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Administration of AAV-based gene therapies into the intra-ce-
rebrospinal fluid (CSF) compartments via routes such as lum-
bar puncture (LP) has been implemented as an alternative to
intravenous dosing to target the CNS regions. This route en-
ables lower doses, decreases systemic toxicity, and circumvents
intravascular pre-existing anti-AAV antibodies. In this study,
AAV9-GFP vectors were administered via LP to juvenile cyno-
molgus macaques with and without pre-existing serum anti-
AAV9 antibodies at a 5.0 � 1013 vector genomes per mL
(vg/mL) dose and examined for 28 days. CNS and peripheral
tissues were surveyed for vector genome, mRNA, and protein
expression. Histopathology, clinical pathology, and humoral
immune response to the viral capsid and transgene were also as-
sessed. In addition, serum and CSF samples were analyzed to
examine 276 proteomic markers curated to evaluate neural
injury, organ damage, and inflammatory response. This study
reveals no noticeable difference in AAV9-mediated gene trans-
fer in the CNS tissues in the two groups; however, differences
were observed for endpoints such as liver enzyme activities, his-
topathology, and levels of protein markers in the serum and
CSF. These findings provide a view into vector transduction ef-
ficiency and safety following LP-delivered AAV9 to juvenile
cynomolgus macaques with and without pre-existing anti-
AAV9 antibodies.

INTRODUCTION
Pre-existing immunity to AAVs is thought to emerge in animals and
humans from natural exposure to wild-type AAV serotypes. Anti-
AAV antibodies resulting from this exposure can effectively hinder
successful AAV-based gene therapy by interfering with gene transfer,
especially when delivered intravenously (i.v.).1,2 The intra-cerebrospi-
nal fluid (CSF) delivery of AAV therapeutics through either lumbar
puncture (LP), intra-cisterna magna, or intracerebroventricular
routes have been explored as alternative options to i.v. dosing for
Molecular Therapy: Methods & C
Published by Elsevie

This is an open access article under the CC BY-NC
administering vectors intended for CNS transduction.3–5 These
routes of AAV administration have been used in numerous nonclin-
ical and clinical studies.3,6–9 The few potential advantages of using an
intra-CSF route for AAV vector administration include circumvent-
ing the need for large doses and potentially gaining more direct access
to the CNS regions. In addition, evasion of pre-existing anti-AAV an-
tibodies in blood and other compartments is also a potential benefit.4

While pre-screening for anti-AAV9 antibodies is readily performed
before intra-CSF dosing in several nonclinical large animal
studies,10–12 it is not considered as critical as for intravenous dosing,
where there is more documented evidence that pre-existing anti-
bodies hinder the efficacy of AAV-based therapeutics.13,14

For nonclinical studies in large animal models using intra-CSF AAV
vector administration, it is believed that anti-AAV pre-existing anti-
bodies do not to interfere or have a limited impact on CNS transduc-
tion.4,6,7 Furthermore, several AAV gene therapy clinical trials
using intra-CSF administration do not include anti-AAV titers as
part of enrollment criteria (i.e., NCT04737460, CLN7 Disease;
NCT05518188, Spastic Paraplegia type 50 [SPG50]; NTC02362438,
Giant Axonal Neuropathy [GAN]). While it has been considered
that AAV vectors delivered via the intrathecal route are shielded
partly from anti-AAV antibodies present in the systemic circulation,4

there is now an emerging consensus that vector delivered via the
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Figure 1. Selection and classification of NHP based on screening for pre-

existing anti-AAV9 IgG binding antibodies and neutralizing antibodies

NHP serum samples were screened by ELISA and neutralization in vitro reporter

assay.

(A) ELISA for anti-AAV9 IgG antibodies in the serum samples of non-human pri-

mates prior to dosing (pre-screening). Binding curves indicate the absence of

binding antibodies in three animals (CYN1, CYN2, and CYN3), classified henceforth

as seronegative. The presence of binding antibodies is observed in five animals

(CYN4, CYN5, CYN6, CYN7, and CYN8), classified henceforth as seropositive. (B)

The same serum samples were subsequently screened for anti-AAV9-neutralizing

antibodies using an in vitro luciferase reporter system. Neutralizing curves indicate

that sera from seronegative animals do not display neutralization activity, while sera

from seropositive animals show the presence the presence of neutralizing anti-

bodies. All data are presented as mean ± standard deviation (SD) (three technical

triplicates).
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intra-CSF route can leak into peripheral organs.15,16 In this regard, it
may be essential to re-evaluate how vector transduction efficiency and
safety following intra-CSF delivery of AAVs varies in subjects based
on the presence of anti-AAV9 serum antibodies at the time of dosing.

In this study, we hypothesize that presence or absence of anti-AAV9
neutralizing antibodies before intrathecal AAV9 dosing in NHP may
impart difference in study metrics that inform efficacy and toxicity.
Therefore, we have assessed a series of endpoints that inform trans-
duction efficiency in vivo and safety of AAV9-based gene therapies.
We identified noticeable differences between animals with and
without anti-AAV9 serum neutralizing antibodies prior to AAV9
dosing, especially as it pertains to liver enzymes, histopathology find-
ings, and AAV9-mediated gene transfer in peripheral organs. Also,
using the Olink proteomics platform, we examined the serum and
CSF samples of these animals for 276 protein markers curated to
inform neural injury, organ damage, and inflammatory events. The
analysis shows potential differences in levels of several markers
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between these two groups. The data provide novel insights into vector
transduction efficiency and toxicity endpoints assessment in nonclin-
ical animal study models based on their anti-AAV9 serology status at
the time of intra-CSF dosing of AAV9 vectors.

RESULTS
Animal selection and AAV9 pre-existing antibody status

Serum samples from juvenile male cynomolgus macaques, all less
than 3 years, were pre-screened for the presence of pre-existing
anti-AAV9 antibodies using two distinct assays: a binding IgG anti-
body ELISA assay, which assessed the level of binding antibodies
(BAbs), and an in vitro reporter assay to evaluate the level of neutral-
ization antibodies (NAbs). Both assays were run based on concepts
and methods described previously.17–20 Figures 1A and 1B show
the total IgG antibody binding curves and the NAb curves, respec-
tively, of the eight NHPs prior to AAV9 dosing. The serum of three
out of eight of these animals (CYN1, CYN2, and CYN3) displayed
almost no level of AAV9 antigen binding; the sera of the same animals
also indicate absence of neutralizing activities—these animals were
classified and referred to henceforth as seronegative. Five of the re-
maining animals (CYN4, CYN5, CYN6, CYN7, and CYN8) showed
evidence of pre-existing anti-AAV9 antibodies, as indicated by the
antigen binding and neutralization curves—these animals were clas-
sified and referred henceforth as seropositive (see Figures 1A and 1B).
BAb titers indicated in Table 1 were estimated as the last dilution with
optical density (OD) reading 7- to 8-fold over the background. Mean-
while NAb titers were estimated as the last dilution with at least 50%
reduction of luciferase expression (i.e., neutralizing activity). Total
serum anti-AAV9 IgM antibodies were also assessed in NHPs before
dosing. Data indicate the presence of IgM antibodies in the sera of
seropositive animals and lack thereof in their seronegative counter-
parts (Figure S1). Overall, the BAb and NAb assay data outlined in
this section clearly delineate the two groups of NHP based on the
absence and the presence of pre-existing anti-AAV9 antibodies.

Safety and clinical pathology

LP administration of AAV9-GFP at 5.0 � 1013 vector genomes (vg)
per NHP was well tolerated, with no evidence of acute clinical toxicity
for both groups following dosing. All eight animals survived until
their terminal necropsy 28 days post-injection, with no test article-
related clinical observations or effects on food consumption as as-
sessed qualitatively. All animals display no weight loss with no signif-
icant changes in body weight during the study. Clinical pathology
assessments, including hematology, coagulation, and clinical chemis-
try, were carried out prior to dosing (day 0) and weekly on days 7, 14,
21, and 28, the day of scheduled euthanasia. Forty-two clinical pathol-
ogy parameters were evaluated during the study (Table S1). Most of
these markers fell within normal limits except for the liver transam-
inase activities of alanine transferase (ALT) and aspartate transferase
(AST) of the seronegative animals in comparison with their seropos-
itive counterparts (Figures 2A and 2B). Based on these differences in
acute elevation of ALT and AST enzyme activities between the sero-
positive and seronegative group, these data argue that the presence of
pre-existing anti-AAV9 NAb is protective of acute liver toxicity.
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Table 1. NHPs used in this study

Experiment ID CYN ID Gender Age (years) Total BAb titer NAb titer

Seronegative

L21a CYN1 M 2.6 <1:12.5 <1:5

L22a CYN2 M 2.5 <1:12.5 <1:5

L23a CYN3 M 2.8 <1:12.5 <1:5

Seropositive

L24a CYN4 M 2.7 1:100 1:625

L31 CYN5 M 24 1:200 1:625

L32 CYN6 M 2.9 1:400 1:3125

L33 CYN7 M 2.6 1:50 1:625

L34 CYN8 M 2.9 1:100 1:3125

NHP groups, with animal identifier, age, and total binding anti-AAV9 IgG antibody (BAb) titers and anti-AAV9 neutralizing antibody (NAb) titers in the serum at the time of dosing.
aAnimals were dosed 4 weeks apart from the others.
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Evaluation of vector genome biodistribution and mRNA/protein

expression

CNS tissues that include several areas of the brain and spinal cord and
other peripheral tissues were collected and analyzed for vector
genome, mRNA, and GFP transgene protein level. Vector genome
was detected in the brain and spinal cord at various levels for both
seronegative and seropositive animals with no apparent difference
between the groups (Figure 3A). In peripheral tissues, however, a
lower level of vector genome biodistribution in seropositive animals
compared with their seronegative counterparts was observed (Fig-
ure 3B), with higher levels of vector DNA and transgene mRNA/pro-
tein in seronegative animals (Figures 3C–3E). These data confirm the
restricting impact that the presence of anti-AAV9 neutralizing anti-
bodies prior to IT/LP AAV9 dosage have in reducing AAV peripheral
organ transduction, while minimally affecting the CNS compartment.

Anti-AAV9 capsid and anti-GFP IgG immune response

NHP serum samples were collected at days 0 (predose), 7, 14, 21, and
28, while CSF samples were collected at days 0, 7, and 28. Figure 4
summarizes the time course of endpoint titers, with fold dilution
change differences between seronegative and seropositive animals.
Higher anti-AAV9 antibody titers were observed in seropositive ani-
mals in serum and CSF compared with seronegative animals
(Figures 4A and 4B), this is indicative of memory/recall immune
response in seropositive animals. Meanwhile, anti-GFP antibody re-
sponses in seronegative animals trended higher (Figures 4C and
4D), this reflects higher GFP expression in this group observed in Fig-
ure 3. The antibody responses in the CSF for both GFP and AAV9 as
assessed by endpoint titers is less accentuated in comparison with the
one in the serum (Figures 4A–4D). This may reflect the difference in
volume and fluid turnover rate of these two matrices/compartments.
Overall, the robust anti-IgG antibody immune response mounted by
the seropositive and seronegative NHP directed to the AAV9 capsid
and the transgene reflects pre-exposure to AAV9 and GFP bio-
distribution in the respective group.

Microscopic observations

Tissues from all eight cynomolgus macaques collected in 10% neutral
buffered formalin were evaluated to compare microscopic morpho-
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logical features between seronegative and seropositive animals.
Microscopic findings were observed in four categories (1) vector
dosing-related changes observed with higher incidence/severity in
seronegative animals, (2) vector-related changes observed with higher
incidence/severity in seropositive animals, (3) vector-related changes
comparably observed in both groups of animals, and (4) tissues with
no vector-related change in either group based on historical analysis
of animals dosed with vehicle only control.

Microscopic findings in this study observed upon dosing of AAV9 in
NHPs included the CNS, dorsal root ganglion (DRG), and pancreas.
Some findings, especially for the ones in peripheral tissues, were only
observed in seronegative NHPs. This might possibly be due to higher
biodistribution of AAV9 vectors as well as GFP transgene expression
in seronegative animals. Seronegative animals had also an overall
increased incidence and severity of mononuclear cell infiltration in
choroid plexus, vascular/perivascular, meninges, and/or epineurium
tissues. We observed, in the brain, neural degeneration and mononu-
clear cell infiltration in the lumbar and sacral DRG. Gliosis was also
noted in the midbrain and brainstem (for summary, see Table S2;
Figures 5A and 5B). In seropositive animals, the most characteristic
changes observed were minimal to mild mononuclear cell infiltration
in the vascular/perivascular region in the brain. Also noted was an
increased occurrence ofminimal axonal degeneration in the whitemat-
ter (dorsal or lateral funiculi) in the thoracic and lumbar spinal cord,
nerve root of the lumbar and sacral spinal cord, and thoracic DRG.
Overall, many of these changes were of minimal severity and could
be observed as background or incidental in cynomolgus monkeys
(Table S3; Figures 5C and 5D). Vector-related changes that were
observed comparably in both groups includedgliosis in the cerebral cor-
tex, spinal cord and/or DRGs, andmononuclear cell infiltration around
the neuron of the cervical and thoracicDRGs, as well as in the pancreas,
as indicated in Table S4 and Figure 5E. There were no AAV9-GFP-
relatedmicroscopic findings in the liver, lung, quadriceps, femorismus-
cle, diaphragm, gastrointestinal tract (stomach, jejunum, and colon),
and testis in either group of animals (Table S5). Overall, the histopath-
ological data point to similitude and difference for the respective groups
of treated NHPs in relation to the presence or absence of anti-AAV9
serum neutralizing antibodies prior to AAV9 dosing.
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Figure 2. Liver enzyme activities (U/L) in

seropositive and seronegative NHPs dosed via

lumbar puncture at 5� 1013 vg of AAV9-GFP vectors

and examined for 28 days

Time course of (A) alanine aminotransferase (ALT) and

(B) aspartate aminotransferase (AST) activities in sero-

negative (n = 3) and seropositive (n = 5) NHP serum

samples following intra-CSF (lumbar puncture) delivery of

5 � 1013 vg of AAV9-GFP vectors. Data are presented

as mean enzyme activity ± standard deviation (SD).

The punctate line denotes the normal range. Where

indicated, *p < 0.05 (two-way ANOVA Sidak’s multiple

comparison test).
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Cytokines and other protein marker analyses

We examined the level of cytokines and other markers in the serum
and CSF of dosed animals. We inferred that divergent protein expres-
sion, especially in peripheral tissues, and the differing immune
response to AAV9 and GFP between seronegative and seropositive
animals, may also lead to a different pattern of circulating protein
levels. First, we used electrochemiluminescence (ECL)/meso-scale
discovery (MSD) and ELISA bioassays to measure levels of cytokines
(i.e., INF-g, IL-1b, IL-2, IL-6, IL-8, and IL-10), neurofilament light
(NfL), and neopterin in the serum and CSF of dosed animals on
days 0, 7, and 28. While 7 days post-dose may not capture acute in-
creases in cytokines, these time points may reflect residual inflamma-
tion. The levels of many of these markers were below the level of
detection in the serum or the CSF at the indicated time points, except
for IL-6, IL-8, and NfL, neopterin. In a subset of animals, there ap-
pears to be transient elevation of IL-6 in the CSF at day 7 for seropos-
itive animals relative to their seronegative counterparts (Figure S2).
Observable changes in NfL levels are also seen in the CSF of seropos-
itive animals compared with the seronegative ones (Figure S3).

We expanded the breadth of this analysis by examining protein
markers associated with inflammation and organ damage in the serum
that may inform toxicity differences among seronegative and seropos-
itive animals more accurately. Panels related to inflammation and or-
gan damage containing 184 proteinmarkers (see www.olink.com) were
tested in the NHP serum samples collected at days 0, 7, and 28.

The analysis consisted of examining the difference in protein content
within a given matrix (serum or CSF) between time points predose
(day 0) and days 7 or 28. For the time point between days 0 and 7,
four protein markers changed in the serum above the 2-fold cutoff
for the combined seronegative and seropositive animals. Among
the most noticeable change was the 2.78-fold drop in fibroblast
growth factor 21 (FGF21) in seropositive animals (Table S6). Mean-
while, between days 0 and 28, 36 markers in the serum changed by at
least 2-fold for both groups.

We further classified the protein changes in the serum into three cat-
egories (Figure 6A). The first category includes markers that change
by at least 2-fold in the seronegative group only, among them there
were 19 serum markers with content level above this 2-fold cutoff.
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
Among the top dysregulated markers with statistically significant in-
crease in level content were cardiac troponin (TNNI3), pleiotrophin
(PTN), and the chemokines CXCL10 and CCL20, as well as pro-in-
flammatory cytokines such as TNF-a and IL-18 (Figure 6B). All the
dysregulated proteins for this first category are summarized in
Table S7. The second category were proteins that change by at least
a median 2-fold only in the seropositive group. One of the protein
markers with the most disrupted content in the serum was FK506
binding protein 1B (FKBP1B), with a content level that increases
by 7.6-fold in seropositive monkeys versus 1.46 in their seronegative
counterparts, a trend that did not reach statistical significance
(p = 0.143) (Figure 6C). All the dysregulated proteins for this second
category are summarized in Table S8. The third category includes
markers that change in both seronegative and seropositive groups.
The most noticeable changes in this group were seen for the chemo-
kine CXCL9, which increases more significantly between days 0 and
28 for seronegative animals (Figure 6D). All the dysregulated proteins
for this third category are summarized in Table S9.

For CSF analyses, we used a panel consisting of 92 markers with etiol-
ogy associated with neural injury and neuroinflammation (see www.
olink.com). Only three protein markers changed above the 2-fold me-
dian change between days 0 and 7 in both groups (Table S10). Mean-
while, between days 0 and 28, a total of 25 markers changed in CSF
content level among both groups. The repartition of the dysregulated
markers in the CSF is highlighted in Figure 6E. For the seronegative
group, 6 proteins met the 2-fold median change cutoff, all were also
among the 25 proteins with change in the seropositive group.
The markers that show observable increase include interleukin-12
(IL-12), ezrin (EZR), and neuropilin 2 (NRP) (Figure 6F). The increase
for IL-12 between the two groups was not statistically significant. All
the dysregulated proteins above the 2-fold median change cutoff are
summarized in Table S11. Taken together, the protein marker data
in both serum and CSF point to differential inflammation, organ dam-
age, and neural injury signatures in NHP based on their anti-AAV9
antibody serology status at the time of AAV9 intra-CSF dosing.
DISCUSSION
AAV-based therapeutics have been transformative for gene therapy,
with vectors such as AAV9 currently approved for clinical use in
er 2024
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Figure 3. Vector genome biodistribution, GFPmRNAand protein expression in seronegative and seropositive NHPsdosed via lumbar puncture at 5� 1013 vg

with AAV9-GFP vectors and examined for 28 days

Biodistribution of AAV9-GFP vector genomes normalized to reference gene, CFTR, in tissues of dosed monkeys at 28 days post-injection. (A) Selected brain regions, spinal

cord, and DRG (some brain regions were sampled at multiple locations) and (B) peripheral tissues, for each tissue in each animal, values are averages of three technical

replicates and calculated as vg/diploid genome. (C) GFP mRNA level following lumbar puncture dosing of AAV9-GFP. For each tissue in each animal, values are averages of

three technical replicates and calculated as copies per mg of total RNA. (D and E) GFP protein quantification asmeasured by ECLIA. For each tissue in each animal, values are

means of two technical replicates and calculated as pg GFP per mg total protein. Animals with protein amount below the level of detection are not represented. All bars

represent mean values ± standard deviation (SD). *p < 0.05 nonparametric multiple unpaired t tests. Heart-RA, right atrium; Heart-RV, right ventricle; Heart-LA, left atrium;

Heart-LV, left ventricle; Int, intestine; DRG, dorsal root ganglion; CSC, cervical spinal cord; TSC, thoracic spinal cord; LSC, lumbar spinal cord; SSC, sacral spinal cord.

www.moleculartherapy.org
spinal muscular atrophy. While some nonclinical data suggest that
AAV9 is able to cross the blood-brain barrier after systemic injec-
tion,20,21 delivery to the cerebrospinal fluid vector has been used in
several AAV nonclinical and clinical studies3,9,11,22 since this route
provides the option of bypassing the presence of pre-existing anti-
AAV9 antibodies and requires lower doses.

Our study seeks to offer a comparative assessment of AAV9 vector
transduction efficiency and toxicity markers following intrathecal
(LP) delivery of AAV9-GFP in non-human primates with different
anti-AAV9 antibody serology status. Binding and neutralizing anti-
AAV9 antibodies were not detectable for seronegative monkeys dur-
Molecular T
ing pre-screening, as observed in Figures 1A and 1B, this underscores
high level of concordance between the two assays as reported previ-
ously.18 A previous study had examined the impact of AAV intra-
CSF administration in presence of pre-existing antibody in NHP, us-
ing doses that was between 2- and 7-fold lower than ours; in addition,
two different intra-CSF routes were utilized (cisterna magna or LP) as
well as two different AAV serotypes AAV9 and AAV2.5.4 While our
study provides a more complete analyses of potential biomarkers
associated with AAV9 intra-CSF dosing, the overall premise of by-
passing the presence of pre-existing anti-AAV neutralizing antibodies
through AAV intra-CSF dosing for large animals holds true for
both studies. Evidence of differences in toxicities associated with
herapy: Methods & Clinical Development Vol. 32 December 2024 5
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Figure 4. Humoral immune response to the capsid and theGFP transgene in seronegative and seropositive NHPsdosed via lumbar puncture at 5� 1013 vg of

AAV9-GFP vectors and examined for 28 days

Endpoint titers of anti-AAV9 (A and B) and anti-GFP (C and D) IgG antibody responses in the serum and CSF samples of seronegative and seropositive NHP. Fold differences

in titers between the groups are indicated. All data are presented as mean ± standard deviation (SD). For log graphing purposes, a nominal value of 1 is assigned to all titer

endpoints <1:12.5.
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the pre-existing AAV9 serology in these monkeys emerged as early as
7 days post-dosing, as indicated by the distinct profile of liver en-
zymes (Figure 2). We do not clearly know the threshold of vector
transduction that triggered elevated liver transaminases; however,
these features was also observed in NHP intrathecally treated at doses
that were 2- to 4-fold lower but was absent when NHPs received
empty AAV9 capsids or promoter-less vectors.23 Seronegative ani-
mals displayed acute elevated transaminases (ALT and AST) activities
compared with the seropositive animals. The elevated enzymatic ac-
tivity of liver transaminases in seronegative animals is consistent with
the higher level of the vector transduction (i.e., vector genome,
mRNA, and GFP protein) detected in the liver relative to their sero-
positive counterparts (Figure 3). This difference in the liver, along
with the difference in all the other peripheral organs between seroneg-
ative and seropositive animals suggest that the presence of neutral-
izing antibody impacts peripheral organ transduction (Figures 3B,
3C, and 3E). These observations confirm the previous findings that
vectors administrated via the intra-CSF route leak into intravascular
compartments to disseminate mostly into peripheral organs such as
the liver.15,16 The liver findings in the seropositive group is also in
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
line with the recent publication highlighting that intravenous immu-
noglobulin (IVIG) administration reduces peripheral liver transduc-
tion of intrathecally delivered AAV vector.24 IVIG pre-treatment and
pre-existing AAV antibodies could be considered mitigating strate-
gies for AAV-induced toxicity for intrathecally delivered vectors in
clinical settings.

The differential pattern in anti-AAV9 antibody response in the serum
for these two groups also reflects their distinct anti-AAV9 antibody
serology at the dosing time. Two logs difference in anti-AAV9 IgG
antibody titer that favors the seropositive group as early as day 7
post-dosing is reminiscent of a vaccine boost that occurs in pre-im-
mune subjects upon secondary exposure to the same antigen25,26 (Fig-
ure 4A). The contrasting anti-GFP antibody response between the
two groups may also reflect the difference in the dissemination of
GFP protein in peripheral organs that trended several logs higher
for seronegative monkeys. Overall, the amplitude and robustness of
the antibody responses to AAV9 and GFP in the serum contrast
with the tepid antibody responses detected in the CSF, consistent
with previous reports.12,15
er 2024



Figure 5. Histopathology analyses, representative images of AAV9-related microscopic findings in the DRG, mid brain, spinal cord, and pancreas in AAV9

seronegative and seropositive NHPs dosed via lumbar puncture at 5 � 1013 vg of AAV9-GFP vectors and examined for 28 days

(A) H&E-stained DRG from a AAV9 seronegative NHP displaying neural cell degeneration and mononuclear cell infiltration (see arrow). (B) H&E-stained midbrain region from

an AAV9 seronegative NHP displaying evidence of gliosis (see arrow). (C) H&E-stained lumbar spinal cord and (D) sacral spinal cord/nerve root, displaying evidence of axonal

degeneration from a AAV9 seropositive NHP (see arrow). (E) H&E-stained pancreas from an AAV9 seronegative NHPwith evidence of mononuclear cell infiltration (see arrow).

www.moleculartherapy.org
We used immunoassays and multiplex proteomics to delineate differ-
ences in protein levels in the serum and CSF for both groups. Many of
the markers that changed noticeably in both groups from day 0 to 28
tended to be chemokines, such as CXCL9, CXCL10, or CXCL11. This
observation is in alignment with the previous reports showing that the
administration of AAV vectors carrying GFP transgene induces infil-
tration of neutrophils, CD11+ cells, and other inflammatory cells that
secrete chemokines akin to those detected by the OLINK plat-
forms.27,28 Our data also showed that most of the chemokines de-
tected in the serum tended to be more present in seronegative animals
(Figures 6B and 6D); this may be underscored by the fact that more
vector and GFP protein dissemination was detected in this group’s pe-
ripheral organs, leading to more inflammatory events.

Troponin I3, cardiac type (TNNI3), and FK506 binding protein prolyl
isomerase 1B (FKBP1B) were the most upregulated markers associ-
ated with organ damage in seronegative and seropositive animals,
respectively (Figures 6B and 6C; Tables S7 and S8). These two
markers and others uniquely present in the respective groups may
suggest distinct pathways of AAV-induced toxicity based upon the
absence or presence of anti-AAV9 pre-existing antibodies. Elevated
levels of TNNI3 protein in the serum are often associated with cardiac
injuries.29,30Alternatively, FKBP1B expression is associated with
autophagy.31 GFP transgene or/and viral capsid-induced inflamma-
tion through the stimulation of interferon gene pathways following
AAV administration could trigger autophagy pathways as an adaptive
response to tissue injury.32,33 Proteomic analysis of the CSF following
Molecular T
intrathecal/LP AAV9 delivery inmonkeys also reveals similarities and
differences in levels of neuroinflammatory markers between seroneg-
ative and seropositive groups. More protein markers were dysregu-
lated above the 2-fold cutoff in seropositive monkey CSF compared
with the seronegative ones. The top dysregulated markers that ap-
peared in both groups included IL-12, EZR, and NRP. Activated mac-
rophages (CD68+) and other cell infiltrates known as a primary
source of IL-12 have been documented in the CNS and DRG
following IT AAV vector delivery in NHP.34 The elevated presence
of IL-12 in the CSF is consistent with the increased incidence of
mononuclear inflammatory cells in the DRG and the brain described
in the histopathology analyses, likely the result of immune reaction
against AAV9 or/and GFP (Figure 5; Tables S2–S4). Evidence of
IL-12 production in sensory DRG neurons in mouse has also been re-
ported.35 Neurodegeneration and axonopathy were noticed for both
groups and coincide with elevated NfL chain levels in the CSF
(Table S5) along with other structural neural proteins such as ezrin
and neuropillin 2 (Table S11). NfL has recently been used to track
DRG-related toxicity following AAV9 vector intrathecal delivery in
rodents and NHP,36,37 and is also a biomarker of various neural
stressors in human diseases and animal models.38–40 We do not
know yet if these differences suggest more propensity to neural injury
for seropositive animals, but they may deserve more investigations in
the future. Proteomic analyses in the CSF also revealed noticeable
(not statistically significant) elevated levels of NMNAT1 and CD38
in both groups (Figure 6F; Table S11). These two markers are prod-
ucts of the nicotinamide adenine dinucleotide metabolic pathway
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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implicated in neuroinflammation and neurodegeneration, causative
of neural injury.41–43 Their detection in CSF is consistent with
some of the histopathology findings highlighted for CNS and DRG
(Tables S2 and S3). Overall, the changes in expression level of these
markers beyond the observational time of this study could be inves-
tigated in longer studies.

In summary, this study provides a comparative analysis of protein
markers, toxicity, and efficacy endpoints in non-human primates
with differing pre-existing AAV9 immunity status. This difference
in anti-AAV9 pre-existing neutralizing antibodies prior to dosing
drive the divergent biodistribution between these two groups, which
likely drove the observed toxicity more acutely present in seronegative
animals. The relatively small number of animals enrolled in the study,
the limited observation time (28 days), and the use of non-self-protein
such as GFP could have confounded some of the findings highlighted
in this study. In addition, the data presented in this manuscript may
be specific to the AAV9 serotype, the relatively high dose applied and
the specific range of neutralizing anti-AAV9 antibodies present in
these animals. Other serotypes, a different transgene, as well as a
different dose in a different anti-AAV serology and/or seroconversion
range could have presented a different study outcome. It does not,
however, preclude us from concluding that the presence or the
absence of pre-existing anti-AAV9 neutralizing antibodies in intra-
thecally AAV9-GFP-dosed subjects could lead to divergent bio-
distribution and subsequent AAV-induced toxicity profiles. It is not
clear, yet the extent to which these findings will vary based on the level
of pre-existing immunity (i.e., higher level of neutralizing anti-AAV9
antibodies). Also of importance in this study is the fact that the pres-
ence of anti-AAV9 antibody for intra-CSF dosing appears to be pro-
tective to AAV-induced toxicity in the liver, which may be beneficial
to dosed subjects in clinical settings. Over the past few years, there
have been an increasing number of nonclinical and clinical studies us-
ing intra-CSF administration for AAV-based therapeutics. All these
studies have varying anti-AAV9 serology eligibility. Our study may
be relevant for interpreting toxicity and efficacy analyses that may
emerge from these nonclinical and clinical studies.

MATERIALS AND METHODS
NHP studies

The study protocol described in this article and all associated pro-
cedures were reviewed and approved by the Mannheimer Founda-
tion Animal Care and Use Committee and were compliant with
Figure 6. Protein level analyses in the serum and CSF samples of seronegative

GFP vectors and examined for 28 days

(A) Summary of the number of proteinmarkers with differing levels in the serum of seroneg

inflammation and organ damage panels changed by at least amedian 2-fold between da

seronegative and seropositive animals, respectively; nine protein markers are dysregulat

threshold in the seronegative and (C) the seropositive animals. (D) Protein markers with

negative animals. (E) Summary of the number of protein markers with differing content

92 protein markers in the neurology panel changed by at least a median 2-fold betwee

seropositive group. (F) Protein markers with differential content level above the 2-fold thre

change between days 0 and 28 (± standard deviation) (n = 3 for seronegative NHP and n =

highlights the 2-fold change threshold, which for a given protein marker conveys the c
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applicable animal welfare acts, including the Animal Welfare Act,
the Guide for the Care and Use of Laboratory Animals, and the Of-
fice of Laboratory Animal Welfare. The Mannheimer Foundation is
fully accredited by the Animal Association for Accreditation of Lab-
oratory Animal Care. Eight cynomolgus macaques of Mauritian
origin (�3 years old, under 6 kg) bred at the Mannheimer Founda-
tion Haman Ranch facility in Florida were used. Animals were
screened for anti-AAV9 antibodies using the ELISA-based binding
assay adapted from previously published methods.20 The selected
animals were transferred to the Mannheimer Foundation proce-
dural facility in Homestead, Florida.

AAV9-GFP vector

The test article for this study was a self-complementary AAV9-CB-
GFP encoding the enhanced GFP gene with the CB promoter (cyto-
megalovirus [CMV] early enhancer and a hybrid CMV enhancer/
chicken b-actin promoter) driving the transcription of vector DNA.
Additional elements include a simian virus 40-derived intron and
bovine growth hormone polyadenylation signal. The vector was
used at concentrations of 5.0 � 1013 vg/mL, diluted in 20 mM Tris
buffer with 1 mM MgCl2, 200 mM NaCl, and 0.005% poloxamer
188 (pH 8.1 ± 0.1) at 20�C. The vector used in this study was pro-
duced using preclinical research standards that met acceptance and
release criteria for in vivo research use for the percentage of empty
capsid and total purity, number of process-related impurities, plasmid
DNA or production cells, endotoxin concentrations, and osmolality.

LP AAV9 vector delivery

On the day of infusion (day 0), animals were given a single intrathecal
injection of AAV9-GFP, 5.0� 1013 vg per animal in a total volume of
1 mL. The dose was intended to mimic high-level IT dosage of AAV9
therapeutics in line with current or past nonclinical program in our
organization, but also in the range of several intra-CSF AAV-directed
clinical trials.44 The injection was performed by LP into the subarach-
noid space of the lumbar thecal sac. Subjects were placed in the lateral
decubitus position and the posterior midline injection site at � L4/5
level. Under sterile conditions, a spinal or hypodermic needle with
stylet was inserted, and subarachnoid cannulation was confirmed
with the backflow of clear CSF from the needle. Approximately
1 mL of CSF was drained, collected, and frozen as baseline samples.
This removal of CSF alleviates the pressure increase that the
subsequent injection of the AAV vectors would have created. In addi-
tion, the animals were tilted in the Trendelenburg position
and seropositive NHP dosed via lumbar puncture at 5 � 1013 vg with AAV9-

ative and seropositive animals. Thirty-six out of 184 proteinmarkers in the combined

ys 0 and 28. Nineteen and eight of these proteinmarkers are uniquely dysregulated in

ed in both groups. (B) Protein markers with differential level content above the 2-fold

differential content level above the 2-fold threshold in both seropositive and sero-

levels in the CSF of the seronegative and seropositive animals. Twenty-five out of

n days 0 and 28. Six in the seronegative group were also included in the 25 in the

shold in seronegative or seropositive animals. All data are expressed as median fold

5 for seropositive NHP). *p < 0.05 nonparametric unpaired t test. The red dotted line

hange in relation to their seronegative or seropositive status.
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(mild head-down) for 5–10 min to improve the rostral flow distribu-
tion of the vector.

Clinical pathology

Clinical pathology that covers hematology, coagulation, and clinical
chemistry assessments was performed on the day of dosing (day 0,
prior vector administration) and after that weekly (days 7, 14, 21,
and 28 post-vector delivery).

Droplet digital PCR

Various tissues were processed for vector genome and mRNA bio-
distribution. In brief, sample tissues were collected, frozen in liquid
nitrogen, and stored at �80�C until analyzed. For vector genome
analysis, collected tissues were analyzed using droplet digital PCR
(ddPCR) quantitation with a C1000 Thermal Cycler (Bio-Rad). Spe-
cific primers and probes used for the ddPCR analysis have been
described previously.16,45 To evaluate the number of AAV9-GFP vec-
tor genomes, a two-copy reference gene (CFTR) was also quantified
for normalization purposes. CFTR primers and probe were added
to the master mix along with AAV9-GFP primers and probe.
AAV9-GFP genomes and CFTR genes were quantified in the same re-
action using multiplex ddPCR. The resulting values of AAV9-GFP
were presented as vg/diploid genome, thus normalizing vector ge-
nomes to the cftr reference gene. Expression of GFPmRNA transcript
was also assessed in the collected tissues using RT-PCR and total RNA
was isolated using QIAGEN RNeasy (QIAGEN, Valencia, CA).
mRNA was reverse transcribed and quantified during the one-step
ddPCR with multiplex primer and probes specific to GFP and
GAPDH.

ECL/MSD assay for GFP protein quantification

Green fluorescent protein (GFP) expression was quantified in tissue
samples using an ECL assay as described previously.16 In brief,
each collected tissue was immersed in 250 mL of pre-chilled
complete protein extraction buffer (pre-chilled T-PER tissue extrac-
tion reagent [Thermo Fisher Scientific] with 1� Halt protease inhib-
itor [Thermo Fisher Scientific]). Tissues were then homogenized us-
ing a TissueLyser (QIAGEN) at 30 Hz for 2 min. After centrifugation
at 10,000� g and 4�C for 20 min, protein lysates were transferred to a
new tube and stored at �20�C until use. According to the manufac-
turer’s protocol, the protein was quantified using the Rapid Gold BCA
Protein Assay Kit (Thermo Fisher Scientific). For GFP quantification,
96-well plates were coated by adding 25 mL of mouse anti-GFPmono-
clonal capture antibody (diluted 10 mg/mL in phosphate-buffered sa-
line [PBS]) overnight at 4�C. After washing three times with 250 mL of
PBS-T wash buffer (0.5% Tween 20/PBS), 150 mL of MSD Blocker A
was added to each well and incubated on a shaker set to 500 rpm. Af-
ter shaking at 500 rpm for 1–2 h at room temperature, 25 mL of pre-
pared standards (serial dilutions of GFP recombinant protein) or
samples was added to each well. After being shaken for 1–2 h at
room temperature, the wells were washed three times with PBS-T,
incubated with 25 mL of rabbit anti-GFP polyclonal detection anti-
body diluted 1:10,000 in the antibody dilution buffer (1.5 mg/mL
mouse g-globulin, 2.5% bovine serum albumin, 0.025% Tween
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
20/PBS) and incubated while shaking for 1–2 h at room temperature.
The wells were washed three times with PBS-T and then incubated in
MSD SULFO-TAG anti-rabbit secondary antibody (Meso Scale Dis-
covery) diluted to 0.5 mg/mL in antibody dilution buffer for 1 h while
shaking at room temperature. After washing three times with PBS-T,
150 mL of read buffer was added to each well, and the plates were
analyzed using a MESO Quick Plex SQ 120 (Meso Scale Discovery).
Recombinant GFP was serially diluted before assaying to determine
the limit of quantitation and generate a standard curve. The limit
of quantification was determined to be 0.024 ng/mL GFP protein in
the assay.

Pro-inflammatory cytokines (INF-g, IL-1b, IL-2, IL-6, IL-8, and

IL10), NfL, and neopterin

Serum and CSF samples of treated NHP collected from the femoral
vein and from PL, respectively, were analyzed for the presence of
inflammatory cytokines using MSD multi-spot assay system pro-
inflammatory panel-1 (NHP) and NfL MSD kits following the
manufacturer’s instructions. Samples were evaluated for neopterin
expression using the neopterin ELISA Kit from mybiosource.com,
following the manufacturer’s instructions.

Anti-AAV9 BAb titers

The IgG antibody response to the AAV9 capsid pre- and post-vector
dosing was assessed using binding ELISA as described previously.20

In brief, 2.0 � 1010 vg/mL solution of AAV9 capsids in 1 mM car-
bonate buffer was coated into a 96-well titer plate and incubated
overnight at 4�C. The next day, the plate was washed and blocked
with a 5% nonfat milk solution in PBST. Serum or CSF samples
were diluted from 1:12.5 to 1:204,800 and incubated at 37�C for
2 h. Wells were washed with PBST and incubated with a horseradish
peroxidase (HRP)-conjugated anti-IgG or anti-IgM monkey
secondary antibody (Sigma-Aldrich and Rockland) at room temper-
ature for 1 h. The wells were rewashed in PBST and then developed
with 3,30,5,50-tetramethylbenzidine (TMB). The reaction was
stopped by adding hydrochloric acid, and the absorbance (OD)
was read at 450 nm on a plate reader. Binding curves were assessed,
and titer was estimated as the last dilution with OD reading between
7- and 8-fold over the background.

NAb assay

HEK293-AAVR cells46 were seeded in a 96-well tissue culture plate
with a density of 40,000 cells per well. After 24 h, the neutralization
assay was carried out using a 96-well dilution plate (Greiner 780261
MASTERBLOCK). NHP sera were serially diluted 5-fold starting
at 1:5 dilution (1:5, 1:25, 1:125, .) in growth medium containing
an AAV9-CBA-NanoLuc (Luciferase) vector at concentration of
4E+10 vg/mL. After 1 h of incubation at 37�C in the dilution plate,
100 mL of the AAV/NHP serum mixtures were transferred to each
well of the 96-well plate (AAV9/cell MOI 1E+5 vg/cell). Following
a 48-h incubation period at 37�C in 5% CO2, each well was supple-
mented with 100 mL of Nano-Glo Luciferase Assay substrate
and then subjected to bioluminescence reading using a plate reader
(CLARIOstar plus, BMG LABTECH).
ber 2024
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Anti-GFP transgene antibody titers

The IgG antibody response to the transgene post-vector dosing was
assessed using binding ELISA, as described previously.12 A recombi-
nant GFP protein (0.5 mg/mL) (recombinant Victoria GFP protein
from Abcam, Ab84191) in 1 mM carbonate buffer was coated into
a 96-well titer plate and incubated overnight at 4�C. The next day,
the plate was washed and blocked with a 5% nonfat milk solution
in PBST. Sera or CSF were diluted from 1:12.5 to 1:204,800 and incu-
bated at 37�C for 2 h. Wells were washed with PBST and incubated
with a HRP-conjugated anti-monkey secondary antibody (Sigma-
Aldrich, St. Louis, MO) at room temperature for 1 h. The wells
were rewashed in PBST and then developed with TMB. The reaction
was stopped by the addition of hydrochloric acid, and the absor-
bance (OD) was read at 450 nm on a plate reader. Titer was
estimated as the last dilution with OD reading 7- to 8-fold the back-
ground OD.

Olink proteomic assays

Serum samples were profiled using multiplex, inflammation,
and organ damage immunoassay panels, while CSF samples were
profiled using a multiplex neurology immunoassay panel. All
were developed by Olink proteomics (Uppsala, Sweden) and
were human panels with orthogonality to NHP up to 90%. The
proximity extension assay (PEA) technology used by the Olink
protocol allows up to 90 analytes per panel to be analyzed simul-
taneously.47 PEA consists of pairs of oligonucleotide-labeled anti-
bodies binding to their targeted protein. If the two oligonucleotide
strands are brought in proximity, they will hybridize pairwise and
be amplified using a microfluidic real-time PCR instrument (Bio-
mark HD, Fluidigm). The data are then quality controlled and
normalized using an internal extension control and inter-plate
control to adjust for intra- and inter-run variations. The final assay
readout is presented in normalized protein expression (NPX)
values, an arbitrary unit on a log2-scale in which a high value
corresponds to high protein expression. All assay validation data
(detection limits, intra- and inter-assay precision data, etc.) are
available on the manufacturer’s website (www.olink.com). For
this study, we analyzed the difference in content level for each
protein markers between days 0 and 7 or day 28 as defined by
the differential NPX (i.e., dNPX), which represents the NPX at
days 7 or 28 minus the NPX of the same analyte at day 0 in the
serum or the CSF. A cutoff of ±1 dNPX was set, which corre-
sponds to a 2-fold change in levels of a given protein marker be-
tween the two time points. All the data are presented as median
fold change.

Histopathology

Tissues collected at necropsy were fixed in 10% neutral buffered
formalin and then processed to paraffin block. The tissues were sub-
sequently sectioned at a nominal thickness of approximately 4 mm,
stained with hematoxylin and eosin, and evaluated microscopically
by an American College of Veterinary Pathologists (ACVP) board-
certified anatomic veterinary pathologist experienced in toxicologic
pathology and neuropathology.
Molecular T
Data analysis and statistics

All data are expressed as median or mean ± standard deviation (SD)
and analyzed using prism 9.0 (GraphPad software). The low number
of animals used for this study does not lend itself to high-power sta-
tistical interpretation; nonetheless, statistical analyses were run to
examine differences between the seronegative and seropositive groups
using either two-way ANOVA Sidak’s multiple comparison test or
nonparametric unpaired t test (both using GraphPad, Prism 9). Sta-
tistical significance was set as *p < 0.05. If not specified, this denotes
that no statistical significance was found.

DATA AND CODE AVAILABILITY
All data generated in this study are included in this published article, and in the supple-
mental section of the manuscript. All these data will be made available upon request.
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