12A−/− 
mice upon infection. Both pro-inflammatory cytokines are primarily produced by innate immune cells and 
enhance host defense mechanisms in infectious disorders58–60. The comparatively low expression of IL-1β and 
TNF-α in wild type C57BL/6 mice might be related to the inhibitory effect of intact CLEC12A signaling upon 
pro-inflammatory pathways30,61,62. IL-1β activates antiviral immune responses and IL-1 receptor knockout 
C57BL/6 mice have been shown to develop TMEV persistence63–65. However, excessive IL-1β administration 
also exerts pathogenic effects by elevating pathogenic Th17 responses, rendering C57BL/6 mice susceptible to 
demyelinating disease. Similarly, TNF-α exhibits dual functions in the TMEV infection model, likely depending 
on the disease phase and expression level. TNF-α has been shown to enhance protective immunity, and its 
genetic ablation in C57BL/6 mice delays healing of hippocampus following TMEV infection66. However, TNF-α 
also contributes to limbic hyperexcitability during the acute phase and Th1-mediated immunopathology during 
chronic TMEV infection, demonstrating the importance of a balanced cytokine response in the CNS following 
neurotropic virus infection to prevent immune mediated tissue damage67,68.

Although cytotoxicity and pro-inflammatory responses contribute to effective antiviral immunity in TMEV 
infection, T cells that target the hippocampus have been observed also to induce neuronal injury to acutely 
infected C57BL/6 mice49,69. Moreover, enhanced MHC class I-restricted cytotoxicity contributes to blood-brain 
barrier disruption in C57BL/6 mice following TMEV infection70–72. Interestingly, despite an enhancement of 
cytotoxic responses and accelerated virus elimination in CLEC12A−/− mice, hippocampal pathology was even 
reduced following infection in the present study. Data suggests the presence of compensatory mechanisms 
that terminate inflammation and maintain tissue homeostasis. In this regard, an enhanced expression of TGF-
β1 and Foxp3 was detected in the brain of CLEC12A−/− mice following TMEV infection. Foxp3+ regulatory 
T cells mitigate immunopathology by inhibiting encephalitogenic T cells in primary autoimmune disorders 
(e.g. experimental autoimmune encephalitis (EAE)) and promote neural tissue repair following CNS injury4. 

Fig. 5.  CD11c, MHC-I CD80, and CD86 expression in the brain of Theiler’s murine encephalomyelitis virus 
(TMEV) infected CLEC12A-/- and wild type (WT) mice. Quantification of (A) CD11c, (B) MHC-I, (C) CD80, 
and (D) CD86 mRNA copy numbers by reverse transcriptase quantitative polymerase chain reaction. (A–D) 
Statistical analysis: Mann-Whitney U test (*p ≤ 0.05: data are displayed as mean with standard deviation). dpi: 
days post infection; CLEC12A-/- = ○, WT=▽.
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Noteworthy, although regulatory T cells can contribute to disease exacerbation and viral persistence in 
neurotropic virus infection because of their immunosuppressive properties, no adverse effects on antiviral 
immunity during acute TMEV infection has been demonstrated in C57BL/6 mice in previous studies. Neither 
the adoptive transfer or expansion of regulatory T cells nor the depletion of Foxp3+ T cells impacts TMEV 
replication in the brain of C57BL/6 background mice73–75. The limited effect of regulatory T cells to suppress 
antiviral immunity in C57BL/6 mice is likely mediated by the dominant effect of cytotoxic CD8+ T cells during 
acute TMEV infection76. The modulatory cytokine TGFβ facilitates the brain recruitment and function of 
regulatory T cells. In addition, it has been shown to dampen inflammation and promote tissue recovery in a 

Fig. 6.  Phenotyping of splenic T cells by flow cytometry following Theiler’s murine encephalomyelitis virus 
(TMEV) infection of CLEC12A−/− and wild type (WT) mice. (A) Gating strategy for the detection of activation 
markers on CD4+ T cells. Cells were first gated on lymphocytes, next on single cells, and next on CD4+ T cells. 
The frequency of activated CD4+ T cells among the CD4+ T cell population was determined (exemplified by 
representative histogram plots for CD69 expression). A comparable hierarchical gating strategy was applied to 
determine the frequency of activated CD8+ T cells.(B) Percentage of CD4+CD69+ T cells (related to all CD4+ T 
cells), (C) percentage of CD8+ T cells (related to total lymphocytes), (D) percentage of CD8+CD44+ T cells 
(related to all CD8+ T cells), and (E) percentage of CD8+CD62Llow T cells (related to all CD8+ T cells) in the 
spleen of TMEV-infected mice. (B-D) Statistical analysis: Mann-Whitney U test (*p ≤ 0.05: data are displayed 
as mean with standard deviation). dpi: days post infection; CLEC12A−/− = ○, WT=▽.
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variety of neurologic disorders, such as EAE, stroke and toxoplasmosis77–79. In TMEV-infected C57BL/6 mice, 
TGFβ expression in neurons correlates with hippocampal damage, suggestive of a protective mechanism against 
neurodegeneration6. Moreover, TGFβ administration in SJL mice has been shown to reduce TMEV-induced 
immunopathology and demyelination80.

CLEC12A deficiency enhances peripheral immune responses and neuroinflammation, but does not 
exacerbate hippocampal injury following TMEV infection. On the contrary, an improved integrity of NeuN+ 
pyramidal neurons and less β-APP+ damaged axons were found in CLEC12A−/− mice, indicating that lack of 
CLEC12A elicits a protective immune response without amplifying virus-induced immunopathology in the 
TMEV infection model. Results of the present study are in line with the observed inhibitory effects of CLEC12A 
signaling on pro-inflammatory signaling and T cell responses in sterile inflammation, immune-mediated colitis, 
rheumatoid arthritis, and mycobacterial infection models32–35,81. In contrast, CLEC12A signaling exhibited 
protective antiviral effects by increasing type I interferon responses in experimental LCMV and influenza 
virus infection of mice38. Moreover, CLEC12A−/− mice develop modulated cytotoxic T cell responses following 
Plasmodium infection, thus conferring protection from experimental cerebral malaria36. This indicates that 
CLEC12A signaling exhibits divergent roles in infectious disorders and may elicit protective and detrimental 
effects depending on the disease setting. The cause for different functions of CLEC12A signaling in viral disease 
models remains speculative but might be attributed to the activation of heterologous signaling pathways by 
diverse exogenous and endogenous ligands. Comparably, the CLR Mincle (also known as CLEC4E) has been 
shown to exhibit negative or positive effects on immunity caused by coupling to an activating ITAM or to an 
inhibitory ITAM depending on the nature of ligand82.

Similar effects of CLEC12A found in this study have been observed for the inhibitory CLR DCIR in 
neurotropic virus infection. Our previous study revealed that DCIR−/− mice show an ameliorated hippocampal 
integrity and accelerated viral elimination with increased cytotoxic CD8+ T cell responses following TMEV 
infection29. Moreover, activation of the adaptor protein CARD9 that delivers signals through ITAM-coupled 
activating CLRs has been shown to reduce the loss of NeuN+ neurons and β-APP+ damaged axons in the 
hippocampus of TMEV infected mice83.

While our results clearly demonstrate a substantial role of CLEC12A in regulating the immune response 
to TMEV, the distinct CLEC12A ligand sensed during TMEV infection yet remains to be elucidated. To date, 
CLEC12A has been primarily reported to recognize crystalline structures such as monosodium urate (MSU) 
crystals and hemozoin34,36. As CLEC12A was shown to sense MSU crystals released from dying cells during sterile 
inflammation, which may also be a potential mode of action of CLEC12A during the inflammatory response 
in TMEV infection. However, CLEC12A was also reported to bind to yet unidentified endogenous proteins 
from dead cells, rendering the recognition of dead cell-derived proteins by CLEC12A in the context of TMEV 
infection possible as well28,34. Moreover, a recent study showed that CLEC12A binds to mycolic acid, a major 
component of mycobacterial cell walls, and thereby modulates the host immune response32. Since the ligand-
binding sites of CLEC12A for mycolic acid and MSU overlap with each other, this may enable the recognition 
of different types of ligands by CLEC12A, including viral ligands84. Hence, the sensing of TMEV capsid proteins 
by CLEC12A cannot be excluded. However, there was no indication of direct CLEC12A-virus interactions in 
other viral infections, such as murine LCMV or influenza infection, rendering TMEV recognition by CLEC12A 
during TMEV infection unlikely38. Instead, it is more probable that CLEC12A signaling may be triggered by host 
cells destroyed by TMEV or the induced antiviral immune response and/or the release of DAMPs from dying 
cells, such as MSU.

In conclusion, our findings highlight CLEC12A as a regulator of antiviral immunity and neuroinflammation 
in the TMEV infection model, suggesting that targeting inhibitory CLRs could represent an approach to enhance 
protective immunity while minimizing virus-induced neuropathology. However, given the diverse roles of 
CLEC12A across different infectious and inflammatory diseases, further studies are clearly required to elucidate 
the precise mechanisms governing its function in the CNS and its potential as a therapeutic target in viral 
encephalitis and other neuroinflammatory conditions.

Materials and methods
Experimental design
CLEC12A−/− mice were generated at the Institute of Clinical Chemistry and Pathobiochemistry of the Technical 
University of Munich34 and backcrossed on C57BL/6 background over more than ten generations at the Institute 
of Biochemistry of the University of Veterinary Medicine Hannover85. Female, 5-week-old CLEC12A−/− mice 
(n = 30, body weight 14.0–18.5 g) and C57BL/6 mice (WT; n = 30, body weight 13.4–19.4 g) were infected 
intracerebrally with TMEV DA. Non-infected CLEC12A−/− (n = 5, body weight 22.7–24.6 g) and C57BL/6 
mice (n = 5, body weight 20.5–22.4 g) were used as controls. All these animals were kept in ventilated cages 
and provided ad libitum water and rodent feed under controlled conditions (humidity 50–60%, temperature 
22–24 °C, light and dark cycle for 12 h each). TMEV DA propagation for intracerebral infection was performed 
on BHK-21 cells with a MOI of 1.0. The virus titer was determined via plaque assays on L-cells as described 
previously29. Mice were anaesthetized with an intraperitoneal injection of medetomidine (1 mg/kg, Domitor) 
and ketamine (100 mg/kg) and inoculated into the right cerebral hemisphere with TMEV DA in a total 
volume of 20 µl DMEM (Biochrom GmbH, Berlin, Germany) supplemented with 2% FCS (PAA Laboratories 
GmbH, Pasching, Austria) and 50 µg/kg gentamicin (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) 
as described76. Weekly clinical examinations included body weight recording, appearance, behavior and gait 
evaluation76. None of the animals showed any signs of distress, significant pain, motor dysfunction or seizures 
during the infection period. Euthanasia was performed at predefined time points (3, 7 and 14 dpi) according 
to the ethical guidelines. To minimize suffering, euthanasia was performed with an overdose of medetomidine 
(1 mg/kg) and ketamine (200 mg/kg) and tissues were taken at necropsy29. A transverse cut of the brain was 
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made at the optic chiasm level and the rostral part was snap-frozen and stored at −80 °C for RNA isolation and 
immunostaining (CD4 and CD8 markers)76,86. The caudal part of the cerebrum was fixed in 10% formalin for 
24 h, embedded in paraffin wax and sectioned at the hippocampal level of 2–3 μm thickness (Bregma − 1.46 to 
−1.82) for histology (hematoxylin-eosin staining) and immunohistochemistry87.

Immunohistochemistry
Antibodies were used to label neurons (neuronal nuclei, NeuN), axons (β-amyloid precursor protein, β-
APP), astrocytes (glial fibrillary acidic protein, GFAP), TMEV capsid protein VP-1, macrophages/microglia 
(CD107b), T cells (CD3, CD4, CD8), B cells (CD45R), cytotoxic T cells/natural killer cells (granzyme B), antigen 
presenting cells (CD11c, MHC-I) and tumor necrosis factor-α (TNF-α) are listed in Supplementary Table S1. 
Immunohistochemistry of brain sections was performed as described previously88–90. In brief, slides were 
deparaffinized (except for frozen sections, CD4 and CD8) and endogenous peroxidases were blocked by 0.5% 
hydrogen peroxide (H2O2) in 85% ethanol. For CD4 and CD8 staining, phosphate buffer saline (PBS) was used 
instead of ethanol. Heat-induced epitope retrieval with citrate buffer (pH 6.0–6.5) for 30 min in a microwave 
oven was performed for NeuN, β-APP, CD107b, CD3, CD45R, granzyme B, TNF-α, CD11c and MHC-I labeling. 
Blocking of non-specific bindings was achieved by goat serum (NeuN, β-APP, GFAP, TMEV, CD3, granzyme B, 
TNF-α, CD11c, MHC-I) and rabbit serum (CD107b, CD4, CD8). PBS with 1% bovine serum albumin (BSA) 
was used to dilute primary antibodies, followed by overnight incubation at 4 °C. Biotinylated goat anti-rabbit 
(for GFAP, TMEV, CD3, CD11c, MHC class I), rabbit anti-rat (for CD107b, CD4, CD8) and goat anti-mouse 
(for NeuN, β-APP, TNF-α) IgG antibodies were used as secondary antibodies. To visualize the binding of 
antibodies, avidin-biotin-peroxidase complex (ABC) diluted in PBS along with 3, 3’-diaminobenzidine (DAB) 
as chromogen in PBS and 0.5% H2O2 was used. Mayer’s hematoxylin was used as a counterstain88,90.

Digital image analysis
Analyses of HE-stained and immuno-stained slides of CLEC12A−/− mice (n = 30) and WT mice (n = 30) were 
performed on three serial brain sections per animal. Slides were scanned using an Olympus VS200 Digital 
Slide Scanner (Olympus Deutschland, GmbH) at 20x magnification with brightfield imaging mode for the 
quantitative evaluation of the hippocampus and cerebrum. Open-source software QuPath (version 0.5.1) was 
used for densitometric analysis91. Cell quantification of HE-stained hippocampal sections was achieved by 
automated cell detection feature, based on nuclear staining using the hematoxylin OD channel. Results were 
normalized to hippocampal area and expressed as cells per mm2. Random tree classifier was interactively trained 
for pyramidal NeuN+ neurons, hippocampal GFAP+ astrocytes, CD107b+ macrophages/microglia, CD45R+ 
B cells, TMEV+ and TNF-α expression to distinguish DAB-stained positive cells from the artifacts. Staining 
artifacts from the regions of interest (ROIs) were removed using channel specific thresholds92. Results were 
expressed as percentage of positively stained area of each marker to the total area of respective ROI. CD3+ T cells, 
β-APP+ axons, granzyme B+ effector cells, CD11c+ cells and MHC-I+ cells in the hippocampus were manually 
quantified and expressed as count per mm2 of hippocampus. Likewise, quantification of CD4+ helper T cells and 
CD8+ cytotoxic T cells in the entire cross section of cerebrum was performed manually.

Ribonucleic acid isolation and reverse transcription
RNA was isolated from snap-frozen cerebral tissues as described29. The purity and quantity of isolated RNA 
were measured using a Multiskan™ GO microplate spectrophotometer (Thermo Fisher Scientific, Braunschweig, 
Germany), µDrop™ plate, SkanIt™ version 7.0.2, Microplate Reader version 7.0.2.5. An equal amount of isolated 
RNA was reversely transcribed into cDNA using Omniscript® Reverse Transcription Kit (Qiagen, Hilden, 
Germany), RNaseOUT™ Recombinant Ribonuclease Inhibitor (Invitrogen™) and random primers (Promega 
Corporation, Walldorf, Germany).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
The viral load (TMEV) in the cerebrum and mRNA expression levels of interleukin (IL)−1α, IL-1β, IL-4, IL-5, IL-
6, Foxp3, tumor necrosis factor (TNF)-α, interferon (IFN)-α, IFN-β, IFN-γ, transforming growth factor (TGF)-
β1, CD11c, CD80, CD86 and MHC-1 were quantified by RT-qPCR as described29 using AriaMx Real-Time PCR 
System (Agilent Technologies Deutschland GmbH, Waldbronn, Germany) software version 2.1 and Brilliant III 
Ultra-Fast SYBR® Green qPCR Mastermix (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). 
Primer details are listed in Supplementary Table S2. The standard curve method with serial dilutions was used to 
quantify the copy numbers. Melting curve analysis was used to control the specificity of each reaction86.

The data were normalized using three reference genes (hypoxanthine-guanine phosphoribosyl transferase 
(HPRT), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin with geNorm software version 3.493.

Flow cytometric analysis of murine splenocytes
Spleens were removed and immediately flushed mechanically with a syringe and 1 × PBS to a single cell 
suspension. Subsequently erythrocytes were lysed using RBC lysis buffer (10% 100 mM Tris–HCl [Tris-
(hydroxymethyl)-aminomethanhydrochloride], 90% 160 mM NH4Cl [ammonium chloride], Carl Roth, 
Karlsruhe, Germany). Afterwards, cells were incubated with rat-anti CD16/32 monoclonal antibody (1:100) 
to block the Fc gamma receptor and therefore to avoid unspecific binding. Cell solutions were stained with 
following monoclonal anti-mouse antibodies: CD4-FITC, CD4-PE, CD4-PerCP-Cy5.5, CD8a-FITC, CD8a-PE, 
CD8a-APC, CD62L-PE, CD62L-PE-Cy7, CD69-APC and CD44-APC. Details for all flow cytometry antibodies 
are listed in Supplementary Table S3. For fixation, cells were incubated with 1% paraformaldehyde (PFA, Carl 
Roth, Karlsruhe, Germany). Flow cytometry was performed at the Attune NxT cytometer (Thermo Fisher 
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Scientific, Waltham, MA, USA). Data analysis was conducted with FlowJo software (version 10, FloJo LLC, 
Ashland, OR, USA)94.

Statistical analysis
To compare both study groups (CLEC12A−/− and WT), a non-parametric, Mann–Whitney U-tests, for non-
normal distributed data, was applied using IBM SPSS® software, Windows version 2695. P-value ≤ 0.05 was 
considered statistically significant. Graphs were plotted using the GraphPad Prism software version 9.0.0.

Data availability
The data presented in this study are available on request from the corresponding author.

Received: 12 August 2025; Accepted: 3 November 2025

References
	 1.	 Bröer, S. et al. Viral mouse models of multiple sclerosis and epilepsy: marked differences in neuropathogenesis following infection 

with two naturally occurring variants of theiler’s virus bean strain. Neurobiol. Dis. 99, 121–132. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​n​b​d​.​2​0​1​
6​.​1​2​.​0​2​0​​​​ (2017).

	 2.	 Ludlow, M. et al. Neurotropic virus infections as the cause of immediate and delayed neuropathology. Acta Neuropathol. 131, 
159–184. https://doi.org/10.1007/s00401-015-1511-3 (2016).

	 3.	 Vezzani, A. et al. Infections, inflammation and epilepsy. Acta Neuropathol. 131, 211–234. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​0​1​-​0​1​5​-​1​4​8​
1​-​5​​​​ (2016).

	 4.	 Ciurkiewicz, M., Herder, V. & Beineke, A. Beneficial and detrimental effects of regulatory T cells in neurotropic virus infections. 
Int. J. Mol. Sci. 21, 1705. https://doi.org/10.3390/ijms21051705 (2020).

	 5.	 Käufer, C. et al. Chemokine receptors CCR2 and CX3CR1 regulate viral encephalitis-induced hippocampal damage but not 
seizures. Proc. Natl. Acad. Sci. U S A. 115, E8929–E8938. https://doi.org/10.1073/pnas.1806754115 (2018).

	 6.	 Libbey, J. E. et al. Seizures following picornavirus infection. Epilepsia 49, 1066–1074. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​2​8​-​1​1​6​7​.​2​0​0​8​.​0​1​
5​3​5​.​x​​​​ (2008).

	 7.	 Stewart, K. A., Wilcox, K. S., Fujinami, R. S. & White, H. S. Development of postinfection epilepsy after theiler’s virus infection of 
C57BL/6 mice. J. Neuropathol. Exp. Neurol. 69, 1210–1219. https://doi.org/10.1097/NEN.0b013e3181ffc420 (2010).

	 8.	 Tsunoda, I. & Fujinami, R. S. Inside-Out versus Outside-In models for virus induced demyelination: axonal damage triggering 
demyelination. Springer Semin Immunopathol. 24, 105–125. https://doi.org/10.1007/s00281-002-0105-z (2002).

	 9.	 Tsunoda, I. & Fujinami, R. S. Neuropathogenesis of theiler’s murine encephalomyelitis virus infection, an animal model for 
multiple sclerosis. J. Neuroimmune Pharmacol. 5, 355–369. https://doi.org/10.1007/s11481-009-9179-x (2010).

	10.	 Kirkman, N. J., Libbey, J. E., Wilcox, K. S., White, H. S. & Fujinami, R. S. Innate but not adaptive immune responses contribute to 
behavioral seizures following viral infection. Epilepsia 51, 454–464. https://doi.org/10.1111/j.1528-1167.2009.02390.x (2010).

	11.	 Olson, J. K. Effect of the innate immune response on development of theiler’s murine encephalomyelitis virus-induced 
demyelinating disease. J. Neurovirol. 20, 427–436. https://doi.org/10.1007/s13365-014-0262-6 (2014).

	12.	 Buenz, E. J., Rodriguez, M. & Howe, C. L. Disrupted Spatial memory is a consequence of picornavirus infection. Neurobiol. Dis. 24, 
266–273. https://doi.org/10.1016/j.nbd.2006.07.003 (2006).

	13.	 Gerhauser, I., Hansmann, F., Ciurkiewicz, M., Löscher, W. & Beineke, A. Facets of Theiler’s murine encephalomyelitis virus-
induced diseases: An update. Int. J. Mol. Sci. https://doi.org/10.3390/ijms20020448 (2019).

	14.	 Umpierre, A. D. et al. Impaired cognitive ability and anxiety-like behavior following acute seizures in the theiler’s virus model of 
Temporal lobe epilepsy. Neurobiol. Dis. 64, 98–106. https://doi.org/10.1016/j.nbd.2013.12.015 (2014).

	15.	 Howe, C. L., Lafrance-Corey, R. G., Sundsbak, R. S. & Lafrance, S. J. Inflammatory monocytes damage the hippocampus during 
acute picornavirus infection of the brain. J. Neuroinflammation. 9, 50. https://doi.org/10.1038/srep00545 (2012).

	16.	 Konsman, J. P., Drukarch, B. & Van Dam, A. M. (Peri)vascular production and action of pro-inflammatory cytokines in brain 
pathology. Clin. Sci. (Lond). 112, 1–25. https://doi.org/10.1042/CS20060043 (2007).

	17.	 Waltl, I. et al. Microglia have a protective role in viral encephalitis-induced seizure development and hippocampal damage. Brain 
Behav. Immun. 74, 186–204. https://doi.org/10.1016/j.bbi.2018.09.006 (2018).

	18.	 Brown, G. D., Willment, J. A. & Whitehead, L. C-type lectins in immunity and homeostasis. Nat. Rev. Immunol. 18, 374–389. 
https://doi.org/10.1038/s41577-018-0004-8 (2018).

	19.	 Prado Acosta, M. & Lepenies, B. Bacterial glycans and their interactions with lectins in the innate immune system. Biochem. Soc. 
Trans. 47, 1569–1579. https://doi.org/10.1042/bst20170410 (2019).

	20.	 Sancho, D., Reis e Sousa, C. Signaling by myeloid C-type lectin receptors in immunity and homeostasis. Annu. Rev. Immunol. 30, 
491–529. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​-​i​m​m​​u​n​o​l​-​0​​3​1​2​1​0​-​​1​0​1​3​5​2 (2012).

	21.	 Chong, Z. Z. & Maiese, K. The Src homology 2 domain tyrosine phosphatases SHP-1 and SHP-2: diversified control of cell growth, 
inflammation, and injury. Histol. Histopathol. 22, 1251–1267. https://doi.org/10.14670/HH-22.1251 (2007).

	22.	 Fischer, S., Stegmann, F., Gnanapragassam, V. S. & Lepenies, B. From structure to function - Ligand recognition by myeloid C-type 
lectin receptors. Comput. Struct. Biotechnol. J. 20, 5790–5812. https://doi.org/10.1016/j.csbj.2022.10.019 (2022).

	23.	 Gagne, V. et al. Modulation of monosodium urate crystal-induced responses in neutrophils by the myeloid inhibitory C-type 
lectin-like receptor: potential therapeutic implications. Arthritis Res. Ther. 15, R73. https://doi.org/10.1186/ar4250 (2013).

	24.	 Marshall, A. S. J. et al. Identification and characterization of a novel human myeloid inhibitory c-type lectin-like receptor (MICL) 
that is predominantly expressed on granulocytes and monocytes. J. Biol. Chem. 279, 14792–14802. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​7​4​/​j​b​c​.​M​
3​1​3​1​2​7​2​0​0​​​​ (2004).

	25.	 Marshall, A. S. J. et al. Human MICL (CLEC12A) is differentially glycosylated and is down-regulated following cellular activation. 
Eur. J. Immunol. 36, 2159–2169. https://doi.org/10.1002/eji.200535628 (2006).

	26.	 Murray, P., Pavelko, K., Leibowitz, J., Lin, X. & Rodriguez, M. CD4 + and CD8 + T cells make discrete contributions to demyelination 
and neurologic disease in a viral model of multiple sclerosis. J. Virol. 72, 7320–7329. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​8​/​j​v​i​.​7​2​.​9​.​7​3​2​0​-​7​3​2​9​.​1​9​
9​8​​​​ (1998).

	27.	 Pare, G. et al. The inhibitory receptor CLEC12A regulates PI3K-Akt signaling to inhibit neutrophil activation and cytokine release. 
Front. Immunol. 12, 650808. https://doi.org/10.3389/fimmu.2021.650808 (2021).

	28.	 Pyz, E. et al. Characterisation of murine MICL (CLEC12A) and evidence for an endogenous ligand. Eur. J. Immunol. 38, 1157–
1163. https://doi.org/10.1002/eji.200738057 (2008).

	29.	 Stoff, M. et al. C-type lectin receptor DCIR contributes to hippocampal injury in acute neurotropic virus infection. Sci. Rep. 11, 
23819. https://doi.org/10.1038/s41598-021-03201-2 (2021).

	30.	 Plato, A., Willment, J. A. & Brown, G. D. C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling pathways. Int. 
Rev. Immunol. 32, 134–156. https://doi.org/10.3109/08830185.2013.777065 (2013).

Scientific Reports |        (2025) 15:39354 11| https://doi.org/10.1038/s41598-025-27365-3

www.nature.com/scientificreports/

https://doi.org/10.1016/j.nbd.2016.12.020
https://doi.org/10.1016/j.nbd.2016.12.020
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.1007/s00401-015-1481-5
https://doi.org/10.1007/s00401-015-1481-5
https://doi.org/10.3390/ijms21051705
https://doi.org/10.1073/pnas.1806754115
https://doi.org/10.1111/j.1528-1167.2008.01535.x
https://doi.org/10.1111/j.1528-1167.2008.01535.x
https://doi.org/10.1097/NEN.0b013e3181ffc420
https://doi.org/10.1007/s00281-002-0105-z
https://doi.org/10.1007/s11481-009-9179-x
https://doi.org/10.1111/j.1528-1167.2009.02390.x
https://doi.org/10.1007/s13365-014-0262-6
https://doi.org/10.1016/j.nbd.2006.07.003
https://doi.org/10.3390/ijms20020448
https://doi.org/10.1016/j.nbd.2013.12.015
https://doi.org/10.1038/srep00545
https://doi.org/10.1042/CS20060043
https://doi.org/10.1016/j.bbi.2018.09.006
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1042/bst20170410
https://doi.org/10.1146/annurev-immunol-031210-101352
https://doi.org/10.14670/HH-22.1251
https://doi.org/10.1016/j.csbj.2022.10.019
https://doi.org/10.1186/ar4250
https://doi.org/10.1074/jbc.M313127200
https://doi.org/10.1074/jbc.M313127200
https://doi.org/10.1002/eji.200535628
https://doi.org/10.1128/jvi.72.9.7320-7329.1998
https://doi.org/10.1128/jvi.72.9.7320-7329.1998
https://doi.org/10.3389/fimmu.2021.650808
https://doi.org/10.1002/eji.200738057
https://doi.org/10.1038/s41598-021-03201-2
https://doi.org/10.3109/08830185.2013.777065
http://www.nature.com/scientificreports


	31.	 Stegmann, F. & Lepenies, B. Myeloid C-type lectin receptors in host–pathogen interactions and glycan-based targeting. Curr. Opin. 
Chem. Biol. 82, 102521. https://doi.org/10.1016/j.cbpa.2024.102521 (2024).

	32.	 Nishimura, N. et al. Mycobacterial mycolic acids trigger inhibitory receptor Clec12A to suppress host immune responses. 
Tuberculosis (Edinb). 138, 102294. https://doi.org/10.1016/j.tube.2022.102294 (2023).

	33.	 Chiaro, T. R. et al. Clec12a controls colitis by tempering inflammation and restricting expansion of specific commensals. Cell. Host 
Microbe. 33, 89–103. https://doi.org/10.1016/j.chom.2024.12.009 (2025). e107.

	34.	 Neumann, K. et al. Clec12a is an inhibitory receptor for uric acid crystals that regulates inflammation in response to cell death. 
Immunity 40, 389–399. https://doi.org/10.1016/j.immuni.2013.12.015 (2014).

	35.	 Redelinghuys, P. et al. MICL controls inflammation in rheumatoid arthritis. Ann. Rheum. Dis. 75, 1386–1391. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
1​3​6​/​a​n​n​r​h​e​u​m​d​i​s​-​2​0​1​4​-​2​0​6​6​4​4​​​​ (2016).

	36.	 Raulf, M. K. et al. The C-type lectin receptor CLEC12A recognizes plasmodial hemozoin and contributes to cerebral malaria 
development. Cell. Rep. 28, 30–38e35. https://doi.org/10.1016/j.celrep.2019.06.015 (2019).

	37.	 Sagar, D. et al. Antibody Blockade of CLEC12A delays EAE onset and attenuates disease severity by impairing myeloid cell CNS 
infiltration and restoring positive immunity. Sci. Rep. 7, 2707. https://doi.org/10.1038/s41598-017-03027-x (2017).

	38.	 Li, K. et al. The uric acid crystal receptor Clec12A potentiates type I interferon responses. Proc. Natl. Acad. Sci. U S A. 116, 
18544–18549. https://doi.org/10.1073/pnas.1821351116 (2019).

	39.	 Chang, J. R., Zaczynska, E., Katsetos, C. D., Platsoucas, C. D. & Oleszak, E. L. Differential expression of TGF-β, IL-2, and other 
cytokines in the CNS of theiler’s murine encephalomyelitis virus-infected susceptible and resistant strains of mice. Virology 278, 
346–360. https://doi.org/10.1006/viro.2000.0646 (2000).

	40.	 Oleszak, E. L., Chang, J. R., Friedman, H., Katsetos, C. D. & Platsoucas, C. D. Theiler’s virus infection: a model for multiple 
sclerosis. Clin. Microbiol. Rev. 17, 174–207. https://doi.org/10.1128/CMR.17.1.174-207.2004 (2004).

	41.	 Kumamoto, Y., Mattei, L. M., Sellers, S., Payne, G. W. & Iwasaki, A. CD4 + T cells support cytotoxic T lymphocyte priming by 
controlling lymph node input. Proc. Natl. Acad. Sci. U.S.A. 108, 8749–8754. https://doi.org/10.1073/pnas.1100567108 (2011).

	42.	 Ciurkiewicz, M. et al. Transcriptome analysis following neurotropic virus infection reveals faulty innate immunity and delayed 
antigen presentation in mice susceptible to virus-induced demyelination. Brain Pathol. 31, e13000. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​b​p​a​.​1​3​
0​0​0​​​​ (2021).

	43.	 Dethlefs, S., Brahic, M. & LarssonSciard, E. L. An early, abundant cytotoxic T-Lymphocyte response against theiler’s virus is critical 
for preventing viral persistence. J. Virol. 71, 8875–8878. https://doi.org/10.1128/jvi.71.11.8875-8878.1997 (1997).

	44.	 Getts, M. T., Kim, B. S. & Miller, S. D. Differential outcome of tolerance induction in Naive versus activated theiler’s virus epitope-
specific CD8 + cytotoxic T cells. J. Virol. 81, 6584–6593. https://doi.org/10.1128/JVI.00008-07 (2007).

	45.	 Kelcher, A. M. H. et al. Brain atrophy in picornavirus-infected FVB mice is dependent on the H-2D class I molecule. FASEB J. 31, 
2267–2275. https://doi.org/10.1096/fj.201601055R (2017).

	46.	 Lipton, H. L. & Melvold, R. Genetic analysis of susceptibility to theiler’s virus-induced demyelinating disease in mice. J. Immunol. 
132, 1821–1825. https://doi.org/10.4049/jimmunol.132.4.1821 (1984).

	47.	 Borson, N. D. et al. Temporal sequence of transcription of perforin, fas ligand, and tumor necrosis factor-a genes in rejecting skin 
allografts1. Transplantation 67, 672–680 (1999).

	48.	 Johnson, A. J. et al. Prevalent class I-restricted T-cell response to the thelier’s virus epitope D:VP2 in the absence of endogenous 
CD4 help, tumor necrosis factor alpha, gamma interferon, perforin, or costimulation through CD28. J. Virol. 73, 3702–3708. 
https://doi.org/10.1371/journal.pone.0111401 (1999).

	49.	 McDole, J. R. et al. Rapid formation of extended processes and engagement of theiler’s virus-infected neurons by CNS-infiltrating 
CD8 T cells. Am. J. Pathol. 177, 1823–1833. https://doi.org/10.2353/ajpath.2010.100231 (2010).

	50.	 Moore, T. C., Vogel, A. J., Petro, T. M. & Brown, D. M. IRF3 deficiency impacts granzyme B expression and maintenance of 
memory T cell function in response to viral infection. Microbes Infect. 17, 426–439. https://doi.org/10.1016/j.micinf.2015.03.001 
(2015).

	51.	 Mendez-Fernandez, Y. V., Johnson, A. J., Rodriguez, M. & Pease, L. R. Clearance of theiler’s virus infection depends on the ability 
to generate a CD8 + T cell response against a single immunodominant viral peptide. Eur. J. Immunol. 33, 2501–2510. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​0​0​2​/​e​j​i​.​2​0​0​3​2​4​0​0​7​​​​ (2003).

	52.	 Rivera-Quinones, C. et al. Absence of neurological deficits following extensive demyelination in a class I-deficient murine model 
of multiple sclerosis. Nat. Med. 4, 187–193. https://doi.org/10.1038/nm0298-187 (1998).

	53.	 Rodriguez, M. et al. Abrogation of resistance to theiler’s virus-induced demyelination in H-2b mice deficient in beta 2-microglobulin. 
J. Immunol. 151, 266–276. https://doi.org/10.4049/jimmunol.151.1.266 (1993).

	54.	 Tritz, Z. P. et al. Conditional Silencing of H-2Db class I molecule expression modulates the protective and pathogenic kinetics of 
virus-antigen–specific CD8 T cell responses during theiler’s virus infection. J. Immunol. 205, 1228–1238. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​4​9​/​
j​i​m​m​u​n​o​l​.​2​0​0​0​3​4​0​​​​ (2020).

	55.	 Fujikado, N. et al. DCIR deficiency causes development of autoimmune diseases in mice due to excess expansion of dendritic cells. 
Nat. Med. 14, 176–180. https://doi.org/10.1038/nm1697 (2008).

	56.	 Laidlaw, B. J., Craft, J. E. & Kaech, S. M. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. 16, 
102–111. https://doi.org/10.1038/nri.2015.10 (2016).

	57.	 Fuse, S. et al. CD80 and CD86 control antiviral CD8 + T-cell function and immune surveillance of murine gammaherpesvirus 68. 
J. Virol. 80, 9159–9170. https://doi.org/10.1128/JVI.00422-06 (2006).

	58.	 Kanneganti, T. D. Central roles of NLRs and inflammasomes in viral infection. Nat. Rev. Immunol. 10, 688–698. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​1​0​3​8​/​n​r​i​2​8​5​1​​​​ (2010).

	59.	 Netea, M. G. et al. IL-1beta processing in host defense: Beyond the inflammasomes. PLoS Pathog. 6, e1000661. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
1​3​7​1​/​j​o​u​r​n​a​l​.​p​p​a​t​.​1​0​0​0​6​6​1​​​​ (2010).

	60.	 Sergerie, Y., Rivest, S. & Boivin, G. Tumor necrosis factor-α and interleukin-1β play a critical role in the resistance against lethal 
herpes simplex virus encephalitis. J. Infect. Dis. 196, 853–860. https://doi.org/10.1086/520094 (2007).

	61.	 Geijtenbeek, T. B. & Gringhuis, S. I. Signalling through C-type lectin receptors: shaping immune responses. Nat. Rev. Immunol. 9, 
465–479. https://doi.org/10.1038/nri2569 (2009).

	62.	 Monteiro, J. T. & Lepenies, B. Myeloid C-type lectin receptors in viral recognition and antiviral immunity. Viruses 9, 59. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​3​3​9​0​/​v​9​0​3​0​0​5​9​​​​ (2017).

	63.	 Dinarello, C. A. Biologic basis for interleukin-1 in disease. Blood 87, 2095–2147. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​8​2​/​​b​l​o​o​d​​.​V​8​7​.​6​​.​2​0​9​5​.​​b​l​o​o​d​j​​
o​u​r​n​a​l​8​7​6​2​0​9​5 (1996).

	64.	 Giulian, D. & Lachman, L. B. Interleukin-1 stimulation of astroglial proliferation after brain injury. Science 228, 497–499. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​1​2​6​/​s​c​i​e​n​c​e​.​3​8​7​2​4​7​8​​​​ (1985).

	65.	 Kim, B. S. et al. IL-1 signal affects both protection and pathogenesis of virus-induced chronic CNS demyelinating disease. J. 
Neuroinflammation. 9, 217. https://doi.org/10.1186/1742-2094-9-217 (2012).

	66.	 Rodriguez, M. et al. Tumor necrosis factor alpha is reparative via TNFR2 [corrected] in the hippocampus and via TNFR1 
[corrected] in the striatum after virus-induced encephalitis. Brain Pathol. (Zurich Switzerland). 19, 12–26. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​
/​j​.​1​7​5​0​-​3​6​3​9​.​2​0​0​8​.​0​0​1​5​1​.​x​​​​ (2008).

	67.	 Inoue, A. et al. The level of tumor necrosis factor-alpha producing cells in the spinal cord correlates with the degree of theiler’s 
murine encephalomyelitis virus-induced demyelinating disease. Int. Immunol. 8, 1001–1008. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​i​n​t​i​m​m​/​8​.​7​.​
1​0​0​1​​​​ (1996).

Scientific Reports |        (2025) 15:39354 12| https://doi.org/10.1038/s41598-025-27365-3

www.nature.com/scientificreports/

https://doi.org/10.1016/j.cbpa.2024.102521
https://doi.org/10.1016/j.tube.2022.102294
https://doi.org/10.1016/j.chom.2024.12.009
https://doi.org/10.1016/j.immuni.2013.12.015
https://doi.org/10.1136/annrheumdis-2014-206644
https://doi.org/10.1136/annrheumdis-2014-206644
https://doi.org/10.1016/j.celrep.2019.06.015
https://doi.org/10.1038/s41598-017-03027-x
https://doi.org/10.1073/pnas.1821351116
https://doi.org/10.1006/viro.2000.0646
https://doi.org/10.1128/CMR.17.1.174-207.2004
https://doi.org/10.1073/pnas.1100567108
https://doi.org/10.1111/bpa.13000
https://doi.org/10.1111/bpa.13000
https://doi.org/10.1128/jvi.71.11.8875-8878.1997
https://doi.org/10.1128/JVI.00008-07
https://doi.org/10.1096/fj.201601055R
https://doi.org/10.4049/jimmunol.132.4.1821
https://doi.org/10.1371/journal.pone.0111401
https://doi.org/10.2353/ajpath.2010.100231
https://doi.org/10.1016/j.micinf.2015.03.001
https://doi.org/10.1002/eji.200324007
https://doi.org/10.1002/eji.200324007
https://doi.org/10.1038/nm0298-187
https://doi.org/10.4049/jimmunol.151.1.266
https://doi.org/10.4049/jimmunol.2000340
https://doi.org/10.4049/jimmunol.2000340
https://doi.org/10.1038/nm1697
https://doi.org/10.1038/nri.2015.10
https://doi.org/10.1128/JVI.00422-06
https://doi.org/10.1038/nri2851
https://doi.org/10.1038/nri2851
https://doi.org/10.1371/journal.ppat.1000661
https://doi.org/10.1371/journal.ppat.1000661
https://doi.org/10.1086/520094
https://doi.org/10.1038/nri2569
https://doi.org/10.3390/v9030059
https://doi.org/10.3390/v9030059
https://doi.org/10.1182/blood.V87.6.2095.bloodjournal8762095
https://doi.org/10.1182/blood.V87.6.2095.bloodjournal8762095
https://doi.org/10.1126/science.3872478
https://doi.org/10.1126/science.3872478
https://doi.org/10.1186/1742-2094-9-217
https://doi.org/10.1111/j.1750-3639.2008.00151.x
https://doi.org/10.1111/j.1750-3639.2008.00151.x
https://doi.org/10.1093/intimm/8.7.1001
https://doi.org/10.1093/intimm/8.7.1001
http://www.nature.com/scientificreports


	68.	 Patel, H. J. & Patel, B. M. TNF-alpha and cancer cachexia: molecular insights and clinical implications. Life Sci. 170, 56–63. ​h​t​t​p​s​:​
/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​l​f​s​.​2​0​1​6​.​1​1​.​0​3​3​​​​ (2017).

	69.	 Pirko, I. et al. Contrasting roles for CD4 vs. CD8 T-Cells in a murine model of virally induced T1 black hole formation. PLoS One. 
7, e31459. https://doi.org/10.1371/journal.pone.0031459 (2012).

	70.	 Borrow, P., Tonks, P., Welsh, C. J. & Nash, A. A. The role of CD8 + T cells in the acute and chronic phases of theiler’s murine 
encephalomyelitis virus-induced disease in mice. J. Gen. Virol. 73 (Pt 7), 1861–1865. https://doi.org/10.1099/0022-1317-73-7-1861 
(1992).

	71.	 Johnson, H. L. et al. A hematopoietic contribution to microhemorrhage formation during antiviral CD8 T cell-initiated blood-
brain barrier disruption. J. Neuroinflammation. 9, 60. https://doi.org/10.1186/1742-2094-9-60 (2012).

	72.	 Willenbring, R. C. et al. Modulatory effects of Perforin gene dosage on pathogen-associated blood-brain barrier (BBB) disruption. 
J. Neuroinflammation. 13, 222. https://doi.org/10.1186/s12974-016-0673-9 (2016).

	73.	 Martinez, N. E. et al. Protective and detrimental roles for regulatory T cells in a viral model for multiple sclerosis. Brain Pathol. 24, 
436–451. https://doi.org/10.1111/bpa.12119 (2014).

	74.	 Prajeeth, C. K. et al. Limited role of regulatory T cells during acute theiler virus-induced encephalitis in resistant C57BL/6 mice. J. 
Neuroinflammation. 11, 180. https://doi.org/10.1186/s12974-014-0180-9 (2014).

	75.	 Richards, M. H. et al. Virus expanded regulatory T cells control disease severity in the theiler’s virus mouse model of MS. J. 
Autoimmun. 36, 142–154. https://doi.org/10.1016/j.jaut.2010.12.005 (2011).

	76.	 Ciurkiewicz, M. et al. Cytotoxic CD8(+) T cell ablation enhances the capacity of regulatory T cells to delay viral elimination in 
theiler’s murine encephalomyelitis. Brain Pathol. 28, 349–368. https://doi.org/10.1111/bpa.12518 (2018).

	77.	 Cekanaviciute, E. et al. Astrocytic TGF-beta signaling limits inflammation and reduces neuronal damage during central nervous 
system Toxoplasma infection. J. Immunol. 193, 139–149. https://doi.org/10.4049/jimmunol.1303284 (2014).

	78.	 Lee, P. W., Severin, M. E. & Lovett-Racke, A. E. TGF-beta regulation of encephalitogenic and regulatory T cells in multiple sclerosis. 
Eur. J. Immunol. 47, 446–453. https://doi.org/10.1002/eji.201646716 (2017).

	79.	 Luo, J. TGF-β as a key modulator of astrocyte reactivity: disease relevance and therapeutic implications. Biomedicines 10, 1206. 
https://doi.org/10.3390/biomedicines10051206 (2022).

	80.	 Drescher, K. M., Murray, P. D., Lin, X. Q., Carlino, J. A. & Rodriguez, M. TGF-β2 reduces demyelination, virus antigen expression, 
and macrophage recruitment in a viral model of multiple sclerosis. J. Immunol. 164, 3207–3213. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​4​9​/​j​i​m​m​u​n​o​
l​.​1​6​4​.​6​.​3​2​0​7​​​​ (2000).

	81.	 Malamud, M. et al. Recognition and control of neutrophil extracellular trap formation by MICL. Nature 633, 442–450. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​8​6​-​0​2​4​-​0​7​8​2​0​-​3​​​​ (2024).

	82.	 Iborra, S. et al. Uses mincle to target an inhibitory ITAM signaling pathway in dendritic cells that dampens adaptive immunity to 
infection. Immunity 45, 788–801. https://doi.org/10.1016/j.immuni.2016.09.012 (2016).

	83.	 Pavasutthipaisit, S. et al. CARD9 deficiency increases hippocampal injury following acute neurotropic Picornavirus infection but 
does not affect pathogen elimination. Int. J. Mol. Sci. https://doi.org/10.3390/ijms22136982 (2021).

	84.	 Mori, S., Nagae, M. & Yamasaki, S. Crystal structure of the complex of CLEC12A and an antibody that interferes with binding of 
diverse ligands. Int. Immunol. 36, 279–290. https://doi.org/10.1093/intimm/dxae006 (2024).

	85.	 Klatt, A. B. et al. CLEC12A binds to legionella pneumophila but has no impact on the host’s antibacterial response. Int. J. Mol. Sci. 
https://doi.org/10.3390/ijms24043891 (2023).

	86.	 Gerhauser, I., Alldinger, S., Ulrich, R. & Baumgärtner, W. Spatio-temporal expression of immediate early genes in the central 
nervous system of SJL/J mice. Int. J. Dev. Neurosci. 23, 637–649. https://doi.org/10.1016/j.ijdevneu.2005.06.004 (2005).

	87.	 Franklin, K. & Paxinos, G. The mouse brain in stereotaxic coordinates. 3rd Edn (Elsevier Academic Press, 2007).
	88.	 Herder, V. et al. Interleukin-10 expression during the acute phase is a putative prerequisite for delayed viral elimination in a murine 

model for multiple sclerosis. J. Neuroimmunol. 249, 27–39. https://doi.org/10.1016/j.jneuroim.2012.04.010 (2012).
	89.	 Kummerfeld, M., Meens, J., Haas, L., Baumgärtner, W. & Beineke, A. Generation and characterization of a polyclonal antibody for 

the detection of theiler’s murine encephalomyelitis virus by light and electron microscopy. J. Virol. Methods. 160, 185–188. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​v​i​r​o​m​e​t​.​2​0​0​9​.​0​4​.​0​3​0​​​​ (2009).

	90.	 Ulrich, R. et al. MMP-12, MMP-3, and TIMP-1 are markedly upregulated in chronic demyelinating theiler murine encephalomyelitis. 
J. Neuropathol. Exp. Neurol. 65, 783–793. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​9​7​/​​0​1​.​j​n​​e​n​.​0​0​0​​0​2​2​9​9​9​​0​.​3​2​7​9​​5​.​0​d (2006).

	91.	 Beythien, G. et al. Detection of double-stranded RNA intermediates during SARC-Cov-2 infections of Syrian golden hamsters 
with monoclonal antibodies and its implications for histopathological evaluation of in vivo studies. Int. J. Mol. Sci. 25, 11425. 
https://doi.org/10.3390/ijms252111425 (2024).

	92.	 Bankhead, P. et al. QuPath: open source software for digital pathology image analysis. Sci. Rep. 7, 16878. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​
4​1​5​9​8​-​0​1​7​-​1​7​2​0​4​-​5​​​​ (2017).

	93.	 Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal 
control genes. Genome Biol. 3, research0034. https://doi.org/10.1186/gb-2002-3-7-research0034 (2002).

	94.	 Cytometry, F. FlowJo sofware Version 10, FloJo LLC (2020), https://www.flowjo.com/
	95.	 SPSS for Windows, Version 21 & Inc, S. P. S. S. IBM Corp. (2020). ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​i​b​​m​.​c​​o​m​/​d​e​​​d​e​/​a​n​​a​l​y​t​​i​c​​s​/​s​​p​s​​s​-​s​t​a​t​​i​s​​t​i​c​s​-​s​o​f​w​a​r​e
	96.	 du Sert, N. P. et al. The ARRIVE guidelines 2.0: updated guidelines for reporting animal research. J. Cereb. Blood Flow. Metab. 40, 

1769–1777. https://doi.org/10.1177/0271678X20943823 (2020).

Acknowledgements
The authors thank Prof. Robert S. Fujinami for kindly providing the TMEV DA strain and Prof. Jane Welsh 
for kindly providing L-cells. We thank Jana-Svea Harre, Julia Baskas, Claudia Hermann, Kerstin Rohn, Kerstin 
Schöne and Danuta Waschke for their excellent technical assistance. Muhammad Kamran Ameen received fi-
nancial support from the DAAD/HEC Pakistan.

Author contributions
Conceptualization: A.B and B.L.; Data curation: A.B.; Formal analysis: M.K.A, MS and A.B.; Funding acqui-
sition: A.B and B.L.; Investigation: M.K.A, M.S, S.P, T.E, M.C, T.S, J.R and A.B.; Methodology: A.B and B.L.; 
Project administration: A.B and B.L.; Resources: A.B and B.L.; Supervision: A.B and B.L.; Validation: A.B and 
B.L.; Visualization: M.K.A, M.S and A.B.; Writing—original draft: M.K.A, M.S, A.B and B.L.; Writing—review & 
editing: M.K.A, M.S, S.P, T.E, M.C, T.S, A.B and B.L.

Funding
Open Access funding enabled and organized by Projekt DEAL. This research was funded by the German Re-
search Foundation (DFG; BE 4200/1–3, LE 2498/6 − 1 and 398066876/GRK 2485/2 [GRK VIPER]). This Open 
Access publication was funded by the DFG “Open Access Publication Funding” (491094227) and the University 
of Veterinary Medicine Hannover Foundation.

Scientific Reports |        (2025) 15:39354 13| https://doi.org/10.1038/s41598-025-27365-3

www.nature.com/scientificreports/

https://doi.org/10.1016/j.lfs.2016.11.033
https://doi.org/10.1016/j.lfs.2016.11.033
https://doi.org/10.1371/journal.pone.0031459
https://doi.org/10.1099/0022-1317-73-7-1861
https://doi.org/10.1186/1742-2094-9-60
https://doi.org/10.1186/s12974-016-0673-9
https://doi.org/10.1111/bpa.12119
https://doi.org/10.1186/s12974-014-0180-9
https://doi.org/10.1016/j.jaut.2010.12.005
https://doi.org/10.1111/bpa.12518
https://doi.org/10.4049/jimmunol.1303284
https://doi.org/10.1002/eji.201646716
https://doi.org/10.3390/biomedicines10051206
https://doi.org/10.4049/jimmunol.164.6.3207
https://doi.org/10.4049/jimmunol.164.6.3207
https://doi.org/10.1038/s41586-024-07820-3
https://doi.org/10.1038/s41586-024-07820-3
https://doi.org/10.1016/j.immuni.2016.09.012
https://doi.org/10.3390/ijms22136982
https://doi.org/10.1093/intimm/dxae006
https://doi.org/10.3390/ijms24043891
https://doi.org/10.1016/j.ijdevneu.2005.06.004
https://doi.org/10.1016/j.jneuroim.2012.04.010
https://doi.org/10.1016/j.jviromet.2009.04.030
https://doi.org/10.1016/j.jviromet.2009.04.030
https://doi.org/10.1097/01.jnen.0000229990.32795.0d
https://doi.org/10.3390/ijms252111425
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1186/gb-2002-3-7-research0034
https://www.flowjo.com/
https://www.ibm.com/dede/analytics/spss-statistics-sofware
https://doi.org/10.1177/0271678X20943823
http://www.nature.com/scientificreports


Declarations

Competing interests
The authors declare no competing interests.

Ethic statement
The study was approved and authorized by the Niedersächsisches Landesamt für Verbraucherschutz und 
Lebensmittelsicherheit (LAVES), Oldenburg, Germany (permission number 33.19-42502-04-16/2225). All 
animal experiments were carried out in accordance with the German law for animal protection and the 
Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for 
scientific purposes and the ARRIVE guidelines96.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​7​3​6​5​-​3​​​​​.​​

Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:39354 14| https://doi.org/10.1038/s41598-025-27365-3

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-27365-3
https://doi.org/10.1038/s41598-025-27365-3
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿CLEC12A signaling represses protective immune responses and contributes to hippocampal pathology in neurotropic picornavirus infection
	﻿Results
	﻿CLEC12A deficiency leads to enhanced inflammation and reduced viral load in the brain
	﻿CLEC12A deficiency is associated with improved T cell recruitment and pro-inflammatory responses in the brain
	﻿Early enhancement of neuroinflammation in CLEC12A deficient mice correlates with the activation of antigen presenting cells
	﻿CLEC12A deficiency enhances peripheral T cell responses following neurotropic virus infection

	﻿Discussion
	﻿Materials and methods
	﻿Experimental design
	﻿Immunohistochemistry
	﻿Digital image analysis
	﻿Ribonucleic acid isolation and reverse transcription
	﻿Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	﻿Flow cytometric analysis of murine splenocytes
	﻿Statistical analysis

	﻿References


