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Adeno-associated viruses (AAVs) are popular gene therapy de-
livery vectors, but their application can be limited by anti-vec-
tor immunity. Both preexisting neutralizing antibodies (NAbs)
and post-administration NAbs can limit transgene expression
and reduce the clinical utility of AAVs. The development of
novel AAVs will advance our understanding of AAV immunity
and may also have practical applications. In this study, we
identified five novel AAV capsids from rhesus macaques.
RhAAV4282 exhibited 91.4% capsid sequence similarity with
AAV7 and showed similar tissue tropism with slightly
diminished overall signal. Despite this sequence homology,
RhAAV4282 and AAV7 showed limited cross-neutralization.
We determined a cryo-EM structure of the RhAAV4282 capsid
at 2.57 A resolution and identified a small segment within the
hypervariable region IV, involving seven amino acids that
formed a shortened external loop in RhAAV4282 compared
with AAV7. We generated RhAAV4282 and AAV7 mutants
that involved swaps of this region and showed that this region
partially determined neutralization phenotype. We termed
this region the hypervariable region IV neutralizing epitope
(HRNE). Our data suggests that modification of the HRNE
can lead to AAVs with altered neutralization profiles.

INTRODUCTION

Adeno-associated viruses (AAV) have been found to have multiple
attractive qualities for gene therapy. AAVs have low immunoge-
nicity,l long expression times,”> broad tissue tropism,*"5 and are
mostly non-pathogenic.” AAVs have been used to generate multiple
drugs currently in clinical trials for genetic diseases.”

Although AAVs are considered some of the best vectors for gene ther-
apy, they also have limitations: broad tissue tropism is useful in some
cases but can be problematic due to liver toxicity,” and preexisting im-
munity as well as anti-vector immunity following treatment can limit
the therapeutic efficacy of AAVs."”°
nity, researchers often exclude patients with anti-vector antibodies or
%15 A AV typically have durable expression
in humans, but in some cases a second AAV dose is needed to main-
tain therapeutic efficacy.'®"” Administering follow-up AAV doses

To overcome humoral immu-

immunosuppress them.

can be problematic as many patients develop antibodies against the
AAV capsid used in the first dose."”

To address these problems, it is important to expand the repertoire of
available AAV capsids. Previous work from our group investigated
the effects of simian immunodeficiency virus (SIV)-mediated immu-
nodeficiency on the enteric virome of rhesus macaques.”’ This work
demonstrated that rhesus macaques infected with SIV showed higher
numbers of viral reads in numerous virus families such as Adenovir-
idae, Picornaviridae, and Parvoviridae. We decided to further inves-
tigate the Parvoviridae reads with the goal of identifying novel
AAV capsids. We discovered five novel AAV capsid sequences that
we used to generate vectors. We then further characterized the best
growing virus, RRAAV4282, which is closely related to AAV7, and
we identified a neutralizing epitope that we called hypervariable re-
gion IV neutralizing epitope (HRNE).

RESULTS

Discovery of novel AAV capsids

We previously reported that SIV-infected rhesus macaques (Macaca
mulatta) had increased viral reads in stool samples in many viral fam-
ilies, including Parvoviridae.”® To investigate whether these samples
included new AAV capsids, we analyzed stool samples from rhesus
macaques that had tested positive for parvoviruses.”” The stool was
filtered and then used to infect human E1-complementing cells. Cells
were monitored for cytopathic effects (CPEs) as indicative of helper
virus necessary for AAV replication. If CPEs were observed, then
cell supernatants were harvested and subjected to PCR amplification
using degenerative AAV capsid primers targeting the capsid genes
(VP1, VP2, and VP3) of AAVs. PCR products were sequenced and
then cloned into AAV2 RepCap plasmids. Five novel capsids
were discovered: RhAAV4282, RhAAV4302A.1, RhAAV4302A.2,
RhAAV4302B, and RhAAV6674.
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AAV1| 84.8 84 83.9 83.9 82.4
AAV2| 81.3 82.4 82.2 83.2 82.6
AAV3| 84 84 83.9 85.6 83.9
AAV4| 56.1 55.8 55.8 56.9 57.2
AAVS5] 48.9 46.3 46.3 47 46.7
AAVG| 84.6 84 83.9 84.1 82.6
AAVT7| 914 86.9 86.7 87.2 87.2
AAV8| 86.5 89.7 89.5 91.6 92.8
AAVO| 79.38 85.5 85.3 85.2 84.2
AAV11| 60.5 590.7 59.4 60 58.7
AAV12] 55.9 53.9 53.5 53.6 53.8

AAV13] 84.6 83.7 83.7 86.2 85
RhAAV4282] 100 854 85.7 88.5 87.5
RhAAV4302A.1] 85.4 100 99.7 93.2 89.5
RhAAV4302A.2] 85.7 99.7 100 93.1 89.7
RhAAV4302B| 88.5 93.2 93.1 100 94.8
RhAAV6647| 87.5 89.5 89.7 94.8 100

(legend on next page)

Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024



www.moleculartherapy.org

Phylogenetic analysis of the capsid VP1 protein showed that
RhAAV4282 was closely related to AAV7, whereas RhnAAV4302A.1,
RhAAV4302A.2, RhAAV4302B, and RhAAV6674 were more closely
related to AAV8 and AAV9 (Figure 1A). All five capsids shared >85%
amino acid similarity among themselves, although RhAAV4282 was
the most divergent capsid among the five isolates. The RhAAV4282
VP1 protein shared 91.4% protein sequence similarity to AAV7
VP1, with only 65 amino acid differences. RhRAAV4302A.1 (89.7%),
RhAAV4302A.2 (89.5%), RhAAV4302B (91.6%), and RhAAV6674
(92.8%) all shared most sequence homology with AAVS8 (Figure 1B).
We decided to further characterize RnAAV4282 as it was the most
divergent capsid and showed the highest production titers. We
were able to generate functional vectors with normal size (25 nm
diameter) and shape for RhnAAV4282 (Figure 1C), and these vectors
had the capacity to infect cells as measured by EGFP expression
(Figure 1D).

Biochemical characterization

We first tested RnAAV4282 cell transduction efficacy compared to
closely related AAV7 and commonly used AAV9 (Figure S1) and
observed similar transduction efficiency in all cell lines tested. We
then tested RhnAAV4282 using in vitro methods to determine whether
it used common AAYV receptors and attachment factors for cellular
entry. We tested two of the most common AAV attachment factors,
heparin sulfate and sialic acid, as well as the AAV receptor (AAVR)
(KIAA0319L).>"** For these tests, we used RhAAV4282 expressing
EGFP. To test heparin sulfate usage, we treated 293T cells with
increasing levels of heparinase III enzyme. If heparin sulfate was
used for entry there would be a dose-dependent decrease in %GFP*
cells. We observed this decrease in AAV2.eGFP (Figure S2), a known
heparin sulfate using AAV, but we did not observe a decrease in
RhAAV4282 (Figure 2A). We tested sialic acid usage by using a cell
line with cytidine monophosphate N-acetylneuraminic acid synthe-
tase (CMAS) knocked out. CMAS is a sialic acid transporter, and
*** Depletion of
sialic acid also indirectly tests for the use of galactose, as removal of
sialic acid exposes more galactose, leading to an increase in transduc-
tion by AAVs using galactose as an attachment factor.”> CMAS-
knockout (KO) cells showed a decrease in AAV1 GFP signal (sialic
acid virus®®) and an increase in AAV9 GFP signal (galactose vi-
rus*>*’) (Figure $3) but no difference in RhAAV4282 transduction
(Figure 2B). In contrast, KO of the AAVR resulted in nearly complete
loss of transduction by RhAAV4282 and other control viruses (Fig-
ure 2C) (Figure S4). These results show that RhAAV4282, like the
vast majority of AAVs, uses the AAVR for entry. Similar to the closely
related AAV7,%® the attachment factor for RRAAV4282 is unknown.

knockout removes sialic acid from the cell surface.

AAVs are generally thermostable, but the stability of the capsid can
vary significantly based on serotype. RhRAAV4282 capsid thermosta-

bility was tested by differential scanning fluorimetry. AAV particles
were mixed with SYPRO Orange dye and then heated while detecting
fluorescent signal. As the AAV capsid denatures due to increased
temperature, fluorescent signal can be detected to determine the
melting temperature (T,,) of the capsid. RhAAV4282 (T,, =
71.1°C) was found to have nearly the same melting temperature as
its close relative AAV7 (T,, = 71.2°C) (Figure 2D). AAV9 instead
showed a more stable capsid with a T, of 78.2°C.

Human seroprevalence

Anti-AAV antibodies can be a major limitation in gene therapy
administration. Over 70% of the population is thought to be seropos-
itive for AAV2, and the seroprevalence of other commonly
used AAVs is high.'>*>** To investigate the seroprevalence of
RhAAV4282 in the general population, we used 69 Boston patient
samples from our hospital biorepository to measure neutralizing anti-
body (NAb) titers against RhRAAV4282, closely related AAV7, and
human virus AAV2. We observed no neutralization in ~80% of pa-
tients for RHAAV4282, AAV7, and AAV2 (Figure 3A). Among the
individuals who showed neutralization, we observed the highest
NAb titers against AAV2. RhAAV4282 was found to have the lowest
NAD titers of the three viruses tested (Figure 3B) (Figures S5-S7). We
observed no clear differences in sex or age comparing positive and
negative patients (Table SI).

Innate immune response

To further characterize RnAAV4282, we measured early innate im-
mune responses after injection of mice with RhAAV4282, AAV7,
and AAVY9 vectors expressing a luciferase transgene. Serum cytokine
levels were measured at the following time points: 0, 2, 6, 24, 48, and
72 h. We found that RhAAV4282 exhibited a unique innate immune
profile, although RhAAV4282 was surprisingly more similar to AAV9
than AAV7. For interferon-y (IFN-y) (Figure S8A), interleukin-10
(IL-10) (Figure S8B), IFN-y-inducible protein-10 (IP-10) (Fig-
ure S8C), and monocyte chemoattractant protein-1 (MCP-1) (Fig-
ure S8D), RhAAV4282 closely matched AAVY instead of AAV?7.
The other measured cytokines showed no discernible differences be-
tween AAVs (Figure S9).

Tissue tropism

We next explored RhAAV4282 tissue tropism in vivo. RhRAAV4282,
AAV7, and AAV9 expressing a luciferase transgene were adminis-
tered to BALB/c mice intravenously. Four weeks later, whole-mouse
in vivo imaging system (IVIS) imaging was used to determine trans-
duction. Quadriceps, liver, diaphragm, and heart tissues were har-
vested to quantify tissue-specific signal differences between the tested
AAVs. After determining luciferase signal, tissues were processed to
extract nucleic acids to determine the DNA and RNA localization
in each tissue. DNA was extracted from select tissues, and genome

Figure 1. Discovery of novel AAV capsids in SIV-infected rhesus macaques

(A) Phylogenetic tree of novel rhesus AAVs discovered in this study (red) and contemporary AAV serotypes (black). Scale bar represents mean number of amino acid changes
per site. (B) Capsid percent similarity between contemporary serotypes and novel AAV capsids. (C) Negative stain EM of RhAAV4282 capsid packaging a luciferase

transgene. (D) In vitro transduction of 293T cells with RhAAV4282 expressing EGFP.
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Figure 2. In vitro receptor and capsid testing

(A) Cells were treated with increasing concentrations of
heparinase Ill. At 1 h later, cells were transduced with
RhAAV4282.eGFP. At 72 h later, GFP* cells were detected
by flow cytometry. (B and C) CMAS (B) and (C) KIAAO319L
KO cells were normalized to WT cells for RnAAV4282.EGFP
transduction after 72 h. (D) Capsid stability of RhAAV4282,
AAV7, and AAV9 was compared by incubating each capsid
with SYPRO Orange dye and incrementally increasing
temperature. The derivative signal/temperature was used
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copies per diploid genome were calculated. The liver contained the
largest amount of genome copies, as has been reported with other
AAVs.”' RhAAV4282 had modestly lower tropism for the liver
than AAV7. Other tested tissues showed no statistically significant
differences (Figure 4A). Since DNA localization can be unrelated to
tissue transduction,’! we tested RNA localization in the same tissues
(Figure 4B). We found modestly higher RNA levels of AAV7 in liver
than RhAAV4282. In other tissues, there were no differences
observed. Surprisingly, we found that despite AAV9 DNA levels being
lower than RhnAAV4282 and AAV7 in the quadriceps, RNA measure-
ment showed higher AAV9 RNA concentration compared to
RhAAV4282 and AAV7 in the quadriceps. Protein localization
was determined by IVIS signal (average radiance per second)
(Figures 4C and 4D). Protein levels between RhAAV4282 and
AAV7 repeated the same pattern observed in the RNA and DNA
levels, with similar signals in all tissues tested except the liver, where
AAV7 had more liver signal. AAV9 transduced quadriceps and dia-
phragm at a higher rate than RhAAV4282 and AAV7. Whole-mouse
imaging confirmed that AAV9 transduced at a higher level than
RhAAV4282 and AAV7 (Figure 4E).

Structural analysis of RhAAV4282

RhAAV4282 and AAV7 capsids share 91.4% sequence homology
(Figure 1C), but showed differences in seroprevalence, liver tropism,
and innate immune signaling. To evaluate the possible cause of these
differences further, we determined a high-resolution cryo-EM struc-
ture of the RhAAV4282 capsid. A total of 69,220 RhAAV4282
particles were classified into empty (35,328; 51%) or full (33,892;

— RhAAV4282

to determine the T,, of the capsid. Separate biological
replicates are denoted as black dots; black lines
represent group medians. SEM for each temperature is
denoted by colored horizontal lines in (D).

49%) particles from which we obtained two re-
constructions and structural models for the
RhAAV4282 capsid in either an empty or full
configuration, respectively. The overall resolution
of the empty capsid was 2.57 A (Figure 5A). The
overall resolution of the full capsid was 2.58 A
(Figure S10). As with previous AAV capsid struc-
tures, we did not resolve the N terminus of VP1
or VP2, and thus our model extends from amino
acid 220 to 733 of the VP1 capsid sequence. The
structures showed many common characteristics
of AAV capsids. These features include a 3-fold protrusion, a pore at
the 5-fold axis, and valleys at the 2-fold axis.>? Our models fit the elec-
tron density maps well, particularly for the core of the structure (Fig-
ure 5C). Somewhat poorer resolved density was observed in the outer
loops of the capsid as expected due to increased flexibility of these seg-
ments (Figure 5D). We observed no substantial structural differences
between the empty and full capsid maps (Figure S10), which is consis-
tent with previously reported models of AAV capsids.”

Comparing the RhAAV4282 and AAV7 capsids revealed many struc-
tural similarities as expected, given the high level of sequence homol-
ogy (Figure 5B). The largest structural difference corresponded to a
7-amino acid sequence difference that was located at the 3-fold prox-
imal loop within hypervariable region IV** (Figure 5B, inset), where
the AAV7 loop was longer and extended further into solution than
the RhAAV4282 loop. This region also was different in the AAV9
capsid, which had a shorter loop than AAV7 but longer than
RhAAV4282 (Figure S11).

Aligning the VP1 sequences of RnAAV4282 and AAV7 supports the
results observed by cryoelectron microscopy (cryo-EM), with
RhAAV4282 and AAV7 sharing a high degree of sequence similarity
throughout VP1 (Figures 6A and 6B). Within the VP1 protein, only
65 amino acids differ between RhAAV4282 and AAV7. According to
clustal omega, 47.7% (31/65) of these changes were changes between
amino acids of strongly similar properties, 33.8% (22/65) of these
amino acid changes are with amino acids that share weakly similar
properties, and 18.5% (12/65) did not share properties or were
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deletions. Seven amino acids that either shared weak similarities or
no similarities, including a 3-amino acid deletion, were located be-
tween amino acids 453-460 of the AAV7 sequence. This is the
same region identified by structural analysis near the 3-fold proximal
peak contained within hypervariable region IV>* (Figure 6C). We
named this subregion the HRNE (denoted by black bracket in
Figure 6D).

Mouse heterologous boost experiment

These results prompted us to evaluate whether AAV7 and
RhAAV4282 would be useful for heterologous booster injections. To
test this hypothesis, we injected mice with 5E11 genome copies
(GC) of AAV7 or RhAAV4282 vectors encoding EGFP intravenously.
Four weeks later, we administered 5E11 GC of either AAV7 or
RhAAV4282 vectors encoding luciferase to each group and measured
luminescence compared to mice receiving a single dose of AAV7 or
RhAAV4282 encoding luciferase.

Whole-mouse imaging showed a high signal for mice having
received single-shot AAV7 or RhAAV4282 expressing luciferase (Fig-
ure 7A). Mice injected with AAV7.EGFP followed by AAV7.Luc
primarily showed signal at the site of administration (right eye)
in 4/5 mice, presumably due to substantial suppression by anti-
vector immunity induced by the initial inoculation. Homologous
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Figure 3. Human seroprevalence
Human serum samples from around the Boston area were

NT50 measured for RhAAV4282, AAV7, and AAV2 NAD titers.
- <4 (A) Responses were categorized for each virus. (B)
: ?7__1 1650 All responders’ (categorized as having NAbs against
mEm 151-400 RhAAV4282, AAV7, or AAV2) NAD titers plotted for each
=1 401-999 virus. Black bars represent medians. p values represent
= > 1000 result of one-way ANOVA test. *p < 0.05.

administration of RhAAV4282.EGFP followed
by RhAAV4282.Luc showed complete removal
of luciferase signal presumably due to anti-
vector immunity. In comparison, mice admin-
istered RhAAV4282.Luc following AAV7.
EGFP injections showed systemic signal in 4/5
mice. Whole-mouse luminescence quantification
showed that heterologous boosting resulted in at
least a 1-log increase in signal compared to ho-
mologous boosting (Figure 7B).

HRNE modifications alter neutralization
profiles for RhAAV4282 and AAV7
Some AAV gene therapies have shown that in
certain disease settings, durability may be a
concern, and booster shots could become neces-
sary to maintain efficacy.'®'® We sought to
determine whether RhAAV4282 and AAV7
generated cross-NAbs and whether these NADb
profiles could be altered by changing the
HRNE. To test this hypothesis, we injected mice with 5E11 GC
AAV7, RhAAV4282, and AAV9 encoding luciferase.

Our previous structure and sequence data also suggested that
the HRNE could be a potential neutralization determinant if
AAV7 and RhAAV4282 have different neutralization patterns.
To test this hypothesis, we generated an AAV7 capsid with the
RhAAV4282 HRNE (AAV7(4282L)) and a RhAAV4282 capsid
with an AAV7 HRNE (RhAAV4282(AAV7L)). These mutants
grew similarly to the parental strains. We included these mutants
in our NAD tests at the same dose as the three wild-type (WT) vec-
tors. Mouse tissue tropism was not substantially changed in the
HRNE mutants (Figure S12). Mouse serum was collected 4 weeks
after injection. We tested this serum for NAbs against AAV7 (Fig-
ure 8A), RhAAV4282 (Figure 8B), and AAV9 (Figure 8C). We
found that each vector primarily induced autologous neutralization
with low heterologous neutralization (Figures 8A-8C), although a
limited degree of cross-neutralization was observed for AAV7 and
RhAAV4282 (Figures 8A and 8B).

We observed that swapping the seven amino acids constituting
the HRNE resulted in modified NAD titers. Mice injected with
AAV7 showed the highest NAb titers against AAV7 (median
neutralizing titer [NTs]: 702.8) (Figure 8A), whereas mice injected
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with AAV7(4282L) (median NTsy: 116.0) showed substantially
decreased NADb titers against AAV7. RhAAV4282 (median NTs:
16.5)-injected mice showed low NAb titers against AAV7, but
RhAAV4282(AAV7L) (median NTs,: 240.5) induced substantially
increased AAV7 NAbs compared with RhAAV4282. These data
suggest that the HRNE is an important neutralizing determinant
for AAV7.

Similarly, RhnAAV4282 led to robust NAbs against RhnAAV4282
(median NT50: 1567.0), and AAV7 (median NT50: 7.5) injection led
to minimal NAbs against RnAAV4282 (Figure 8B). AAV7(4282L)
(median NTs: 179.0) induced substantially increased NAbs to
RhAAV4282 compared with AAV7. These data suggest that the
HRNE is also a partial neutralization epitope for RnAAV4282. How-
ever, mice injected with RhAAV4282(AAV7L) (median NTs,: 1618)
and RhAAV4282 showed similar NAbs against the RhnAAV4282
capsid, suggesting that RhAAV4282 may have multiple neutraliza-
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Figure 4. RhAAV4282 tissue tropism
Mice were injected with 5E11 GC of AAVs expressing
luciferase. Four weeks later, tissues were removed and
used to measure (A) viral genome localization by gPCR,
(B) viral transcript localization by RT-PCR, and (C) protein
levels by measuring luminescence. (D) Representative
image of tissues extracted from mice and immersed in
«a0 PBS with luciferin. (E) Representative image of whole-
mouse luminescence after luciferin injection. Individual
mice in (A)—(C) denoted as dots, with group median
values denoted by black lines. p values represent result
g3 of one-way ANOVA test for each tissue for (A) DNA, (B)
RNA, and (C) luciferase. ****p < 0.0001. Significance
comparisons with AAV9 not shown.

04

Luminescence

o tion epitopes that result in the high neutraliza-

tion against RhAAV4282 in mice.

2 DISCUSSION
AAV vectors for gene therapy can be limited by
20 preexisting immunity to the vector or immunity

: : 1,9-12,29,30
induced by previous treatments. To

address these concerns, we identified a panel
of new AAV capsids from rhesus macaques.”’
We identified five novel AAV capsids and char-
. acterized RhAAV4282, which shares 91.4%
sequence homology with AAV7. In vitro exper-
iments demonstrated that RhAAV4282, like
AAV7, does not use common AAV attachment
factors (sialic acid, heparin sulfate, and
galactose) for cellular entry. AAV7 and
RhAAV4282 also shared nearly identical capsid
stability. These in vitro results indicate that
RhAAV4282 and AAV7 capsids are highly
similar and may even share a currently un-
known attachment factor. These vectors also
showed similar in vivo tropisms, although
RhAAV4282 showed slightly diminished signal compared to
AAV7. Nevertheless, these two vectors differed in innate immune re-
sponses and neutralization profiles. We determined a cryo-EM struc-
ture of RRAAV4282 at 2.57A and identified a 7-amino acid region
within hypervariable region IV that differed substantially. We first
tested that heterologous boosting of RhnAAV4282 and AAV7 was
more successful than homologous boosting. We then generated
mutant RhAAV4282 and AAV7 capsids with this region swapped
and showed that this region, which we termed the HRNE, was a
neutralization epitope for AAV7 and RhAAV4282. We speculate
the HRNE may be more immunodominant in AAV7 due to its longer
length compared to the shorter RhAAV4282 HRNE. RhAAV4282
may also have additional neutralization epitopes that account for its
higher overall anti-vector immunity.

Radiance
{pfsecfcmzfsr)

Color Scale
Min = 1.00e6
Max = 3.00e7

Recent studies’*° have shown both the promise and limitations of
AAV vectors. These observations emphasize the importance of
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expanding the repertoire of AAV vectors both to further understand
the biology of the vector and to increase the toolbox for gene ther-
apy.”” >’ Previous studies have investigated swapping regions of the
AAV capsid primarily to investigate tropism determinants,***'
although some studies have investigated immunogenicity determi-
nants.”**>** A few papers have identified the 3-fold spike region as
an antigenic determinant, and the prominent AAV monoclonal anti-
body A20 has been shown to bind to this region along with other sites
in AAV2.**"*° Our study expands on this work and adds higher reso-
lution by identifying the HRNE region in which just seven amino acids
represent a major neutralization determinant for these two rhe-
sus AAVs.

In some cases, gene therapies may not be durable for the lifetime of the
patient, necessitating repeat treatments. to!
possible to give the same treatment due to the generation of NAbs

? Unfortunately, it is rarely

Figure 5. Cryo-EM model of RhAAV4282 capsid

(A) Atomic model from a cryo-EM reconstruction of the
empty RhAAV4282 capsid to 2.57 A resolution. (B) Structural
comparison of RhAAV4282 VP3 monomer (red) aligned with
an AAV7 VP3 monomer (blue) (7L5Q). Enlargement shows
differences in the hypervariable region IV. RhAAV4282
electron density (gray mesh) and residues for one
monomer of RhAAV4282 capsid (green) shown for amino
acids (C) 280-288 and (D) 449-457 using RhAAV4282 VP1
amino acid numbering.

against the original treatment AAV capsid.*” This
presents three options: excluding patients,"* immu-
nosuppressing patients,"® or utilizing an alternative
AAV capsid with a different neutralization profile.
Modifications to the HRNE or loop-swap mutants
could provide an alternative to these options and
may allow more efficient sequential dosing.

B RhAAV4282

In conclusion, we identified five novel AAV cap-
sids from rhesus macaques and characterized
RhAAV4282 biochemically and structurally.
Utilizing the cryo-EM structure, we used mutant
vectors to identify the HRNE as a neutraliza-
tion determinant for these AAVs. This work
will enable future research into the immune
response to AAV capsids and could allow the
development of immune evasion strategies for
AAV vectors.

MATERIALS AND METHODS

Isolation and vectorization of novel rhesus
macaque AAVs

Stool samples from rhesus macaques (M. mulatta),
which tested positive for the presence of AAV
by metagenomics sequencing,”’ were resus-
pended in unsupplemented DMEM and filtered
through a 0.45-pm pore-size filter. Human El-complementing
cells were infected with the filtrates, incubated at 37°C with 10%
CO,, and monitored for CPEs.”” DNA was extracted from infected
cell supernatants and subjected to PCR amplification using degen-
erate primers targeting the Cap gene of AAV. Primers were de-
signed to an alignment of readily available Cap genes from the
GenBank database. PCR fragments were analyzed on agarose gel,
and those of the expected size were extracted and cloned into an
in-house constructed AAV2 RepCap plasmid, using Gibson assem-
bly.”® Isolated Cap genes were verified to be novel by blasting on
GenBank. Recombinant AAV was rescued by transfecting human
embryonic kidney cells by triple transfection together with an
in-house-generated AAV?2 inverted terminal repeat (ITR) plasmid,
carrying a transgene expression cassette consisting of a cytomega-
lovirus (CMV) promoter, a multiple-cloning site, and a simian vi-
rus 40 polyadenylation signal, together with a helper plasmid
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RhAAV4282 ESVPDPQPLGEPPAAPS PMADNNEGA! 240
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n
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RhAAV4282 {'TGS - - -TRELQFHQAGPNTMAEQSKNW 476
) \| _
ARVT LPGPCFRQQRVSKTLDY Y LVNPGVAVMAT, FP. 540
RhAAV4282 LPGPCYRQORLSKNI YHLNGRNSLTNPGVAMATNKDDEDQFFPIN 536
B T T
Vi Vi
ARVT GVLIFGKTGATNKTTLENVLMTNEEETRPTNPVATEEYGIVSSNLQAANTAAQTQVVNNQ 600
RhAAV4282 GVLVF TLENVLMTSEEEIKTTNPVATEEYGVVSSNLQSSTAGPQTQTVNSQ 596
GALPGMVWONRDVYLOGPIWAKI PHTDGNFHPSPLMGGFGLKHPPPOILIKNT PVPANPP 660
GALPGMVWQONRDVYLQGPIWAKI PHTDGNFHPSPLMGGFGLKHPPPQILIKNTPVPANPP 6
kKR kXK
IX B
ARVT EVFTPAKFASFITOY EWELQKENSKRWNPEIQYTSNFEKQTGVDFAVDSQG 720
RhAAV4282 EVFTPAKFASFITQYST! EWELQKENSKRWNPEIQYTSNY. "AVNNE( 716

ARVT
RhAAV4282

VYSEPRPIGTRYLTRNL 737
VYTEPRPIGTRYLTRNL 733

carrying adenovirus helper genes E2, E4 and VA RNA. Virus was
purified through iodixanol density centrifugation through stan-
dard protocols.”’

AAV growth and purification

A transgene cassette containing a CMV promoter and the trans-
gene of interest (e.g., luciferase, EGFP) was cloned into an
AAV2ITR plasmid. The AAV2.ITR plasmid was co-transfected
with the Rep/Cap plasmid and a pHelper plasmid (Applied Viro-
mics) into 293T/17 cells plated 1 day prior to transfection. Cells
were incubated at 37°C with 10% CO,. After 72 h, cell supernatant
was harvested and combined with 5x polyethylene glycol solution
(Teknova, catalog no. P4190) and incubated at 4°C overnight. Su-
pernatant was then centrifuged at 8,000 x g for 30 min to pellet
the virus. Pellets were resuspended and treated with benzonase.
Virus was purified using iodixonal gradient centrifugation. Pack-
aged virus particles were quantified by qPCR using primers target-
ing the CMV promoter region.

Molecular Therapy: Methods & Clinical Development

Figure 6. Sequence and structural comparison to
AAV7

(A-C) Structural alignment of RhAAV4282 capsid amino
acids (A) 292-295, (B) 715-720, and (C) 451-461 (using
AAV7 amino acid numbering). (D) Sequence alignment
of RhAAV4282 and AAV7 VP1 amino acid sequence.
Hypervariable regions are numbered (I-IX) and denoted
by bold letters. Sequences displayed in (A)-(C) are
shown by red lettering. HRNE is designated by black
brackets. “*” signifies an exact match of amino acids; “:”
signifies an amino acid change of amino acids with
strongly similar properties; “.” denotes an amino acid
change of amino acids with weakly similar properties; “”
denotes a swap of amino acids that share no similar
properties or a deletion.

ERhAAV4282
WAAV7

AAV9.Luc used in animal studies was pur-
chased from Vigene Biosciences as a custom
order using the same AAV2ITR transgene
cassette packaged into AAV7 and novel
rhesus AAVs. AAV9.Luc used in neutralization
assay studies was grown and purified as previ-
ously described, in the same way as all other
vectors.

Cryo-EM
Specimen preparation and cryo-EM data
collection
Purified RhAAV4282.eGFP (3.5 pL) [2.1E13
GC/mL] was applied onto a glow-discharged,
400-mesh copper Quantifoil R1.2/1.3 holey
carbon grid (Quantifoil). Grids were blotted
for 7 s at ~80% humidity and flash-frozen
by liquid nitrogen-cooled liquid ethane
using an FEI Vitrobot Mark I (FEI). The grid
was then loaded onto an FEI TF30 Polara
electron microscope operating at 300-kV accelerating voltage.
Image stacks were recorded on a Gatan K2 Summit (Gatan)
direct detector set in counting mode with gain-reference correc-
tion applied using SerialEM,** with a defocus range between
1.5 and 3.0 pum. The electron dose was set to 8 e/physical
pixel/s, and the sub-frame time was set to 200 ms. A total
exposure time of 10 s resulted in 50 sub-frames per image stack.
The total electron dose was 52.8 e /A* (~1.1 e /A® per sub-
frame).

Cryo-EM data processing

We aligned the frames from 4,525 movies using MotionCor2”” with
5 x 5 patch alignment to calculate summed micrographs. We used
the template-matching routines from cisTEM (match_template,
version 1.00; refine_template, version 1.00; make_template_result,
version 1.00) to pick 69,365 virus particles from the summed micro-
graphs.”>*” Matching was done at 5-A resolution with 2x binned
micrographs, 1.43° initial angular sampling, and a template
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Figure 7. Heterologous mouse boost
Mice were injected with 5E11 GC of AAVs expressing
EGFP. Four weeks later, mice were injected with 5E11 GC
of AAVs expressing luciferase in either a homologous or
heterologous dose. (A) Four weeks post-boost, whole-
* mouse imaging was conducted to determine the success
* of AAVs expressing luciferase. (B) Whole-mouse signal was
quantified with regions of interest covering each mouse
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reference obtained from cryoSPARC with an I; icosahedral symme-
try setting.”® With GPU-accelerated computer program Getf,”” we
estimated contrast transfer function (CTF) parameters from the to-
tal summed micrographs with local refinement at particle positions.
We used relion_preprocess*® for particle extraction and normaliza-
tion (box size of 384 x 384 pixels). After two-dimensional classifi-
cation with relion_refine,”® we retained 69,220 particles for subse-
quent analysis. To obtain the best icosahedral reconstructions, we
used cisTEM>* (refine3D version 1.01, reconstruct3D version 1.02)
with I; symmetry imposed for particle alignment and classification
(sorting full and empty particles, see below), relion_motion_
refine, and relion_ctf_refine® in two iterations. The spherical shell
mask that we used for the calculations had an inner radius of
74 A and an outer radius of 150 A. The alignment resolution in
the last step was 3.4 A, and relion_ctf _refine was run with
the with the following input options: —fit_defocus —kmin_defocus
30 -fit_ mode fpmfp —fit_beamtilt ~kmin_tilt 30 -fit_aniso —-odd_
aberr_max_n 3 -fit_aberr. We reconstructed maps with relion_
reconstruct with the option —fom_weighting, where we assigned
per-particle figure of merits (FOM) based on the cisTEM alignment
score, where §; is the score of particle i, and S,,,, and S,,;,, are the
highest and lowest scores, respectively:

Si - Smin

FOM = (Equation 1)

Smax — Smin
For a map calculated with the full particle stack, the Fourier shell
correlation (FSC) calculated from half-map densities within the
volume of the spherical shell mask dropped below 0.143 at a
spatial frequency corresponding to 2.49 A (which was almost Ny-
quist frequency given a pixel size of 1.23 A) (Table S2). To separate
empty from full viral particles, we used three-dimensional (3D)

60

classification in cisSTEM™ with a spherical mask (inner radius of

reconstructions calculated from these two

stacks had a nominal resolution of 2.57 and

2.58 A, respectively (Table S2). FSC curves

from masked half-maps were calculated with

phenix.mtriage,”’ and local resolutions were
estimated with relion_postprocess. Maps were sharpened with
sharpen_map from cisTEM.>*

Model building and refinement

We obtained a predicted dimer structure of two RhAAAV4282 pro-
tomers from AlphaFold 2,°” from which we then placed one protomer
into the density map, refined the protomer structure, followed this
with expansion to generate the viral capsid by applying icosahedral
symmetry and refinement of the capsid. After an initial round of
refinement with phenix.real_space_refine,”” we manually checked
the models in O%* and Coot,°> and made a few minor adjustments
where necessary. We performed the final structure refinement with
global minimization, local grid searches, and B factor adjustment,
and with a target function that contained standard stereochemical
and B factor restraints, rotamer and Ramachandran restraints, sec-
ondary structure restraints, and non-crystallographic symmetry con-
straints.”” Modeled residues for the empty and full capsids are listed
in Table S2. We probed the stereochemistry of the structures with
MolProbity® (Table S2).

Figure preparation
We prepared the figures using PyMOL version 2.3 (Schrodinger) and
matplotlib.”

Density maps and atomic coordinates accession identifiers

The cryo-EM maps can be obtained from the Electron Microscopy
DataBank (EMD-44197, empty viral capsid; EMD-44196, full viral
capsid) and the atomic coordinates from PDB (PDB: 9B53, empty
viral capsid; PDB: 9B52, full viral capsid).

AAV NAb assay
The AAV NAb assay was adapted from Krotova and Aslanidi
(2020).°° Serum was heat inactivated for 30 min at 56°C. The 293T
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cells were seeded in 96-well plates at 20,000 cells per well and then
incubated overnight. The next day, the serum for testing was serial
diluted either 2-fold or 4-fold. 15 pL of 3.13E9 GC/mL of the appro-
priate AAV vector was mixed with serially diluted serum in a 1:1 or
1:3 ratio, and this mixture was incubated at 37°C for 1 h. During
this incubation, cells were incubated with 20 pM dorsomorphin (Ab-
cam, catalog no. ab120843) at 37°C for 1 h. After incubation, 10 pL
AAV vector and serum mixture was added to the cells (still containing
dorsomorphin) to a final concentration of 9.77E7 GC per well. Cells
were incubated for 48 h at 37°C. After incubation, cells were lysed in
Steady-Glo luciferase assay (Promega) according to the manufac-
turer’s instructions. AAV neutralization titers were defined as the
sample dilution at which a 50% reduction in luciferase signal is
observed relative to the average of the virus control wells.

DNA and RNA extraction from tissues

qRT-PCR and qPCR assays were used as previously described.’’
Briefly, RNA was extracted from tissues using a Qiacube HT (Qiagen,
Germany) and the RNeasy 96 QIAcube HT kit. DNA was extracted
from tissues using a Qiacube HT (Qiagen) and the QIAamp 96 QIA-
cube HT kit. Two samples from each tissue were removed and placed
in separate 2-mL Eppendorf tubes containing a 5-mm stainless-steel
bead and either 700 pL QIAzol lysis buffer or 450 pL ATL buffer +
Proteinase K for RNA and DNA extraction, respectively. RNA extrac-
tion tubes were shaken twice at 25 Hz for 5 min using the Qiagen
TissueLyser II. Following lysis, 200 pL chloroform was added and
manually shaken. Samples were then incubated for 3 min at room
temperature and centrifuged for 15 min at 4°C. Following centrifuga-
tion, the aqueous phase was transferred to a deep-well 96-well plate,
and total RNA was isolated using the QIAcube HT system. For the
DNA extraction, tissue tubes were shaken twice for 1 min at 25 Hz
in the Qiagen TissueLyser II. Afterward, 50 pL Proteinase K was
added to the samples and incubated at 56°C with shaking overnight.
Genomic DNA was then extracted using the Qiacube HT system.

RNA was reverse transcribed using superscript VILO (Invitrogen) and
run in duplicate using the Quantstudio 6 and 7 Flex Real-Time PCR
System (Applied Biosciences) according to the manufacturer’s instruc-
tions. The RNA concentration was calculated using the 27 *4¢T

10

10

14
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Figure 8. NADb titers

HRNE region can significantly change NAD titers between
AAV7 and RhAAV4282. Mice were injected with 5E11 GC
of AAVs. Four weeks post-injection, serum was collected
from mice and tested for NAb titers. Mouse groups are

AAV9 NAD Titer
*ok oKk

%k Kk

[d
'? shown on the x axis (A-C). Serum was tested against
(A) AAV7, (B) RhAAV4282, and (C) AAV9 in an AAV
neutralization assay. Individual mice in (A)—(C) denoted as
- '....-.. ........ dots, with group median values denoted by black lines.
p values represent results of one-way ANOVA tests for
S & L& » NAbs against each virus. *o < 0.05; “p < 0.01;
E - icat
Q\,? ***n < 0.001; ***p < 0.0001. Limit of quantification was
Q.

defined as 2 SDs from the mean for sham in each plot
and is denoted by black dotted line.

method” using glyceraldehyde 3-phosphate dehydrogenase as a
housekeeping gene (Thermo Fisher, catalog no. 4352339E) and lucif-
erase as the gene of interest (Thermo Fisher, catalog no. 4351370).
The DNA concentration was determined using primers targeting the
CMV promoter region of the AAV vector transgene (forward:
TGCCCACTTGGCAGTACATCA, reverse: GCCAAGTAGGAAAGT
CCCATAAGGT, probe: TGGCCCGCCTGGCATTATGCCCAGT)
and normalizing using the Tfrc kit (Thermo Fisher, catalog no.
4458367). Genome copies per diploid genome were determined using
CopyCaller Software version 2.1 software (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

IVIS imaging

To image luciferase expression, mice were injected with 150 pL lucif-
erin (IVISbrite D-Luciferin Ultra Bioluminescent Substrate in
RediJect Solution, PerkinElmer, catalog no. 770505) through the
intraperitoneal route. Mice were then kept awake for 6 min, after
which mice were anesthetized using isofluorane for 3 min. Mice
were then imaged in the IVIS Lumina LT Instrument Series III for
3 min for whole-mouse images. For tissue signal, mice were adminis-
tered luciferin as previously described for whole-mouse imaging, but
after 3 min under isofluorane, mice were euthanized with CO,. Tis-
sues of interest were then harvested, briefly washed in PBS, then
placed into 6-well plates filled with 3 mL PBS mixed with 75 pL lucif-
erin. Tissues were imaged for 3 min. Afterward tissues were placed
into RNAlater (Thermo Fisher Scientific, catalog no. AM7021)
solution for later DNA and RNA extraction.

In vitro receptor assays

AAVR-KO and H1 HeLa WT control cells were a generous gift from
Jan Carette at Stanford University. CMAS-KO with WT HEK293T
control cells were purchased as a custom order from Canopy Biosci-
ences (catalog no. KOCE-V2-0012426). HeLa cells were purchased
from Canopy Biosciences. AC16 cells were purchased from Sigma Al-
drich (SCC109). A549 (catalog no. CCL-185) and HepG2 (catalog no.
HB-8065) cells were obtained from American Type Culture Collec-
tion. All cells except AC16 cells were grown in DMEM with 10% fetal
bovine serum (FBS) and 1% MgCl,. AC16 cells were grown in
DMEM:F12 (Thermo Fisher) with 12.5% FBS, 2 nM glutamine, and
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1% penicillin-streptomycin. Cells were seeded in a 96-well plate at
10,000 cells per well. After overnight incubation, AAV vectors encod-
ing EGFP were added at the following MOIs: 0, 1,000, 5,000, 10,000,
50,000, and 100,000. After 72 h (or 24 h in the case of Figures S3
and S4) cells were harvested and stained with LIVE/DEAD stain
(Thermo Fisher Scientific, catalog no. L34976) and fixed with parafor-
maldehyde. Flow cytometry was then used to quantify the percentage
of live cells that were GFP*. For each vector, the MOI was selected as
the lowest MOI where a majority of WT cells were GFP™. If no MOI
reached over 50%, the highest MOI was used. GFP positivity was used
as a surrogate for successful infection.

For heparin attachment factor testing, 293T cells were plated as previ-
ously described for KO experiments. After overnight incubation, cells
were incubated with successive dilutions of heparinase III from Flavo-
bacterium heparinum (Sigma-Aldrich, catalog no. H8891-10UN) for
1 h at room temperature. Cells were washed with PBS. Then, AAV vec-
tors encoding EGFP were added at the following MOIs per serotype:
AAVI: 10,000 MOI, AAV2: 1,000 MOIL, AAV9: 100,000 MOI, and
RhAAV4282: 100,000 MOIL After 72 h, cells were harvested and
stained with LIVE/DEAD stain (Thermo Fisher Scientific) and fixed
with paraformaldehyde. Flow cytometry was then used to quantify
the percentage of live cells that were GFP™.

Capsid stability assay

SYPRO Orange (Thermo Fisher, catalog no. S6651) was diluted 1:100
in PBS. SYPRO Orange (2.5 pL), AAV of interest (5 puL), and 17.5 pL
Dulbecco’s PBS were combined. Sample fluorescence readings was
monitored using a Quantstudio 6 and 7 Flex Real-Time PCR System
(Applied Biosciences). Samples were incubated at 25°C for 2 min.
Then, a temperature gradient from 25°C to 99°C was conducted at
0.05°C per step.

Mice

Female 6- to 10-week-old BALB/c mice (The Jackson Laboratory)
were randomly allocated to groups. Mice received AAV administra-
tions as 5E11 GC through retro-orbital injection. Peripheral blood
was collected through submandibular bleeds to isolate serum for
immunological assays. All animal studies were conducted in compli-
ance with all relevant local, state, and federal regulations and were
approved by the Beth Israel Deaconess Medical Center Institutional
Animal Care and Use Committees.

Innate immune cytokine analysis

Concentration of 19 cytokines was measured using the V-PLEX Plus
Mouse Cytokine 19-Plex Kit (catalog no. K15255G-1) from Meso Scale
Discovery. The lower limit of detection for each cytokine is as follows:
IFN-y (0.04 pg/mL), IL-1B (0.11 pg/mL), IL-5 (0.06 pg/mL), IL-6
(0.61 pg/mL), IL-10 (0.94 pg/mL), IP-10 (0.328 pg/mL), keratinocyte
chemoattractant/human growth-regulated oncogene (0.24 pg/mL),
MCP-1 (0.672 pg/mL), macrophage inflammatory protein-1a. (MIP-
la; 0.081 pg/mL), MIP-2 (0.053 pg/mL), and tumor necrosis factor o
(0.13 pg/mL). Samples were run in singlets. The assay was conducted
by the Metabolism and Mitochondrial Research Core (Beth Israel

Deaconess Medical Center, Boston, MA) following the manufacturer’s
instruction. Assay plates were read by a Meso QuickPlex SQ120 instru-
ment, and the data were analyzed using Discovery Workbench 4.0
software.

Human samples

Cryopreserved, deidentified samples from 2020 to 2021 were utilized
for testing NAb titers against RnAAV4282 and AAV7. The Beth Israel
Deaconess Medical Center institutional review board approved the
biorepository study and the parent biorepository study. All partici-
pants provided informed consent.

DATA AND CODE AVAILABILITY

All data are available in the manuscript or the supplemental information. The cryo-EM
maps can be obtained from the Electron Microscopy DataBank (EMD: 44197, empty viral
capsid; EMD: 44196, full viral capsid) and the atomic coordinates from the PDB (PDB:
9B53, empty viral capsid; PDB: 9B52, full viral capsid). AAV capsid sequences are avail-
able at GenBank under the following accession numbers GenBank: PQ140581-
PQ140587.
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