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ABSTRACT Infection with laboratory-attenuated rabies virus (RABV), but not wild-
type (wt) RABV, can enhance the permeability of the blood-brain barrier (BBB), which is con-
sidered a key determinant for RABV pathogenicity. A previous study showed that the
enhancement of BBB permeability is directly due not to RABV infection but to virus-induced
inflammatory molecules. In this study, the effect of the matrix metallopeptidase (MMP) family
on the permeability of the BBB during RABV infection was evaluated. We found that the
expression level of MMP8 was upregulated in mice infected with lab-attenuated RABV but
not with wt RABV. Lab-attenuated RABV rather than wt RABV activates inflammatory signaling
pathways mediated by the nuclear factor kB (NF-kB) and mitogen-activated protein kinase
(MAPK) pathways. Activated NF-kB (p65) and AP-1 (c-Fos) bind to the MMP8 promoter, result-
ing in upregulation of its transcription. Analysis of mouse brains infected with the recombi-
nant RABV expressing MMP8 indicated that MMP8 enhanced BBB permeability, leading to
infiltration of inflammatory cells into the central nervous system (CNS). In brain-derived endo-
thelial cells, treatment with MMP8 recombinant protein caused the degradation of tight junc-
tion (TJ) proteins, and the application of an MMP8 inhibitor inhibited the degradation of TJ
proteins after RABV infection. Furthermore, an in vivo experiment using an MMP8 inhibitor
during RABV infection demonstrated that BBB opening was diminished. In summary, our data
suggest that the infection of lab-attenuated RABV enhances the BBB opening by upregulating
MMP8.

IMPORTANCE The ability to change BBB permeability was associated with the pathogenicity
of RABV. BBB permeability was enhanced by infection with lab-attenuated RABV instead
of wt RABV, allowing immune cells to infiltrate into the CNS. We found that MMP8 plays
an important role in enhancing BBB permeability by degradation of TJ proteins during
RABV infection. Using an MMP8 selective inhibitor restores the reduction of TJ proteins.
We reveal that MMP8 is upregulated via the MAPK and NF-kB inflammatory pathways,
activated by lab-attenuated RABV infection but not wt RABV. Our findings suggest that
MMP8 has a critical role in modulating the opening of the BBB during RABV infection,
which provides fresh insight into developing effective therapeutics for rabies and infection
with other neurotropic viruses.

KEYWORDS rabies virus, blood-brain barrier, permeability change, matrix
metallopeptidase 8, inflammation

Rabies, caused by rabies virus (RABV), presents a public health threat to people living in
undeveloped countries. RABV is a negative single-stranded RNA (ssRNA) virus and belongs

to the Rhabdoviridae family. Analysis of recovered rabies patients revealed that the blood-brain
barrier (BBB) plays an important role in protection against the virus (1–4). In the mouse
model, wild-type (wt) RABV resulted in mild inflammation. However, extensive inflammation,
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apoptosis, and expression of innate immunity genes have been found in the central nervous
system (CNS) of mice infected with lab-attenuated RABV (5). Moreover, BBB permeability is
enhanced in mice infected with lab-attenuated RABV but not in mice infected with wt RABV
(5, 6). Enhancing BBB permeability is important in RABV attenuation by allowing immune cells
to enter the CNS and clear the virus (5, 7, 8). The enhancement of BBB permeability by admin-
istering lab-attenuated RABV, or immune-stimulating agents, cleared wt RABV from the CNS
and prevented the development of rabies in mice (9–12). Therefore, BBB permeability has
attracted much attention from researchers interested in rabies pathogenesis and treatment.

The BBB comprises endothelial cells, pericytes, and astrocytes and separates the circulat-
ing blood from the cerebrospinal fluid, protecting the CNS from circulating cells and various
factors (13). The presence of specific tight junction (TJ) proteins seals the space between adja-
cent endothelial cells. The TJ complex comprises transmembrane TJ proteins (occludin and
claudins) and cytosolic TJ proteins (zonula occludens). The occludins and claudins can interact
with zonula occludens (ZO), cytoplasmic adaptor proteins, which link to apical actin filaments
to form tight seals between adjacent cells (14, 15). One of the key mechanisms of BBB break-
down observed in both bacterial and viral infection is the reduction of TJ proteins (16). The
degradation of occludin, claudin-5, and ZO-1 indicates BBB disruption (17).

Various neurological disorders, such as bacterial meningitis (18) and neurotropic virus infec-
tion, including human immunodeficiency virus (HIV) (19, 20), Japanese encephalitis virus
(JEV) (21, 22), and West Nile virus (WNV) (23–25), can cause increased permeability of the
BBB. In only a few cases, viral gene products are directly involved in BBB disruption; in the
absence of such mechanisms, indirect effects of the virus on the immune system may be
responsible for barrier disruption (16). The role of matrix metallopeptidases (MMPs) in BBB
damage from neurological disorders has been implicated in several studies. Mouse adeno-
virus type 1 infection can enhance the activity of MMP2/9 (26). WNV increases the levels of
MMPs, which degrade TJ proteins and enhance BBB permeability (23). JEV-infected astro-
cytes release vascular endothelial growth factor, IL-6, and MMP2/MMP9, leading to ZO-1
degradation and disruption of BBB integrity (27). MMP8 plays a crucial role in the cleavage
of occludin and cell adhesion during bacterial meningitis (18).

Our previous studies have shown that the increased permeability of the BBB caused
by RABV infection is not directly due to viral infection but rather is due to virus-induced
cytokines (28). In recent years, exploration of BBB disruption during RABV infection has
focused on chemokines and cytokines such as gamma interferon (IFN-g), tumor necrosis factor
alpha (TNF-a), interleukin 6 (IL-6), CCL2, CXCL10, and IL-17 (8, 29–37). However, the molecular
mechanism leading to BBB permeability change and whether MMPs play a role in this process
remain unknown. In the present study, we found that the enhancement of BBB permeability
and the reduction of TJ proteins caused by lab-attenuated RABV are regulated mainly by
MMP8. Furthermore, lab-attenuated RABV upregulated the expression of MMP8 via the nu-
clear factor kB (NF-kB) and mitogen-activated protein kinase (MAPK) pathways. This finding
can help us understand the molecular mechanisms underlying BBB disruption caused by
RABV and provide potential therapeutic targets for the clinical treatment of rabies.

RESULTS
Expression of MMP8 is upregulated in themouse brain and neuronal cells after lab-

attenuated RABV infection but not wild-type RABV infection. Since our previous studies
have established the mouse model to compare infections with a lab-attenuated RABV strain,
CVS-B2c (CVS), and a dog-derived RABV strain, DRV-Mexico (DRV) (38, 39), we used this
model to investigate the role of the MMP family in the BBB permeability change during
RABV infection. C57/BL6 mice were inoculated intracranially (i.c.) with 20 focus-forming
units (FFU) of CVS or 200 FFU of DRV or were mock infected with the same volume of
Dulbecco’s modified Eagle’s medium (DMEM). At 6 days postinfection (d.p.i.), the mice
were euthanized with CO2, and the mouse brains were collected and subjected to RNA
isolation. Then the mRNA levels of MMPs, which have been indicated to impact BBB integrity
(18, 40–43), were selected and then quantified by quantitative real-time PCR (qRT-PCR, or sim-
ply qPCR). The results showed that the mRNA levels of MMP3, MMP8, MMP9, and MMP12
were significantly upregulated at 6 d.p.i. during CVS infection, with MMP8 showing the most

MMP8 Regulates Blood-Brain Barrier Integrity Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.01050-22 2

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01050-22


FIG 1 MMP8 expression is upregulated by lab-attenuated RABV infection in cells and mouse brains. C57BL/6
mice (n = 3) were intracerebrally (i.c.) inoculated with 20 FFU of RABV strain CVS-B2c (CVS), 200 FFU of DRV-Mexico
(DRV), or the same volume of DMEM (mock). At 2, 4, and 6 d.p.i., mouse brains were harvested and used for further
analysis. (A) At 6 d.p.i., total RNA was isolated from brain tissue and analyzed by qPCR for mRNA levels of MMP2, -3,
-7, -8, -9, and -12. (B) At 2, 4, 6, and 8 d.p.i., total RNA from mouse brains was isolated, and the MMP8 mRNA level
was analyzed by qPCR. (C) At 6 d.p.i., total RNA from different brain sections was isolated, and the MMP8 mRNA level
was analyzed by qPCR. (D) At 6 d.p.i., the protein levels of MMP8 and RABV-N in the mouse cortex, cerebellum, and
brain stem were assessed by Western blotting; b-actin was used as the control. (E) BV2, C8, and N2a cells were
infected with CVS at an MOI of 1, and MMP8 mRNA levels were measured by qPCR at 48 h postinfection (h.p.i.). (F)
MMP8 protein levels in BV2, C8, and N2a cells after CVS infection were measured by Western blotting. (G) BV2, C8,
and N2a cells were infected with DRV at an MOI of 1, and MMP8 mRNA levels were measured using qPCR at 48
h.p.i. (H) MMP8 protein levels in BV2, C8, and N2a cells after DRV infection were measured by Western blotting. (I)
BV2 cells were infected with CVS at the indicated MOIs, and MMP8 mRNA levels were measured using qPCR. (J) BV2
cells were infected with CVS at indicated MOIs, and MMP8 protein levels were assessed using Western blot. The
gray value of MMP8 and b-actin was calculated using ImageJ software. Error bars represent SD (n = 3). Statistical
differences between infected group and mock-infected group were determined using the Student t test. Western
blot data are representative of those from at least two independent experiments. ns, not significant.

MMP8 Regulates Blood-Brain Barrier Integrity Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.01050-22 3

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01050-22


evident increase (Fig. 1A). We also found that only the mRNA levels of MMP8 and MMP7 were
unaffected during DRV infection (Fig. 1A). Since our recent study confirmed that BBB perme-
ability was significantly increased upon CVS infection, while the BBB was intact under DRV
infection, we then focused on the effect of MMP8 on BBB permeability during CVS infection in
the following study (28).

First, we examined MMP8 mRNA levels in mouse brains infected with CVS or DRV at
different time points by qPCR. We found that MMP8 was induced in CVS-infected but
not in DRV-infected mouse brains at 2, 4, 6, and 8 d.p.i. (Fig. 1B). Then, the mRNA level of
MMP8 in different brain regions upon the infection of CVS at 6 d.p.i. was measured by qPCR,
and the results showed that all four brain regions (olfactory bulb, cortex, cerebellum, and brain
stem) had an increased MMP8 mRNA level under infection with CVS but not infection with
DRV (Fig. 1C). We also observed that MMP8 is mainly distributed in the cerebellum and brain
stem (Fig. 1C). Western blot analysis was also performed and confirmed that the protein level
of MMP8 in different brain regions (cortex, cerebellum, and brain stem) was increased upon
infection with CVS but not DRV (Fig. 1D).

To further confirm the above observations, N2a (neuron), C8 (astrocyte), and BV2 (microglia)
cell lines were infected with CVS or DRV at a multiplicity of infection (MOI) of 1 and incubated
for 48 h. Then total RNA was harvested, and mRNA levels of MMP8 were quantified using
qPCR. The results showed that the MMP8 mRNA level was significantly upregulated post-CVS
infection in these three cell lines (Fig. 1E), while the MMP8 mRNA level was unchanged under
DRV infection in all three cell lines (Fig. 1G). Western blot analysis also confirmed that the
MMP8 protein level was significantly upregulated under CVS infection in the C8 and BV2 cell
lines (Fig. 1F) but not under DRV infection (Fig. 1H). It should be noted that the MMP8 protein
level in N2a cells was too low to be measured by Western blotting. Since BV2 cells showed the
most abundant MMP8 protein level, we further measured MMP8 expression level post-CVS
infection at different MOIs (0.1, 1, and 10) in BV2 cells. Both qPCR and Western blot analysis
showed that MMP8 was significantly upregulated upon CVS infection at the indicated MOIs
(Fig. 1I and J). Altogether, these results demonstrate that infection with CVS could upregulate
the expression of MMP8 both in vivo and in vitro.

MMP8 expression is regulated by inflammation via the NF-jB andMAPK pathways.
MMP8 has been reported to have a tight association with the inflammatory response. Also,
our previous research has confirmed that CVS infection could elicit a strong inflammatory
response in the brain, so we wondered if the inflammation induced by CVS infection medi-
ates MMP8 production (5, 44). We used CVS and DRV to infect mouse brains and quantified
their inflammatory activation level by Western blotting. The results showed that CVS infec-
tion could elicit a strong inflammatory response in mouse brains, while DRV infection could
not (Fig. 2A). Then, we used lipopolysaccharide (LPS) and IFN-g (both classical inflammatory
stimulants) to treat BV2 cells and found that both MMP8 mRNA and protein levels were up-
regulated (Fig. 2B and C).

Previous studies have found that two primary inflammatory pathways, the NF-kB and
MAPK pathways, were activated by CVS infection (45). The signal transduction pathways
mediated by the MAPK family, including extracellular signal-regulated kinases 1 and 2
(ERK1/2), c-Jun N-terminal kinase (JNK), and p38, contribute to the activation of transcrip-
tion factors (46). To further investigate which inflammatory pathway was responsible for
MMP8 production, different inhibitors against the NF-kB (QNZ), p38 (p38 MAPK inhibitor
IV), ERK (ERK inhibitor), and JNK (JNK-IN-8) pathways were treated with CVS-infected BV2
cells. qPCR (Fig. 2D) and Western blot (Fig. 2E) results showed that all four pathways
were associated with MMP8 production, but inhibition of a single pathway could not
lead to the complete obliteration of MMP8 production compared with the mock-infected
cells. Collectively, our results demonstrated that the NF-kB, p38, ERK, and JNK pathways
are involved in MMP8 production during CVS infection.

Transcription factors c-Fos and p65 bind with the MMP8 promoter and regulate its
activity. To further elucidate howMMP8 expression was regulated, we analyzed the promoter
region of MMP8. An approximately 2.5-kb DNA fragment containing noncoding sequences
upstream from the MMP8 transcriptional initiation site (TSS) was cloned for promoter
mapping. Luciferase reporter genes with different lengths of the MMP8 putative promoter
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regions were constructed and transfected into N2a cells. The basal and CVS-induced
promoter activities were then evaluated. As shown in Fig. 3A, the full-length reporter (TSS-
2500) displayed high basal promoter activity and obvious RABV inducibility, which was
decreased by three truncations of this full-length region, termed TSS-2000, TSS-1500, and
TSS-1000. However, the reporter TSS-500 had a higher luciferase activity in both mock-
infected N2a cells and RABV-infected N2a cells, comparable to that of the longest reporter
TSS-2500, suggesting that TSS-500 possesses fully intact promoter activity.

Consequently, the TSS-500 reporter was an MMP8 promoter responsive to RABV infection
and thus was chosen for further analysis. To further analyze whether inflammatory pathways
play an important role in the regulation of MMP8 expression induced by RABV, specific inhibi-
tors of signaling pathways were employed. The results demonstrated that all these four path-
ways were involved MMP8 promoter activation, but only inhibition of all the four pathways
could completely abolish MMP8 promoter activity (Fig. 3B).

Bioinformatics analyses of the MMP8 promoter region (TSS-500) using PROMO and
JASPAR software predicted several potential transcription factor-binding sites. The putative
binding sequences for two potential transcription factors, AP-1 (c-Fos) and NF-kB (p65), were
found within the MMP8 promoter. To determine if these predicted transcription factors were

FIG 2 MMP8 expression is regulated via NF-kB and MAPK pathways. (A) C57BL/6 mice (n = 3) were i.c.
inoculated with 20 FFU of CVS or 200 FFU of DRV. Mouse brains from each group at 6 d.p.i. were harvested.
The expression and phosphorylation of the key molecules in the NF-kB and MAPK pathways in CVS- or DRV-
infected mouse brains were measured by Western blotting. (B) BV2 cells were incubated with LPS (100 ng/mL)
for the indicated periods. MMP8 mRNA and protein levels were measured by qPCR and Western blotting. (C)
BV2 cells were incubated with IFN-g at the indicated concentrations. MMP8 mRNA level and protein level were
measured by qPCR and Western blotting. (D and E) BV2 cells were infected with RABV at an MOI of 1, and at
different time points after RABV infection, the culture medium was replaced with specific inhibitors (p38
inhibitor, 1 mM, 24 h; NF-kB inhibitor, 5 mM, 24 h; JNK inhibitor, 0.5 mM, 12 h; ERK inhibitor, 5 mM, 24 h) or
dimethyl sulfoxide (DMSO). (D) The mRNA levels of MMP8 were quantified by qPCR. (E) MMP8 protein levels
were assessed using Western blotting. The gray value of MMP8 and b-actin was calculated using ImageJ
software. Anti-MMP8 antibody, 500 ng/mL; anti-b-actin antibody, 500 ng/mL. Statistical analysis of comparisons
between groups was carried out by the Student t test. The bar graph shows the means 6 SD (n = 3). The
Western blot data are representative of those from at least three independent experiments.
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FIG 3 c-Fos and p65 elements regulate MMP8 promoter activity. (A) N2a cells were transfected with
MMP8 promoter reporter plasmids (TSS-500, TSS-1000, TSS-1500, TSS-2000, and TSS-2500) for 24 h.
Then cells were either infected with CVS at an MOI of 0.1 or left uninfected, and the luciferase
activities were measured after a further 24 h of infection. (B) N2a cells were transfected with the
MMP8 promoter reporter plasmid: TSS-500. At 24 h posttransfection, cells were infected with CVS at
an MOI of 0.1, and at different time points after RABV infection, the culture medium was replaced
with different signaling pathway-specific inhibitors (p38 inhibitor, 1 mM, 24 h; NF-kB inhibitor, 5 mM,
24 h; JNK inhibitor, 0.5 mM, 12 h; ERK inhibitor, 5 mM, 24 h; MAPK and NF-kB inhibitor, 20 mM, 24 h)
or DMSO. After 24 h infection, MMP8 promoter luciferase activity was measured. (C) Schematic
representation of point mutations in the wild-type promoter reporter (TSS-500). N2a cells were
transfected with the MMP8 promoter reporters (TSS-500 and its mutants). At 24 h posttransfection,
cells were either left uninfected or infected with CVS at an MOI of 0.1, and luciferase activity was
measured after 24 h of infection. (D) N2a cells were cotransfected with MMP8 promoter reporter
(TSS-500) plasmid or HA-c-Fos- or Flag-p65-expressing plasmid for 24 h. Dual-luciferase assays
measured the MMP8 promoter activities. The expression of HA-c-Fos and Flag-p65 was determined
by Western blotting. (E and G) N2a cells were mock infected (top) or infected with CVS (bottom) at
an MOI of 0.1. (E) At 36 h.p.i., the cells were fixed, and c-Fos proteins (left), RABV-N (middle), and cell
nuclei (right) were stained as described in the text. (G) At 36 h.p.i., the cells were fixed, and p65
proteins (left), RABV-N (middle), and cell nuclei (right) were stained as described in the text. (F and H)
N2a cells were transfected with plasmids encoding HA-c-Fos or Flag-p65 for 24 h and then infected
with CVS at an MOI of 0.1. Fixed chromatin from N2a cells was prepared and immunoprecipitated by
anti-HA or anti-Flag antibodies. ChIP primers were designed to amplify the region containing
respectively c-FOS and p65 binding site in the MMP8 promoter. PCR products were separated by
acrylamide gel electrophoresis. Statistical analysis of comparisons between groups was carried out by
the Student t test. The bar graph shows the means 6 SD (n = 3). Scale bar = 10 mm. Western blot
data are representative of those from at least two independent experiments.
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responsive to MMP8 transcription, a series of mutated promoter constructs, including
full-length (TSS-500-WT), mutation AP-1 (TSS-500-mut1, AAGTACTTTCC to AACTTCAATGG),
mutation NF-kB (TSS-500-mut2, ATGACTCC to AATTCGGC), and mutations AP-1 and NF-kB
(TSS-500-mut3, AAGTACTTTCC to AACTTCAATGG and ATGACTCC to AATTCGGC) were gener-
ated and tested for their promoter activity under CVS infection (Fig. 3C). The results showed
that in comparison with the TSS-500-WT, mutation of AP-1 or NF-kB binding sites exhibited sig-
nificantly less response to CVS infection, while mutation of both two binding sites could com-
pletely abrogate CVS-mediated induction of MMP8 promoter activity (Fig. 3C), suggesting that
activation of the MMP8 promoter by CVS infection requires both AP-1 and NF-kB elements.

Next, we constructed the expression plasmids pCAGGS-Flag-p65 (named Flag-p65) and
pCAGGS-HA-c-Fos (named HA-c-Fos) and confirmed that expression of AP-1 or NF-kB could
activate MMP8 promoter activity (Fig. 3D). Since transcription factors need to transport into
the cell nucleus and bind to corresponding DNA fragments to exert their function, we tested
whether CVS infection could lead to the nuclear translocalization of c-Fos and p65. Confocal
microscopy analysis showed that c-Fos and p65 were translocated into the nucleus post-
CVS infection (Fig. 3E and G). We further used chromatin immunoprecipitation assay (ChIP)
and confirmed that c-Fos and p65 could bind to the promoter of MMP8 after CVS infection
(Fig. 3F and H). Altogether, these results demonstrate that MMP8 promoter activity is regu-
lated by transcription factors c-Fos and p65.

Growth kinetics and pathogenicity of rRABV expressing MMP8 in vitro and in vivo.
To investigate the effect of MMP8 on RABV replication and pathogenicity, we constructed and
rescued a recombinant RABV (rRABV) expressing murine MMP8, named rRABV-MMP8 (Fig.
4A). The success of rescuing rRABV-MMP8 was confirmed by immunofluorescence assay (IFA),
with rRABV being a control (Fig. 4B). Using Western blot analysis, we showed that MMP8 was
highly expressed in N2a cells infected with rRABV-MMP8 but not rRABV (Fig. 4C). N2a and BSR
cells were infected with rRABV or rRABV-MMP8to test whether the expression of MMP8 could
affect RABV replication. The growth dynamics demonstrated that rRABV-MMP8 replicated as
efficiently as the parent virus rRABV in these cell lines (Fig. 4D and E).

To further assess the impact of MMP8 on the pathogenesis of RABV in vivo, we inoculated
mice intracranially with rRABV and rRABV-MMP8 (20 FFU/mouse). The survival ratios were
monitored daily. The results showed that the survival ratios were comparable between rRABV-
infected and rRABV-MMP8-infected mice (Fig. 4F). Next, we analyzed the RABV-N mRNA level
in RABV-infected mouse brains at 2, 4, and 6 d.p.i. qPCR results demonstrated that the viral
load in rRABV-MMP8-infected mouse brains was not different from that in rRABV-infected
mouse brains (Fig. 4G). Altogether, these results demonstrate that the pathogenicity of rRABV-
MMP8 is similar to that of rRABV after intracranial infection.

MMP8 expression increases BBB permeability by degrading tight junction proteins
during RABV infection in vitro and in vivo. To examine the effect of MMP8 on BBB perme-
ability in vivo, we administered sodium fluorescein (NaF), a dye with a molecular weight of
41.99 Da and which is normally shielded by the BBB, into the mice via the intraperitoneal
(i.p.) route at 2, 4, and 6 d.p.i. The results showed significantly higher levels of NaF in the
whole brains of rRABV-MMP8-infected mice than in the rRABV-infected mouse brains at 2
and 4 d.p.i., while the NaF levels of the two groups were similar at 6 d.p.i. (Fig. 5A). We also
collected the brains of mock-, rRABV-, and rRABV-MMP8-infected mice at 4 d.p.i. Western
blotting was performed to measure the protein levels of the tight junction proteins ZO-1,
occludin, and claudin-5. These results showed that all these three proteins were significantly
degraded in rRABV-MMP8-infected mouse brains compared with the brains from the other
two groups (Fig. 5B).

To evaluate the effect of MMP8 on BBB permeability in a Transwell model. Mock-, rRABV-,
and rRABV-MMP8-infected mouse brains were collected and homogenized at 4 d.p.i. The su-
pernatant from each group was collected for further experiments. The Transwell model results
showed the permeability of dextran 10000 in bEnd.3 cells (mouse brain-derived endothelial
cells) treated with the supernatant from rRABV-MMP8-infected mouse brains were higher than
from rRABV-infected mouse brains (Fig. 5C). Next, the supernatant from each group was cul-
tured with bEnd.3 cells to test its ability to degrade tight junction proteins ZO-1, occludin, and
claudin-5. Both Western blot and IFA analyses showed that these three proteins were
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significantly degraded in bEnd.3 cells treated with the supernatant from rRABV-MMP8-infected
mouse brains compared with mock- or rRABV-infected mouse brains (Fig. 5D and E).
Altogether, these results indicate that MMP8 can degrade tight junction proteins and
thus enhance BBB permeability.

MMP8 inhibitor prevents the degradation of tight junction proteins during RABV
infection in vitro and in vivo. To further investigate the effect of MMP8 on the degrada-
tion of tight junction proteins in vitro and in vivo, the selective MMP8 inhibitor (MMP-8 inhib-
itor 1) was introduced to treat bEnd.3 cells along with the supernatant from rRABV-infected
mouse brains. The results from Western blotting, the Transwell model, and immunofluores-
cence assay demonstrated that the degradation of ZO-1, occludin, and claudin-5 was inhib-
ited upon treatment with the MMP8 inhibitor (Fig. 6A to C). To further verify the role of
MMP8 on the degradation of tight junction proteins, we treated bEnd.3 cells with MMP8
protein. Western blotting and Transwell model results both confirmed that ZO-1, occludin,
and claudin-5 had degraded after the treatment of MMP8 protein (Fig. 6D and E). Altogether,
these results confirm that MMP8 is indispensable in degrading tight conjunct proteins under
RABV infection in vitro.

To confirm this observation in vivo, we treated CVS-infected mice i.p. with MMP8

FIG 4 Effect of MMP8 expression on RABV replication and viral pathogenicity. (A) Schematic diagram
of the construction of rRABV and rRABV-MMP8. (B) N2a cells were infected with rRABV or rRABV-
MMP8 at an MOI of 0.1. At 36 h.p.i., the cells were fixed and stained to detect RABV-N and MMP8. (C)
N2a cells were infected with rRABV or rRABV-MMP8 at an MOI of 0.1. At 36 h.p.i., cells were
harvested, and the expression levels of RABV-N and MMP8 were detected by Western blotting. (D
and E) N2a (D) and BSR cells (E) were infected with rRABV or rRABV-MMP8 at an MOI of 0.01 for the
indicated times, and the supernatants were harvested for virus titration. (F) Female C57BL/6 mice
(n = 10) were i.c. infected with 20 FFU of rRABV or rRABV-MMP8. The survival ratio was monitored
daily (means 6 SD; the survival ratio was analyzed by log rank test). (G) The mRNA levels of RABV-N
in the whole brain were analyzed using qPCR at 2, 4, and 6 d.p.i. Statistical analysis of comparisons
between groups was carried out by the Student t test. The bar graph shows the means 6 SD. Scale
bar = 200 mm. Western blot data are representative of those from at least two independent
experiments. NS, not significant.
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selective inhibitor as previously described (47). Then we administered NaF into the mice via
the i.p. route at 6 d.p.i. Significantly higher levels of NaF in the whole brains of CVS-infected
mice were observed than in the brains of CVS-infected mice treated with the MMP8 inhibitor
(Fig. 6F). Western blot analysis further confirmed that the degradation of ZO-1, occludin, and
claudin-5 inside CVS-infected mouse brains was inhibited upon the treatment of the MMP8
inhibitor (Fig. 6G). It should be noted that the MMP8 inhibitor could not fully restore the
BBB permeability of CVS-infected brains compared with that of mock-infected mouse brains
(Fig. 6F), suggesting that MMP8 is not the only determinant affecting opening of the BBB
during CVS infection.

MMP8 expression upregulates production of inflammatory cytokines and infil-
tration of inflammatory cells in the brain post-RABV infection. Increased BBB per-
meability will cause extensive inflammation in the brain. To confirm whether increased
inflammation-related cytokines and chemokines were transcribed in rRABV-MMP8-
infected mouse brains compared to rRABV-infected mouse brains, we quantified sev-
eral inflammatory genes, including those for TNF-a, CCL5, IL-6, and CXCL10, by qPCR.

FIG 5 MMP8 expression enhances BBB permeability during RABV infection. C57BL/6 mice (n = 3)
were i.c. inoculated with 20 FFU of rRABV or rRABV-MMP8. (A) At 2, 4, and 6 d.p.i., mice were injected
intraperitoneally with 100 mL of NaF (100 mg/mL), and the BBB integrity was calculated based on
NaF uptake in the brains. (B) At 4 d.p.i., mouse brains were harvested and used for further analysis. In
mouse brains, protein levels of occludin, claudin-5, and ZO-1 were measured by Western blotting,
and b-actin was included as a control. (C) At 4 d.p.i., mouse brains were harvested, homogenized,
and centrifuged, and then the supernatants were harvested and treated with UV light for 30 min to
eliminate live viruses. bEnd.3 cells in a Transwell model were treated with the supernatants, and the
transendothelial permeability assay was performed to evaluate the integrity of bEnd.3 cells. (D and E)
bEnd.3 cells were treated with supernatants for 48 h and then harvested to measure the occludin,
claudin-5, and ZO-1 levels using Western blotting (D) and immunofluorescence (E). The mean
fluorescence intensity of occludin, claudin-5, and ZO-1 in the respective groups was calculated using
ImageJ software. Statistical analysis of comparisons between groups was carried out by the Student t
test. The data are presented as means 6 SD (n = 3). Scale bar = 200 mm. Western blot data are
representative of those from at least two independent experiments.
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FIG 6 MMP8 degrades TJ proteins during RABV infection. C57BL/6 mice (n = 3) were i.c. inoculated with 20
FFU of rRABV or mock infected with DMEM at the same volume. At 6 d.p.i., mouse brains were harvested and
used for further analysis. (A and C) bEnd.3 cells were treated with supernatants (prepared as for Fig. 5C) in the
presence of MMP8 specific inhibitors (10 mM) or DMSO for 48 h and then harvested to measure the occludin,
claudin-5, and ZO-1 levels by Western blotting (A) and immunofluorescence (C). (B) bEnd.3 cells in a Transwell
model were treated with supernatants, and a transendothelial permeability assay was performed to evalu-
ate the integrity of bEnd.3 cells. (D) The occludin, claudin-5, and ZO-1 expression levels in bEnd.3 cells

(Continued on next page)
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The results showed that the transcription of these inflammatory cytokines/chemokines
in rRABV-MMP8-infected mouse brains was significantly higher than that in rRABV-
infected mouse brains at 4 d.p.i., while these differences disappeared at 6 d.p.i. (Fig. 7A
to D). Furthermore, Western blot analysis showed no differences in the activation levels
of the NF-kB and MAPK pathways in mouse brains infected with rRABV or rRABV-
MMP8 at 6 d.p.i. (Fig. 7E), which could partially explain why the pathogenicity of
rRABV-MMP8 is similar to that of rRABV after i.c. infection.

Increased BBB permeability also facilitates the infiltration of peripheral immune cells
into the CNS (48). To explore whether there were more peripheral immune cells in
rRABV-MMP8-infected mouse brains than in rRABV-infected mouse brains in early
stages of infection, we homogenized the mouse brains at 4 d.p.i., isolated the leuko-
cytes, and analyzed them by flow cytometry. Several cell types infiltrated into rRABV-
MMP8-infected mouse brains were observed, including neutrophils (CD45hi Ly6G1),
CD41 T cells (CD451 CD41), CD81 T cells (CD451 CD81), B cells (CD11c2 CD451

B2201), and macrophages (CD45hi CD11b1) (Fig. 7F to J). When the rRABV and rRABV-
MMP8 groups were compared, significantly more macrophages, neutrophils, and CD41

T, CD81 T, and B cells were found in the brains from rRABV-MMP8-infected mice than
in those from rRABV-infected mice, indicating that MMP8 could facilitate infiltration of
macrophages, neutrophils, T cells, and B cells into mouse brains post-RABV infection.

DISCUSSION

This study demonstrates that MMP8 regulates the reduction of TJ protein expres-
sion and the enhancement of BBB permeability during RABV infection. Our focus on
infection with different RABV strains further uncovered that lab-attenuated RABV can
upregulate MMP8 by activating the MAPK and NF-kB pathways, whereas wt RABV
does not. wt RABV shows little or no effect on inflammatory response activation in the
brain and thus failed to induce the expression of MMP8, resulting in the close of BBB
(Fig. 8).

While the expression of MMP8 in the brains of mice infected with lab-attenuated
RABV was significantly increased, this phenomenon did not present in mice infected
with wt RABV. We found that MMP8 was mainly derived from activated microglia and
astrocytes. Previous studies reported that the expression of MMP2/9 was regulated by
the MAPK and NF-kB pathways (49–51), and the expression of MMP8 was significantly
increased in LPS-activated microglia (44). Thus, we speculated that MMP8 might be
regulated by the same or other inflammatory pathways. Consistent with this hypothe-
sis, previous studies have found that lab-attenuated RABV but not wt RABV activates
innate immunity and induces an inflammatory response (5, 52, 53). Although the
detailed mechanisms are not fully understood, at least we have found that double-
stranded RNA (dsRNA) and ssRNA produced by the lab-attenuated RABV during viral
replication can activate the mitochondrial antiviral signaling protein (MAVS) and Toll-
like receptor (TLR7) signaling pathways and thus induce an inflammatory response (48,
52).

FIG 6 Legend (Continued)
were determined by Western blotting after treatment with MMP8 recombinant protein at the indicated
concentrations. (E) bEnd.3 cells in a Transwell model were treated with MMP8 recombinant protein at the
indicated concentrations, and a transendothelial permeability assay was performed to evaluate the integrity of
bEnd.3 cells. (F and G) Two groups of C57BL/6 mice (n = 3) were i.c. inoculated with 20 FFU of CVS. One
group of C57BL/6 mice (n = 3) were i.c. inoculated with the same volume of DMEM. MMP8 selective inhibitor
was dissolved in 1% DMSO in PBS to a final concentration of 0.01 mg/mL. The CVS-infected mice received a
1-mg/kg (of body weight) dose of inhibitor or the same volume of a vehicle (1% DMSO in PBS) at 2 and 4
d.p.i. At 6 d.p.i., mice were injected intraperitoneally with 100 mL of NaF (100 mg/mL), and the BBB integrity
was calculated based on NaF uptake in the brains (F). The infected mouse brains at 6 d.p.i. were collected,
and the occludin, claudin-5, and ZO-1 expression levels were determined by Western blotting (G). The mean
fluorescence intensity of occludin, claudin-5, and ZO-1 in the respective groups was calculated using ImageJ
software. Statistical differences between virus-infected cells and mock-infected cells were determined using
the Student t test. The data are presented as means 6 SD (n = 3). Scale bar = 200 mm. Western blot data
are representative of those from at least two independent experiments.
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FIG 7 MMP8 expression increases the cytokine production and infiltration of inflammatory cells into the
CNS. C57BL/6 mice (n = 3) were i.c. inoculated with 20 FFU of rRABV or rRABV-MMP8 or the same volume
of DMEM (mock). (A to D) At 2, 4, 6 d.p.i., brains were harvested, and the transcription levels of TNF-a (A),
IL-6 (B), CCL5 (C), and CXCL10 (D) were analyzed by qPCR. (E) At 6 d.p.i., brains were harvested, and the
expression and phosphorylation of the key molecules in the NF-kB and MAPK pathways were measured by
Western blotting. (F to J) At 4 d.p.i., mouse brains were homogenized, and leukocytes were isolated for

(Continued on next page)
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The BBB is a physical and physiological barrier that controls the entry of cells and
molecules into the CNS (13). The change of BBB is a pathological hallmark in neurological dis-
eases (54). However, opening of the BBB facilitates the clearance of RABV from the CNS and
the prevention of rabies (6). In the mouse model with RABV infection, lab-attenuated RABV
can enhance BBB permeability. In contrast, wt RABV cannot enhance BBB permeability (5, 6).
Our previous studies showed that chemokine and cytokines induced by lab-attenuated RABV
were associated with BBB disruption (28). Here, we found that lab-attenuated but not wt
RABV infection could induce the production of MMP8 via the MAPK and NF-kB pathways,
which is consistent with the previous studies (5, 45). In addition, the specific inhibitors of the
MAPK and NF-kB pathways can reduce the expression of MMP8 in RABV-activated microglia.
We also found that lab-attenuated RABV could promote the binding of AP-1 and NF-kB tran-
scription factors to the MMP8 promoter. Therefore, we confirmed that RABV regulates MMP8
expression through the MAPK- and NF-kB-dependent pathways. Consequently, the differ-
ences between lab-attenuated RABV and wt RABV in stimulating inflammatory pathways
can account for their contrasting results in MMP8 regulation.

MMPs are key mediators responsible for altering BBB dysfunction (55–57). These zinc-de-
pendent enzymes with proteolytic activity can regulate the BBB by cleaving tight junction pro-
teins. The degradation of TJ proteins by MMP2 and MMP9 is an important mechanism of
blood-brain barrier breakdown in neuromyelitis optica and HIV infection (58–60). MMP8 plays
a key role in the degradation of occludin during meningococcal infection, leading to disrup-
tion of the BBB (18). In spinal cord injury, MMP8 is associated with the degradation of occludin
and ZO-1 and the blood-spinal cord barrier (61). In addition, MMP8 inhibition blocked middle
cerebral artery occlusion/reperfusion-induced downregulation of claudin-5 (62). Given this in-
formation, we can infer that MMP8 may facilitate opening of the BBB during RABV infection.

FIG 8 Schematic representation of mechanisms for MMP8 to regulate BBB permeability change during RABV infection. Lab-attenuated
RABV rather than wt RABV can cause the activation of immune cells and lead to the activation of inflammation via the NF-kB and MAPK
pathways. Translocated NF-kB (p65) and AP-1 (c-Fos) bind to the MMP8 promoter region and enhance its transcription, resulting in the
upregulation of MMP8 production. Secreted MMP8 leads to the degradation of tight junction proteins, including occludin, claudin-5, and
ZO-1, between the endothelial cells, resulting in disruption of the BBB.

FIG 7 Legend (Continued)
analysis of macrophages (CD45hi CD11b1), B cells (CD11c2 CD451 B2201), neutrophils (CD45hi Ly6G1), CD41

T cells (CD451 CD41), and CD81 T cells (CD451 CD81). A total of 20,000 events were acquired for cytometry
data collection. Statistical analysis of comparisons between groups was carried out by the Student t test. The
data are presented as means 6 SD (n = 3).
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To balance the virus load of MMP8-expressing recombinant RABV (rRABV-MMP8) and
the parental virus (rRABV) in the brain, we infected the mice via the intracranial route. We
found that rRABV-MMP8-infected mice had higher BBB permeability, more inflammatory cell
infiltration, and higher expression of inflammatory factors at 2 and 4 d.p.i. than rRABV-
infected mice. However, these phenotypes between these two groups were similar at 6
d.p.i., indicating that overexpressed MMP8 played a role in BBB opening early post-RABV
infection. Furthermore, the viral load in rRABV-MMP8-infected mouse brains at 6 d.p.i. was
no different from that in rRABV-infected mouse brains. These findings could account for the
similarity in pathogenicity of rRABV-MMP8 and rRABV after i.c. infection. Additionally, we
evaluated the pathogenicity of rRABV-MMP8 and rRABV by intramuscular (i.m.) inoculation
into mouse hind legs. We found that the survival ratio of the rRABV-MMP8-inoculated mice
was significantly higher than that in the rRABV-inoculated mice. Consistent with the previ-
ous studies (29), these results demonstrate that opening of the BBB is beneficial for the clear-
ance of RABV in the brain. However, after i.m. infection, these two types of viruses replicated
in different viral loads in mouse brains, making it difficult to compare opening of the BBB by
balancing the viral load in the brains.

Our previous study revealed that lab-attenuated RABV infection could cause the degrada-
tion of occludin, claudin-5, and ZO-1 leading to the disruption of the BBB (28). The present
results showed that the degradation of these three proteins in bEnd.3 cells treated with super-
natant from rRABV-MMP8-infected mouse brains was more significant than that in cells
treated with supernatant from rRABV-infected mouse brains. In vitro, incubation of bEnd.3 cells
with MMP8 recombinant protein resulted in the degradation of occludin, claudin-5, and ZO-1.
Similarly, in the Transwell model, the use of MMP8 recombinant protein can cause an increase
in barrier permeability. Importantly, MMP8-specific inhibitors restored the disruption of TJ pro-
teins and barriers caused by brain extracts from lab-attenuated RABV-infected mice.

Other researchers have suggested that a key factor in opening of the BBB by RABV infec-
tion is the production of IFN-g by CD4-positive T cells entering from the periphery, which can
cause a cytokine storm through a peroxynitrite (ONOO2)-dependent pathway leading to
opening of the BBB (8, 29–33). We did observe a significant increase in CD4-positive T cells in
the brains of rRABV-MMP8-infected mice at 4 d.p.i. in our study (Fig. 7I) and a significant up-
regulation of MMP8 when stimulating BV2 cells with IFN-g in vitro. Interestingly, we also found
a significant decrease but not a complete reversion in opening of the BBB after using MMP8
inhibitors in mice (Fig. 6F), indicating that the inactivation of MMP8 cannot completely prevent
opening of the BBB during RABV infection. Taken together, our results show that MMP8 plays
an important role in modulating opening of the BBB.

In summary, our study reveals that MMP8 can modulate BBB permeability change during
RABV infection. More importantly, understanding that the MMP8 is regulated by the transcrip-
tional factors NF-kB and AP-1 will aid researchers in developing effective therapies against
RABV and other neurotropic viruses that cause encephalitis.

MATERIALS ANDMETHODS
Cells, viruses, antibodies, inhibitors, and mice. N2a (mouse neuroblastoma), BV2 (mouse microglioma),

C8 (mouse astrocytoma), BSR (cloned from BHK-21 [baby hamster kidney-21] cells), and bEnd.3 (brain-derived
endothelial cells) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher, USA) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher). RABV strain CVS-B2c (CVS) (originated from CVS-
24 virus by passaging in BHK-21 cells) and wt RABV strain DRV-Mexico (DRV) were stored in our laboratory.
Monoclonal antibodies (MAb) against Flag tag, hemagglutinin (HA) tag, and b-actin were purchased from
Medical & Biological Laboratories (MBL; Nagoya, Japan). MAb against RABV-N protein were prepared by our
laboratory. Polyclonal antibodies (pAb) against MMP8, c-Fos, occludin, claudin-5, and ZO-1 were purchased
from ABclonal Technology (Wuhan, China). Antibodies against p-p65 (S536, no. 3033), p65 (no. 8242), p-p38
(T180/Y204, no. 4511), p38 (no. 9212), p-ERK1/2 (T202/Y204, no. 4370), ERK1/2 (no. 4695), p-JNK (T183/Y185,
no. 9251), and JNK (no. 9252) were purchased from Cell Signaling Technology (CST; MA, USA).

The JNK inhibitor (no. GC13841), the NF-kB inhibitor (no. GC11751), the p38 inhibitor (no. GC18602),
the ERK inhibitor (no. GC43624), the MAPK and NF-kB inhibitor (no. GC35411), and the MMP8 inhibitor
(no. GC18616) were all purchased from Glpbio (Montclair, CA, USA). All the mouse experiments were
performed following the recommendations in the Guide for the Care and Use of Laboratory Animals of
the Ministry of Science and Technology of China and were approved by the Scientific Ethics Committee
of Huazhong Agricultural University (permit no. HZAUMO-2017-055).
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Virus titration. BSR and N2a cells were infected with rRABV or rRABV-MMP8 at a multiplicity of
infection (MOI) of 0.01 for 1 h at 37°C. The cells were then washed with phosphate-buffered saline (PBS)
three times and cultured in a cell incubator at 37°C. The supernatants were collected at 1, 2, 3, 4, and 5
d.p.i. The procedure applied for RABV titration was determined by direct immunofluorescence assay as
described previously (63).

Construction and rescue of recombinant RABV. The recombinant viruses were constructed and
rescued as described previously (63, 64). Briefly, the murine MMP8 gene was inserted into the genome of
rRABV (cloned from strain CVS) strain between the G and L genes by replacing the pseudogene. The plasmid
containing the full-length viral genome and the helper plasmids expressing the N, P, G, and L proteins was
transfected into N2a cells using Lipofectamine 3000 (Thermo Fisher, USA) to rescue viruses, and the recombi-
nant viruses were harvested at 5 d.p.i. The recombinant viruses were propagated and titrated on BSR cells.

Mouse infection. Female C57BL/6 mice (6 weeks old) were inoculated intracranially (i.c.) with 25 mL
of rRABV or rRABV-MMP8 (20 FFU/mouse). The mortality of mice was monitored daily. At 2, 4, and 6
d.p.i., mice were euthanized with CO2, and their brains were collected for RNA isolation and qPCR analy-
sis. At 4 d.p.i., mice were euthanized with CO2, and their brains were collected for cytometry.

qPCR. RNA was extracted with TRIzol reagent (Thermo Fisher, USA) and reverse transcribed with
HiScript II Q RT SuperMix (Vazyme, Nanjing, China) to obtain cDNA. The quantitative real-time PCR (qPCR) vol-
ume was 10mL, and the following cycling parameters were used: 95°C for 5 min, followed by 40 cycles at 95°C
for 15 s and 60°C for 30 s. The transcript levels of targeted genes were calculated relative to the levels of
b-actin using formula 2[cycle threshold (CT) (b-actin) – CT (target gene)]. The primers used in this study are
listed in Table 1.

Western blotting. Brain tissues or cultured cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer, and the protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit
(Beyotime, Shanghai, China). Equal quantities of total protein were resolved by 12% SDS-PAGE. Gels were trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad, CA, USA) and subjected to Western blotting. The
membranes were blocked with 5% nonfat milk and then incubated with a primary antibody and the corre-
sponding horseradish peroxidase (HRP)-conjugated secondary antibody. The blots were then visualized with
ECL reagent (Beyotime, Shanghai, China) and detected using an Amersham Imager 600 enhanced chemilumi-
nescence (ECL) analysis system (GE, MA, USA).

Construction of promoter reporter plasmids. The MMP8 promoter reporter plasmids TSS-2500,
TSS-2000, TSS-1500, TSS-1000, and TSS-500 containing the corresponding proximal promoter sequences
of MMP8 were cloned by PCR amplification using genomic DNA of N2a cells as templates and subse-
quently cloned into PGL3-basic (Promega, Madison, WI, USA). The MMP8 promoter constructs containing
site-specific mutations for the transcription factor binding site were constructed by overlap extension
PCR. All constructs were verified by sequencing.

Promoter activity assay. N2a cells were cotransfected with 100 ng of full-length or a series of trun-
cated or mutant promoter firefly luciferase reporter constructs and 10 ng of Renilla luciferase vector (pRL-TK).
Luciferase activities were determined according to the manufacturer’s protocol with a dual-luciferase reporter

TABLE 1 Primers used for qPCR

Primer Sequence (59–39)
MMP8-F CCAAGGAGTGTCCAAGCCAT
MMP8-R CCTGCAGGAAAACTGCATCG
MMP2-F GCACATCCTATGACAGCTGC
MMP2-R TTTGTTGCCCAGGAAAGTGA
MMP9-F GAGACTCTACACCCAGGACG
MMP9-R GAAAGTGAAGGGGAAGACGC
MMP3-F TTAAAGACAGGCACTTTTGGC
MMP3-R CCCTCGTATAGCCCAGAACT
MMP7-F CTGCCACTGTCCCAGGAAG
MMP7-R GGGAGAGTTTTCCAGTCATGG
MMP12-F CTGCTCCCATGAATGACAGTG
MMP12-R AGTTGCTTCTAGCCCAAAGAAC
IL6-F ACAGAAGGAGTGGCTAAGGA
IL6-R CGCACTAGGTTTGCCGAGTA
TNFa-F TCACTGGAGCCTCGAATGTC
TNFa-R GTGAGGAAGGCTGTGCATTG
CXCL10-F CCAAGTGCTGCCGTCATTTTC
CXCL10-R GGCTCGCAGGGATGATTTCAA
b-actin-F GGCTGTATTCCCCTCCATCG
b-actin-R CCAGTTGGTAACAATGCCATGT
RABV-N-F ACACCGCAACTACAAGACA
RABV-N-R ATGGTACTCCAGTTGGCACA
CCL5-F GCTGCTTTGCCTACCTCTCC
CCL5-R TCGAGTGACAAACACGACTGC
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assay system (Promega) and expressed as relative luciferase activity by normalizing firefly luciferase activity
against Renilla luciferase activity.

Confocal microscopy. N2a cells seeded on 14-mm coverslips were transfected with plasmids, and
the cells were infected or not with RABV. After incubation, the cells were fixed with 4% paraformaldehyde, perme-
abilized with 0.1% Triton X-100, and then stained with antibodies against c-Fos, p65, RABV-N, or 49,6-diamidino-2-
phenylindole (DAPI). After being washed three times, the cells were incubated with Alexa Fluor 488-conjugated or
Alexa Fluor 594-conjugated secondary antibodies for 1 h at room temperature. Staining was visualized with a
Zeiss LSM 880 confocal microscope under an oil objective (Carl Zeiss AG, Oberkochen, Germany).

ChIP. Chromatin immunoprecipitation (ChIP) assay was performed according to the manufacturer’s
protocol for the ChromaFlash high-sensitivity ChIP kit (Epigentek, Farmingdale, NY, USA). Briefly, N2a
cells were transfected with pCAGGS-HA-c-Fos, pCAGGS-Flag-p65, or pCAGGS vector for 24 h and infected or
not with RABV. Then the growth medium of N2a cells was removed, and cells were rinsed three times with
cold PBS. Then cells were fixed with 1% formaldehyde for 15 min. Glycine was added to the cells to a final con-
centration of 125 mM to stop the cross-linking reaction. The cells were then sonicated to a fragment size range
of 100 to 700 bp. Immunoprecipitation was performed by incubating sheared chromatin overnight at 4°C with
HA tag or Flag tag antibodies. The ChIP DNA was then extracted, and 1/10 of the purified sample was sub-
jected to PCR amplification with primer pairs spanning transcription factor binding sites. PCR products were
resolved by 2% agarose gel electrophoresis and visualized using UV light. The expression level of a target DNA
sequence was determined relative to its abundance in the input chromatin.

Immunofluorescence assay. bEnd.3 cells were seeded into a 24-well plate until reaching 100% con-
fluence. After being treated with the indicated UV-inactivated brain supernatants for 48 h, the cells were fixed
with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and then stained with antibodies against
ZO-1, occludin, and claudin-5, respectively. After being washed three times, the cells were incubated with
Alexa Fluor 488-conjugated secondary antibodies for 1 h at room temperature. Then the cells were stained
with DAPI. Fluorescent images were captured under an EVOS FL Auto (Thermo Fisher Scientific).

BBB integrity analysis. BBB permeability was determined by measuring sodium fluorescein (NaF)
uptake as described previously, with minor modifications (48). Briefly, mice were injected with 100 mL of NaF
(100 mg/mL) intraperitoneally. After 10 min to allow circulation of NaF, mice were anesthetized. Cardiac blood
was collected, and brains were removed after mice were intracardially perfused with PBS. The fluorescence in
serum and brain homogenate samples was analyzed by a FLUOstar Omega microplate reader (BMG Labtech,
NC, USA) with excitation at 485 nm and emission at 530 nm. NaF uptake into tissue was calculated with the for-
mula (micrograms of fluorescent brain/milligram of tissue)/(micrograms of fluorescent serum/milliliter of blood)
to normalize values for blood levels of the dye at the time of tissue collection.

Transendothelial permeability assay. A transendothelial permeability assay was carried out as pre-
viously described (48). Briefly, bEnd.3 cells were seeded into 0.4-mm-pore-size Transwell filters until
reaching 100% confluence. After being treated with the indicated UV-inactivated brain supernatants, flu-
orescein isothiocyanate (FITC)-dextran 10000 (10 kDa; Sigma-Aldrich, MO, USA) was added apically at
1 mg/mL for 30 min. Samples were removed from the lower chamber for fluorescence measurements
(excitation, 492 nm; emission, 520 nm).

Isolation of leukocytes in the CNS. Leukocytes from the brains of mock-, rRABV-, and rRABV-MMP8-
infected mice were isolated and analyzed. Mice were intracardially perfused with PBS. Brains were removed
and digested with 1 mg/mL of collagenase D (no. 51657124; Roche, Germany) and 1 mg/mL of DNase I (no.
52779120; Roche) in Hanks balanced salt solution for 1 h to disperse the tissue into a single-cell suspension.
Cells were then separated by discontinuous Percoll gradient (70/30%) centrifugation for 20 min (650 � g at
room temperature, without brake). After being washed once with Hanks balanced salt solution, cells were
stained for CD45 (30-F11, no. 553079), B220 (RA3-6B2, no. 561881), CD11b (M1/70, no. 557397), Ly6G (1A8, no.
560602), CD11c (N418, no. 565872), CD8 (53-6.7, no. 553032) (BD Pharmingen, CA, USA), CD45 (QA17A26, no.
157611), and CD4 (GK1.5, no. 100412) (Biolegend, CA, USA) with directly conjugated antibodies. Data collection
and analysis were performed using a BD FACSVerse flow cytometer (BD Biosciences, CA, USA) and FlowJo soft-
ware (TreeStar, CA, USA).

Statistical analysis. The graphs of Western blot and immunofluorescence results were analyzed using
ImageJ software. The data were expressed as themeans and standard deviations (SD). The Student t test was per-
formed to analyze the significant differences between the two groups. One-way analysis of variance (ANOVA)
was performed to analyze the significant differences between the three groups. The survival ratio was analyzed
by a log rank (Mantel-Cox) test. The asterisks in figures indicate statistical significance (*, P , 0.05; **, P , 0.01;
***, P , 0.001). Graphs were plotted and analyzed using GraphPad Prism software, version 8.0 (GraphPad
Software, La Jolla, CA, USA).
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