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High systemic doses of adeno-associated viruses (AAVs) have
been associated with immune-related serious adverse events
(SAEs). Although AAV was well tolerated in preclinical models,
SAEs were observed in clinical trials, indicating the need for
improved preclinical models to understand AAV-induced im-
mune responses. Here, we show that mice dual-dosed with
AAV9 at 4-week intervals better recapitulate aspects of human
immunity to AAV. In the model, anti-AAV9 immunoglobulin
G (IgGs) increased ina linear fashionbetween thefirst and second
AAVadministrations. Complement activationwas only observed
in the presence of high levels of both AAV and anti-AAV IgG.
Myeloid-derived pro-inflammatory cytokines were significantly
induced in the same pattern as complement activation, suggest-
ing that myeloid cell activation to AAVmay rely on the presence
of both AAV and anti-AAV IgG complexes. Single-cell RNA
sequencing of peripheral blood mononuclear cells confirmed
that activatedmonocyteswere aprimary sourceofpro-inflamma-
tory cytokines and chemokines, which were significantly
increased after a second AAV9 exposure. The same activated
monocyte clusters expressed both Fcg and complement recep-
tors, suggesting that anti-AAV-mediated activation of myeloid
cells through Fcg receptors and/or complement receptors is one
mechanismbywhichanti-AAVantigen complexesmayprimean-
tigen-presenting cells and amplify downstream immunity.

INTRODUCTION
Adeno-associated viruses (AAVs) are widely used vectors for delivering
nucleic acids for gene therapy approaches. The first systemically
90 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
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administered AAV-based gene therapy was approved by the Food
and Drug Administration (FDA) for spinal muscular atrophy (SMA)
(Zolgensma). Currently, AAV-based gene delivery of a modified
DMD gene, termed micro-dystrophin (mDYS), is being evaluated in
clinical trials for Duchenne muscular dystrophy (DMD).1–3 However,
serious adverse events (SAEs) attributed to innate immune responses
against the AAV capsid have arisen in individuals receiving high
systemically delivered doses of AAV. The SAEs (grade 3 and above)
reported in the DMD clinical trials sponsored by Pfizer and Solid Bio-
sciences occurred in patients receiving AAV doses greater than
2.0 � 1014 vg/kg, in which several patients experienced thrombotic
microangiopathy (TMA) and renal failure attributed to complement
activation (https://www.solidbio.com/about/media/press-releases/solid-
biosciences-announces-fda-removes-clinical-hold-on-sgt-001 and https://
www.pfizer.com/news/press-release/press-release-detail/pfizers-new-
phase-1b-results-gene-therapy-ambulatory-boys).4 Similarly, several
cases of TMA were also reported in pediatric patients dosed with Zol-
gensma,5–7 and in adults in clinical trials for Danon disease (https://ir.
rocketpharma.com/news-releases/news-release-details/rocket-
pharmaceuticals-announces-positive-updates-phase-1/), Fabry
disease (https://ir.4dmoleculartherapeutics.com/news-releases/news-release-
details/4d-molecular-therapeutics-presents-interim-data-4d-310-inglaxa),
ber 2023 ª 2023 The Authors.
//creativecommons.org/licenses/by-nc-nd/4.0/).
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and methylmalonic acidemia (https://www.prnewswire.com/news-releases
/logicbio-therapeutics-reports-second-quarter-2022-financial-results-and-
provides-corporate-update-301605458.html). While the deleterious conse-
quences of TMA can be ameliorated with the C5 complement inhibitor,
eculizumab, it should be noted that inhibiting C5 does not impede the
generation of complement split products. These split products may amplify
downstream pathways of both innate and adaptive immunity. Thus,
although TMA can be pharmacologically resolved, the downstream conse-
quences of complement activation and split product formation persist.

Complement activation occurs through three different mechanisms:
the lectin, the alternative, or the classical pathways. All three pathways
converge on the formation of C3 convertase, generating split products
that mediate protection against pathogens via recruitment of inflam-
matory cells, pathogen opsonization, and pathogen destruction.8

While systemic administration of AAV-based therapies was well
tolerated in small and large animal models, subsequent clinical trials
revealed AAV-mediated complement activation.9–11 The pathway
underlying AAV-mediated complement activation in patients re-
mains unclear, as the clinical evidence is limited to the pathological
findings consistent with complement activation and detection of
complement split products after AAV dosing.4–7,12,13 Four separate
in vitro studies detected complement activation only when AAV
was incubated with human serum containing anti-AAV immuno-
globulin G (IgG), strongly implicating the classical pathway, which
is initiated by antigen-antibody complexes.12–15 However, comple-
ment split products from the alternative pathway were detected in
non-human primates following systemic administration of
AAV,16,17 and in some human trials (M. Corti, “Immune modulation
as an adjunctive therapy to AAV systemic dosing to improve safety,
increase expression and allow for repeated AAV dosing.” FDA +
ASGCT Immune Responses to AAV Vectors workshop, 2023). The
alternative pathway is in homeostatic balance between initiation
and inhibition, but it can be stimulated via a feedforward amplifica-
tion loop following activation of other pathways.18

Preclinical studies have traditionally relied on a single systemic
administration of each therapeutic AAV vector, and have primarily
focused on evaluating their therapeutic efficacy. However, the lack
of exposure to natural AAV infections may prevent mice from re-
sponding strongly to a single AAV dose. In contrast, approximately
30%–60% of the general population is estimated to have pre-existing
immunity to AAV, through antigen-reactive memory T cells and/or
neutralizing antibodies (NAbs) and/or binding (BAbs) anti-
bodies.19,20 Screening for NAbs and/or interferon (IFN)g-producing
antigen-reactive memory T cells via the enzyme-linked immunospot
(ELISPOT) assay is often used to determine pre-existing immu-
nity.21–23 However, these assays may not be sensitive enough to detect
memory B, effector memory T (TEM), or central memory T (TCM)
cells, which are present at low frequencies in circulation and could
interfere with therapeutic efficacy.24–26

Preclinical studies of AAV-based therapies did not predict the com-
plement activation that has been observed in humans. One explana-
Molecular Th
tion is that human immune responses are markedly more sensitive to
viral and bacterial stimulation compared with lesser mammals27;
however, an alternative explanation is that sterilely housed murine
models are not exposed to the same large array of pathogens to which
humans are exposed, and this may further contribute to the inability
of preclinical studies to predict human immune responses associated
with a single administration of AAV. This observation is not only
important for mitigating SAEs, but also for developing protocols
that enable repeat AAV dosing. Since complement split products
amplify both innate and adaptive immune arms, new insights are
needed to elucidate how complement split products modulate down-
stream immune effectors. Thus, there is a need for improved preclin-
ical models to understand the earliest immunomodulatory effectors,
including complement, and their roles in stimulating downstream
immunity. In order to improve the mouse as a model of human im-
mune responses, we carried out dual-AAV administration, in which
the first dose effectively immunizes the mouse, and showed that a
dual-dosing approach reveals classical complement pathway,myeloid
cell activation and induction of specific chemokines and cytokines
such as IP-10 and MCP-1. In summary, our AAV dual-dosing strat-
egy recapitulates aspects of human AAV-immune responses and pro-
vides opportunities to model aspects of human immune responses.

RESULTS
Characterization of humoral responses in mdx mice double-

dosed with AAV9

We sought to develop a model that emulates features of human im-
mune responses to AAV vectors in mice. Unlike their human coun-
terparts, research mice housed in a sterile vivarium are not exposed
to pathogens including wild-type AAV. Therefore, we delivered a
sensitizing AAV dose to trigger immunity, followed by a second
dose 4 weeks later in a dystrophic mouse model, the hDMD del45
mdx mouse.28 The hDMD del45 mdx mouse model contains an
out-of-frame exon 45 deletion in the human DMD gene and a point
mutation in exon 23 of themouseDmd gene, thereby completely lack-
ing dystrophin protein (hereafter referred to as mdx). The mdx mice
were systemically dosed with two administrations of AAV9 at
�1.16� 1014 vg/kg carrying three different vectors. AAV9 was pack-
aged with either micro-dystrophin (mDYS), Cas9, or Cas9 with a
frameshift mutation (Cas9-FS) that disrupts Cas9 protein production
while maintaining a similar genetic payload (Figures S1A–S1C).
Dosing with Cas9 and Cas9-FS vectors offered an opportunity to
distinguish between AAV9 capsid-specific and transgene-specific im-
mune responses throughout the assays used in the study. SDS-PAGE
of packaged vectors confirmed that the capsid proteins (VP1, VP2,
and VP3) were visible and were present in the correct stoichiometric
ratio 1:1:10 (Figure S1D).

Previous studies have shown that animal models and humans
exposed to AAV develop anti-AAV antibodies,29–32 and we sought
to assess the timing of these responses in ourmodel.We evaluated hu-
moral responses using a high-content protein microarray (HCPM)
(Table S1), which contains proteins of interest (e.g., AAV capsid)
printed directly onto nitrocellulose microarrays.33–35 The HCPM
erapy: Methods & Clinical Development Vol. 30 September 2023 91
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Figure 1. Assessment of anti-AAV and anti-transgene antibody responses

using a high-content protein microarray (HCPM)

(A and B) Anti-AAV9 IgG and IgM responses were measured via HCPM from male

(n = 9) and female (n = 8) mdx mice at indicated time points. The key indicates the

vector that was dosed and the black line represents AAV9-treated groups com-

bined by time point, which was used for multiple comparison statistical analysis.

Error bars for all HCPM graphs represent standard deviation. Symbols above time

points are used to represent statistical significance, in which p < 0.05, for time points

compared with: (#) Pre, (&) Post-1 (2 weeks), and ($) Post-1 (4 weeks). The data and

levels of statistical significance between time point comparisons are available in

Tables S1 and S2. (C–F) Plasma collected from mice double-dosed with AAV9 was

assessed by HCPM for the ability to bind to other AAV serotypes. Capsids of AAV8

and AAVMYO were printed on the chip and plasma from male (n = 9) and female

(n = 8) mdx mice was assessed. (G–J) anti-Cas9 and anti-mDYS IgG and IgM re-

sponses were assayed via HCPM from male (n = 9) and female (n = 8)mdx mice at

indicated time points.
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assay revealed a significant increase in anti-AAV9 IgG antibodies af-
ter a single dose of AAV9, increasing linearly from a single injection
and peaking at the Post-2 (2 weeks) time point (Figure 1A and
Table S2). A statistically significant increase in anti-AAV9 IgM was
observed at the Post-1 (2 weeks) time point relative to baseline
(Pre) (Figure 1B). In addition, we detected AAV serotype cross-reac-
tivity against other serotypes such as AAV2, AAV8, and AAVMYO,36

which is a muscle tropic AAV capsid variant identified via high
throughput library screening. Similar to the anti-AAV9 IgG levels,
anti-AAV2 IgG, anti-AAV8 IgG, and anti-AAVMYO IgG antibodies
increased significantly post-dosing, peaking at the Post-2 (2 weeks)
time point (Figures 1C, 1E, and S2). A significant increase in anti-
AAV8 IgM and anti-AAVMYO IgM antibodies were also observed
at the Post-1 (2 weeks) time point relative to baseline (Pre), compa-
rable to anti-AAV9 IgM responses (Figures 1D and 1F). Last, anti-
transgene responses were probed using the HCPM assay; however,
we did not observe statistical differences in either IgM or IgG
levels against Cas9 or mDYS transgenes across all time points
(Figures 1G–1J).

Evaluation of complement responses after dual AAV9 dosing in

mdx mice

Ongoing clinical trials for DMD have recently reported evidence of
AAV-mediated complement activation following systemic adminis-
tration of high-dose AAV.4 It has been speculated that the main com-
plement cascade being activated is the classical pathway ,12–15,37

although there is also evidence for activation of the alternative
pathway.16,17 While complement activation has been reported
ex vivo and in human clinical trials, there are no published studies
to support AAV-mediated complement activation in small animal
models, such as the mouse. To examine complement activation in
dual-AAV-dosed mice, we probed for complement components C3,
C4, and C5b9 for the time points in our study (Tables S3 and S4).
These assessments revealed no statistically significant depletion of
complement components C3 and C4 at 5 h or 2 weeks after the first
dose relative to baseline (Pre), but statistically significant C3 and C4
complement depletion at the Post-2 (5 h) time point relative to Pre
(Figures 2A, 2B and S3A), which is suggestive of classical pathway
activation since C3 and C4 consumption are only detected when
high levels of antibodies and AAV are present in the blood (after
the second administration of AAV9) (Figure 1A). Deviations in
C5b9 levels were not detected (Figure 2C), which may be attributed
to the time points studied in our experiment. In DMD clinical trials,
C5b9 levels peaked 3-5 days after AAV dosing,13 whereas we sampled
5 h and 2 weeks post AAV dosing. These results showing statistically
significant C3 and C4 consumption 5 h from AAV administration
provide a model to study complement activation and downstream
consequences after AAV dosing in mice.

Characterization of AAV-induced cytokine and chemokine

responses in dual-dosed mice

We next sought to assess cytokine and chemokine responses that arise
in plasma after dual-AAV dosing. Prior studies have attributed AAV-
induced innate immune responses to activation of toll-like receptor 9
ber 2023



Figure 2. Consumption of complement components, C3 and C4, and concomitant induction of pro-inflammatory chemokines and cytokines after the

second dose of AAV

(A–C) Plasma frommdxmice was evaluated by ELISA for levels of complement C3 (n = 9 females), C4 (n = 9 females), and C5b9 (n = 9 females). C3 levels for males (n = 9) and

females (n = 9) are shown in Figure S3A. The key indicates the vector that was dosed and the black line represents AAV9-treated groups combined by time point, which was

used for multiple comparison statistical analysis. Error bars for all graphs represent standard deviation. Symbols above time points are used to represent statistical sig-

nificance, in which p < 0.05, for time points compared with (y) Post-2 (5 h). The data and levels of statistical significance between time point comparisons are available in

Tables S3 and S4. (D) Levels of immunomodulatory analytes: IP-10 (CXCL10), MIP-1b (CCL4), MCP-1 (CCL2), and TNF-a asmeasured by Luminex ProcartaPlex, n = 9males

and n = 9 females. Symbols above time points are used to represent statistical significance, in which p < 0.05, for time points compared with (#) Pre, (☨) Post-1 (5 h), and (y)
Post-2 (5 h). The data and levels of statistical significance between time point comparisons are available in Tables S5 and S6.
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(TLR9), a pattern recognition receptor (PRR) that senses unmethy-
lated cytosine-phosphate-guanine (CpG) DNA motifs present in
AAV genomes.38 TLR9 activation leads to nuclear factor kB (NF-
kB) pro-inflammatory cytokine, chemokine and interferon regulatory
factor 7 (IRF7) type I interferon responses.38,39 Given the potential of
TLR9 to detect the AAV vector genomes used in this study, we calcu-
lated the risk potential for TLR9 activation (KTLR9) for each vector,
using several equations that consider both stimulatory and inhibitory
configurations of CpG DNA motifs as described.40 As expected,
AAV9-Cas9 (KTLR9 = 20), AAV9-Cas9-FS (KTLR9 = 20), and
AAV9-mDYS (KTLR9 = 13) contain a high-risk potential for TLR9
activation (Table 1). Although the mDYS transgene is CpG depleted
and contains a lower KTLR9 compared with the Cas9 vectors, the pack-
aged mDYS vector is not devoid of CpGs and, thus, poses a risk for
TLR9 activation.

We harvested plasma from dual-dosed mice in order to assess AAV-
induced innate immune responses downstream of TLR9 stimulation
by performing multiplex analyte analysis via Luminex (Figures 2D,
S3B, Tables S5, and S6). A total of 27 analytes were probed; however,
10 analytes were omitted from additional analysis as they were above
or below the limits of quantification (e.g., IFN-a). We observed that
many of the significantly elevated pro-inflammatory chemokines
and cytokines peaked after the second dose at the Post-2 (5 h) time
point compared with baseline (Pre) (Figure 2D). These elevated
Molecular Th
myeloid-derived chemokines and cytokines include IP-10
(CXCL10), MIP-1b (CCL4), MCP-1 (CCL2), and tumor necrosis fac-
tor (TNF)-a.These findings correlate with published pro-inflamma-
tory responses observed following AAV and CpG agonist oligonucle-
otide administration studies in mice, non-human primates, and
humans.38,41–45 The absence of increases in IP-10 (CXCL10), MIP-
1b (CCL4), MCP-1 (CCL2), and TNF-a between Pre and the
Post-1 (5 h) time point (Figure 2D), suggests that activation of these
chemokines and cytokines may require an adaptive immune
response, similar to our observations for complement activation. Pre-
vious studies have demonstrated that AAV ineffectively transduces
TLR9-expressing antigen-presenting cells, which includes monocytes,
dendritic cells, and B cells.15,46 Therefore, the induction of comple-
ment and myeloid-derived chemokines and cytokines after the sec-
ond exposure suggests AAV capsid antibodies may be needed to
mediate AAV uptake to primemyeloid cells either through Fcg recep-
tors and/or complement receptors.

Single-cell RNA sequencing reveals monocyte cell activation

after the second dose

We characterized peripheral blood mononuclear cells (PBMCs) from
AAV-dosed mice using single-cell RNA sequencing (scRNA-seq).
PBMCs were collected at baseline and 2 weeks after the first and
second administrations of AAV9. scRNA-seq uniform manifold
approximation and projection (UMAP) plots revealed shifts in
erapy: Methods & Clinical Development Vol. 30 September 2023 93
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Table 1. Activation potential for toll-like receptor 9 (TLR9)40

AAV DNA vector TLR9 activation potential (KTLR9) Activation (+/�)

CK8e-Cas9-FS 19.7 ++

CK8e-Cas9 19.7 ++

CK8e-mDYS 12.8 +

AAV2 WT genome 26.0 +++

Human genome 1.0 –

Molecular Therapy: Methods & Clinical Development
transcriptional phenotypes between Pre and Post time points across
broad immune cell types including T cells, B cells, natural killer
(NK) cells, and monocytes (Figures S4A–S4C). In addition, large
changes in cell proportions were observed between Post-1 (2 weeks)
and Post-2 (2 weeks) time points among CD8T cells and monocytes
(Figure S4D).

The activation of complement and the elevated myeloid-derived che-
mokine and cytokine responses were only observed when blood levels
of both anti-AAV IgGs and AAVwere high (Figures 1A and 2D), sug-
gesting an important link between humoral immunity, induction of
complement, and myeloid cell activation. The data suggest that
AAV must complex with anti-AAV IgGs to activate cells of the
myeloid lineage. To obtain more granular information about how
transcriptional profiles of monocyte sub-populations change with
AAV dosing, we performed monocyte subcluster analysis and identi-
fied nine unique monocyte clusters with transcriptional shifts that
arise after dosing and re-dosing (Figures 3A and 3B). Several mono-
cyte sub-populations contributed to over 40% of the cells in the Post-2
(2 weeks) time point including non-classical (Spn+ Ly6c2�), classical
(Spn� Ly6c2+), and other monocyte clusters defined by markers
Lilr4b+, Ly6d+, Clec4d+Clec4e+, and Ceacam1+ (Figures 3C and 3D).

Myeloid-derived monocytes recognize antigen-antibody complexes
via Fc receptors and/or complement split products via complement
receptors, suggesting that these receptors might mediate the observed
chemokine and cytokine responses in monocytes. To further explore
this question, we examined transcriptional profiles of monocyte sub-
clusters expressing Fc and complement receptors. Gene expression
analysis confirmed that the non-classical (Spn+ Ly6c2�), classical
(Spn� Ly6c2+) and Clec4d+Clec4e+ monocyte sub-populations ex-
pressed activating FcgRs including Fcgr1 (CD64), Fcgr3 (CD16),
Fcgr4 (CD16-2), and Fcer1g, which all bind IgG immune complexes
(Figures 4A and S5A). We also observed expression of complement
receptors including Cr1l (receptor that binds C3b/C4b), C5ar1 (re-
ceptor that binds anaphylatoxin, C5a) and Cd93 (receptor that binds
C1q, which initiates the classical complement pathway) (Figures 4A
and S5A). Importantly, the expression of activating FcgRs and com-
plement receptors by Post-2 (2 weeks) correlated with an increased
pro-inflammatory transcriptional profile in the same monocyte
subclusters. Differentially expressed genes (DEGs) in non-classical
(Spn+ Ly6c2�), classical (Spn� Ly6c2+), and Clec4d+Clec4e+ mono-
cytes showed several transcripts that were upregulated in Post-2
(2 weeks) relative to baseline (Pre) compared with DEGs upregulated
94 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
in Post-1 (2 weeks) relative to Pre (Figures 4B–4D). Notably, we
observed a significant induction of pro-inflammatory cytokine and
chemokine gene expression only after Post-2 (2 weeks) compared
with Pre including Tnf (TNF-a), Cxcl2 (MIP-2a), Ccl3 (MIP-1a),
Ccl4 (MIP-1b), Ccl5 (RANTES), Cxcl10 (IP-10), Il1a (interleukin
[IL]-1a), and Il1b (IL-1b) (Figures 4B and 4C). However, we failed
to detect any significant upregulation of cytokine and chemokine re-
sponses in Post-1 (2 weeks) relative to Pre (Figure 4D). Similarly, we
observed significant upregulation of cytokine and chemokine tran-
scripts at Post-2 (2 weeks) relative to the Post-1 (2 weeks) time point
(Figure S5B). Since upregulation of the cytokine and chemokine genes
observed in the Clec4d+Clec4e+ monocytes at the Post-2 (2 weeks)
time point overlapped with the analytes detected by Luminex at the
Post-2 (5 h) time point, we conducted gene set enrichment analysis
(GSEA) to investigate the biological implications of DEGs in this
sub-population. When comparing Post-2 (2 weeks) with Pre, we
found that the top significantly enriched pathways included TNF
signaling, TLR signaling, and nuclear factor (NF)-kB signaling (Fig-
ure 5A). In addition, Post-2 (2 weeks) compared with Post-1 (2 weeks)
time points similarly demonstrated that the top enriched pathways
included NF-kB signaling and TNF signaling (Figure 5B). The top en-
riched pathways upregulated Post-2 (2 weeks) consisted of genes
associated with inflammatory responses and were largely driven by
Tnf (TNF-a), Cxcl2 (MIP-2a), Cxcl3 (MIP-2b), Ccl3 (MIP-1a),
Ccl4 (MIP-1b), Il1a (IL-1a), and Il1b (IL-1b). Conversely, the only
down-regulated pathway when comparing Post-2 (2 weeks) with
the Pre time point consisted of MHC genes known to be associated
with antigen processing and presentation (Figure 5A).

Activated monocyte sub-populations also expressed PRRs including
Tlr9, Tlr2, Cd14, and Myd88, which are needed for downstream
TLR signal transduction (Figure S5A). While TLR9 senses hypome-
thylated AAV DNA leading to activation,38 TLR2 has been shown
to associate with CD14 and activate primary liver cells after recogni-
tion of the AAV capsid.47 Previous studies have revealed that
stimulating FcgRs, TLR9, or complement receptors can induce NF-
kB-dependent gene expression in plasmacytoid dendritic cells
(pDCs) and monocytes,39,48–50 resulting in the production of pro-in-
flammatory responses similar to those we observed via Luminex and
scRNA-seq. These findings lend support for the notion that AAV
capsid antibodies in complex with AAV lead to complement activa-
tion, which can prime myeloid cells by engaging FcgRs, TLRs, and/
or complement receptors to induce downstream NF-kB-dependent
gene expression.

DISCUSSION
Innate and adaptive immune responses pose a significant challenge
for safe and efficacious clinical application of AAV-based gene ther-
apies. Three components of AAV vectors can trigger immunity: (1)
capsid, (2) unmethylated CpGs in the nucleic acid cargo, and (3)
the transgene protein.51 These immune responses compromise the
safety and efficacy of AAV-based therapies and have resulted in at
least 11 patient deaths observed across eight different trials (M. Corti,
“Immune modulation as an adjunctive therapy to AAV systemic
ber 2023



Figure 3. Unbiased characterization via scRNA-seq analysis to identify cell types responding to AAV in peripheral blood mononuclear cells (PBMCs)

(A) Monocyte subcluster UMAP shows heterogeneous sub-populations present in AAV9 double-dosed mice. (B) Monocyte subcluster UMAP, color coded by time point

before and after AAV dosing. Pre (blue), Post-1 (pink) and Post-2 (green). (C) Dot plot of top differentially expressed genes among monocyte sub-populations. Color is scaled

by average expression and the dot size is proportional to the percent of cells expressing the respective gene. (D) Bar graph shows the percentage of monocyte sub-

populations by time point. Pre (blue), Post-1 (pink) and Post-2 (green).
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dosing to improve safety, increase expression and allow for repeated
AAV dosing.” FDA + ASGCT Immune Responses to AAV Vectors
workshop, 2023). Additionally, two deaths have been reported in pe-
diatric patients with SMA treated with FDA-approved Zolgensma.5,7

The high-dose systemic administration required for treating patients
with neuromuscular diseases makes these patients more susceptible to
immune-mediated SAEs that can lead to death even in the presence of
immunosuppressive corticosteroids.

Complement-related SAEs reported in many different clinical trials
with different vectors suggest that pre-dose screening is insufficient
to detect all immune responses that contribute to AAV-induced im-
munotoxicities. While TMA can be resolved with a C5 complement
inhibitor, inhibition of C5 is incomplete and the downstream im-
mune consequences of split product generation are likely vast.52

Thus, there is a new appreciation for understanding the role of
AAV-complement interactions and the impact of complement split
Molecular Th
products on downstream immunity. Better preclinical models are
needed to elucidate how AAV-complement interactions interface
with other arms of immunity.

Our study demonstrates that dual-AAV dosing in mice induces clas-
sical complement activation and cytokine/chemokine induction that
is not detected in singly dosed mice at 5 h or 2 weeks post dosing. By
administering a second AAV dose 4 weeks after the first, anti-AAV
IgG and AAV are able to form a complex, leading to classical comple-
ment activation and priming of myeloid cells followed by cytokine/
chemokine release. The observation that myeloid-derived pro-in-
flammatory chemokines and cytokines were induced after the second
AAV administration suggests that myeloid cell activation depends on
adaptive immunity to allow AAV entry through antibody-dependent
enhancement (ADE). This observation has been demonstrated previ-
ously with human blood or cells exposed to AAV.14,53,54 Here, we
show the first demonstration of AAV-mediated ADE in mice.
erapy: Methods & Clinical Development Vol. 30 September 2023 95
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Figure 4. Monocyte sub-populations demonstrate activation and induction of pro-inflammatory chemokine and cytokine genes after the second, not the

first, systemic administration of AAV9

(A) Stacked violin plot shows expression of FcgRs and complement receptor genes present in activated non-classical, classical, andClec4d+Clec4e+monocyte populations.

(B) Stacked violin plot shows the expression of significantly differentially expressed pro-inflammatory cytokine and chemokine genes upregulated Post-2 (2 weeks). (C and D)

Volcano plots of classical, non-classical, andClec4d+Clec4e+monocytes showing differentially expressed genes between Post-2 (2 weeks) and Pre (C) and Post-1 (2 weeks)

and Pre (D). Significantly up- and down-regulated genes contain a Log2(Fold Change) > 0.5 or Log2(Fold Change) < 0.5 and -Log10(p value) > 2.0.
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Figure 5. Gene sent enrichment analysis of Clec4d+Clec4e+ monocytes reveal inflammatory response pathways enriched after AAV re-administration

(A) Differential gene expression analysis between Post-2 and Pre time points and gene set enrichment analysis (GSEA) identified inflammatory response pathways including

cytokine signaling, TLR signaling, and NF-kB signaling. Table of GSEA pathways and associated genes are listed in Table S7. (B) Differential gene expression analysis

between Post-2 and Post-1 time points and GSEA similarly identified inflammatory response pathways enriched after AAV re-administration compared with the first

administration. Table of GSEA pathways and associated genes are listed in Table S8.
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Weconfirmed anti-AAV9 IgGs cross-reactedwith commonly used se-
rotypes, including AAV2 and AAV8, and confirmed cross-reactivity
against a newly discovered muscle tropic variant of AAV9, termed
AAVMYO,36 which suggests that even novel variants may be neutral-
ized by pre-existing capsid antibodies. The absence of detectable anti-
transgene responses for the time points assessed is likely because we
utilized a muscle-specific promoter, CK8e.55 Thus, non-target tissues
transduced by AAV, such as antigen-presenting cells, will not express
mDYS or Cas9.56 Our anti-AAV findings correlate with studies in
which antibodies from individuals with pre-existing immunity
showed similar cross-reactivity across many serotypes.19 Therefore,
it is unlikely that simply switching AAV serotypes will overcome
pre-existing immunity. Induction of anti-AAV9 IgG response and
subsequent complement activation correlate with the data reported
in the PfizerDMDclinical trial, inwhich two participants, with rapidly
rising anti-AAV9 levels, experienced complement-related adverse
Molecular Th
events post-dosing.13 Also, Pfizer and Solid Biosciences reported
SAEs associated with complement activation,4,12,13 and demonstrated
that complement activation relies on the presence of pre-existing an-
tibodies in vitro. The Byrne and Corti labs have shown that blocking
both B and T cells prior to AAV administration can mitigate comple-
ment activation (M. Corti, “Immune modulation as an adjunctive
therapy to AAV systemic dosing to improve safety, increase expres-
sion and allow for repeatedAAVdosing.”FDA+ASGCT ImmuneRe-
sponses to AAV Vectors workshop, 2023),57 while Smith et al.14

showed that anti-AAVcomplexes facilitateAAVentry tomyeloid cells
and chemokine/cytokine induction. Together, these findings demon-
strate the important link betweenAAV IgG complexes and promotion
of both complement activation and myeloid cell priming.

We posit that AAV Ig complexes mediate pro-inflammatory re-
sponses through two mechanisms. One is through FcgR-mediated
erapy: Methods & Clinical Development Vol. 30 September 2023 97
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uptake allowing for TLR9 recognition and myeloid activation.
Second, AAV IgG complexes can initiate the classical pathway of
complement to activate myeloid cells by either complement recep-
tor-mediated uptake for TLR9 recognition and/or by complement
C3a and C5a split products that bind anaphylatoxin receptors. Prior
evidence demonstrated that AAV associates with complement C3
and split products C3b and iC3b in vitro.15 Our hypothesis is sup-
ported by Smith et al.,14 in which serum containing anti-AAV IgGs
and complement C3 incubated with AAV resulted in detectable com-
plement activation, AAV uptake in myeloid cells, and induction of in-
flammatory cytokines in vitro while C3-depleted serum containing
anti-AAV IgGs significantly reduced AAV uptake.15 Likewise, an in-
dependent study confirmed that the presence of AAV NAbs in whole
blood led to complement activation, uptake of AAV in myeloid-
derived cells, and subsequent induction of pro-inflammatory
responses including IP-10, TNF-a, MCP-1, IL-1b, etc.14 One study
revealed that AAV-specific BAbs enhanced AAV uptake in
HEK293 and Hepa 1–6 cells in vitro and introducing an anti-Fc anti-
body partially blocked AAV uptake.53 These data support the model
that AAV capsid antibodies present by the second dose mediate
monocyte activation by Fcg receptor stimulation and/or complement
receptor activation via split products generated by the classical com-
plement pathway.

Furthermore, scRNA-seq analysis revealed that only the activated
monocyte sub-populations express FcgRs and complement receptors.
Comparable to Luminex cytokine analysis, the identified monocyte
sub-populations demonstrated significant upregulation of NF-kB-
dependent genes only after the second dose, including Tnf
(TNF-a), Cxcl2 (MIP-2a), Ccl3 (MIP-1a), Ccl4 (MIP-1b), Ccl5
(RANTES), Cxcl10 (IP-10), Il1a (IL-1a), and Il1b (IL-1b). The cyto-
kine responses we observed were also reported in an in vitro study
that incubated AAV with human whole blood containing myeloid
cells including macrophages, monocytes, and dendritic cells.14 How-
ever, the same study also identified neutrophils as one of the most
prevalent subsets to internalize AAV and produce cytokines when
incubated with serum containing AAV NAbs.14 The lack of neutro-
phils detected in our scRNA-seq data can be attributed to two main
factors. First, neutrophils and other granulocytes sediment with
erythrocytes due to their higher densities when isolating PBMCs us-
ing the Ficoll-Paque density gradient.58 Second, granulocytes such as
neutrophils are relatively short-lived and do not endure the cryopres-
ervation-thawing process.59 Although we fail to detect neutrophils in
our scRNA-seq data, there may be neutrophil-specific AAV responses
occurring in our pre-existing mouse model that warrant further
investigation.

Another important variable to consider for future studies is to
examine the effect of empty AAV capsids in our dual-dosing model
and delineate immune responses attributed to the capsid antigen
and capsids packaged with vector genomes. While we systemically
administered a dose of �1.16 � 1014 vg/kg, the AAV preparations
were purified via iodixanol gradient ultracentrifugation and thus,
our total capsid antigen dose is likely much greater since empty cap-
98 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
sids are typically the most abundant particle type in cell culture prep-
arations of AAV.60 Lastly, future studies will focus on uncovering how
pre-existing anti-AAV antibodies trigger AAV uptake and their role
in amplifying downstream innate and adaptive immune responses.
Additional work will focus on adapting the dual-dosing strategy by
reducing the initial priming dose to more accurately reflect naturally
acquired AAV immunity. Our findings offer a novel paradigm for
future preclinical studies using a dual-AAV dosing strategy and the
mouse immune system to recapitulate human immune responses
and thus, offer the potential to identify immunomodulatory targets
to develop re-dosing strategies and to thwart adverse responses.

MATERIALS AND METHODS
Mice

All animal care and work were conducted under protocols approved
by the UCLA Animal Research Committee in the Office of Animal
Research Oversight. hDMD del45mdxmice were generated and gen-
otyped as described.28

AAV plasmid constructs used in the study

pAAV-CK8e-Cas9 and pAAV-FLAG-CK8e-mDYS vectors were a gift
from Dr. Jeffrey Chamberlain and were generated as described.61,62

pAAV-CK8e-Cas9 was modified to introduce an FLAG tag as
described below to construct pAAV-FLAG-CK8e-Cas9 and to intro-
duce a frameshift mutation in Cas9 to generate pAAV-FLAG-CK8e-
Cas9-FS.

Generation of pAAV-FLAG-CK8e-Cas9 and pAAV-FLAG-CK8e-
Cas9-FS vectors: NEBuilder HiFi DNA Assembly (New England
BioLabs) was used to generate pAAV-FLAG-CK8e-Cas9 and
pAAV-FLAG-CK8e-Cas9-FS. A 386 base pair (bp) gBlock (IDT) con-
taining an FLAG tag at the N terminus and part of the Cas9 coding
sequence was synthesized (FLAG-Cas9). A 385-bp gBlock (IDT)
identical to FLAG-Cas9, but with a 1-nt deletion to encode for a fra-
meshifting (FS) mutation in Cas9 was synthesized (FLAG-Cas9-FS).
The FLAG-Cas9 and FLAG-Cas9-FS gBlocks were cloned in HincII-
and BglII-digested pAAV-CK8e-Cas9 using NEBuilder HiFi DNA
Assembly according to the manufacturer’s instructions to create
pAAV-FLAG-CK8e-Cas9 and pAAV-FLAG-CK8e-Cas9-FS.

Recombinant AAV production

AAV9-FLAG-CK8e-Cas9, AAV9-FLAG-CK8e-Cas9-FS, and AAV9-
FLAG-CK8e-mDYS for mdx study: pAAV-FLAG-CK8e-Cas9,
pAAV-FLAG-CK8e-Cas9-FS, and pAAV-FLAG-CK8e-mDYS were
shipped to Vigene Biosciences Inc. for large-scale AAV9 production.
Vigene Biosciences Inc. purified recombinant AAVs using iodixanol
gradient ultracentrifugation and quantified viral titer by qPCR using
their ITR primers. Purity of capsid viral proteins was determined by
SDS-PAGE (9% polyacrylamide gels).

AAV9 double-dosing study in mdx mice in vivo

The double-dosing study was conducted using �12-week-old mdx
male and female mice. Three AAV serotype 9 vectors carrying either
FLAG-CK8e-Cas9, FLAG-CK8e-Cas9-FS, or FLAG-CK8e-mDYS
ber 2023
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were systemically injected via retro-orbital (r.o.) injection at
�1.16 � 1014 vg/kg. Each vector was administered in n = 3 males
and n = 3 females for a total of nine mice dosed per sex. A second
dose (re-dosing) was with the same AAV vector via r.o. injection at
�1.16 � 1014 vg/kg �4 weeks after the first dose. The mice were
culled �6 weeks after the second dose (i.e., �10 weeks after the first
dose) and the heart, skeletal muscle tissues, lung, liver, and spleen
were harvested and flash frozen in isopentane.

For scRNA-seq, PBMCs were collected from all mice at the following
time points: prior to AAV exposure (Pre), 2 weeks after the first dose
(Post-1 2 weeks), 4 weeks after the first dose (Post-1 4 weeks), 2 weeks
after the seconddose (Post-2 2weeks), and6weeks after the seconddose
(Post-2 6 weeks). Approximately 0.2 mL of whole blood was harvested
in EDTA-containing BDMicrotainer Capillary Blood Collection Tubes
(BD Biosciences). Whole blood was diluted 1:1 in DPBS and carefully
layered over Ficoll-Paque Premium (Fisher Scientific) in a 2:1 ratio of
diluted blood to Ficoll. Samples were centrifuged at 800 rcf for 25 min
with the brakes and acceleration turned off. The PBMC layer (buffy
coat) was extracted, washed with DPBS, and resuspended in red blood
cell (RBC) lysis buffer (Qiagen) for 1–2 min. PBMCs were then centri-
fuged using a low-speed spin (150 rcf for 15min) to remove dead RBCs
and platelets and cryopreserved in 90% fetal bovine serum (Thermo
Fisher) and 10% dimethyl sulfoxide (DMSO, Millipore Sigma). For
scRNA-seq, only two of the three male mice per AAV vector (n = 6
male mice total) were processed for scRNA-seq at the following time
points: Pre, Post-1 2 weeks, and Post-2 2 weeks.

For Luminex, enzyme-linked immunosorbent assays (ELISAs), and
HCPM analysis, plasma was collected at the following time points:
prior to AAV exposure (Pre), �5 h after the first dose (Post-1 5 h),
2 weeks after the first dose (Post-1 2 weeks), 4 weeks after the first
dose (Post-1 4 weeks),�5 h after the second dose (Post-2 5 h), 2 weeks
after the second dose (Post-2 2 weeks), and 6 weeks after the second
dose (Post-2 6 weeks). Plasma was isolated during PBMC isolation, dis-
cussed earlier, in which plasma is the layer above the PBMC buffy coat.

10x library preparation, sequencing, and alignment

scRNA-seq libraries were generated using Chromium Single Cell 30 v.3
(10x Genomics). Libraries were sequenced using NovaSeq 6000 S4 (Il-
lumina) 2� 100 bp paired-end reading strategy. Cells were called using
Cell Ranger (v.6.1.2, 10x Genomics) with the mouse reference genome
(mm10) to generate raw gene expression matrices for each sample.

scRNA-seq data analysis and clustering

The raw gene expression matrices were analyzed by R software
(v.4.1.2) with the Seurat package v.4.1.0.63 Low-quality cells were
removed when more than 20% of the UMIs were derived from mito-
chondrial genes, when less than 200 features and more than 1,800
unique features were detected. The data were then normalized using
the default NormalizeData function parameters, the FindVariable
Features function to select 2,000 genes with the highest standardized
variance, and the ScaleData function to perform Z score transforma-
tion. We then analyzed the integrated samples by using RunUMAP,
Molecular Th
FindNeighbors, and FindClusters functions for UMAP visualization.
The clusters were manually annotated using the top 50 DEGs pro-
duced by the FindAllMarkers function. For subcluster analysis of
monocytes, we used the subset function in combination with the
same methods discussed to analyze the integrated data.

Gene set enrichment analysis

Gene set enrichment analysis was performed with the WEB-based
Gene Set Analysis Tool Kit (https://www.webgestalt.org/) using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database in or-
der to identify enriched pathways using DEGs between baseline and
AAV administration time points.64

Detection of complement components with ELISAs

Murine plasma samples were used to measure complement C3
(ab157711, Abcam), C4 (NBP2-70040, Novus Biologicals), and
C5b9 (OKCD01374, Aviva Systems Biology) levels according to the
manufacturer’s instructions. Plasma samples were diluted to
1:50,000, 1:20, and 1:30 to measure C3, C4, and C5b9, respectively.
Each sample and time point were run in triplicate.

Multiplex cytokine analysis using Luminex

A custom ProcartaPlex panel (Thermo Fisher) was designed and con-
sisted of 27 analytes: IFN-a, IFN-b, IFN-g, IL-1a, IL-1b, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17A,
IL-18, IP-10, MCP-1, MCP-3, MIG, MIP-1a, MIP-1b, MIP-2a,
RANTES, and TNF-a. Analytes were measured on a Luminex 200 in-
strument (Immune Assessment Core, UCLA) using mouse plasma
samples according to the manufacturer’s instructions. All male and
female plasma samples were assessed at the following time points:
Pre, Post-1 (5 h), Post-1 (2 weeks), Post-2 (5 h), and Post-2 (2 weeks).
The cloud-based ProcartaPlex Analysis application (Thermo Fisher)
was used to confirm the raw data were in the working range, in which
the observed concentration was between 70% and 130% of the
expected concentration from standard controls using either the
four-parameter log-logistic (4PL) or five-parameter log-logistic
(5PL) standard curve. Cytokine analytes were expressed in picograms
per milliliter (pg/mL). Analytes observed at the lower limits of
quantification and upper limits of quantification were omitted from
additional analysis (Figure S3B).

Humoral IgM and IgG responses measured by HCPM

HCPM chips printed with AAV capsids, Cas9, or mDYS were used to
measure humoral IgM and IgG antibody levels. HCPM chips were
generated as previously described.33–35 In brief, proteins of interest
(i.e., antigens) were printed directly onto nitrocellulose microarrays
at concentrations of 0.1 mg/mL, 0.05 mg/mL, 0.025 mg/mL, and
0.0125 mg/mL. The antigens of interest included the following:
AAV2 (AAV2-EMPTY, Virovek Inc.), AAV8 (AAV8-EMPTY,
Virovek Inc.), AAV9 (AAV9-EMPTY, Virovek Inc.), SpCas9
(CAS9PROT-50UG, Millipore Sigma), AAVMYO (a gift from Dr.
Xiangmin Xu, Professor of Anatomy andNeurobiology at the Univer-
sity of California, Irvine), and mini-dystrophin protein was provided
by Pfizer. Plasma samples were serially diluted for each microarray to
erapy: Methods & Clinical Development Vol. 30 September 2023 99
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determine optimal dilution and ranged from: 1:200, 1:2,000, 1:20,000,
and 1:200,000. Finally, antigen-specific humoral responses were as-
sessed for male and female plasma samples at the following time
points: prior to AAV exposure (Pre), 2 weeks after the first dose
(Post-1 2 weeks), 4 weeks after the first dose (Post-1 4 weeks), 2 weeks
after the second dose (Post-2 2 weeks), and 6 weeks after the second
dose (Post-2 6 weeks). Quantitative analyses were performed by the
Vaccine R&D Center at the University of California, Irvine, as previ-
ously described by their team.33–35

Statistical analysis

AAV9-treated groups were combined by time point for multiple com-
parison statistical analysis. Results presented in Figures 1 and S2 are
shown as mean ± standard deviation (SD) and comparison between
time points (groups) was evaluated using one-way analysis of variance
(ANOVA) mixed effects model with repeated measures followed by
Tukey’s post hoc test. Results presented in Figures 2 and S3 are shown
as mean ± SD and comparison between time points (groups) was
evaluated using one-way ANOVA with repeated measures followed
by Tukey’s post hoc test. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
p < 0.0001 (****) were considered significant. Statistical analysis
and graphs were generated using GraphPad Prism 9 software.
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