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Abstract: Skull bone marrow (BM) is a recently identified site for immune activation responsive 18 

to CNS insults. The extent to which adaptive immunity is generated through skull BM is poorly 19 

understood. In this study, we evaluated how skull BM supports the early expansion of antiviral 20 

CD8 T cells during acute neurotropic virus infection. Virus antigen-specific CD8 T cells were 21 

rapidly identified in skull BM at a rate comparable to lymphoid compartments during acute 22 

Theiler’s murine encephalomyelitis viral (TMEV) infection. We therefore employed MHC class I 23 

conditional knockout mice and demonstrated the necessity of CD11c+ antigen-presenting cells 24 

(APCs) for the generation of various subsets of TMEV-specific CD8 T cells in skull BM. 25 

Importantly, the early expansion of skull BM-derived antiviral T cells was impeded by FTY720 26 

treatment and restored upon shared circulation with a mouse exhibiting intact antigen presentation 27 

by CD11c+ APCs. Additionally, TMEV-specific CD8 T cells were retained in skull BM during 28 

both chronic CNS infection and long after infection has been resolved. Overall, we determined 29 
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that skull BM responds to acute neurotropic viral infection through the rapid recruitment of virus-30 

specific CD8 T cells primed in the periphery before serving as a reservoir for immunologic 31 

memory.  32 

Introduction 33 

Owing to its proximity to the brain and the recent line of pioneering work revealing osseous 34 

channels protruding out of the inner skull cortex and stretching into the meninges, skull bone 35 

marrow (BM) has emerged as a critical anatomic site for immune responses reactive to central 36 

nervous system (CNS) insults. Skull BM displays an exceptional level of communication with the 37 

meninges and the brain, unlike other bone marrow compartments in the body 1. This is supported 38 

by multiple recent observations demonstrating skull BM as a reservoir of monocytes and 39 

neutrophils that relocate to the meninges through vascularized bridges that facilitate bidirectional 40 

movements 2–6. Skull BM was found to dispatch populations of neutrophils to the ischemic brain 41 

via transit through the meninges, a process triggered by discrete signals from meningeal mast cells 42 

7. In respect to adaptive immunity, the bulk of meningeal B cells were found to originate from 43 

skull BM 8,9. Skull BM has also been shown to accumulate discrete subsets of CD8 T cells at steady 44 

state, offering a suitable environment for antigen-dependent interactions, primarily between 45 

central memory CD8 T cells and antigen-laden dendritic cells 10,11.  46 

Skull BM exhibits a distinctive proteomic and transcriptomic profile from other hematopoietic 47 

compartments 1 and is highly responsive to brain injuries. Following intracerebral hemorrhage, 48 

skull BM was found to promote the release of repair-inducing anti-inflammatory monocytes. 49 

Similarly, skull BM-derived monocytes mobilized selectively to rims of brain lesions displaying 50 

an anti-inflammatory phenotype in experimental traumatic brain injury 12. Skull BM was also 51 
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found to be sensitive to cerebrospinal fluid (CSF) signals stemming from the tumor 52 

microenvironment, resulting in excessive myelopoiesis and preferential differentiation of CD4 T 53 

cells into immunosuppressive regulatory subsets in a murine model of pediatric ependymoma 13. 54 

Furthermore, regions of skull BM associated with the cribriform plate within the nasal cavity are 55 

in close proximity to CSF-filled perineural spaces surrounding the olfactory nerve. This latter BM 56 

site was identified to be vulnerable to brain-invading bacteria, accessible to CSF-derived cues and 57 

displayed extensive myelopoiesis following neuroinflammation 14. These studies underscore the 58 

role of skull BM in myelopoiesis, specifically the release of monocytes, neutrophils, and B cells 59 

in response to brain injury or infection. Nevertheless, the generation of adaptive immune responses 60 

remains centered on the capacity of cervical lymph nodes to receive drainage of CNS antigens to 61 

initiate antigen-specific T cell responses 15. However, the extent skull BM supports the 62 

development of antiviral CD8 T cells in response to neurotropic viral infections remains unknown.  63 

In this study, we sought to determine how skull BM contributes to antiviral CD8 T cell responses 64 

to neurotropic viral infections employing the Theiler’s murine encephalomyelitis virus (TMEV) 65 

infection model in C57BL/6 mice. TMEV, is a non-enveloped RNA virus of the Picornaviridae 66 

family, producing different pathologies in different mice strains. TMEV brain infection results in 67 

acute encephalomyelitis followed by effective recovery, with no evidence of viral persistence in 68 

C57BL/6 mice possessing H-2b haplotype 16–18. VP2121-130 (FHAGSLLVFM) is the 69 

immunodominant TMEV epitope, presented by the MHC class I molecule, H-2Db, in C57BL/6 70 

mice for which successful viral clearance by antiviral cytotoxic CD8 T cell responses is achieved 71 

19–21. CD8 T cells specific to H-2Db-restricted VP2121-130, and less frequently to H-2Kb-restricted 72 

viral epitopes, are generated in several secondary lymphoid organs and infiltrate the infected brain 73 

22. Several reports have shown that virus-specific T cells develop in different BM compartments 74 
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in humans and mice 23–26. To this end, we hypothesized that acute brain infection with TMEV 75 

triggers rapid expansion and long-term persistence of virus antigen-specific CD8 T cells in skull 76 

BM. In this work, we provide compelling evidence for the early expansion of virus-specific CD8 77 

T cells in skull BM, activated by discrete antigen-presenting cells (APCs) following TMEV 78 

infection. We further demonstrate that skull BM retains virus-specific CD8 T cells long after the 79 

resolution of infection. Leveraging our established transgenic mice with conditional deletion of 80 

single MHC class I molecule on APCs, pharmacological inhibition of immune cell trafficking, and 81 

parabiosis, we illustrate that virus-specific CD8 T cells in skull BM are primed in the periphery 82 

and rapidly migrate to skull BM during acute neurotropic virus infection.  83 

Results 84 

TMEV RNA gains access to skull BM during acute brain infection 85 

Skull BM is a recognized anatomical site for immune cell activation and expansion in response to 86 

CNS infection. We therefore analyzed skull BM immune cell populations during acute TMEV 87 

infection. First, to determine whether TMEV infection is localized to the brain or disseminates 88 

outwards to the skull BM, wild-type C57BL/6 mice were inoculated i.c. with 2×106 pfu of Daniel's 89 

strain of TMEV. Brain tissues and skull BM were harvested at 0 (naïve), 2, 4, 6, and 8 days post 90 

inoculation (dpi) for RNA isolation and rt-PCR. Although PCR-detectable virus was present in the 91 

brain at all timepoints of infection, skull BM harbored virus at 2 and 4 dpi, after which the virus 92 

was beyond detectable levels (Fig. 1A). To rule out the potential of introducing the virus into the 93 

skull via the i.c. route, we administered TMEV intraperitoneally (i.p.) and screened skull BM, 94 

brain, and peripheral BM for the presence of the virus. Again, TMEV was readily detectable, albeit 95 

with a weaker signal, in the skull BM at 2 dpi, despite the absence of the virus in the brain and 96 
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long BM at all timepoints (Fig. S1A and S1B). This indicates that skull BM may be vulnerable to 97 

neurotropic viruses regardless of route of entry.  98 

We then examined the impact of intracranial infection on the immune cell composition in the 99 

hematopoietic CD45+ compartment of BM in skull and long bones at 7 dpi, using spectral flow 100 

cytometry. Few immune cell types were found to be altered in frequency during acute TMEV 101 

infection, including B cells and dendritic cells (DCs) in skull BM and NK T cells in peripheral BM 102 

(Fig. 1B). Unique to skull BM, the proportion of CD11c+ MHC class II+ DCs significantly 103 

increased 1.5-fold after a week of infection. Acute TMEV infection also resulted in increased 104 

expression of MHC class I and class II, with an apparent heightened frequency of MHC class I-105 

expressing cells in both skull and peripheral BM (Fig. 1C). These changes reflect how skull BM 106 

respond differently to neurotropic viral infection than peripheral BM. 107 

Virus-specific CD8 T-cells expand in skull BM, brain, and peripheral immune tissues 108 

concurrently 109 

To determine whether brain viral infection results in the generation of antiviral CD8 T cells in 110 

skull BM we stained for H-2Db:VP2121-130 tetramer in the infected brain, skull BM, and peripheral 111 

immune tissues. Tetramer-positive CD8 T cells were analyzed in TMEV-infected mice for 0 112 

(naïve), 1, 2, 3, 4, 5, 6, and 7 days. Representative gating strategy across multiple anatomical sites 113 

is displayed in Figure S2, and staining plots of tetramer-positive CD8 T cell populations during 114 

the 7-day infection time course are presented in Figure 2A. We observed a temporal expansion of 115 

TMEV-specific CD8 T cells directed against the immunodominant epitope H-2Db-restricted 116 

VP2121-130 in the infected brain, skull BM, and peripheral immune tissues during the initial 7 days 117 

of infection (Fig. 2A and 2B). A small yet noticeable population of virus-specific CD8 T cells was 118 

detected in all animals as early as 3 dpi in cLN and spleen, and at 4 dpi in skull BM, brain, and 119 
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long BM. However, the frequency and number of virus-specific CD8 T cells rose significantly at 120 

5 dpi compared to naïve mice and remained significantly elevated at 7 dpi in all tissues (Fig. 2B). 121 

Indeed, virus-specific CD8 T cells exhibited a rapid expansion in skull BM in frequency of total 122 

CD8 T cells from an average of 1.3% at 4 dpi to 12.2% at 5 dpi, doubling to 25.2% at 6 dpi and 123 

32.4% at 7 dpi, with no numerical difference in total CD8 T cells over time. The frequency of 124 

virus-specific CD8 T cells at 6 dpi in skull BM showed the least intragroup variation. Similarly, 125 

average number of skull-derived virus-specific CD8 T cells increased by over 10-fold between 4 126 

and 5 dpi and tripled between 5 and 6 dpi. By day 7, virus-specific CD8 T cells constituted about 127 

one third of CD8 T cells in skull BM as opposed to over half of brain-infiltrating CD8 T cells. In 128 

contrast less than 5% of CD8 T cells in secondary lymphoid tissues were specific to TMEV 129 

antigen. Interestingly, peripheral (i.p.) infection with TMEV also resulted in the expansion of 130 

virus-specific CD8 T cells in skull BM, brain, and long BM at 7 dpi (Fig. S1C to S1D). Skull BM 131 

and brain exhibited higher frequencies of virus-specific CD8 T cells than long BM (Fig. S1E). 132 

These findings suggest that neurotropic viral infections can result in the expansion of virus-specific 133 

CD8 T cells within skull BM, regardless of route of entry. 134 

Given our observation of early expansion of virus-specific CD8 T cells at 3 dpi, we conducted a 135 

more focused study with a large group of sex- and age-matched animals comparing changes in 136 

immune cell composition and virus-specific CD8 T cells in the brain, cLN, and skull BM in mice 137 

infected for 3 and 4 days versus naïve animals. First, we evaluated the impact of TMEV infection 138 

on CD11c+ MHC II+ DCs (Fig. 3A to 3B). While the expression level of MHC class II (geometric 139 

mean fluorescence intensity (gMFI) of BUV805) on CD11c+ MHC II+ DCs remained unchanged, 140 

the number of DCs rose in all tissues on day 3. This was accompanied by increased frequency and 141 

elevated gMFI of side scatter (ssc) of CD11c+ MHC II+ DCs in skull BM (Fig. 3A) and cLN (Fig. 142 
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3B). Conversely, gMFI of ssc of brain DCs was significantly diminished during early TMEV 143 

infection (Fig. 3C). The various changes induced by TMEV infection on the DC populations 144 

indicate that DCs at different sites display unique physical characteristics following viral 145 

infections. 146 

Minimal changes were observed in immune cell composition of the hematopoietic compartment 147 

in skull BM during the first 4 days of infection, impacting mainly innate immune cells. Infection-148 

induced changes included numerical alterations favouring the H-2Kb expressing cells, with 149 

increased frequency and number at 3 and 4 dpi, respectively (Fig. S3A). Other changes impacted 150 

TCRβ+ NK cells (NK T cells) (Fig. S3B) and TCRβ- NK cells (Fig. S3C). NK T cells expanded 151 

at 3 and 4 dpi, and the number and frequency of granzyme B+ NK T cells dramatically surged at 152 

3 dpi in skull BM (Fig. S3B). Similarly, NK cells exhibited phenotypical changes as the number 153 

and frequency of granzyme B+ NK cells and CD69+ NK cells more than doubled at 3 dpi (Fig. 154 

S3C).  155 

Next, we aimed to identify the rate by which virus-specific CD8 T cells expand in the skull BM 156 

following brain viral infection, and how that compares to their expansion in the infected brain and 157 

cLN. Staining for H-2Db: VP2121-130 tetramer and negative control H-2Db: S510 tetramer 158 

substantiated our previous observation of notable and consistent expansion of virus-specific CD8 159 

T cells in skull BM, cLN, and infected brain at 4 dpi (Fig. 3D). Paired analysis showed higher 160 

proportions of CD8 T cells in skull BM than in cLN directed against TMEV at 4 dpi despite greater 161 

absolute counts of virus-specific CD8 T cells in the cLN (Fig. S4A and S4B). There was no sex 162 

difference in the number and frequency of virus-specific CD8 T cells at this timepoint.  163 

We then examined the phenotype of skull-derived virus-specific CD8 T cells generated at 4 dpi. 164 

Two numerically dominant subsets were identified based on their expression of the activation 165 
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marker CD69 and granzyme B: the granzyme B+ CD69- subset and the double-negative subset 166 

(Fig. S4C), which paralleled the phenotype of virus-specific CD8 T cells in the cLN (Fig. S4E). 167 

In contrast, tetramer-negative CD8 T cells in skull BM were primarily double-negative for the two 168 

markers (Fig. S4D). However, there was a strong positive correlation (Spearman r= 0.886, P 169 

value= 0.006) between the number of Granzyme B+ virus-specific CD8 T cells and the number of 170 

tetramer-negative CD8 T cells expressing Granzyme B+ in skull BM (Fig. S5A), indicating that 171 

the cytotoxic phenotype of virus-specific CD8 T cells may be a marker of a broader activation of 172 

antigen-specific and -nonspecific CD8 T cells in skull BM. This correlation was also observed in 173 

the brain but not in the cLN, suggesting that skull BM can mirror some of the inflammatory aspects 174 

in the CNS. Additionally, virus-specific CD8 T cells exhibited more pronounced expression of 175 

granzyme B than NK cells and NK T cells in skull BM at 4 dpi (Fig. S5B). Virus-specific CD8 T 176 

cells expressing granzyme B constituted a larger proportion of overall skull BM CD8 T cells than 177 

cLN CD8 T cells, however a smaller proportion than brain CD8 T cells (Fig. S5C and S5D). 178 

Similarly, virus-specific CD8 T cells expressing CD69 were less frequent in skull BM than in the 179 

brain (Fig. S5E). Furthermore, most of skull BM virus-specific CD8 T cells coexpressed CD44 180 

and CD62L (Fig. S4F), resulting in a distinct phenotype that distinguished VP2121-130-specific CD8 181 

T cells from other CD8 T cells in skull BM (Fig. S4G). Virus-specific CD8 T cells in skull BM, 182 

therefore, varied in surface markers related to effector state at early timepoints of infection. 183 

Early virus-specific CD8 T cells require MHC class I expression on APCs to expand in skull 184 

BM 185 

Considering that skull BM harbored TMEV during the initial 4 days of brain infection (Fig. 1A) 186 

and displayed an expanded population of Granzyme B+ virus antigen-specific CD8 T cells (Fig. 187 

S5) as early as 4 dpi, we aimed to identify APCs contributing to the priming and activation of 188 
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TMEV-specific CD8 T cells in skull BM. Our previous studies, using the cre-lox system for the 189 

conditional deletion of single MHC class I molecules, have demonstrated that MHC class I-190 

restricted TMEV antigen presentation on discrete APCs is essential for the priming of brain-191 

infiltrating antiviral CD8 T cells 27–30. Using these established cre lines in pilot experiments, we 192 

asked what APCs were involved in the expansion of antiviral CD8 T cells in skull BM. To answer 193 

this question, we first looked at the involvement of two relevant types of cells, dendritic cells and 194 

endothelial cells. Given that skull-meningeal conduits are CD31+, it is plausible that endothelial 195 

cells can serve as an APC subset that activates virus-specific CD8 T cells in skull BM. Indeed, 196 

utilizing our previously established Cdh5-Cre: H-2Db LoxP mice, we found that virus-specific 197 

CD8 T cells in skull and peripheral BM were abolished when H-2Db was conditionally deleted in 198 

CDH5+ cells (Cdh5-Cre+ mice), compared to Cdh5 Cre- mice at 7 dpi (Fig. S6A and S6B). Lack 199 

of H-2Db on CDH5+ cells also negatively impacted the expansion of different subsets of virus-200 

specific CD8 T cells in skull BM, namely the CD44+CD62L- subset and the Ly6C+ subset (Fig. 201 

S6C), depicting a pivotal role for antigen presentation by CDH5+ cells in the generation of various 202 

subsets of skull BM-derived virus-specific CD8 T cells during acute brain viral infection.  203 

Furthermore, CD11c+ MHCII+ DCs were among the few immune cell types exhibiting TMEV 204 

infection-induced alterations during acute infection across multiple anatomical sites including 205 

skull BM (Fig. 1B and 3). Thus, C57BL/6 mice with conditional deletion of H-2Db on CD11c+ 206 

APCs (CD11c-Cre: MHC class I KO × Db loxP) 27 (Fig. S7A) were infected with TMEV to assess 207 

the requirement of H-2Db-restricted antigen presentation by CD11c+ APCs for the generation of 208 

virus-specific CD8 T cells in skull BM. Virus-specific CD8 T cells were analyzed during acute 209 

infection (4 dpi), subacute infection (14 dpi), early chronic phase (21 dpi), and memory phase (98 210 

dpi) in skull BM, cLN, and long BM. The number and frequency of skull BM-derived CD8 T cells 211 
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recognizing H-2Db-restricted TMEV antigen, VP2121-130, were significantly abolished at 4 and 14 212 

dpi in CD11c Cre+ mice relative to CD11c Cre- mice (Fig. 4A and 4B), while remaining 213 

unchanged at 21 and 98 dpi (Fig. 4C and 4D). This effect was confined to VP2121-130-specific CD8 214 

T cells, as no difference in the number and frequency of other (tetramer-negative) CD8 T cells and 215 

total CD8 T cells was seen between CD11c Cre+ and CD11c Cre- mice. The effect of the 216 

conditional deletion of H-2Db on virus-specific CD8 T cells was most pronounced at 4 dpi, with 217 

the average number and frequency ~ 15- and 18-fold lower in CD11c Cre+ mice, respectively (Fig. 218 

4A). VP2121-130-specific CD8 T cells in peripheral BM exhibited a significant decrease in number 219 

and frequency across all timepoints of the study in CD11c Cre+ mice compared to CD11c Cre- 220 

mice (Fig. 4A to 4D), with the largest reduction occurring at 4 dpi (Fig. 4A). Similarly, VP2121-221 

130-specific CD8 T cells in cLN were numerically perturbed in CD11c Cre+ mice at all timepoints 222 

except at 14 dpi (Fig. 4A to 4D). Paired analysis between different anatomical sites revealed that 223 

skull BM contained a higher frequency of virus-specific CD8 T cells than cLN across all 224 

timepoints in CD11c Cre- mice, and at 14, 21, and 98 dpi in CD11c Cre+ mice (Fig. S8A). Notably, 225 

virus-specific CD8 T cells in skull BM and peripheral BM were more elevated at 98 dpi than 226 

during initial expansion at 4 dpi, whereas they were markedly declined in cLN at 98 than at 4 dpi 227 

(Fig. S7C). Collectively, these data point to antigen-presentation by H-2Db- expressing CD11c+ 228 

APCs being integral in the generation of virus-specific CD8 T cells in skull BM during acute and 229 

subacute phases of brain infection, and in peripheral lymphoid tissues during acute, subacute, and 230 

long after infection clearance.  231 

We next determined the impact of H-2Db deletion in CD11c+ APCs on the phenotype of virus-232 

specific CD8 T cells in skull BM. Skull BM in CD11c Cre+ mice contained significantly lower 233 

number and frequency of CD44+CD62L- and CD44+CD62L+ antiviral CD8 T cells at 4 dpi. Over 234 
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time, CD44+CD62L+ population emerged as the predominant subset of skull-derived virus-235 

specific CD8 T cells and were negatively impacted in CD11c Cre+ mice at all timepoints, except 236 

at 21 dpi (Fig. S9A). Based on the co-expression of CD69 and CD103, the CD69-CD103- subset 237 

was predominant at 4 and 14 dpi (Fig. S9B). This double negative subset was significantly lower 238 

in CD11c Cre+ mice in number at the three earliest timepoints and in frequency across all 239 

timepoints. The CD69+CD103- subset was also reduced in CD11c Cre+ mice at 14 dpi. The CD69-240 

CD103+ subset was unique in that it displayed no difference in abundance between CD11c Cre+ 241 

and CD11c Cre- mice; however, this subset increased to frequencies surpassing those of 242 

CD69+CD103- at 21 dpi. All subsets, except for CD69-CD103+, were markedly diminished at 98 243 

dpi in CD11c Cre+ mice relative to CD11c Cre- mice (Fig. S9B). These observations imply that 244 

virus-specific CD8 T cells in skull BM, primed by H-2Db expressing CD11c+ APCs, possess a 245 

highly dynamic temporal expression of distinct activation surface markers.  246 

To determine whether the conditional deletion of the other MHC class I molecule in C57BL/6 247 

mice; H-2Kb, in CD11c+ APCs also resulted in impaired expansion of antiviral CD8 T cells in 248 

skull BM, C57BL/6 mice with conditional deletion of H-2Kb on CD11c+ APCs (CD11c-Cre. MHC 249 

class I KO × Kb loxP) 29 (Fig. S7B) were infected with ovalbumin-encoding TMEV. CD8 T cells 250 

against H-2Kb-restricted Ova antigen (Ova257-264; SIINFEKL) were analyzed in skull BM, cLN, 251 

and long BM at 4, 14, 21, and 98 dpi. A slight, yet significant frequency increase of virus-specific 252 

CD8 T cells was noted in skull BM of CD11c Cre+ mice compared to CD11c Cre- mice at 4 dpi 253 

(Fig. 5A). However, skull-derived virus-specific CD8 T cells were significantly diminished in 254 

number and frequency in CD11c Cre+ mice compared to CD11c Cre- mice at 14 and 21 dpi (Fig. 255 

5B and 5C). The most substantial decline occurred at 21 dpi (4-fold decrease in mean number and 256 

7-fold decrease in mean frequency) (Fig. 5C). Conversely, the expansion of cLN-derived virus-257 



12 

 

specific CD8 T cells was hampered solely during the early phase of acute infection at 4 dpi (Fig. 258 

5A); thereafter, the conditional deletion of H-2Kb had no impact on the numbers or proportions of 259 

virus-specific CD8 T cells in cLN (Fig. 5B to 5D). Moreover, cLN contained significantly lower 260 

proportions of virus-specific CD8 T cells compared to skull BM at all timepoints in both CD11c 261 

Cre+ and CD11c Cre- mice (Fig. S8B). In stark contrast to the dynamics observed in cLN, 262 

peripheral BM-derived virus-specific CD8 T cells were numerically diminished in CD11c Cre+ 263 

compared to CD11c Cre- mice across all timepoints beyond 4 dpi (Fig. 5A to 5D), with the most 264 

noticeable decrease of 3-fold in mean number and 7-fold decrease in mean frequency observed at 265 

98 dpi (Fig. 5D). Thus, H-2Kb-expressing APCs are central for the initial expansion of virus-266 

specific CD8 T cells in cLN during early acute infection, the maintenance of skull-derived virus-267 

specific CD8 T cells during subacute infection and the early phase of chronic infection, and the 268 

persistence of long BM-derived virus-specific CD8 T cells throughout acute and chronic infection. 269 

This depicts how CD11c+ APCs prime H-2Kb-restricted antigen-specific CD8 T cells in a 270 

spatiotemporal fashion, which is distinct from the priming of H-2Db- restricted antigen-specific 271 

CD8 T cells. An important observation in CD11c-Cre H-2Kb LoxP mice, which fail to eradicate 272 

viral infection 31, was the significantly elevated number of virus-specific CD8 T cells in skull BM 273 

at 98 dpi relative to the initial expansion observed at 4 dpi (Fig. S7D). In contrast, peripheral BM 274 

and cLN contained significantly less virus-specific CD8 T cells during the chronic phase compared 275 

to the acute infection. This suggests that viral persistence in the CNS can be one possible 276 

mechanism of skull BM retaining virus-specific CD8 T cells, and that CNS infections uniquely 277 

affect skull BM. 278 

H-2Kb -expressing CD11c+ APCs were also found to modulate the phenotype of virus-specific 279 

CD8 T cells during different phases of the viral infection (Fig. S10). Strikingly, CD44+CD62L- 280 
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and CD44-CD62L+ subsets of skull-derived virus-specific CD8 T cells were retained at higher 281 

frequencies in CD11c Cre+ mice relative to CD11c Cre- mice at 4 dpi (Fig. S10A). The CD44-282 

CD62L+ subset was higher in frequency than the double-negative and double-positive subsets at 283 

4 dpi. The CD44+ CD62L- subset exhibited lower frequency and number in CD11c Cre+ mice at 284 

all timepoints except at 4 dpi. This subset also became dominant, particularly in frequency, at later 285 

timepoints of infection, namely 21 and 98 dpi (Fig. S10A). Moreover, the double-negative subset 286 

based on CD69 and CD103 co-expression was the dominant subtype of skull-derived virus-287 

specific CD8 T cells at 4 and 14 dpi and was numerically diminished in CD11c Cre+ mice at all 288 

timepoints beyond 4 dpi (Fig. S10B). All subsets, except for CD69+CD103-, were markedly 289 

decreased in CD11c Cre+ mice compared to CD11c Cre- mice at 21 dpi. The CD69+CD103- 290 

subset was only impacted during chronic infection at 98 dpi (Fig. S10B). These observations imply 291 

that H-2Kb-restricted antigen presentation play a role in the expansion of discrete subsets of virus-292 

specific CD8 T cells during different timepoints of CNS viral infections. 293 

Virus-specific CD8 T cells traffic via circulation to skull BM during early acute brain 294 

infection 295 

To determine whether virus-specific CD8 T cells activated by CD11c+ APCs were locally primed 296 

within skull BM niche or peripherally, we attempted to block the trafficking of immune cells from 297 

the peripheral lymphoid organs to the skull BM prior to and during the initial four days of brain 298 

viral infection. We administered FTY720 or water (control vehicle) to mice with conditional 299 

deletion of H-2Db or H-2Kb in CD11c+APCs (Fig. 6A). FTY720 prevents lymphocyte egress from 300 

lymph nodes and inhibits their recirculation by interfering with S1P- S1PR signalling 32. This effect 301 

was evident on circulating lymphocytes of both CD11c Cre+ and CD11c Cre- mice, where the 302 

number and frequency of B cells, CD4 T cells, and CD8 T cells diminished in the blood of mice 303 
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administered FTY720, while NK cells remained unaffected (Fig. S11). The number of most of 304 

these cell types in skull BM and cLN, however, exhibited no significant difference following 305 

treatment with FTY720 (Fig. S12). The proportions of H-2Db-negative subset in CD11c+ cells 306 

also remained unchanged (Fig. S13A). Of note, FTY720 treatment led to increased numbers of 307 

skull BM-derived NK cells in CD11c Cre- mice and a decline in myeloid cells in skull BM of 308 

CD11c Cre+ mice (Fig. S11A) indicating that modulation of skull BM immune landscape by 309 

FTY720 is affected by CD11c Cre status.  310 

Within skull BM, FTY720 administration led to a considerable decrease in both the number and 311 

frequency of virus-specific CD8 T cells primed by H-2Db-expressing CD11c+ APCs, reaching 312 

values akin to those observed with H-2Db deletion on CD11c+ APCs (Fig. 6B).The impact of 313 

FTY720 was restricted to virus-specific CD8 T cells, since the tetramer-negative population 314 

remained unaltered following FTY720 treatment in both CD11c Cre+ and CD11c Cre- mice (Fig. 315 

6C). We asked whether FTY720 treatment also altered physical properties of virus-specific CD8 316 

T cells in skull BM. No difference attributed to FTY720 administration was seen in the geometric 317 

mean of cell side scatter of virus-specific CD8 T cells in skull BM (Fig. S13C). However, the 318 

geometric mean of cell side scatter of various immune cell types in skull BM was significantly 319 

enhanced in FTY720 group than in water control group (Fig. S13C). This demonstrates a broad 320 

modulatory effect of FTY720 on skull BM immune populations.  321 

In cLN, FTY720 treatment resulted in the accumulation of virus-specific CD8 T cells activated by 322 

H-2Db-restricted antigen presentation in CD11c+ APCs (CD11c Cre-) (Fig. 6D). There was no 323 

effect observed in CD11c Cre+ mice, presumably due to the pre-existing attenuation of virus-324 

specific CD8 T cells brought on by dampened antigen presentation. Notably, these observations 325 

were limited to virus-specific CD8 T cells activated by H-2Db-restricted viral antigen, as FTY720 326 
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treatment showed no effect on the number and frequency of virus-specific CD8 T cells in skull 327 

BM activated by H-2Kb-expressing CD11c+ APCs in CD11c Cre- mice (Fig. 6E). However, the 328 

frequency of virus-specific cells in CD11c Cre+ mice was augmented upon FTY720 treatment 329 

(Fig. 6E). No effect was seen on the number and frequency of virus-specific CD8 T cells in the 330 

cLN in mice with H-2Kb-expressing or -lacking CD11c+ APCs (Fig. 6F). These observations 331 

indicate that virus-specific CD8 T cells activated by H-2Db-expressing CD11c+ APCs are rapidly 332 

recruited to skull BM following their priming in peripheral lymphoid organs via a trafficking axis 333 

that can be blocked by FTY720. 334 

Since antiviral CD8 T cells activated by H-2Db-restricted antigen populate skull BM rapidly after 335 

TMEV infection, following their mobilization from outside skull BM, we sought to address the 336 

contribution of circulation in the recruitment of virus-specific CD8 T cells to skull BM during 337 

early infection. To achieve this, we performed parabiosis in which a mouse with conditional 338 

deletion of H-2Db in CD11c+ APCs (Cre+) shared peripheral circulation with a mouse exhibiting 339 

intact H-2Db expression in CD11c+ APCs (Cre-) (Fig. 7A). Following 4 weeks of shared 340 

circulation, these paired parabionts were infected with TMEV. Individual CD11c Cre+ and CD11c 341 

Cre- mice were concurrently infected with TMEV for comparison. All groups were analyzed 342 

during acute brain infection at 6 dpi (Fig. 7A). CD11c Cre+ and CD11c Cre- mice showed 343 

comparable proportions of circulating CD8 T cells and virus-specific CD8 T cells after sharing 344 

circulation (Fig. 7B). Meanwhile, unpaired CD11c Cre+ mice demonstrated a marked decline of 345 

these circulating cell types relative to CD11c Cre- mice (Fig. 7B). However, shared circulation did 346 

not rescue the proportions of H-2Db- expressing cells in the brain of CD11c Cre+ mice (Fig. 7C). 347 

Despite that, shared circulation did restore the frequency and number of brain-infiltrating virus-348 

specific CD8 T cells, which were significantly decreased in unpaired CD11c Cre+ mice (Fig. 7C), 349 
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indicating that priming of brain virus-specific CD8 T cells by H-2Db- expressing CD11c+ APCs 350 

takes place peripherally during early acute infection. In the skull BM, shared circulation 351 

reestablished the frequency of H-2Db- expressing cells, and the number and frequency of virus-352 

specific CD8 T cells in paired CD11c Cre+ mice (Fig. 7D). Nevertheless, the number of virus-353 

specific CD8 T cells did not rise to the levels seen in unpaired CD11c Cre- mice.  354 

Additionally, shared circulation resulted in the recovery of certain subsets of virus-specific CD8 355 

T cells in skull BM (Fig. 8). Interestingly, the frequency of CD44+CD62L- virus-specific CD8 T 356 

cells, which was significantly reduced in unpaired CD11c Cre+ mice, did not completely rebound 357 

following shared circulation (Fig. 8A and 8B). None of the tetramer-negative subsets exhibited 358 

alterations attributable to conditional deletion of H-2Db or to shared circulation (Fig. 8B). 359 

However, parabionts showed comparable proportions and numbers of Ly6C+ virus-specific CD8 360 

T cells between CD11c Cre+ and CD11c Cre- mice, unlike diminished proportions in unpaired 361 

CD11c Cre+ mice (Fig. 8C). The proportion of CD69+ virus-specific CD8 T cells also appeared 362 

to be restored in parabionts despite lacking statistical significance (Fig. 8C). In total, these findings 363 

indicate that the generation of antiviral CD8 T cell subsets may be influenced in part by the local 364 

environment within skull BM. Moreover, while not reaching statistical significance, unpaired 365 

CD11c Cre+ appeared to possess lower number and frequency of CD11c+ MHC II+ DCs in skull 366 

BM, and these cells were restored in paired CD11c Cre+ mice (Fig. S14A and S14B). Intriguingly, 367 

shared circulation also restored the gMFI of forward-scatter of DCs, which was significantly 368 

reduced in unpaired CD11c Cre+ mice (Fig. S14C). Thus, we contend that blood-borne signals are 369 

likely necessary to preserve physical properties of DCs in skull BM during early brain infection.  370 
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Discussion 371 

Total BM compartment within various bones, including the flat bones of the skull, exceeds the 372 

total volume of all secondary lymphoid tissues, and comprises one of the largest organs 33. Thus, 373 

it is unsurprising that this compartment displays a wide array of functions in health and disease. 374 

Skull BM in particular has been increasingly a focus of interest and is now viewed as a major 375 

dynamic hub for a diaspora of immune cell populations such as myeloid cells and B lymphocytes 376 

4–6. Under neuroinflammatory circumstances, highly vascularized bridges between skull BM and 377 

brain border pave a trafficking path for immune cells to respond to an injury in the brain 3. Our 378 

chief objective in this study was to define the role of skull BM as a site for the expansion and 379 

maintenance of bona fide virus-specific CD8 T cells during brain viral infection using the TMEV 380 

model in C57BL/6 mice. We showed here that [1] TMEV infection of the brain renders skull BM 381 

susceptible to viral invasion, [2] MHC class I-restricted antigen presentation by CD11c+APCs is 382 

required for the initial and early expansion of virus-specific CD8 T cells in skull BM, and [3] virus-383 

specific CD8 T cells activated by H-2Db expressing CD11c+ APCs originate outside skull BM and 384 

traffic rapidly via circulation during acute infection to seed skull BM where it persists. 385 

We demonstrated how skull BM displays a distinct response to acute TMEV infection which 386 

resulted in an altered DC populations across different anatomical locations, including the brain, 387 

skull BM, and cLN, potentially resulting in heterogenous virus-host interactions influenced by the 388 

site of viral exposure. Indeed, TMEV was readily detectable in skull BM during early days of 389 

infection, regardless of route of entry. This suggests that skull BM is in continuous connection 390 

with both the brain and peripheral environment, making it vulnerable to external cues and 391 

pathogens. Other recent reports have also highlighted the accessibility of skull BM to viruses or 392 

structural components of viruses. Neonate mice i.c. infected with LCMV were found to harbor the 393 
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virus in skull BM, meninges, and brain tissues as early as 2 dpi 34, supporting the notion that 394 

neurotropic viruses may hijack skull-meninges channels to disseminate to skull BM. In humans, 395 

SARS-CoV-2 spike and nucleocapsid proteins were found deposited in postmortem skull BM and 396 

skull-meninges channels in individuals who died with acute COVID-19 disease 35. The co-397 

expression of the viral spike protein and Iba1 in the skull implicates myeloid cells as potential 398 

transporters for the virus and virus components between the brain and skull BM. Interestingly, the 399 

viral protein persisted in skull BM in some individuals who recovered from the viral infection and 400 

showed no PCR detectable virus 35. Thus, a key imperative is to understand whether the virus in 401 

the skull BM reflects active infection of BM cells or blood-borne APCs loaded with viral antigen 402 

contributing to the priming of T cells in skull BM. This also raises questions regarding cells that 403 

viruses may exploit as trojan horses to invade skull BM. 404 

The rapid spread of the virus to skull BM was accompanied by early expansion of virus-specific 405 

CD8 T cells at comparable rates to cLN. We found that the signature phenotype of the majority of 406 

early generated antiviral CD8 T cells in skull BM was consistent with T central memory (TCM: 407 

CD44+CD62L+) 36 and cytotoxic T cells manifested by granzyme B expression in absence of 408 

CD69. This phenotype distinguished VP2-specific CD8 T cells from the remaining CD8 T cells in 409 

skull BM, although the extent of cytotoxicity of virus-specific CD8 T cells in skull BM in 410 

conferring protection against brain viral infection remains to be defined. The presence of virus-411 

specific CD8 T cells in the BM following viral infection has been shown in humans and mice, 412 

particularly in long bones 23–26. Peripheral BM was proposed to serve as a priming site for T cells 413 

during viral infection or exposure to blood-borne antigens, when secondary lymphoid organs are 414 

lacking 37,38. Human peripheral BM has been reported to accumulate CD8 T cells specific for HLA-415 

A*0201–, HLA-B*0801–, HLA-B*0702–, and HLA-B*3501– restricted epitopes derived from 416 
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common persistent viruses including Epstein-Barr virus and cytomegalovirus (CMV) 23. CMV-417 

specific CD8 T cells in the BM have been shown to exhibit TCM phenotype and to be distinctive 418 

from the phenotype of their counterparts in the blood 39. In mice, acute LCMV infection results in 419 

peak frequencies of virus-specific CD8 T cells (up to 0.5% on average) of BM CD8 T cells at 8 420 

dpi. Not only did these antiviral cells persist for up to a year after acute systemic infection, but 421 

they were also functionally protective against LCMV infection upon their transfer into 422 

immunocompromised mice 25.  423 

DCs can either acquire viral antigens from infected cells in the brain and cross-present MHC class 424 

I-restricted peptides to CD8 T cells in skull BM and peripheral lymphoid organs, become infected 425 

and directly present viral peptides to virus-specific CD8 T cells, or engage in a combination of 426 

direct and cross-presentation locally and distally 40–43. Studies of two-photon intravital microscopy 427 

of mouse skull BM illustrated that central memory CD8 T cells interact with DCs within skull BM 428 

parenchyma in both an antigen-specific and a nonspecific manner, with the antigen-specific 429 

interaction leading to an altered shape and reduced motility of involved T cells 11. The evidence 430 

presented in this paper using conditional transgenic mice underscores the importance of antigen 431 

presentation by H-2Db expressing CD11c+ APCs for the expansion of virus-specific CD8 T cells 432 

in skull BM during acute and subacute infection.  433 

On one hand, antigen presentation by CD11c+ APCs was not required for the long-term persistence 434 

of virus-specific CD8 T cells during established memory phase or chronic infection. On the other 435 

hand, antigen presentation by CD11c+ APCs influenced the expression of distinct surface markers 436 

typically associated with tissues residency, memory and effector states, most notably the 437 

CD44+CD62L- and CD69+CD103+ subsets. The antigen presentation-independent antiviral CD8 438 

T cells in the memory phase may represent a population of antigen-experienced CD8 T cells after 439 
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having differentiated into memory T cells in skull BM 44. We also demonstrated that autonomous 440 

virus-specific CD8 T cells were unique to skull BM, as virus-specific CD8 T cells in peripheral 441 

BM relied on antigen presentation by CD11c+ APCs during memory phase and chronic infection. 442 

The mechanisms by which these cells persist in the skull BM remain an open question. During 443 

chronic LCMV infection, virus-specific CD8 T cells were found to persist in the BM of long bones 444 

due to extensive cell proliferation accompanied by prolonged presence of viral peptides, yet 445 

independent of survival signaling mediated by IL-7 and IL-15 45. Therefore, this maintenance can 446 

reflect the host’s attempt to clear a lingering infection and inflammation and maintain established 447 

reservoir of long-lived memory cells for robust reactivation during secondary viral exposure, or 448 

selective virus dislodging from other tissues. Indeed, antigen-specific T cells stored in peripheral 449 

BM were found to reactivate efficiently with no contribution from trafficking cells, as evident by 450 

FTY720-mediated blockade of cell migration 46. Consistent with our observations, Geerman and 451 

coauthors observed an abundance of virus-specific CD8 T cells (MHC I-restricted GP33–41 and 452 

NP396–404) in BM tissues, surpassing their frequencies in the spleen during the memory phase long 453 

after the resolution of acute LCMV infection 26. The majority of anti-LCMV CD8 T cells in the 454 

BM were CD44+CD62L- but largely negative for CD69 and Ki67, suggesting a preponderance of 455 

non-proliferating effector memory CD8 T cells during established memory after viral infection 26. 456 

Additionally, imaging cellular dynamics showed preferential accumulation of central memory 457 

CD8 T cells within mouse skull BM at higher proportions than naïve or effector CD8 T cells 47.  458 

We also noted a peculiar shift in the frequency of virus-specific CD8 T cells between early acute 459 

and subacute infection in skull BM of mice with H-2Kb deletion on CD11c+ APCs. This could 460 

potentially imply a multifaceted dynamic in which antigen presentation by CD11c+ APCs is 461 

dispensable during early infection, and other unidentified H-2Kb+ CD11c-negative APCs take over 462 
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the activation of virus-specific CD8 T cells with atypical phenotype resulting in their retention 463 

within skull BM as a compensatory response. Alternatively, acute TMEV infection in these 464 

transgenic mice may induce pronounced inflammation and augmented levels of interferon- α and 465 

- β which result in CD69-mediated blockade of sphingosin-1-phosphate receptor 1 (S1P1) 48 466 

ultimately briefly sequestering antigen-specific CD8 T cells. In support of this view, we observed 467 

that antiviral T cells were uniquely augmented in CD11c Cre+ mice with conditional deletion of 468 

H-2Kb and global deletion of H-2Db upon treatment with FTY720, potentially reflecting an 469 

aberrant expression of S1P1 associated specifically with these transgenic mice. 470 

This study answered a critical question about the origin of early waves of virus-specific CD8 T 471 

cells in skull BM during acute viral infection of the brain. Pharmacological inhibition of cell egress 472 

by FTY720 revealed that virus-specific CD8 T cells activated by H-2Db-restricted antigen on DCs 473 

could be retained in the cLN and diminished in skull BM. This effect was only seen on virus-474 

specific CD8 T cells as the remaining T cells were insensitive to FTY720 effect. Additionally, 475 

FTY720-induced loss of virus-specific CD8 T cells was accompanied by increased granularity of 476 

the remaining pool of CD8 T cells, CD4 T cells, and B cells in skull BM, implying that skull BM 477 

likely possesses compensatory machinery involving other adaptive immune cells to combat 478 

infection. These findings strongly argue that virus-specific CD8 T cells directed against H-2Db-479 

restricted antigen in skull BM are primed in peripheral lymphoid organs such as cLN, before 480 

mobilizing via S1P- S1PR axis to skull BM during early viral infection of the brain. Importantly, 481 

this depicts immune aspects of skull BM that are strikingly different from peripheral BM. In this 482 

respect, in newly diagnosed untreated glioblastoma patients, the immune repertoire in skull BM 483 

close to the tumor site was found to contain distinctive tumor-reactive CD8 effector T cells that 484 

exhibited increased level of S1PR1 expression 49, potentially rendering them sensitive to FTY720. 485 
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However, because S1P levels in peripheral BM are lower than plasma levels, creating a gradient 486 

that promotes T cell egress from peripheral BM, naïve and antigen-specific T lymphocytes can be 487 

retained in the marrow upon the use of FTY720 50. Because our data offers a brief glance into a 488 

highly dynamic milieu, and assuming skull BM contains heterogenous populations of virus-489 

specific CD8 T cells, questions about other possible mechanisms involved in seeding skull BM 490 

remain open.  491 

The data from FTY720 study were further corroborated by the results obtained from the parabiosis 492 

experiment. We demonstrated that early generated virus-specific CD8 T cells in skull BM are in 493 

close contact with blood-circulating virus-specific CD8 T cells, while the unaltered tetramer-494 

negative CD8 T cells are probably sessile. Thus, peripheral circulation facilitates early seeding of 495 

skull BM by virus-specific CD8 T cells from other lymphoid organs.  496 

A common theme emerging from these experiments is that the early antiviral CD8 T cells originate 497 

outside the skull, with discrete subsets of virus-specific T cells restored upon shared circulation. 498 

Admittedly, virus-specific CD8 T cells with central memory phenotype (CD44+ CD62L-) failed 499 

to fully reconstitute upon shared circulation. This antiviral subset was also observed to be 500 

dependent on antigen-presentation by (CDH5+) endothelial cells. Therefore, CD44+CD62L- 501 

virus-specific CD8 T cells may at least partly be generated intrinsically. Thus, it is conceivable 502 

that skull BM harbors spatially and potentially functionally diverse populations of virus-specific 503 

CD8 T cells, some of which may inhabit niches that are less accessible to peripheral circulation. 504 

Indeed, memory CD8 T cells have been shown to extravasate through the microvasculature into 505 

mouse skull BM parenchyma, and this movement was mediated by CXCL12 signaling 47. Whether 506 

recruitment via circulation contributes to the replenishment of TMEV-specific memory CD8 T 507 

cells in skull BM after infection resolution remains to be explored.  508 
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Altogether, this study establishes a role for skull BM in generating and retaining virus-specific 509 

CD8 T cells following brain viral infection, reinforcing the dynamic and responsive nature of skull 510 

BM to the CNS. The implications of this work could extend to localized manipulation of skull BM 511 

environment to further define determinants and fate of the enduring antigen-specific response 512 

under common CNS infections. These observations imply that skull BM may be an exciting 513 

candidate for vaccines against viral infections of the CNS. 514 

Materials and methods  515 

Mice 516 

Wildtype C57BL/6 (Catalogue #: 000664) were purchased from Jackson Laboratory (Bar Harbor, 517 

ME). Mice with conditional deletion of H-2Db or H-2Kb in CD11c+ cells (CD11c- Cre MHC class 518 

I-/- mice crossed with H-2Db LoxP or H-2Kb LoxP mice) and mice with conditional deletion of H-519 

2Db in CDH5+ cells (Cdh5- Cre MHC class I-/- mice crossed with H-2Db LoxP mice) were 520 

generated and validated by our group as previously detailed 31,51,52. These transgenic mice were 521 

bred and housed in a barrier room at the Mayo Clinic Animal Research Facility. All animal 522 

procedures in this study were conducted in compliance with the protocols approved by Institutional 523 

Animal Care and Use Committee of the Mayo Clinic.  524 

Virus infection 525 

Age and sex-matched mice (8–15-week-old) were anesthetized with isoflurane then intracerebrally 526 

(i.c.) inoculated with 2×105 pfu of wildtype TMEV (Daniel’s strain) in serum-free DMEM in total 527 

volume of 10 µl. To study CD8 T cell response against H-2Kb-restricted viral antigen, mice were 528 

inoculated with 2×104 pfu of OVA-encoding TMEV (TMEV-OVA). For peripheral infection, 529 

mice received intraperitoneally (i.p.) 2×106 pfu of wildtype TMEV in a final volume of 100 µl. 530 
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Age- and sex-matched control mice were given 100 µl virus-free DMEM. TMEV and TMEV-531 

OVA stocks at the Mayo Clinic were prepared according to previously published protocols 53,54. 532 

Staining single cell suspension for flow cytometry 533 

Mice were euthanized at the designated timepoints in each study. One hundred microliter blood 534 

was collected in heparinized tubes. Following transcardiac perfusion with PBS, brain, cervical 535 

lymph nodes, skull, femurs, tibiae, and spleen were collected in RPMI-containing tubes. Brain, 536 

lymph nodes and spleen were subjected to manual homogenization as outlined in prior publications 537 

55,56. Bones were thoroughly cleaned and each skull was cut into small fragments and placed in a 538 

0.5 mL tube punctured at the bottom. In a similar manner, long bones were cut open at the 539 

epiphysis and placed in punctured 0.5 mL tubes. Each tube was placed in a 1.5 mL collection tube 540 

and centrifuged to pellet down bone marrow cells according to published protocols 57,58. Single 541 

cell suspensions were passed through a 70-μm cell strainer, followed by lysis of red blood cells 542 

using ACK buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate, 0.125 mM 543 

EDTA, pH 7.4).  544 

Single cell suspensions were resuspended in PBS and stained for APC- or PE-conjugated H-2Db-545 

VP2121, H-2Db-S510 or H-2Kb-OVA257 tetramers for 30 min at ambient temperature, diluted at 546 

1:100. All tetramers were kindly supplied by the NIH Tetramer Core at Emory University (Atlanta, 547 

GA, USA). To exclude dead cells from analysis, cells were stained with Zombie UV (Cat# 423108, 548 

Biolegend) for 20 min at room temperature, diluted at 1:1000. Next, cells were incubated with a 549 

master mix solution containing antibodies against surface markers and Fc-receptor block CD16/32 550 

(Cat# 553141, BD) for 30 min at 4 C. Cells were then fixed and permeabilized for intracellular 551 

staining. A list of the antibodies used in this study is provided in supplemental table 1. Fixed 552 
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samples were acquired using spectral flow cytometer Cytek Aurora (Cytek, Fremont, CA) to a 553 

total of 1×106 events. Data was analyzed using FlowJo 10.8.1 (FlowJo LLC, Ashland, OR). 554 

RNA isolation and rt-PCR 555 

Total RNA was purified from BM and brain homogenates using TRIzol (Invitrogen, CA, USA)-556 

based extraction, quantified and treated with RNase-Free DNase (RQ1, Cat#: M6101, Promega, 557 

WI, USA). One microgram RNA was reverse transcribed using AMV reverse transcriptase-based 558 

system (Cat#: A3500, Promega, WI, USA). PCR amplification of the house-keeping gene β-Actin 559 

and TMEV VP2 fragment using previously published primers 53 were performed in a thermocycler 560 

using the following conditions: 50°C for 2 minutes, 95°C for 10 minutes followed by 40 cycles of 561 

denaturation at 95°C for 15 seconds then annealing at 55°C for 1 minute. Amplicons were run in 562 

a 2% agarose gel stained with ethidium bromide.  563 

Inhibition of peripheral trafficking using FTY720 564 

Mice randomly assigned to the FTY720 treatment group were injected i.p. with 100 µL FTY720 565 

(Cat# SML0700-25mg, Sigma, MA, USA) dissolved in water at 0.15 mg/mL (corresponding to 566 

0.5 mg/kg for an average 30g mouse) 59. Control mice were injected i.p. with water. All mice 567 

received 2 injections of the assigned treatment daily, starting 2 days prior to virus inoculation and 568 

continuing until the conclusion of the study and tissue collection.  569 

Parabiosis 570 

In this study, only female mice were used, due to their inherent lack of aggression and thus 571 

favorable survival. After genotyping to confirm the Cre status, female mice with similar weight 572 

and age shared a cage for a minimum of 2 weeks before the surgery. Mice pairs were deeply 573 

anesthetized using Ketamine/Xylazine (100 and 10 mg/kg, respectively). Mice were given 5mg/kg 574 
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carprofen and 1mg/kg buprenorphine-SR subcutaneously (s.c.), for analgesia. Mice in the 575 

supinated orientation were shaved on the sides adjacent to each other, were incised and joined from 576 

elbows to knees as detailed in a previously published methodology paper 60. Post-surgery, mice 577 

were kept in a clean cage on a heating pad, injected s.c. with 0.9% NaCl to maintain hydration and 578 

monitored until they woke up and started moving. For the next 5 days, mice had access to water 579 

supplied with Baytril to minimize the risk of infection. All pairs were monitored daily. Four weeks 580 

after parabiosis, each mouse of the pairs was inoculated i.c. with TMEV. On day 6 post inoculation, 581 

mice were euthanized and separated, and tissues were collected for flow cytometry analysis.  582 

Statistical analysis 583 

Graph Pad Prism software version 10.0.0 was used for statistical tests and graphing data. Statistical 584 

tests used for each study are described in figure legends. 585 
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Figures:  774 

 775 

Fig. 1. The skull bone marrow harbors virus and is a site for viral antigen-specific CD8 T cells expansion post 776 

neurotropic virus infection. (A) PCR amplification of TMEV VP2 (top panel) in the brain and skull BM of i.c. 777 

inoculated C57BL/6 mice for 2, 4, 6 and 8 days. Brain and skull BM cDNA from an uninfected animal were used as 778 

experimental controls. The house-keeping gene β-actin (ACTB) was used as an internal control (bottom panel). -C: 779 

template-free negative control, M: marker 100bp DNA ladder. (B) Pie charts of CD45+ immune cell composition in 780 

skull BM (Top) and long bones marrow (bottom) depicting cellular changes in the hematopoietic compartment 781 

following intracerebral TMEV infection in C57BL/6 mice at 7dpi. The mean frequency of each of the listed CD45+ 782 

immune cell type was compared between naïve group (n= 4) and TMEV infected group (n= 6) using two-tailed 783 

unpaired t-test. (C) The box plot shows the difference between naïve and TMEV-infected mice in the frequency of 784 

MHC class I+ cells and MHC class II+ cells of CD45+ cells (left) and expression level of MHC class I and class II 785 

(right) in skull BM and long bone marrow at 7 dpi. The difference in means was analyzed using two-tailed unpaired 786 

t-test, and considered statistically significant if p value ≤ 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 787 

0.0001. 788 
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Fig. 2. Virus antigen-specific CD8 T cells expand in skull BM at a rate similar to peripheral immune 791 

compartments. In a 7-day longitudinal study, wild-type C57BL/6 mice were i.c. inoculated with 2×106 pfu DA 792 

TMEV and the brain, cLN, skull BM, long bones marrow and spleen tissues were collected and stained for H-2Db: 793 

VP2121-130 epitope complex tetramer for flow cytometry analysis. (A) Representative flow cytometry gates for CD8a 794 

and H-2Db: TMEV VP2 121-130 tetramer on the abovementioned tissues harvested from naïve (uninfected) mice and 795 

mice infected for 1, 2, 3, 4, 5, 6 and 7 dpi. Three mice were used for each timepoint. (B) Daily frequencies (left) and 796 

numbers (right) of virus-specific CD8+ T cells during a week of infection in the tissues analyzed and compared to 797 

naïve group using one-way ANOVA with multiple comparison correction. Data is presented as mean ± SEM, and 798 

differences to naïve group are considered statistically significant if P value ≤ 0.05, *: P ≤ 0.05, **: p ≤ 0.01, ***: P 799 

≤ 0.001, ****: P ≤ 0.0001. 800 

 801 

 802 
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 803 

Fig. 3. CD11c+ MHC II+ Dendritic cells and virus-specific T cells rapidly expand in skull BM during early 804 

neurotropic virus infection. To determine the earliest time point of expansion of virus-specific CD8 T cells, 3 large 805 

groups of wild-type C57BL/6 mice (n=6-8/ group, male-to-female ratio= 1:1) were used to stain skull BM, cLN, and 806 

brain tissues at 3 and 4 dpi and at naïve state. Numbers, frequencies, and geometric mean of ssc-a and fsc-a of DCs 807 

(MHC II+ CD11c+) in naïve mice, and at 3 and 4 dpi in (A) skull BM, (B) cLN, and (C) brain. Comparisons were 808 

made using one-way ANOVA analysis with multiple comparison correction. (D) Numbers (top) and frequencies 809 

(bottom) of virus-specific CD8 T cells (H-2Db: VP2121-130 tetramer; yellow) at 3 and 4 dpi in skull BM, cLN, and 810 

brain. H-2Db complexed with Db-restricted irrelevant epitope (MHV S510) tetramer (black) served as specificity 811 

control for tetramer staining. Data was analyzed using two-way ANOVA followed by Šídák's multiple comparisons 812 

test. Bar graphs show individual values with mean ± SEM. *: P ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 813 

0.0001. 814 



36 

 

 815 

Fig. 4. H-2Db- restricted antigen presentation on CD11c+ APCs is required to generate virus epitope-specific CD8 816 

T cells during acute and subacute brain viral infection but not to maintain these cells in skull BM during 817 

established memory. (A-D) The impact of conditional depletion of H-2Db on CD11c-expressing APCs on numbers 818 

and frequencies of virus epitope-specific CD8 T cells at (A) 4, (B) 14, (C) 21, and (D) 98 dpi, in skull BM, cLN, and 819 

peripheral BM. Data was tested for normality and analyzed using two-tailed unpaired t- test or Mann-Whitney test. 820 

Individual values are plotted with mean and SEM. *: P ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 821 
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 822 

Fig. 5. H-2Kb-restricted antigen presentation on CD11c-expressing APCs is required to generate virus epitope-823 

specific CD8+ T cells during later timepoints of viral infection but not for the persistence of these cells in the 824 

skull BM. (A-D) The impact of conditional depletion of H-2Kb on CD11c+ APCs on numbers and frequencies of 825 

virus epitope-specific CD8+ T cells at (A) 4, (B) 14, (C) 21, and (D) 98 dpi, in skull BM, cLN, and peripheral BM. 826 

Data was tested for normality and analyzed using two-tailed unpaired t- test or Mann-Whitney test. Individual values 827 

are plotted with mean and SEM. *: P ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 828 
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 829 

Fig. 6. Blocking immune cell trafficking impedes the generation of early wave of H-2Db- restricted antigen-830 

specific CD8 T cells in skull BM during acute brain viral infection. (A) Experimental setup to determine the extent 831 

peripheral immune cells contribute to the generation of early virus-specific CD8 T cells in skull BM. Transgenic 832 

mice with conditional depletion of either H-2Db or H-2Kb in CD11c+ APCs were i.p. injected twice daily with 100ul 833 

of either (0.5mg/kg) FTY720 or water vehicle (control) starting at 2 days prior to intracranial inoculation and 834 

continuing till end of the study. Blood, cLN, and skull BM were harvested for flow cytometry analysis at 4 dpi. (B 835 

and C) The impact of FTY720 treatment on the numbers and frequencies of (B) virus-specific CD8 T cells activated 836 

by H-2Db-restricted viral antigen and (C) tetramer-negative CD8 T cells in skull BM at 4 dpi. (D) The impact of 837 

FTY720 on the numbers of cLN-derived virus-specific CD8 T cells activated by H-2Db-restricted antigen at 4 dpi. 838 

(E and F) The impact of FTY720 treatment on the numbers and frequencies of virus-specific CD8 T cells activated 839 

by H-2Kb-restricted antigen in (E) skull BM and (F) cLN at 4 dpi. Data was analyzed using two-way ANOVA 840 

followed by Šídák's multiple comparisons test. Graphs show individual values with mean ± SEM. *: P ≤ 0.05, **: p 841 

≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 842 
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 843 

Fig. 7. Shared circulation between mice with conditional depletion of MHC class I on DCs and mice with intact 844 

expression of MHC class I on DCs rescues production of virus-specific CD8 T cells in skull BM during acute 845 

brain viral infection. (A) Experimental design for parabiosis study. Three female pairs of parabionts were prepared 846 

4 weeks prior to i.c. inoculation with TMEV. Each pair consisted of a genotypically confirmed CD11c Cre-positive 847 

(H-2Db conditionally deleted on CD11c+ cells) joined surgically with a CD11c Cre-negative littermate. Individual 848 

CD11c Cre-positive and Cre-negative unpaired mice were used as experimental reference. Blood, brain, and skull 849 

BM were collected for flow cytometry analysis at 6 dpi. (B) Confirmation of shared circulation in the blood. 850 

Frequencies of CD8 T cells and virus-specific CD8 T cells in the blood in CD11c Cre+ and Cre- mice with no prior 851 

parabiosis and in CD11c Cre+ and Cre- parabionts after separation. Frequencies of H-2Db-expressing cells, CD8 T 852 

cells, and numbers of virus-specific CD8 T cells in the (C) brain and (D) skull BM in the above-mentioned groups. 853 

Data was analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. Bar graphs show 854 

individual values with mean ± SEM. *: P ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 855 

 856 
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 857 

Fig. 8. Subsets of virus-specific CD8 T cells are restored in skull BM of CD11c Cre+ after shared circulation with 858 

CD11c Cre-. (A) Representative flow gates for virus-specific CD8 T cells based on the expression of CD44 and 859 

CD62L in individual Cre+ and Cre- mice and parabionts Cre+ and Cre- mice. (B) Frequencies of different subsets of 860 

virus-specific CD8 T cells and tetramer negative cells in skull BM based on the expression of CD44 and CD62L. 861 

Data was analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. (C) Frequencies of 862 

CD69+ antiviral CD8 T cells and Ly6C+ antiviral CD8 T cells in skull BM in Cre+ and Cre- mice with no prior 863 

parabiosis and in parabionts after separation at 6 dpi. Data was analyzed using one-way ANOVA for multiple 864 

comparisons. Bar graphs display individual values with mean and SEM bars. *: P ≤ 0.05, **: p ≤ 0.01, ***: P ≤ 865 

0.001, ****: P ≤ 0.0001. 866 

 867 
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Supplemental Material 868 

 869 

Fig. S1: Skull BM harbors TMEV and TMEV-specific CD8 T cells following peripheral infection. (A) Skull BM, 870 

brain, and (B) long bone marrow were screened for TMEV by PCR at 2, 4, 6 and 8 dpi following intraperitoneal 871 

inoculation with TMEV. A naïve mouse injected with DMEM was used as a negative control. Mouse ACTB was 872 

used as an internal control. M: marker 100bp DNA ladder.  +C: brain cDNA from an animal infected with TMEV by 873 

i.c. route served as a positive control for VP2 and ACTB. (C) Representative flow cytometry gates for CD8a and H-874 

2Db: VP2 121-130 tetramer on T cells from the brain, peripheral BM, and skull BM of naïve and infected mice using 875 

peripheral route at 7 dpi. TMEV epitope-specific CD8 T cells are demarcated in red-highlighted gates. (D) Unpaired 876 

comparison of the frequency and number of virus-specific CD8 T cells between naïve (n=2) and infected mice (n=3) 877 

was performed on each organ using Man-Whitney test. Individual values are plotted with bars showing median and 878 

range. (E) Frequency and number of virus-specific CD8 T cells at 7dpi of peripherally infected mice were compared 879 

between paired brains, peripheral BM and skull BM using repeated measures one-way ANOVA followed by post-880 

hoc Bonferroni.  881 
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 883 

Fig. S2: Virus-specific CD8 T cells expand in skull BM and peripheral lymphoid organs at comparable rates. 884 

Gating strategy of TMEV Db-restricted VP2121-130 epitope- specific CD8 T cells in the (A) brain, (B) cLN, (C) skull, 885 

(D) long bones, and (E) spleen. 886 

 887 

 888 

 889 

 890 
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 893 

Fig. S3: TMEV infection induces numerical changes in immune cells in skull BM during early timepoints of 894 

acute TMEV infection. (A) Number and frequency of H-2Db+ cells and H-2Kb+ cells at naïve state and at 3 and 4 895 

dpi. Number and frequency of (B) NK T cells and Granzyme B+ NK T cells, and (C) NK cells, Granzyme B+ NK 896 

cells, and CD69+ NK cells at naïve state and at 3 and 4 dpi. Bar graphs show values from individual mice with mean 897 

± SEM. Data was tested for normality and comparisons were made using ordinary one-way ANOVA with Šídák's 898 

multiple comparisons test or Kruskal-Walis with Dunn’s multiple comparison test. Differences were deemed 899 

significant if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 900 
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 901 

Fig. S4: Different subsets of tetramer-positive and tetramer-negative CD8 T cells exist at 4 dpi. Paired analysis of 902 

the number and frequency of virus-specific CD8 T cells between skull BM and cLN at (A) 3 and (B) 4 dpi, using 903 

paired t-test. Number and frequency of different subsets based on the coexpression of CD69 and granzyme B from 904 

(C) virus-specific CD8 T cells (tetramer positive) in skull BM, (D) tetramer negative CD8 T cells in skull BM, and 905 

(E) virus-specific CD8 T cells in cLN. Number and frequency of (F) virus-specific CD8 T cells and (G) tetramer 906 

negative CD8 T cells in skull BM based on the coexpression of CD44 and CD62L. Data normality was tested using 907 

Shapiro-Wilk test followed by repeated measure one-way ANOVA with Sidak’s multiple comparison test or 908 

Friedman test with Dunn’s multiple comparisons test. Individual values are plotted with mean and SEM bars. 909 

Differences are deemed significant if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 910 
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 911 

Fig. S5: Markers associated with cell activation and cytotoxicity are expressed in virus-specific CD8 T cells at 4 912 

dpi. (A) Spearman correlation between the number of granzyme B+ tetramer positive cells and the number of 913 

granzyme B+ tetramer negative cells in skull BM at 4 dpi. (B) Protein expression of Granzyme B as indicated by 914 

gMFI of BV421 was compared between virus-specific CD8 T cells, NK cells and NK T cells in skull BM at 4 dpi, 915 

using repeated measure one-way ANOVA with Sidak’s multiple comparison test. (C) Representative flow cytometry 916 

gates for granzyme B in tetramer-positive (virus-specific) and tetramer-negative CD8 T cells in skull BM, cLN, and 917 

brain. Number and frequency of (D) granzyme B+ and (E) CD69+ virus-specific CD8 T cells were compared 918 

between skull BM, brain, and cLN at 4 dpi, using repeated measure one-way ANOVA with Sidak’s multiple 919 

comparison test. Differences are deemed significant if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, 920 

****: P ≤ 0.0001. 921 
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 922 

Fig. S6: Expansion of virus-specific CD8 T cells in skull BM is dependent on H-2Db-restricted viral antigen 923 

presentation by cdh5+ APCs. (A) Representative histograms from skull BM and long bones marrow depicting H-924 

2Db-negative and -positive subsets in CD31+ cells in Cre+ and Cre- mice. (B) Numbers and frequencies of virus-925 

specific CD8 T cells in transgenic mice with conditional depletion of H-2Db in cdh5+ APCs compared to their cdh5 926 

Cre-negative littermates in skull and peripheral BM at 7 dpi and in naïve transgenic mice. (C) Frequencies of virus-927 

specific CD8 T cells in cdh5 Cre+ and Cre- mice based on the coexpression of CD44 and CD62L, and Ly6C 928 

expression at 7 dpi. Comparisons between groups were made using two-way ANOVA followed by Šídák's multiple 929 

comparisons and ordinary one-way ANOVA with Šídák's multiple comparisons.  Individual values are plotted with 930 

mean and SEM bars. Differences are deemed significant if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, 931 

****: P ≤ 0.0001. 932 
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 933 

Fig. S7: Virus-specific CD8 T cells persist in skull BM during memory and chronic infection. Histogram 934 

presentation of (A) H-2Db and (B) H-2Kb ablated expression in CD11c+ APCs in CD11c Cre+ mice in comparison 935 

to CD11c Cre- littermates. Mean frequency and number of virus-specific CD8 T cells in skull BM, cLN, and long 936 

bone marrow activated by (C) H-2Db- and (D) H-2Kb- restricted antigen presentation in CD11c Cre+ and Cre- mice 937 

at 4, 14, 21, and 98 dpi. Each timepoint was compared to baseline at 4 dpi using two-way ANOVA with Šídák's 938 

multiple comparisons. Significantly different means compared to 4 dpi were defined with P values.  939 
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 940 

Fig. S8: Virus-specific CD8 T cells exist at considerably higher frequencies in skull BM than in cLN across 941 

different timepoints of brain infection. (A) Frequency of (A) H-2Db: VP2-specific and (B) H-2Kb: OVA-specific 942 

CD8 T cells in skull BM, cLN, and long bone marrow in CD11c Cre- and Cre+ mice at 4, 14, 21 and 98 dpi. 943 

Comparisons were made using repeated measures one-way ANOVA followed by post-hoc Bonferroni, and deemed 944 

significant if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 945 
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Fig. S9: Conditionally deleted H-2Db in CD11c+ APCs alters various subsets of virus-specific CD8 T cells in skull 947 

BM. Number and frequency of virus-specific CD8 T cell subsets based on the (A) coexpression of CD44 and 948 

CD62L and (B) coexpression of CD69 and CD103 in CD11c Cre+ and Cre- mice at 4, 14, 21, and 98 dpi. Data was 949 

compared using two-way ANOVA followed by Šídák's multiple comparisons and deemed significant if P value ≤ 950 

0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. Bar graphs display individual values with mean 951 

and SEM bars.  952 
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Fig. S10: Conditionally deleted H-2Kb in CD11c +APCs alters various subsets of virus-specific CD8 T cells in 954 

skull BM. Number and frequency of virus-specific CD8 T cell subsets based on the (A) coexpression of CD44 and 955 

CD62L and (B) coexpression of CD69 and CD103 in CD11c Cre+ and Cre- mice at 4, 14, 21, and 98 dpi. Data was 956 

compared using two-way ANOVA followed by Šídák's multiple comparisons and deemed significant if P value ≤ 957 

0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. Bar graphs display individual values with mean 958 

and SEM bars.  959 
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 963 

Fig. S11: FTY720 reduces the number and frequency of blood circulating lymphocytes. (A) Representative 964 

histogram depicting TCRβ+ subset in the blood following FTY720 treatment versus water (control) treatment. (B) 965 

Number and (C) frequency of various immune cells in the blood in CD11c Cre+ and Cre- mice after treatment with 966 

FTY720 or water. Groups were compared using two-way ANOVA and Šídák's multiple comparisons. Individual 967 

values are plotted with mean ± SEM. Significant differences are denoted by * if P value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 968 

0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 969 
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 970 

Fig. S12: Various immune cells remain numerically intact in skull BM and cLN following FTY720 treatment. 971 

Number of various immune cells in (A) skull BM and (B) cLN in CD11c Cre+ and Cre- mice following treatment 972 

with FTY720 or water. Groups were compared using two-way ANOVA and Šídák's multiple comparisons. 973 

Individual values are plotted with mean ± SEM. Significantly different groups are denoted by * if P value ≤ 0.05, *: 974 

P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 975 
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 976 

Fig. S13: FTY720 treatment impacts immune cells in skull BM differentially in CD11c Cre+ and Cre-mice.  977 

Number and frequency of H-2Db-negative CD11c+ subset in (A) skull BM and (B) cLN in CD11c Cre+ and Cre- 978 

mice following treatment with FTY720 versus water. (C) Geometric mean of the side scatter of various immune 979 

cells as a surrogate marker for cell granularity was compared between FTY720-treated and water-treated groups in 980 

CD11c Cre+ and Cre- mice. Comparisons between groups were made using two-way ANOVA and Šídák's multiple 981 

comparisons. Individual values are plotted with mean ± SEM. Significantly different groups are denoted by * if P 982 

value ≤ 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 983 
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 984 

Fig. S14: Shared circulation between CD11c Cre+ and Cre- mice restores physical properties of DCs in Cre+ 985 

mice in skull BM during acute TMEV infection. (A) Representative flow gates on MHCll+CD11c+ DCs in 986 

individual CD11c Cre+ and Cre- mice with no prior shared circulation and in parabionts. (B) Number and frequency 987 

of MHCll+CD11c+ DCs in individual CD11c Cre+ and Cre- and in parabionts. (C) Geometric mean of the side 988 

scatter and forward scatter of MHCll+CD11c+ DCs and protein expression of MHC II on DCs in individual CD11c 989 

Cre+ and Cre- and in parabionts. Data was analyzed using two-way ANOVA and Šídák's multiple comparisons. 990 

Individual values are plotted with mean ± SEM. Significantly different groups are denoted by * if P value ≤ 0.05, *: 991 

P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. 992 

 993 

 994 
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Table S1: Antibodies used in this study for staining cell suspensions for flow cytometry 996 

analysis 997 

 998 
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