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The brain is often described as an “immune-privileged” organ
due to the presence of the blood-brain-barrier (BBB), which
limits the entry of immune cells. In general, intracranial injec-
tion of adeno-associated virus (AAYV) is considered a relatively
safe procedure. In this study, we discovered that AAV, a popu-
lar engineered viral vector for gene therapy, can disrupt the
BBB and induce immune cell infiltration in a titer-dependent
manner. First, our bulk RNA sequencing data revealed that in-
jection of high-titer AAYV significantly upregulated many genes
involved in disrupting BBB integrity and antiviral adaptive
immune responses. By using histologic analysis, we further
demonstrated that the biological structure of the BBB was
severely disrupted in the adult mouse brain. Meanwhile, we
noticed abnormal leakage of blood components, including im-
mune cells, within the brain parenchyma of high-titer AAV in-
jected areas. Moreover, we identified that the majority of
infiltrated immune cells were cytotoxic T lymphocytes
(CTLs), which resulted in a massive loss of neurons at the site
of AAYV injection. In addition, antagonizing CTL function by
administering antibodies significantly reduced neuronal
toxicity induced by high-titer AAV. Collectively, our findings
underscore potential severe side effects of intracranial injection
of high-titer AAV, which might compromise proper data inter-
pretation if unaware of.

INTRODUCTION

Adeno-associated virus (AAV) is a small, non-enveloped virus that is
characterized by relatively low immunogenicity and pathogenicity.
Therefore, AAV has become one of the most widely used vectors in
both basic research applications and gene therapy.' > Although recent
clinical studies have achieved success with recombinant AAV
(rAAV), host immune responses to capsids and transgene products
have been commonly observed in many preclinical and clinical
studies.* ® In addition, host immune response not only limits the ef-
ficiency of AAV-based gene therapy’ ™ but also can lead to serious

10,11 :
and even culminates

side effects, such as hepatobiliary disease,
in the death of patient's,12 which has raised great concerns about

the biosafety of AAV-based gene therapy.

AAVs have emerged as the most popular vectors of choice for
neurological diseases due to their strong tropism for astrocytes
and neurons.'””'* In general, the invasion of immune cells across
the blood-brain barrier (BBB) is highly restricted, and hence our
brain is considered an “immune-privileged” organ,'®'” imposing
an impression that intracranial injection of AAV does not elicit
any adaptive immune response in brain parenchyma. The BBB is
formed by specialized brain microvascular endothelial cells, which
are tightly sealed by adhesive proteins and sheathed by pericytes
and astrocytic endfeet.'® ' This structure maintains the highly
regulated central nervous system (CNS) internal milieu and protects
neurons from factors present in the circulating blood. The break-
down of the BBB enables toxic blood-derived molecules, cells, and
microbial agents to enter the brain parenchyma, then contributes
to inflammation and immune responses, which can further activate
multiple pathways of neurodegeneration.*** Disruption of the BBB
is a hallmark of viral infection in the CNS, and viruses known to
cause BBB breakdown include HIV, rabies virus, Zika virus, and
SARS-CoV-2 virus, etc.”’ ?® Nevertheless, as an engineered viral
vector, whether direct injection of AAV into the brain parenchyma
could also affect the BBB is largely unknown. Notably, a previous
study found that high-titer AAV injection resulted in the reduction
of glutamine synthetase expression, an important functional and
marker protein of astrocytes for regulating neurotransmitter
recycle.”” In addition, astrocytic endfeet are one of the major biolog-
ical architectures of the BBB,”” and whether AAV injection induced
astrocytic dysfunction might cause even broader brain damage has
not been thoroughly explored.
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In this study, we examined changes in BBB integrity and lymphocyte
infiltration following the injection of different titers of AAVs into the
adult mouse brain. Using bulk RNA sequencing (RNA-seq) analysis,
we found that many genes and biological processes associated with
disruption of the BBB and lymphocyte infiltration were significantly
upregulated in high-titer AAV treated mice. Immunostaining studies
revealed that cerebrovascular cells and tight junction proteins
involved in the formation of the BBB were significantly decreased af-
ter injection of high-titer AAVs. Upon BBB breakdown, leakage of
plasma components, lymphocyte invasion, and neuronal damage
were observed at the site of high-titer AAV injection. Further studies
revealed that high-titer AAV injection induced neuronal loss is
relieved by depleting infiltrated T immune cells. Taken together,
our findings discover a series of detrimental effects caused by high-
titer AAV injection, including cerebrovascular injury, immune cell
infiltration, and neuronal toxicity.

RESULTS

AAV induces extensive changes in adaptive immune gene
profiles in a titer-dependent manner

AAYV vectors with cell-specific promoters are widely used for driving
transgene expression in target cells, such as human glial fibrillary acidic
protein promoter gfa2 (2.1 kb), which has been extensively used to
induce transgene expression in astrocytes.””*' To validate the specificity
and infected area of transgene expression in adult mouse brain, we in-
jected AAV9-gfa2::GFP (1 pL) into the cortex at two different titers, 108
GC (gene copies) (low-titer, 10'"! GC/mL) and 10'° GC AAV9 (high-
titer, 10%° GC/mL), which are lower than or equal to previous
studies.**>° Consistent with previous studies, the GFP report gene
was efficiently expressed in the astrocytes (S100B") and the infected
area was significantly enlarged in high-titer AAV injected mouse brains
at 30 days post injection (dpi) of AAV (Figures 1A and 1B). A previous
study showed that intracranial injection of high-titer AAVs affects
astrocyte function (10" to 3 x 10" GC).* Next, we wanted to know
the glial response after AAV injection, so we performed immunostain-
ing for GFAP, Ibal, and CD68. Unexpectedly, both astrocytic marker
GFAP and microglial marker Ibal were drastically increased and
many hypertrophic astrocytes and microglia were detected within the
high-titer AAV injected area (Figures 1C and 1D). Moreover, the acti-
vated microglial marker CD68 was also sharply increased in high-titer
AAV injected mice (Figures 1C and 1D). Together, these data suggest
that high-titer AAV can induce abnormal glial responses, which may
significantly change the local environment.

Next, to broadly investigate the effects of high-titer AAV on brain tis-
sue, we performed bulk RNA-seq on the injected cortical area
(1.5 mm within the injected site) from PBS (vehicle control) versus
10® GC and 10" GC AAVY (Figure 1E). We compared the differen-
tially expressed genes (DEGs) (using a false discovery rate
[FDR] < 0.05) between groups, and found that high-titer AAV9 injec-
tion induced a robust whole transcriptome change compared with the
vehicle (DEGs = 1,521) and low-titer groups (DEGs = 1,428), while
only a few DEGs were detected between PBS and low-titer groups
(DEGs = 13; Figure 1F). The top 30 DEGs were presented as a heat-
map according to the fold changes, which showed a significant differ-
ence between high-titer and low-titer/PBS, while there was no
obvious difference between PBS and low-titer AAV (Figure 1G).
Thus, to uncover the effect of high-titer AAV on the transcriptome,
we further compared high-titer and low-titer AAV transcriptome da-
tasets. A volcano plot revealed that high-titer AAV treatment
enhanced more transcripts including those associated with anti-viral
response (Ifit3, Irl9, Stat-1, and Irgm1), recruitment of immune cells
(Cxcl10, Cxcl9, Ccl12, and Ccl5), BBB integrity (Icam1, Jam1, Mmp3,
and Mmp13), and inflammatory response (Gfap, IL6, Tnf, and Gzmb;
Figure 1H). Real-time qPCR further validated that two selected DEGs
secreted by reactive microglia (TNF-a) and astrocyte (CXCL10)*®
were significantly upregulated in high-titer AAV treated samples
(Figures 1I and 1J). Next, significant DEGs were analyzed by Kyoto
Encyclopedia of Genes and Genomes (KEGG) and gene otology
(GO) for functional classification. KEGG analysis revealed that
DEGs were most enriched in immune response pathways, which
involved recruitment and functional genes related to immune cells
(Figure 1K). The GO category enrichment analysis showed that these
DEGs were enriched in biological processes including the immune
system process, immune response, regulation of immune effector
process, leukocyte activation, cytokine production, and response to
cytokine (Figure S1A). Further gene set enrichment analysis
(GSEA) revealed that gene sets of T cell activation and differentiation
were highly activated in high-titer AAV treated mouse brain
(Figures SIB-S1E), suggesting immune cell invasion in the brain pa-
renchyma. CD45 is the leukocyte common antigen and expressed by
all hematopoietic cells, except erythrocytes, having a higher level of
expression on immune cells. As expected, CD45" leukocytes were
not observed at the site of the low-titer AAV injected mice, while a
massive amount of CD45" leukocytes were detected in brain paren-
chyma in high-titer AAV treated mice (Figure S1F). Together, these
findings indicate that high-titer AAVs lead to transcriptional changes

Figure 1. High-titer AAVs activate a strong anti-viral response in the adult mouse brain

(A) Low-magnification confocal images of GFP (green) at 30 dpi of low-titer (middle) and high-titer AAVs (right) intracranial injection. Scale bar, 200 um. The left panel is the
high-magnification confocal image of GFP co-stained with astrocytic marker S1008 (red). Arrowheads indicate GFP-expressing astrocytes. Scale bar, 20 um. (B) Quantified
data of GFP covered area of AAV-infected mouse cortex. (C) Immunostaining of GFAP, Iba1, and CD68 in the AAV injected areas (30 dpi). Scale bar, 20 pm. (D) Quantification
of GFAP, Iba1, and CD68 covered area within the injected sites. (E) Experimental schedule. PBS or low- or high-titer AAV9 were injected in the adult mouse cortex and the
samples were collected at 10 dpi for further analysis. (F) Bar graph showing DEGs in PBS, 108 GC, and 10'° GC groups. There are more than 1,000 DEGs between the high-
titer group and the PBS or 108 GC group. (G) Heatmap showing the top 30 DEGs in the 9 individuals. (H) The DEGs between high- and low-titer AAVs are plotted in the
volcano map. Example genes are labeled in black corresponding to blue dots. Note, many DEGs are involved in antiviral, chemokine, BBB, and inflammatory cytokine
biological activities. (I and J) gRT-PCR further demonstrated that two of the selected DEGs, TNF-a. () and Cxcl10 (J), were dramatically upregulated in high-titer AAV treated
mice (n = 3 mice per group, p < 0.01). (K) The KEGG-enriched bar graph showing the pathways by which high-titer virus elicited an immune response. Statistics were

performed using one-way ANOVA analysis with Tukey test (post-hoc).
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of genes involved in immune responses along with leukocyte
infiltration.

Overall, we injected AAV9 into the mouse brain at commonly used
doses and found that high-titer AAV injection significantly activated
astrocytes and microglia. In addition, we also found many DEGs that
are involved in BBB integrity and anti-viral immune responses, pro-
moting us to further investigate the potential effects of AAV on BBB
and immune responses in the adult mouse brain.

High-titer AAV damages cerebral blood vessels

Normally, leukocyte migration across the BBB is highly restricted and
strictly regulated.”>*” It is thus possible that leukocyte infiltration into
brain parenchyma after high-titer AAV injection is due to BBB
breakdown. The BBB consists of specialized brain microvascular
endothelial cells, which are connected by tight junctions and wrapped
by pericytes and astrocytic endfeet (Figure 2A). To investigate the
effects of AAV on cerebral blood vessels, we injected different titers
of AAV9 into the adult mouse cortex, and samples were collected
at 30 dpi for histologic study (Figure 2B). Because dysfunction of as-
trocytes and pericytes are involved in BBB disruption during CNS
inflammation and viral infection, we first performed immunostaining
for AQP4, a water channel at astrocytic endfeet,”’ and discovered a
significant reduction of AQP4 in high-titer AAV treated mice
(Figures 2C and 2G). In PBS or low-titer treated mice, AQP4 expres-
sion was detected in the CD31" endothelial lining of the vasculature,
whereas the vascular endothelial cells lost the AQP4 sheath in high-
titer AAV treated mice (Figure 2D). Similar to astrocytic endfeet,
pericytes (PDGFR-B") were also tightly attached to the cerebral blood
vessels (CD31") in PBS and low-titer AAV treated mouse brains, but
this immunostaining pattern was severely destroyed by the high-titer
AAV intracranial injection (Figure S2). Moreover, high-titer AAV in-
jection also resulted in a shortened average length of CD31-labeled
blood vessels, indicating that cerebral blood vessels were fragmentized
and damaged (Figure 2H). Next, we examined the tight junctions be-
tween endothelial cells. Tight junction proteins (ZO-1 and occludin)
were present in about 60% of vascular territories in PBS and low-titer
treated mouse brains, but were largely reduced in the high-titer AAV
treated mice (Figures 2E, 2F, 2I, and 2]). Therefore, high-titer AAV
damages the normal structures of cerebral blood vessels.

To elucidate the progress of the BBB disruption by high-titer AAV in-
jection, we selected three time points (Figure 2K). At 6 dpi, we did not
find any obvious changes in astrocytic endfeet (AQP4) and tight junc-
tions (ZO-1 and occludin), but a significant reduction of AQP4, ZO-1
and occludin was observed at 10 dpi and these abnormal changes
were further exacerbated at 30 dpi (Figures 2L-2N, quantified in
Figures 20-2Q). Together, these data indicate that high-titer AAV
induced BBB breakdown starts 6 days after AAV injection.

AAV disrupts the BBB

The integrity of the BBB plays a pivotal role in maintaining the ho-
meostasis of the brain microenvironment. Next, we investigated
whether a damaged BBB induced by high-titer AAV injection might
lead to the leakage of blood components. Circulating blood is rich in a
variety of blood cells and plasma proteins, such as red blood cells, leu-
kocytes, platelets, and immunoglobulins. Normally, these compo-
nents are difficult to detect in the brain parenchyma due to the restric-
tion of the BBB. Therefore, we first examined IgG, the most abundant
immunoglobulin protein in the blood, in the mouse cortex following
AAV injection at 30 dpi. We found a more than 4-fold increase in IgG
signal in mice injected with high-titer AAVs compared with PBS/low-
titer AAVs (Figures 3A and 3B; n = 5 mice). Next, we examined
platelet cells (CD41%),”® a small blood cell with no obvious nucleus
(DAPI "), and also found platelets present in the brain parenchyma
of high-titer AAV treated mice, but this abnormal phenomenon did
not appear in low-titer AAV treated mice (Figures 3C and 3D).
Thus, these results suggest that high-titer AAV disrupts the integrity
of the BBB and enables components in circulating blood to enter the
brain parenchyma.

Increased blood contents in brain parenchyma of high-titer AAV
treated mice indicates impairment of the BBB. To further characterize
leakage of the damaged cerebral blood vessels, we retro-orbitally in-
jected fluorescent tracers into the mice at 30 days post AAV injection.
First, we injected cadaverine and examined its efflux to brain paren-
chyma after 2 h (Figure 3E). Consistently, astrocytic endfoot marker
protein AQP4 was dramatically decreased in high-titer AAV injected
brain region, and a large amount of cadaverine was detected in
the AQP4 low expressed areas (Figure 3F). Quantified data
showed that cadaverine was rarely observed in PBS or low-titer

Figure 2. High-titer AAV destroys BBB biological structures

(A) Diagram of BBB structure including astrocytic endfeet, pericytes, and tight junctions between endothelial cells. (B) Intracranial injection site, the serotype of AAV, and
experimental timeline. (C) Representative low-magnification confocal images of focal areas of astrocytic endfeet (AQP4, green) in PBS and AAV injected regions, and robust
AQP4 signals were lost in high-titer AAV treated mice. Scale bar, 200 um. (D-F) High magnification confocal imaging of CD31 (endothelial cell marker, red) co-stained with
AQP4 (D) (green), ZO-1 (E) (tight junction marker, green), and occludin (F) (tight junction marker, green) in PBS, 108 GC and 10'° GC groups. Arrowheads indicate endothelial
cells that are wrapped by astrocytic endfeet (D) and sealed by ZO-1 (E) and occludin (F). Arrows indicate the endothelial cells that lost these structures after high-titer AAV
injection. Scale bar, 20 um. (G and H) Quantified data showing the intensity of AQP4 (G) and average length of CD31 (H) in different groups. (I and J) Quantified data showing
the ratio of total ZO-1* signals to total CD31* signals (I) and the ratio of total occludin® signals to total CD317 signals (J) in different groups. These data reveal that the biological
structure of the BBB is disrupted by high-titer AAVs. (K) Study design to examine effects of high-titer AAV injection into the cortex. (L-N) High-magnification confocal imaging
of CD31 (endothelial cell marker; red) co-stained with AQP4 (L) (green), ZO-1 (M) (green), and occludin (N) (green) at 6, 10, and 30 dpi. Arrowheads indicate the typical BBB
structure that contains astrocytic endfeet and tight junctions at 6 dpi after high-titer AAV injection. Arrow indicates the abnormal BBB that lost these signals starting at 10 dpi
after high-titer AAV injection. Scale bars 20 um. (O-Q) Quantified data showing the ratio of cerebral blood vessels that are surrounded by astrocytic endfeet (O), sealed by
Z0-1 (P) and occludin (Q) at different time points after high-titer AAV injection. Values are shown as mean + SD. n = 5 mice per group. One-way ANOVA analysis with Tukey
test. Significance reported as **p < 0.01, **p < 0.001, ***p < 0.0001.
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AAV injected cortical areas, but was found spreading widely in high-
titer AAV injected cortical areas (Figure 3G). Further study found
that extravasated cadaverine localized to neurons (Figure 3H). More-
over, we further examined the BBB integrity in living animal brain by
using two-photon imaging 10 min after injection of TRIC-conjugated
dextran (Figure 31, 30 dpi). As expected, the fluorescence signal was
restrained inside cerebral blood vessels in PBS and low-titer AAV
treated mice; however, apparent leakage of dextran was detected
outside the blood vessels in high-titer AAV treated mice (Figure 3],
quantified in Figure 3K). Together, these experiments demonstrate
that high-titer AAV disrupts the integrity of the BBB and increases
the permeability across the BBB.

Lymphocytes infiltrate AAV infected areas

We have shown leukocyte (CD45") invasion in high-titer AAV
treated mouse brain (Figure S1F). To further characterize the infil-
trated leukocytes in more detail after AAV injection, we injected three
different titers of AAV into the mouse brain and collected the samples
for histologic study at 30 dpi. Interestingly, GFP fluorescence was de-
tected in all groups, which indicated that the transgene was expressed
after AAV injection. Moreover, we observed robust CD45" immuno-
staining signals that were accumulated inside the GFP" area in high-
titer AAV treated mice (Figures 4A and 4C). By taking high-magni-
fication confocal images, we found a large number of CD45" cells
in the cortex of high-titer (10'° GC) AAV injected mice, while very
few CD45" cells were detected in low (10° GC) or medium-titer
AAV (10 GC) treated mice (Figures 4B and 4D). CD4S5 is a cell sur-
face antigen expressed on most cells of hematopoietic lineage, and
resting and activated microglia.” To identify the subtypes of these
CD45" cells, we performed co-immunostaining for CD45 and Ibal
and found that more than 90% of CD45" cells were Ibal negative
(Figures 4E and 4F), suggesting that the majority of CD45" cells in
the brain parenchyma after high-titer AAV injection were infiltrating
peripheral leukocytes.

After high-titer AAV injection, it is unclear when leukocytes start to
invade the brain parenchyma. To address this topic, we injected high-
titer AAV into the mouse cortex and collected brain samples for im-
munostaining at different times (Figure 4G). At the early time of 6
dpi, we found a few infiltrated CD45" leukocytes in the brain paren-

chyma, which was dramatically increased at 10 dpi and then further
increased at 20 and 30 dpi (Figures 4H and 4I). Leukocytes, also
known as white blood cells, are a group of cells in the immune system,
including lymphocytes (T and B cell). Next, we asked what types of
leukocytes were involved in these invaded CD45" cells. To clarify
the type of infiltrating leukocytes, we selected different immune cell
markers to co-stain with CD45, including CD8 for cytotoxic T lym-
phocytes (CTLs) and NK cells, CD4 for helper T cells, and CD19
for B cells.*® Consistently, CD8" and CD4" immune cells were de-
tected at 6 dpi, and then sharply increased at 10, 20, and 30 dpi
(Figures 4]-4L). Interestingly, the proportion of CD8" cells remained
consistent at different time points (Figure 4M), while the proportion
of CD4" cells gradually increased (Figure 4N). At 30 dpi, we also as-
sessed the B cell population by checking bulk RNA-seq data and
CD19 immunostaining, we found that B cell activation and differen-
tiation were increased (GSEA, Figures S3A and S3B), and about 13.6%
infiltrating lymphocytes were CD19" B cells (Figures S3C-S3F). In
line with our bulk RNA-seq finding, these results reveal that after
high-titer AAV injection, a diversity of immune cells, including
CD8" and CD4" T cells, infiltrate into brain parenchyma.

Universality of cerebrovascular toxicity induced by high-titer
AAV

Different GFAP promoters (2.1 kb, 1.6 kb, and 681 bp) are commonly
used to drive transgene expression in astrocytes.”*! A previous study
found that the cytotoxicity induced by AAVs in the retina might be
correlated with the promoter in the AAV genome.42 Therefore, we
asked whether high-titer AAV induced BBB breakdown and leuko-
cyte infiltration might also be associated with promoters in AAV
vectors. Then we injected AAVs with two shorter versions of astrocyte
specific promoters, 1.6 kb in AAV9 (Figure S4A) and 681 bp in AAV5
(Figure S4E), into the mouse cortex. Similar to that found for the long
promoter (2.1 kb) in AAV9, we found a severe AQP4 signal loss and
leukocyte infiltration at the site of high-titer AAV injected regions
compared with low-titer AAV treated mice (Figure S4). Thus, BBB
disruption and leukocyte infiltration induced by high-titer AAV
seems to be unrelated to different forms of GFAP promoter.

Given that different brain regions have their own characteristics in
structure, cellular composition, and function, we asked whether

Figure 3. High-titer AAV results in BBB leakage

(A) Low-magnification Zeiss fluorescence microscope showing that IgG (red) enters the brain parenchyma in 10'°GC groups. GFP (green) indicates the AAV infected brain
area. (B) Quantification of IgG immunofluorescence intensity. (C) Typical confocal imaging of CD41 (platelet marker, green) signalin 108 GC (left) and 10'° GC (right) groups at
20 dpi; infiltrated platelets were observed clearly in high-titer AAV treated mouse brain. Arrowheads indicate some typical platelets that are lacking DAPI. Scale bars 20 um. (D)
Quantification of platelets, showing a significant increase in infiltrated platelets in high-titer AAV treated mouse brain (**p < 0.001, two-tailed Student’s t test). (E) Assessment
of BBB permeability with cadaverine Alexa Fluor 555 dye. Cadaverine was injected through the retro-orbital venous sinus at 30 dpi of AAV/PBS injection, and circulated for
2 h. Then mice were sacrificed for immunohistochemistry. (F) Low-magnification confocal imaging of cadaverine (red) co-stained with AQP4 (green) at 30 days. Extravasated
cadaverine was detected in the high-titer AAV injected cortical area, where astrocytic endfeet (AQP4) were also reduced. Scale bar, 20 um. (G) Quantifications of extravasated
cadaverine area. (H) High-magnification confocal imaging of cadaverine (red) co-stained with NeuN (green) at 30 days. Scale bar, 20 um. () Assessment of BBB permeability
with two-photon microscopy. Thirty days after AAV injection, TRITC (20 kDa) was injected through the retro-orbital venous sinus, and then imaged immediately for 10 min. (J)
Two-photon microscopy of 20 kDa dextran (white) in cortical blood vessels in the PBS, 108 GC, and 10'° GC groups. Note that TRITC fluorescence signal was detected not
only in blood vessels but also in brain parenchyma in high-titer AAV injected mice. Scale bar, 20 um. (K) Quantifications of leakage TRITC intensity. Values are shown as
mean + SD. n = 5 mice per group. One-way ANOVA analysis with Tukey test was performed in (B, G, and K). Significance is reported as **p < 0.001, ****p < 0.0001.
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exposure to the same high-titer of AAVs in different brain regions
would elicit similar changes such as BBB breakdown and leukocyte
infiltration. Therefore, we injected AAV9 (10* GC and 10" GQ)
into the mouse striatum and hippocampus, two of the brain regions
that were frequently injected with AAVs for studying neuroscience
(Figures 5A and 5B). Damaged BBB were also detected clearly both
in the striatum and hippocampus in high-titer AAV9 injected areas
(Figures 5C, 5D right, and 5E), but not in low-titer AAV9 injected
mice (Figures 5D left and 5E). Upon BBB breakdown, we also
observed much CD45" leukocyte infiltration in brain parenchyma
of striatum and hippocampus after high-titer AAV intracranial injec-
tion (Figures 5F, 5G right, and 5H). Invaded leukocytes were not
observed in low-titer AAV9 treated mice (Figures 5G left and 5H).
Next, to exclude any potential contribution of AAV serotypes, we in-
jected AAV5 (10°® GC and 10'° GC), another serotype of AAV that is
also commonly used in the adult mouse brain, into the cortex (Fig-
ure S5A). At 30 dpi, a large amount of GFP was expressed around
the AAVS5 injected site (Figure S5B). As expected, we also found
injured cerebral blood vessels (Figures S5C, S5D right, and S5G)
and invaded immune cells (Figures S5E, S5F right, and S5H) in
high-titer AAV5 injected mouse cortex, but these side effects were
not detected in low-titer AAV5 treated mice (Figures S5D left, and
S5F left). Moreover, to examine the effect of injecting volume on
the BBB, high-titer AAV9 (10" GC/mL) with different volumes
(0.1 and 0.5 pL) were microinjected into the mouse cortex
(Figures S6A and S6B). Interestingly, both AQP4 reduction and
lymphocyte infiltration were also observed at the core of the injection
area (Figures S6C-S6F). Together, these results suggest that high-titer
AAYV induced cerebrovascular toxicity and leukocyte infiltration are
widespread in the adult mouse brain.

Neuronal injury in AAV injected area

The infiltration of lymphocytes in the brain parenchyma after high-
titer AAV injection led us to investigate whether these infiltrated im-
mune cells, especially CTLs, can attack the local neurons to induce
neurotoxicity. Granzyme B (GZMB), a serine protease normally
released by NK cells and cytotoxic T cells, activates apoptosis in target
cells.**** Our bulk RNA-seq data have shown that the GZMB gene is
significantly upregulated by high-titer AAV injection (Figure 1H). To
further confirm GZMB expression, we performed GZMB immuno-
staining from 10, 20, and 30 dpi of high-titer AAV injected mice (Fig-
ure 6A) and found many GZMB" cells in AAV injected areas at 20
and 30 dpi but not at 10 dpi (Figures 6B and 6E). Next, we found

that over 90% of GZMB™ cells were CD4" (Figures 6D and 6F), but
none of the CD8" cells co-localized with GZMB in AAV injected
mouse brain (Figures 6C and 6F). Among these CD4" lymphocytes,
34% were GZMB" (Figure 6G). These data suggested that the majority
of GZMB" lymphocytes are CD4™ T cells.

Having acknowledged the cytotoxic role of infiltrated lymphocytes by
activating target cell apoptosis,"™*® we next investigated TUNEL
signal, a classic marker of apoptosis, in the mouse brain region of
high-titer AAV injection. We found a number of TUNEL" cells in
high-titer AAV injected cortex at 10 dpi but few in PBS-injected areas
(Figures 6H and 6I). Further studies revealed abundant TUNEL
signaling in neurons at 10 dpi of high-titer AAV injection, suggesting
that high-titer AAV triggered neuronal apoptosis (Figure 6]). To
elucidate the effect of AAV on neuronal density, we injected PBS
and two different titers of AAVs into mouse cortex, then collected
brain samples at 10, 20, and 30 dpi for immunostaining (Figure 6K).
We found that PBS and low-titer AAV treated mice had no apparent
changes in neuronal density at all three time points; however, signif-
icant neuronal loss was observed as early as 10 dpi in high-titer AAV
treated mice (Figures 6L and 6M). Together, these findings indicate
that high-titer AAV induces CTL infiltration and neuronal loss.

AAV cytotoxicity is independent of GFP expression

GFP, an engineered fluorescent protein that is derived from jellyfish
Aequorea, has been widely used for cell tracking, but it has also shown
cytotoxicity and immunogenicity.*” Therefore, we asked whether high-
titer AAV injection induced BBB disruption and lymphocyte infiltra-
tion were the result of GFP overexpression rather than the immunoge-
nicity of AAV. To answer this possibility, we employed the Cre-Flex
system, in which GFP expression is driven by the CAG promoter
and controlled by Cre recombinase (Figure 7A). Then, we injected
high-titer AAV9 into either Cre77.6 transgenic mice (mGfap-Cre,
Cre expressed in astrocytes) to induce GFP expression or wild-type
mice without GFP expression (Figure 7B). Indeed, we found robust
GFP expression in mGfap-Cre transgenic mice but not in wild-type
mice (Figure 7C), indicating that Flex-GFP is not expressed in wild-
type mice. Interestingly, when we examined the cerebral blood vessels
(Figures 7D and 7E), lymphocyte infiltration (Figures 7F and 7G),
invaded GZMB-expressing leukocytes (Figures 7H and 7I), and
neuronal toxicity (Figures 7] and 7K), we found significant abnormal
changes in wild-type mice as well, and these changes were comparable
with mGfap-Cre transgenic mice. In addition, we also injected high

Figure 4. High-titer AAV induces immune cell infiltration

(A) Low-magnification Zeiss fluorescence microscope imaging of GFP (green) co-stained with CD45 (red) at 30 dpi of AAV injection. Note that many infiltrated leukocytes were
present in high-titer AAV treated mice. Scale bar, 200 um. (B) Confocal images of CD45 immunostaining in 108 GC, 10° GC, and 10'°GC groups. Scale bar, 20 um. (C and D)
Quantifications of CD45 fluorescence intensity (C) and CD45* cell density (D) in 108 GC, 10° GC, and 10'° GC groups. (E) High-magnification confocal image of CD45 (red)
co-stained with IBA1 (green) at 30 days after high-titer AAV injection. Arrowhead indicates a typical infiltrated lymphocyte that is lacking Iba1. Scale bar, 20 um. (F) Pie chart
showing that 93.5% of CD45 positive cells were Iba1 negative. (G) Experimental design. (H) Low-magnification confocal images of CD45 signal at different time points. Scale
bar, 50 pm. (I) Quantifications of CD45* cell density at different time points. (J) High-magnification confocal images of CD45 (red) co-stained with CD8 (green, upper row), and
CD45 (red) co-stained with CD4 (green, bottom row) at different time points. Arrowheads indicate some infiltrated lymphocytes co-labeled with CD8 (top) and CD4 (bottom)
T cell antigens. Scale bars, 20 um. (K and L) Quantifications of CD8* and CD4™" cell density at different time points. (M and N) Quantifications of the percentage of CD8 and
CD4 positive cells. Values are shown as mean + SD. n = 5 mice per group. One-way ANOVA analysis with Tukey test. Significance reported as **p < 0.01, **p < 0.001,

***p < 0.0001.
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Figure 5. High-titer AAV injection results in BBB disruption and leukocyte invasion in striatum and hippocampus

(A) Experimental timeline. (B) GFP expression in striatum and hippocampus at 30 days post AAV injection. Scale bars, 200 um. (C) AQP4 immunofluorescence (green) in
striatum (top) and hippocampus (bottom) of high-titer AAV9 injected mice. White dashed boxes indicate the high-titer AAV injected areas where AQP4 was drastically
reduced. Scale bars, 200 um. (D) Immunofluorescence of CD31 (endothelial cells, red) and AQP4 (astrocytic endfeet, green) in striatum and hippocampus after low-titer (left)
and high-titer AAV9 (right) injection. These confocal images revealed that the perivascular astrocytic endfeet were lost within brain parenchyma after high-titer AAV9 injection.
Scale bars, 20 um. (E) Quantification data show that perivascular astrocytic endfeet are significantly reduced in high-titer AAV injected mice. (F) Low-magnification confocal
images showing CD45-positive leukocyte infiltration into the striatum (top) and hippocampus (bottom) after high-titer AAV9 injection. Scale bars, 200 um. (G) High-
magnification images showing that some of the infiltrated CD45* leukocytes (red) are CD8™ T cells (green) were detected only in brain regions injected with high-titer AAV9 but
not in low-titer AAV9 injected brain regions. Scale bars, 20 um. (H) Statistical analysis shows that high-titer AAV injection results in significant leukocyte infiltration both in
striatum and hippocampus. Data are shown as mean + SD. n = 3 or 5 mice per group. Two-tailed Student’s t test. Significance reported as ***p < 0.0001.
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titers of AAV5-Flex-GFP (10® GC and 10'° GC) into wild-type mice
(no GFP expression) to further test the influence of different serotypes
of AAVs, and found similar cerebral vascular damage and lymphocyte
infiltration in high-titer AAV5 treated mice but not in low-titer AAV5
treated mice (Figure S7). Therefore, these results demonstrate that the
high-titer AAV induced cytotoxicity and lymphocyte infiltration are
independent of GFP expression.

Although the absence of GFP can still cause cerebrovascular toxicity
after injection of AAV-CAG::Flex-GFP, the DNA of AAV still enters
the host cells. Several studies have shown that DNA immunosensors
can detect the AAV genome and elicit innate immunity and T cell re-
sponses.** " We then wondered whether the toxicity was due to the
AAV capsids themselves or to the DNA backbone packaged in the
capsids. Therefore, the empty AAV9 viral capsids (1 pL) were injected
into the adult mouse cortex at two different titers (10'" and 10" cap-
sids/mL), and the samples were collected at 30 dpi for histologic study
(Figure S8A). Injection of empty AAV9 viral capsid alone did not
result in BBB breakdown (Figures S8B and S8C) and lymphocyte in-
vasion (Figure S8D). These results suggest that viral DNA is required
for high-titer AAV induced BBB disruption and lymphocyte infiltra-
tion, but independent of the transgene expression.

Reducing infiltrated lymphocytes decreases neurotoxicity

Our data implicate an association between lymphocyte infiltration and
neuronal loss in high-titer AAV treated mouse brain, but it is unclear
whether invaded immune cells are directly involved in loss of neurons.
To this end, we treated mice with anti-CD8 or anti-CD4 depleting an-
tibodies beginning at 5 dpi after AAV injection (Figure 8A), a time
selected to precede the immune cell infiltration (Figures 4H and 4I).
Rat IgG was injected as control.”' > These treatments resulted in a sig-
nificant reduction of CD8" or CD4" T cell infiltration in brains 30 days
after high-titer AAV injection (Figures 8B-8E). Interestingly, high-
titer AAV induced neuronal damage was significantly reduced by inhi-
bition of either infiltrated CD8" or CD4" T cells (Figures 8F and 8G).
These results suggest that high-titer AAV induced neuronal loss is
associated with the infiltrated CD8" and CD4" T cells.

GZMB is a caspase like serine protease released by cytotoxic lympho-
cytes that were enriched in CD4" T cells in our study (Figure 6D).
Therefore, we asked whether blocking GZMB function protects neu-
rons from apoptosis induced by high-titer of AAVs. To test this hy-
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pothesis, GZMB functions were inhibited starting at 10 days after
high-titer AAV injection by using an anti-GZMB neutralizing mono-
clonal antibody (intracisternal injection, Figure 8H). Compared with
the IgG treated mice, blockade of GZMB function partially attenuated
neuronal loss following high-titer AAV injection (Figures 81 and 8J),
indicating that inhibiting GZMB function through injection of anti-
GZMB neutralizing antibody also can partially alleviate high-titer
AAV induced neuronal injury. Taken together, our study reveals
that high-titer AAVs disrupt the integrity of the BBB and induce
lymphocyte infiltration and neuronal damage in the adult mouse
brain (Figure 8K). We also show that suppression of lymphocyte
infiltration or blocking GZMB function are potential approaches
for alleviating high-titer AAV induced neurotoxicity.

DISCUSSION

Intracranial microinjection of AAVs is considered to be a safe and
efficient approach for driving transgene expression in the CNS. How-
ever, we show that high-titer AAV injection upregulates many genes
involved in disrupting the BBB and activating adaptive immune re-
sponses. Further histologic studies revealed that the integrity of the
BBB was significantly damaged by the high-titer AAVs. This led to
leakage of cerebral blood vessels and lymphocyte infiltration.
Lymphocyte invasion, especially CTLs, results in severe neurotoxicity
at the site of high-titer AAV injection. By using T immune cell
depleting or GZMB neutralizing antibody, high-titer AAV induced
neuronal loss was significantly reduced. This is the first study showing
the disruption of the BBB and lymphocyte infiltration following high-
titer AAV intracranial microinjection in the adult mouse brain.

In this study, we observed disruption of the BBB accompanied by
lymphocytic infiltration following AAV intracranial injection, which
has never been reported in previous studies. An immediate concern is
that infiltrated immune cells reach the injected site through the needle
track, because CNS borders including meninges harbor a diverse
repertoire of adaptive immune population.”* " But this possibility
can be easily excluded due to the absence of infiltrated immune cells
in PBS, low-titer AAV, and empty AAV capsid injected mice. More-
over, extensive transcriptome abnormalities with prominent signa-
tures of immune responses, such as genes involved in immune cell
recruitment, were remarkably upregulated compared with low-titer
AAV treated mice. Therefore, these results suggest that immune cells
present in the brain parenchyma are induced by high-titer AAV

Figure 6. Infiltrated immune cells cause neurotoxicity

(A) Scheme of immunostaining studies after high-titer AAV injection for examining GZMB-expressing infiltrated immune cells. (B) Confocal images of GZMB (green) at different
time points. Arrowheads showing some typical GZMB-expressing cells. Scale bar, 20 um. (C and D) Confocal images showing GZMB (green) co-stained with CD4 (D, red) but
not CD8 (C, red) at 30 dpi. Arrowheads indicate some typical GZMB-expressing cells that are co-expressing CD4 but not CD8. Scale bar, 20 um. (E) Quantification showing
the density of GZMB™ cells at different time points. (F) Summarized data illustrating almost all of the GZMB™ cells belong to CD4™ T cells. (G) Pie chart showing 34.6% of CD4*
T cells containing GZMB in the total CD4* T cell population. (H) High-titer AAV induced cellular apoptosis was detected by TUNEL staining (red). Scale bar, 20 um. ()
Quantification data of TUNEL* cells in PBS and high-titer AAV treated mice. (J) Representative images of TUNEL (red) co-stained with NeuN (green, indicated by arrowheads)
in high-titer AAV injected cortex. Scale bars, 20 um. (K) Experimental design for investigating neurotoxicity at different time points after high-titer AAV injection. (L) Repre-
sentative images of NeuN (green) in PBS, 108 GC, and 10'° GC groups at different time points. Scale bar, 200 pm. (M) Quantifications of neuronal density near the injected
areas. Note that the neuron density was significantly decreased starting at 10 dpi, then furtherly reduced at 20 and 30 dpi. Data are shown as mean + SD. n = 5 mice per
group. Two-tailed Student’s t test was performed in (F and I). One-way ANOVA analysis with Tukey test was performed in (E and M). Significance reported as *p < 0.05,

“*p < 0.01, ™ p < 0.001, ***p < 0.0001.
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Figure 7. AAV-induced BBB breakdown and neuronal toxicity is independent of GFP expression

(A) Work model of the Cre-Flex system in which the expression of GFP is controlled by the Cre recombinase. (B) Experimental design. (C) Low-magnification Zeiss fluo-
rescence microscope images of GFP (green) signal. Note that GFP was nicely expressed in mGfap-Cre transgenic mouse brain, while no GFP was detected in wild-type mice.
Scale bar, 200 um. (D) Confocal images of CD31 (red) co-stained with AQP4 (green) at 30 dpi in PBS treated mice (left), high-titer AAV treated mGfap-Cre transgenic (middle)
and wild-type mice (right). Arrowheads show a fragment of blood vessel wall formed by endothelial cells well wrapped by astrocytic endfeet. Arrows indicate the blood vessel
wall lost astrocytic endfeet wrap. Scale bar, 20 um. (E) Quantified data showing that the AQP4 wrapped cerebral blood vessels were significantly reduced both in mGfap-Cre
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injection, rather than CNS border immune cells migrating along the
needle tract to the injection site. The next concern is that high-titer
AAV induced BBB disruption and lymphocyte infiltration are closely
related to the viral vectors we selected in this study, such as the pro-
moter, exogenous transgene expression (GFP), and serotype.*>*” This
has been carefully considered but found to be incompatible with our
observations. First, four different promoters were used in our study,
including three astrocyte specific promoters and one non-specific
promoter (CAG), and all AAV vectors showed BBB breakdown and
immune cell invasion under high-titer conditions. Second, we em-
ployed the Flex-GFP vector in our study to exclude the impact of
long-term GFP expression on the BBB. Although GFP was not ex-
pressed in the brains of wild-type mice following high-titer AAV in-
jections (Figure 6C, bottom), we still noticed BBB breakdown and
lymphocyte infiltration. Third, we employed AAVS5, another widely
used serotype in neuroscience research, to further validate our find-
ings. Consistent with the findings of AAVY9, high-titer AAV5 injec-
tion also can induce BBB breakdown and lymphocyte infiltration.
Altogether, these findings suggest that high-titer AAV is the direct
inducement for BBB disruption and lymphocyte infiltration.

The brain is often described as immune-privileged due in part to the
presence of a BBB that limits the entry of immune cells. Therefore, the
adaptive immune response induced by AAV in the brain parenchyma
is usually disregarded.”® Nevertheless, our study clearly shows that
high-titer AAV intracranial injection results in disruption of the
BBB and immune cell infiltration, and then leads to neuronal toxicity.
Accordingly, a previous study has shown that high-titer AAV injec-
tion resulted in a prominent decrease of astrocytic glutamine synthe-
tase,”” suggesting that the normal function of astrocytes is disturbed
by the high-titer of AAV. Given that astrocytic endfeet are the critical
cellular structure for maintaining the integrity of the BBB, high-titer
AAV induced astrocyte dysfunction may also disrupt BBB integrity.
To provide the molecular and histologic substrate, we found that
another astrocytic protein, AQP4, was also remarkably reduced at
high-titer AAV injection sites. Normally, water channel AQP4 is pri-
marily expressed at perivascular astrocytic endfoot processes around
the BBB,'® while astrocytic AQP4 reduction indicates BBB dysfunc-
tion. Thus, our study extends previous findings from astrocytes to
BBB, and provides the first piece of evidence for high-titer AAV injec-
tion induced BBB disruption, an unwanted adverse reaction that has
never been reported by previous studies.

In general, AAV vectors safely transduce CNS and retina, but the
evidence is accumulating that AAV-based gene delivery can cause un-

Molecular Therapy: Methods & Clinical Development

expected adverse effects in these nervous systems,”®*>*® but the
mechanisms are not yet fully understood. For example, a recent study
found that high-dose AAV injection in adult mouse hippocampus re-
sulted in ablation of neurogenesis;59 however, how high-dose AAV
impairs hippocampal neurogenesis has not been elucidated. Interest-
ingly, activated T cell released GZMB has been found to inhibit
hippocampal neurogenesis.”” Given the findings of GZMB" T cells
present at the sites of high-titer AAV injection in our study, it is ex-
pected that AAV induced neurogenesis ablation is caused by the in-
filtrated GZMB™ T cells. Moreover, this working model may also
help to explain other AAV induced unexpected reactions in CNS
such as neuronal toxicity.”' Since AAVs have been widely used in
both basic neuroscience research and gene therapy for neurological
disorders, including neuronal circuits,*>% in vivo glia-to-neuron con-
version,”* °® and gene therapy,"”'***® as well as producing animal
models of neurodegenerative disease.®”””! Meanwhile, intracranial in-
jection of high-titer AAV (>10" GC/mL) is frequently used in
neuroscience studies. Therefore, we call on researchers to consider
the possible impact of viral titer on experimental results when using
AAV as a gene delivery vector to avoid misinterpretation of experi-
mental results.

The recent advances in AAV modification technology have promoted
the emergence of many new engineered AAV serotypes for targeting
the CNS.>”* One of the major improvements involves increasing the
target specificity of AAVs and reducing the possibility of non-target
cells.”>”* Therefore, the first limitation of our study is the fact that
the new generation of modified AAVs were not investigated. In addi-
tion, BBB crossing AAV serotypes were developed by scientists, and
the broad transduction in the CNS was achieved after systemic injec-
tion.”>’® However, whether systemic injection of a large amount of
BBB crossing AAVs would also result in disruption of the BBB and
lymphocyte invasion is not investigated, this is the second limitation.
Moreover, our bulk RNA-seq data revealed many upregulated genes
involved in BBB breakdown and lymphocyte infiltration, but we have
not yet elucidated what cell type initiates this process, this is the third
limitation in this study. In addition, several studies have demon-
strated an important role of AAV genomes in triggering host immune
response, including promoters, inverted terminal repeat (ITR) se-
quences, and transgenes**™
details. Therefore, further investigations will be needed to decipher
the relative contribution of AAV genomes and capsids in the context
of BBB disruption and lymphocyte infiltration. In addition, we
demonstrate that administration of T cell depleting antibodies or
GZMB neutralizing antibodies can significantly attenuate neuronal

% however, we did not touch on such

transgenic and wild-type mice after high-titer AAV injection. (F) Confocal images of CD45 (red) co-stained with CD8 (green, indicated by arrows) at 30 dpi in different groups.
Arrowheads represent the CD8 negative leukocytes. Scale bar, 20 um. (G) Quantified data showing that the CD45* cell density was remarkably increased both in mGfap-Cre
transgenic mice and wild-type mice after high-titer AAV injection. (H) Confocal images of CD45 (red) co-stained with GZMB (green, indicated by arrows) at 30 dpi in different
groups. Scale bar, 20 um. (l) Quantified data showing that the GZMB* cell density was significantly increased both in mGfap-Cre transgenic mice and wild-type mice after
high-titer AAV injection. (J) Low-magnification images of NeuN (green) signal. Note that the massive NeuN loss was observed both in mGfap-Cre transgenic mice and wild-
type mice after high-titer AAV injection. Scale bar, 200 um. (K) Quantified data illustrating that the remarkable neuronal loss was presented in both mGfap-Cre transgenic mice
and wild-type mice after high-titer AAV injection. Values are shown as mean + SD. n = 5 mice per group. One-way ANOVA analysis with Tukey test. Significance reported as

***p < 0.0001.
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toxicity induced by intracranial injection of high-titer AAV; however,
we have not systematically investigated the optimal route, dose and
frequency of administration, which is another disadvantage of this
study. Investigation of the optimal route, dose, and frequency of
administration is an important guide for possible future clinical use
and deserves further study.

In conclusion, this study reveals that high-titer AAV intracranial in-
jection results in disruption of the BBB and lymphocyte infiltration in
the adult mouse brain, followed by neuronal loss at the injection sites,
which has never been reported by previous studies. The high-titer
AAVs induced unexpected adverse reactions in the adult mouse, sug-
gesting that future work using AAVs as an experimental tool in the
adult mouse brain, and as gene therapy for CNS disorders, should
be carefully evaluated. Meanwhile, to achieve both safe and effective
expression of transgene, we do not need to inject high-titer AAVs
(>10" GC/mL) into the mouse brain.

MATERIALS AND METHODS

Animals

Experiments were conducted on adult (age 2-3 months) wild-type
C57BL/6] mice (Guangdong Yaokang Biotechnology, China) and 2-
to 3-month-old GFAP::Cre transgenic mice (B6.Cg-Tg [Gfap-cre]
77.6Mvs/2], Cre77.6, Jackson Laboratory). Both male and female
mice were used in this study and all mice were subjected to a standard
12 h light and dark cycle with sufficient water and food. Experimental
protocols were approved by the Laboratory Animal Ethics Committee
of Jinan University, China (approval no. IACUC-20210406-03 and
20220406-07).

AAV vector production and titration

SsAAV vectors were used in this study, and all vector genomes were
flanked by AAV2/9 (AAV9) or AAV2/5 (AAV5) ITRs. AAV vectors,
GFAP-GFP and CAG-Flex-GFP, were constructed by PackGene
Biotech. The versions of the GFAP promoter used in this study
included GFAP2.2 (2.2-kb gfa2 promoter), GFAP1.6 (1.6-kb GFAP
promoter), and GFAP681 (681-bp gfaABCID promoter). Recombi-
nant AAV9 and AAV5 were produced by PackGene Biotech. The
steps include: first, a large number of ultrapure plasmids were ex-
tracted and co-transfected with HEK293 cells. AAV was then concen-
trated and purified by ultra-high-speed gradient centrifugation.
Finally, the virus titer was tested by FWD ITR and REV ITR primer
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specific detection of AAV vector ITR sequence by SYBR green qPCR
and the purity of AAV was determined by SDS-PAGE electropho-
resis. The empty AAVY viral capsids were prepared in the same
way, except that the genome plasmid of the vector (cis-plasmid)
was excluded in the transfection step (PackGene Biotech). The titer
of the empty AAV9 viral capsids was determined using an AAV9
Titration ELISA kit (PRAAVY, Progen). Details of the AAVs used
in this study are shown in Table S1, including promoter length and
original titer. Endotoxin test was performed by gel assay with a test
result of less than 10 EU/mL. The purity of capsid protein was deter-
mined by SDS-PAGE, and there was no obvious impurity. PBS con-
taining 0.001% F-68 was used for AAV titer adjustment. The AAV9
and AAV5 GC per injection ranged from 10® GC to 10’ GC. All
AAVs were stored in a —80°C freezer and used within 12 months af-
ter production.

Stereotaxic viral injection

Brain surgeries were conducted on 2 to 3 month old mice for AAV
injection. The mice were anesthetized by intraperitoneal injection
of 20 mL/kg 1.25% Avertin (Sigma, T48402). After shaving the hair
and washing the scalp with iodine tincture and ethanol, the mice
were placed into a stereotaxic setup. Artificial eye ointment was
applied to cover the eyes for protection purposes. A midline scalp
incision of the mouse brain was made and a drill hole (0.5 mm) on
the skull was created for virus injection into the cortex
(AP +0.6 mm, ML -2 mm, DV -0.7 mm), striatum (AP +0.6 mm,
ML +1.5 mm, DV -3.0 mm), and hippocampus (AP -2.0 mm,
ML -1.5 mm, DV -1.5 mm). Using a WPI pump and glass microelec-
trode, 0.1-1 pL of AAV was injected into the brain at a speed of 100
nL/min. After viral injection, the glass microelectrode was left in the
parenchyma for about 10 min and then slowly withdrawn.

Immunofluorescence and analysis

For brain slice staining, the mice were anesthetized with 1.25% Aver-
tin and then sequentially perfused, first with saline solution or ice-
cold artificial cerebrospinal fluid to wash the blood off and then
with 4% paraformaldehyde (PFA) to fix the brain. Then the brains
were quickly removed and post fixed in 4% PFA overnight at 4°C
in darkness. After fixation, the samples were cut into 40 um sections
using a vibratome (Leica, VTS1200). Brain slices were washed three
times in the phosphate buffer solution for 10 min each and then
blocked in the buffer solution (5% donkey serum + 0.5% Triton

Figure 8. Antibody intervention attenuates high-titer AAV induced neurotoxicity

(A) Scheme of antibody intervention. Intraperitoneal administration of CD8 and CD4 depleting antibodies were performed every 5 days after virus injection, the Rat IgG was set
as control, then histological studies were performed at 30 dpi. (B and C) Confocal imaging of CD8 signal in IgG and anti-CD8 groups (B), and CD4 signal in IgG and anti-CD4
groups (C). Scale bar, 200 um. (D and E) Quantifications of CD8" cell density in IgG and anti-CD8 groups (D), and CD4* cell density in IgG and anti-CD4 groups (E). (F)
Representative microscope images of NeuN (green) signal for control (left), anti-CD8 (middle), and anti-CD4 (right) treated mice. Scale bar, 200 um. (G) Quantifications of
neuron density. Note that the neuronal density was significantly recovered after depleting either CD8* or CD4* infiltrated T cells. (H) Experimental design. GZMB and isotype
control (Ms IgG) antibodies were injected through the cisterna magna on days 10, 16, and 22 after virus injection, then mice were sacrificed at 30 dpi for histological study. (1)
Example images of normal mice (left) and mice that were treated with Ms-IgG (middle) and GZMB neutralizing antibodly (right). Scale bar, 200 pm. (J) Quantifications of neuron
density in different groups. Statistical analysis indicated that antagonizing GZMB by administering neutralizing antibody also can alleviate high-titer AAV induced neurotoxicity.
(K) A schematic illustrating that high-titer AAV disrupts the integrity of the BBB, induces immune cell invasion, and then results in neurotoxicity in the adult mouse brain. Data
are shown as mean = SD. n = 5 mice per group. Two-tailed Student’s t test was performed in (D and E). One-way ANOVA analysis with Tukey test was performed in (G and J).

Significance reported as *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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X-100) for 1.5 h at room temperature. Primary antibodies were
diluted in the blocking buffer and incubated at 4°C for 24 h
(Table S2: primary antibody information). The brain slices were
washed three times and then incubated with DAPI and the secondary
antibodies conjugated to Alexa Fluor 488, Alexa Fluor 555, or Alexa
Fluor 647 (1:1,000) for 1.5 h at room temperature, followed by exten-
sive washing with PBS. The samples were finally mounted on the glass
and sealed with nail polish.

IgG immunofluorescence: the animals were treated in the same way as
above. The brain slices were washed three times with PBS for 10 min
each time, then stained with a secondary antibody (donkey anti-
mouse IgG conjugated with Alexa Fluor 555) for 2 h. Brain slices
were washed three times with PBS for 10 min each and finally imaged
under a Zeiss fluorescence microscope.

The images were acquired using a Zeiss confocal microscope
(LSM880, Zeiss, Germany). For mice in the PBS treatment group,
mouse brain slices were selected according to the injection coordi-
nates, mouse brain atlas, and needle tract, ensuring that the selected
brain slices were close to the injection site (within 300 pm). For quan-
tification, four viral-infected regions in the cortex were randomly
taken for confocal imaging (40x lens). The images were analyzed
using Zeiss software ZEN and Image] software.

BBB permeability assays

Uptake of cadaverine AF555 test

BBB permeability was detected by wusing 1,000 Da Alexa
Fluor 555-cadavirine (A30677, Thermo Fischer Scientific, 50 uL,
1 mg/mL) as a tracer assay. For cadaverine assays, the adult mice
were anesthetized with 1.25% Avertin and then the cadaverine was in-
jected into the retro-orbital venous sinus. Cadaverine was allowed to
circulate for 2 h in adult mice, then the mice were perfused intracar-
dially with saline solution and 4% PFA. Brain slices were stained in
the same way as before. BBB permeability was measured through
quantifying the areas of the cadaverine leakage in the virus infected
areas.

In vivo two-photon live imaging analysis

Thirty days after virus injection, we conducted cranial windows,
which were prepared on a vertical laminar flow clean table (SW-CJ-
1FD, AIRTECH System). The mice were anesthetized by intraperito-
neal injection of 1.25% Avertin. After shaving the hair and washing
the scalp with iodine tincture and ethanol, we used a stainless steel
head to secure the adapter to fix the head with cyanoacrylate glue.
A 2 to 3 mm diameter hole was drilled into the skull surface with a
high-speed microdrill (Microdrill 78001, RWD Life Science) and
then covered with a cap sleeve (Warner, CS-3R). The skull was
then bonded to the cover using Vetbond Tissue Adhesive (3M,
1469SB). Finally, dental acrylic resin (Changshu Shangchi Dental
Materials) was used to fix the optical window on the skull. Before im-
aging, we injected dextran (20,000 Da, Invitrogen, 0.1 mL of
20 mg/mL) through the retro-orbital sinus. In vivo time lapse images
were acquired every 10 min for a total of 30 min. All images were sub-

jected to threshold processing and the extravascular fluorescent inten-
sity was measured using Image].

A two-photon microscope (Zeiss LM780, Germany) equipped with a
Ti:Sapphire laser source (120 fs width pulses, 90 MHz repetition rate,
Coherent) was used in our experiments. The mouse was held by an
in vivo imaging platform (Beijing Xing Lin Biotechnology) during
the long repetitive imaging process. The excitation wavelength was
set to 1,040 nm. Imaging was achieved using a 20 x water-immersion
objective (N.A. 1.0, Carl Zeiss, Germany). The image size was
425.10 x 425.10 pm. The image depth was about 60-150 pm from
the dura (layer II-IV of the cortex).

qRT-PCR

At 10 days after virus injection, we perfused the mice with ice-cold
artificial cerebrospinal fluid. Then the cortical tissue of the virus injec-
tion area (0.5 x 0.5 mm) was rapidly harvested and put into 1.5 mL
EP tubes in bead-beating tubes containing 1 mm zirconia/silica beads
(BioSpec). Tissue was homogenized for 30 s using a mini-bead beater
(BioSpec). RNA was extracted according to the manufacturer’s in-
structions (AllPrep, cat. no. 80004). A high capacity reverse transcrip-
tion kit (transcriptor first-strand cDNA synthesis kit) was used for
cDNA synthesis. qRT-PCR was performed with SYBR green fluores-
cent PCR kit (cat. no. 208054). Reactions were run on a CFX96 Real-
Time System (Bio-Rad Laboratories). Relative expression was calcu-
lated as 2(—AACT). Primers include:

TNF-a: forward: CTGGATGTCAATCAACAATGGGA
reverse: ACTAGGGTGTGAGTGTTTTCTGT

Cxcl10: forward: ATCATCCCTGCGAGCCTATCCT
reverse: GACCTTTTTTGGCTAAACGCTTTC)

Bulk RNA-seq and analysis

Ten days after virus injection, mice were perfused with ice-cold arti-
ficial cerebrospinal fluid. Then the virus infected brain regions were
harvested for bulk mRNA-seq and analysis. RNA extraction was
done by Gene De novo Biotechnology (Guangzhou, China) (https://
www.genedenovo.com/article), and RNA purity and concentration
were assessed using NanoDrop 2000 Spectrophotometer detection.
The sequencing was performed on the Illumina HiseqTM 2500/
4000 by Gene De novo Biotechnology. RNA differential expression
analysis was performed using DESeq2 software between two different
groups. The genes/transcripts with the parameter FDR < 0.05 and ab-
solute fold change > 2 were considered differentially expressed
genes/transcripts. GO, KEGG, and GSEA analysis were performed us-
ing Omicsmart, a real-time interactive online platform for data anal-
ysis (http://www.omicsmart.com).

GO enrichment analysis provides all GO terms significantly enriched
in DEGs compared with the genome background, and filters the
DEGs that correspond to biological functions. First, all DEGs were
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mapped to GO terms in the GO database, and gene numbers were
calculated for every term. Significantly enriched GO terms in DEGs
compared with the genome background were defined by hypergeo-
metric test.

Pathway-based analysis helps to further understand genes’ biological
functions. KEGG is the major public pathway-related database.
Pathway enrichment analysis identified significantly enriched meta-
bolic pathways or signal transduction pathways in DEGs compared
with the whole-genome background.

The treatments of mAb depletion

For the depletion of CD8" T cells, an anti-CD8a mAb (clone BE0117;
BioXcell) was injected intraperitoneally starting at 5 days post high-
titer AAV injection, with subsequent injections at days 10, 15, 20,
and 25 (100 pg per mouse). At 30 dpi of AAV injection, immunobhis-
tochemistry (IHC) was carried out. To deplete the CD4" T cells, an
anti-CD4 mAb (clone BE0003-3; BioXcell) was injected intraperito-
neally starting at 5 days after high-titer AAV injection, with subse-
quent injections at days 10, 15, 20, and 25 (100 pg per mouse). IHC
was carried out at 30 dpi of AAV injection. The isotype control was
Rat IgG (clone BE0090; BioXcell), The administration time of the
control group was consistent with the experimental group.

Neutralizing antibodies

The neutralizing antibodies of anti-GZMB mAb (clone sc-8022; Santa
Cruz Biotechnology) were intracisternally injected (5 pL) starting at
10 days after high-titer AAV injection, then mice were repeatedly in-
jected at 16 and 22 dpi (200 mg/mL, 5 pL per mouse). IHC was per-
formed at 30 dpi of AAV injection. The isotype control was mouse
IgG (clone sc-3837; Santa Cruz Biotechnology). The administration
time of the control group was consistent with the experimental group.

Statistical analysis

The quantification data are expressed as mean + SD from three to six
mice. Statistical analysis was performed by the unpaired Student’s t
tests and one-way ANOVA analysis with the Tukey test. Differences
were considered statistically significant at p < 0.05. Significant differ-
ences are indicated by *p < 0.05, *p < 0.01, **p < 0.001, and
Htp < 0.0001.
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