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Despite the high safety profile demonstrated in clinical trials,
the immunogenicity of adeno-associated virus (AAV)-medi-
ated gene therapy remains a major hurdle. Specifically, T-cell-
mediated immune responses to AAV vectors are related to
loss of efficacy and potential liver toxicities. As post-transla-
tional modifications in T cell epitopes have the potential to
affect immune reactions, the cellular immune responses to pep-
tides derived from spontaneously deamidated AAV were inves-
tigated. Here, we report that highly deamidated sites in AAV9
contain CD4 T cell epitopes with a Th1 cytokine pattern in
multiple human donors with diverse human leukocyte antigen
(HLA) backgrounds. Furthermore, some peripheral blood
mononuclear cell (PBMC) samples demonstrated differential
T cell activation to deamidated or non-deamidated epitopes.
Also, in vitro and in silicoHLA binding assays showed differen-
tial binding to the deamidated or non-deamidated peptides in
some HLA alleles. This study provides critical attributes to vec-
tor-immune-mediated responses, as AAV deamidation can
impact the immunogenicity, safety, and efficacy of AAV-medi-
ated gene therapy in some patients.

INTRODUCTION
Human gene therapy (GT) using viral vectors has shown great promise
as a treatment avenue for rare andmonogenic disorders that lack alter-
native treatment options. In GT, recombinant adeno-associated viral
(rAAV) vectors are among the most commonly used vectors due to
their ability to transduce a wide range of dividing and non-dividing
cells, diverse tissue tropism, and episomal expression. Natural infection
with AAV is nonpathogenic, but exposure to rAAV vectors in large
quantities by unnatural routes can present safety issues. Currently,
rAAV accounts for 24% of the viral vectors used in clinical trials world-
wide,1 with more than 100 investigational new drug (IND) submis-
sions for rAAV-based products in the past few years.2 Furthermore,
a number of rAAV gene therapy programs have matured to advanced
clinical development2 or have been approved for licensure.3,4

While the number of rAAV-vector-based clinical investigations has
been rapidly increasing, significant challenges remain due to the
inherent immunogenicity of the rAAV capsid, which largely dictates
the interaction of the rAAV with the host immune system. To this
Molecular
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end, several studies have shown that engagement of both the innate
and adaptive arms of the immune system5,6 with rAAV impacts the
safety and efficacy of the gene therapy.7 This, in part, is due to wide-
spread exposure of humans to naturally occurring AAV, resulting in
pre-existing immunity in 30%–60% of the human population, which
typically varies by age and country of residency.8–10 While humoral
immune responses to AAV could be controlled or predicted by
measuring pre-existing AAV antibody titers in the serum before or
during clinical trials, cellular immune responses to rAAV have been
challenging. Deleterious capsid cytotoxic T lymphocyte (CTL) re-
sponses have been involved in loss of efficacy and potentially liver tox-
icities. A loss of factor IX transgene expression and transient mild el-
evations of liver enzymes in circulation were correlated with CD8+

T cell responses against the rAAV capsid in the first liver-directed
gene therapy trial with rAAV.7,11 It was later shown that transduced
cells present capsid-derived epitopes to cytotoxic CD8+ T cells via
major histocompatibility complex class I (MHC class I).12 Recent
clinical trials using rAAV also indicated that high abundance of
CpG motifs in the vector resulted in failure to achieve sustained
expression, owing to capsid-specific CD8+ T cells.13

MHC class I and class II molecules have evolved to bind short pep-
tides and present them to circulating T cells and trigger an immune
response.14 The recognition of these peptides by T cell receptors
(TCRs) can be highly specific to a point where any minor change in
the peptide-MHC complex interaction can drastically affect T cell
activation. Post-translationally modified epitopes can alter the molec-
ular fingerprint of the interacting surfaces in TCR/peptide/MHC
complexes, potentially affecting immune reactions in an unantici-
pated manner.15,16

Specifically, asparagine deamidation, which is themost common spon-
taneous post-translational modification,17 can result in an irreversible
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Figure 1. Deamidation occurs in NG site of VP1, VP2,

and VP3 AAV9 proteins

At 11, 25, and 83 days after production of AAV9 protein,

VP1, VP2, and VP3 were separated by SDS-PAGE and

analyzed for deamidation. (A) SDS-PAGE gel showing the

viral proteins present in the AAV9 vector. VP1, VP2, and

VP3 were separated by denaturing and SDS-PAGE elec-

trophoresis followed by Coomassie blue staining. Three

major bands that correspond to VP1 (87 kDa), VP2

(73 kDa), and VP3 (62 kDa) were cut and used for mass

spectrometry analysis. M, Spectra Multicolor Broad Range

Protein Ladder gel. Expected ratio is VP1:VP2:VP3 =

1:1:10. (B–D) Eluted VP1 (B), VP2 (C), and VP3 (D) proteins

from SDS-PAGE were analyzed by LC-MS. Deamidation

fractions were calculated based on the number of peptides

with D or iD out of the total of the N, D, and iD peptides.
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sequence change from asparagine (N) to aspartic acid (D) or to isoas-
partic acid (iD). Such changes in amino acid sequences may alter
MHC binding or TCR recognition and thus have a significant impact
on immune recognition.18,19 It has been reported that deamidation of
six asparagine sites in an anthrax toxin vaccine significantly diminished
vaccine efficacy.20 A converse impact has been demonstrated in a mu-
rine autoimmune model of cytochrome c (Cyt C), where modifications
of “D” amino acid to “iD” amino acid induced a dramatic T cell
response and resulted in epitope spreading and an autoimmune
response that was cross-reactive to the native Cyt C protein. Further-
more, it has been suggested that deamidation could influence antigen
processing and presentation21,22 or trigger strong auto-reactive B and
T cell responses.23

Recent studies have demonstrated that recombinant AAV capsids
undergo high levels of deamidation.24,25 Giles et al.24 found that
the highest levels of deamidation in rAAV occur at asparagine res-
idues where the N+1 residue is glycine (i.e., NG pairs) and that
deamidation of the rAAV is comprehensive and is not serotype
specific or impacted by the manufacturing system. Furthermore,
they showed that deamidation also affects capsid assembly, which
altered the in vitro transduction efficiency in human-liver-derived
Huh7 cells.24 Considering that reported T cell epitopes in rAAV
contain NG pairs,26,27 it is important to elucidate whether naturally
occurring deamidation has any impact on the immunogenicity of
rAAV.
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In this study, we explored the immunological
consequences of rAAV deamidation. HLA
bindings and T cell reactivity to AAV9-derived
peptides that were deamidated or non-deami-
dated (wild type [WT]) was compared using
HLA molecules and human peripheral blood
mononuclear cells (PBMCs). Among multiple
donors, two of the four NG sites in AAV9
contain CD4 T cell epitopes with a Th1 cytokine
pattern. Some PBMC samples had differential
T cell activation to deamidated or WT epitopes. This differential
response was also observed in peptides derived from other AAV sero-
types and was highly impacted by the HLA makeup of the individual.
HLA binding assays confirmed the preferential binding of the deami-
dated orWT peptides to someHLAmolecules, including HLA class II
DRB1*03:01 and DRB3*02:02. These results indicate that naturally
occurring deamidation can significantly affect the immunogenicity
of rAAV gene-therapy products.

RESULTS
AAV9 viral capsid proteins VP1, VP2, and VP3 have four major

deamidation sites

AAV capsid is primarily composed of three distinct viral proteins,
VP1, VP2, and VP3. In order to identify deamidation sites in the
AAV9 capsid and compare the magnitude of deamidation among
the capsid subunits as well as among lots stored for different lengths
of time, three lots of purified rAAV9 were produced. Intact viral
capsid was denatured and separated by gel electrophoresis 11, 25,
and 83 days after purification (Figure 1A). Gel bands were excised
and subjected to in-gel tryptic digestion. Tryptic peptides were ex-
tracted from the gels, filtered, and analyzed for deamidation by
liquid chromatography-mass spectrometry (LC-MS). Figure 1B
shows a total of four distinct major deamidation sites within VP1,
with more than 30% deamidation observed in AAV9 capsids that
were produced 25 days prior. This deamidation rate was decreased
in rAAV produced 11 days prior and was increased an additional
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2-fold in rAAV produced 83 days prior. These four sites also coin-
cide with NG sites in AAV9 VP2 and VP3 proteins. No other major
differences in these deamidation sites were observed in the common
amino acids among VP1, VP2, and VP3. Of note, N57 and N94 are
only present in VP1, which has a longer sequence than VP2 and
VP3. These data suggest that there is a correlation between the level
of deamidation and the time elapsed since the production of the
AAV product.

In silico HLA binding analysis predicts potentially promiscuous

binders at VP deamidation site

To investigate whether these deamidation sites are located within or
near the promiscuous binders in AAV9 capsids that indicate potential
T cell epitopes, we carried out predictive modeling of class I and class
II MHC-restricted potential epitopes for AAV9 VP1 capsid protein
using the Immune Epitope Database (IEDB). To start, 27 HLA class
I and 27 HLA class II alleles, representing the most common specific-
ities in the human population and commonly shared binding specific-
ities (i.e., supertypes),28,29 were submitted for binding prediction to
the IEDB, and the percentile rank of each peptide to each allele was
recorded. A peptide was considered as an immunodominant promis-
cuous binder if more than six alleles showed the upper first percentile
of binding strength in HLA class I and five alleles showed the upper
10th percentile of binding strength in HLA class II predictions (Fig-
ures 2A and 2C, red). This analysis respectively identified 14 and 9
class I and class II potential binders. The majority of the binders
were predicted in the VP3 region of AAV9 that is common to VP1,
VP2, and VP3,30 with only two class-I-predicted binders and no
class-II-predicted binders in the VP1 unique sequence.

Next,we examinedwhether any of the deamidation sites coincidedwith
thepredicted promiscuous binders. Twodeamidation sites inN329 and
N452 coincide with predicted HLA class II binders, which were ranked
9 and 2 based on promiscuity rank. None coincident with class-I-pre-
dicted binders were observed (Figures 2A and 2C, yellow).

HLA binding for WT or deamidated peptides identifies

differential binding affinity

Next, we focused on investigating the binding affinity of deamidated
peptides using IEDB prediction and an HLA/peptide stability assay.
The prediction score for a peptide-allele pair is given in terms of
the percentile rank of the predicted binding strength of 9-mer or
15-mer peptides with or without deamidation. Thus, there were 9
or 15 possible deamidated peptides in which asparagine was con-
verted to aspartic acid. Examples of variant sequences are shown in
Figure S1. Figures 2B and 2D show the minimum percentile rank
among the 9 or 15 possible deamidated peptides for each allele.
HLA class II binding prediction showed promiscuous and differential
predicted binding to WT and deamidated peptides. Major class II
binding was observed in peptides surrounding N329 and N452 and
their deamidated forms. Both were predicted to be most promiscuous
for HLA-DRB alleles, with 12 and 11 alleles of the 27 predicted alleles
to bind <10% to N452 and N452D, respectively. Interestingly, N512
was predicted to bind with <10% to only two alleles, while the deami-
Molecular
dated formN512Dwas predicted to bind with <10% to six alleles (Fig-
ure 2D). Four alleles (HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-
DQA1*01:01/DQB1*05:01, and HLA-DQA1*05:01/DQB1*02:01)
had a striking decrease in percentile rank, which indicates increased
binding to N512D compared with N512 from 26%, 39%, 13%, and
19%–3.8%, 3.5%, 3.9%, and 9.7%, respectively. One allele, HLA-
DRB3*02:02, showed a converse trend with higher binding to WT
N512 (1.5%) predicted than to deamidated peptide (5%).

HLA class I did not have as much breadth of binding (no peptide had
greater than six alleles predicted to bind <1%) as HLA class II (Fig-
ure 1B). However, differential binding that may result in high-affinity
presentation of WT or deamidated peptides was observed in HLA-
A*01:01, HLA-A*02:01, and HLA-B*44:02, where deamidation
increased the binding between the HLA and the peptide, and HLA-
A*02:03, HLA-A*30:01, HLA-A*30:02, HLA-A*32:01, HLA-B*08:01,
and HLA-B*15:01, where deamidation caused a decrease in binding.

To confirm the binding affinity experimentally and examine the
impact of isoaspartic acid on the binding, four sets of 9-mer and
four sets of 20-mer peptides were synthesized. Each set includes a
WT and two deamidated peptides (aspartic acid or isoaspartic acid
forms). The sequences and purity of peptides are shown in Table
S1. The binding affinities of 9-mer peptides to 12 HLA class I and
20-mer peptides to 12 HLA class II were assessed by comparing the
peptide-MHC complex stability to that of positive control peptides.
Figures 3A and 3B show that some HLA class I presentation mole-
cules, such as HLA-A*02:03 andHLA-B*15:01, and class II molecules,
such as HLA-DRB1*01:01 and HLA-DRB5*01:01, bind with higher
stability to WT peptides. On the other hand, other HLA class I pre-
sentation molecules, such as HLA-A*02:01, HLA-B*44:02, and
HLA-B*44:03, and class II presentation molecules, such as HLA-
DRB1*03:01 and HLA-DRB3*02:02, show preferred binding to the
deamidated N512 peptides. Most parts of these data were correlated
with our in silico prediction. For example, HLA-A*02:03 had very
strong binding to WT peptides N452 and N512 but weak binding
to the deamidated peptides. Conversely, HLA-DRB1*03:01 had no
binding to the WT N512 peptide but had very strong binding to
the deamidated peptide. Of note, no major binding was observed be-
tween any HLA and peptides that contained isoaspartic acid when
compared with the blank control (p > 0.05). These in silico predictions
and experimental binding data implicate that deamidation could in-
crease or decrease T cell activation.

Deamidation of AAV9 peptides affect cytokine production

To confirm whether the deamidation altered the host immune
response, PBMCs from 30 healthy donors were incubated with pep-
tide pools for 10 days, followed by restimulation with single peptides.
Details of the peptide pools are given in Table S1, and HLA alleles are
shown in Tables S2 and S3. Responses were measured by interleukin-
2 (IL-2) and interferon gamma (IFN-g) enzyme-linked immunosor-
bent spot (ELISpot) assay. Heatmaps demonstrating the T cell re-
sponses of the 30 donors are shown in Figures 4A and 4B. Among
the 30 donors, 7 donors did not show any positive responses by either
Therapy: Methods & Clinical Development Vol. 24 March 2022 257
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Figure 2. Deamidation sites within the MHC class I and MHC class II predicted binders of AAV9 capsid

Predicted binding of WT or deamidated sequence-modified peptides to MHC class I (A and B) or MHC class II (C and D) reference set. (A and B) Predictions were generated

using the “recommended IEDB 2020.04,” which defaults to the NetMHDpan EL4.0 method. (C and D) Predictions were generated using the “recommended IEDBmethod,”

which defaults to the IEDB consensus method when combined consensus scores are possible. (A and C) Sequence of the AAV9 capsid protein VP1 region with the predicted

class I or II HLA epitope regions (red font, A; count if <1 is over 6/27, C; count if <10 is over 5/27 and deamination sites [highlighted in yellow] are shown). (B and D) The

percentile ranks predicted by the IEDB method for recommended 27 HLA class I (B) and class II (D) alleles. The upper 1st (B) or 10th (D) percentiles of binding strength were

considered the strongest binders and are colored in red.
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IL-2 or IFN-g production. There were strong immune responses to
WT or deamidated peptides by producing IL-2 and IFN-g more
than 3-fold above background in 14 donors. No significant responses
with any of the 9-mer peptides in the IL-2 and IFN-g ELISpot were
observed (data not shown). Restimulation with the 20-mer peptides
not only gave responses but showed differential IL-2 and IFN-g acti-
vation betweenWT and deamidated forms. IL-2 response rates toWT
peptides in N57, N329, N452, and N512 regions were 37%, 47%, 40%,
and 17%, respectively (Figure 4C). The rates of responses were
reduced when cells were restimulated with deamidated peptides.
258 Molecular Therapy: Methods & Clinical Development Vol. 24 March
The IFN-g responses were relatively less detectable (Figure 4D),
possibly due to higher nonspecific background levels (Figure S2),
but the response trend was similar to IL-2 responses (Figures 4D
and 4F). In a total of 14 donors, T cell responses to the peptide within
the N329 region were generally weaker in the deamidated form (Fig-
ure 4E). Deamidation at the N452 site resulted in an induction of
T cell responses in nine donors in comparison with a decrease in
T cell responses in another nine donors (Figure 4E). As shown in Fig-
ure S2, in comparison with the WT-peptide-treated group, deami-
dated peptide at the N452 region showed substantially lower IL-2
2022



Figure 3. Differential HLA binding to WT and

deamidated peptides

Stabilities of peptide binding to HLA class I (A) or HLA class II

(B) were assessed by MHC/peptide stability assays using

denatured and biotinylated HLA molecules (Immunitrack

Aps). Measurements were performed in duplicate and

normalized to the positive control.
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and IFN-g responses in donor no. 4, whereas the same peptide re-
sulted in significantly higher responses in donor no. 6 in comparison
withWT-peptide-treated group. The response rates to peptides in the
N57 region were unexpectedly higher than expected based on in silico
and binding affinity data. The peptides with the N512 region did not
stimulate cells from many donors, but four donors (nos. 17, 29, 36,
and 55) showed higher responses to the deamidated form of the pep-
tide, while three donors (nos. 4, 7, and 57) responded more to theWT
form. Interestingly, 75% of the donors (nos. 29, 36, and 55) that
showed higher responses with deamidated peptides carried HLA-
DRB1*03:01, whereas none of the responders with WT peptide
were HLA-DRB1*03:01 carriers, suggesting that the deamidated
form of peptide may be preferably recognized by HLA-DRB1*03:01
alleles in agreement with Figures 2 and 3.

Additional examination of tumor necrosis factor alpha (TNF-a)
response did not show any clear differences, presumably due to high
background levels as evidenced in our media only control group (Fig-
ure S2). These data indicate that the spontaneously occurring deamida-
tion in AAV alters the T cell responses to produce IL-2 or IFN-g, and it
is highly donor specific.

CD4 T cells are the main responders to AAV peptide stimulation

Based on the observations that (1) peptides at the deamidation sites are
predicted by the IEDB prediction tool to strongly bind HLA class II
Molecular Therapy: Methods &
(Figure 2), (2) increased binding to HLA class II
was observed in the MHC/peptide stability assay
(Figure 3), and (3) IL-2 responses against peptide
stimulation were readily detectable in the ELISpot
assay (Figure 4), it was hypothesized that cell re-
sponses against peptides at the deamidation sites
areCD4T cellmediated. To phenotype the cellular
subsets involved in the immune response to the
peptides at the deamidation site, expandedPBMCs
were restimulatedwith the fourWTpeptides for 24
h, followed by flow cytometry analysis. Measured
IL-2, IFN-g, and TNF-a secretion in CD4 T cell,
CD8 T cell, gd T cell, and natural killer (NK) cell
subsets is shown in Figure S3. Figures 5A–5D
show a representative response of one donor after
restimulation with peptide N452. In agreement
with the ELISpot results, we found that peptide
N452 triggered cells to produce cytokines (Fig-
ure 5A). To identify the cells that were responding
to peptide stimulation and producing cytokines,
the absolute number of each subset after gating on the cytokine-
secreting cells was analyzed. Figures 5B–5D demonstrate that the num-
ber of cytokine-producing CD4 T cells was significantly increased by
peptide stimulation. Similar CD4-mediated responses against peptide
stimulation by other peptides with several additional donors were
further confirmed (Figure S4). In addition, multiparametric analysis
permitted the precise characterization of this CD4 T cell subset as
that of CCR7�CD45RA� effector memory (EM) cells (Figures 5E–
5G).31 This suggests that T cells that were activated are almost exclu-
sively CD4 EM cells.

Deamidation of AAV9 peptides affects cytokine production from

CD4 T cells

Since flow cytometry analysis pointed to the activation ofCD4T cells in
response to the peptides at deamidation sites, further evaluation was
done to determine whether the deamidation alters the CD4 cell
response. PBMCs were thus restimulated withWT or deamidated pep-
tides for 24 h and analyzed using flow cytometry. The gating strategy is
shown in Figure S3. IL-2-, IFN-g-, TNF-a-, and IL-4-positive cells in
the CD4+ gate from peptide stimulation were normalized to a media
control group. Figure 6 shows the fold changes of cytokine-producing
CD4 cells in peptide-treated groups compared with a media control.
Similar to the findings in ELISpot assay (Figure 4), cytokine production
from CD4 T cells was stronger with WT peptides in some donors,
whereas deamidatedpeptides showedhigher responses in otherdonors.
Clinical Development Vol. 24 March 2022 259
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Figure 4. Differential PBMC responses to WT and deamidated peptides

Cells from healthy donors were stimulated with either WT or deamidated peptides and expanded for 10 days. Cells were restimulated with individual WT or deamidated

peptides. (A and B) After 24 h, IL-2- (A) and IFN-g (B)-producing cells were detected by ELISpot assay. Number of spots for IL-2 and number � size of spots for IFN-g were

analyzed. Each value indicates fold change relative to their respective media-only control (stimulation index). (C and D) Percent of PBMC samples that show IL-2 (C) or IFN-g

(D) responses (stimulation index >3) to all 20-mer peptides. (E and F) Differences in IL-2 (E) or IFN-g (F) secretion betweenWT and deamidated-peptide-treated PBMCs. Blue

color indicates lower IL-2 production after restimulation with deamidated peptides (the ratio of deamidated group to theWT group is below 0.9). Pink color indicates higher IL-

2 production after restimulation with deamidated peptides (the ratio of deamidated group to the WT group is above 1.1). Green color indicates no change in IL-2 production

between the WT and the deamidated-peptide-treated group (the ratio of deamidated group to the WT group is between 0.9 and 1.1).
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However, IL-4 secretion inCD4+ T cells did not show significant differ-
ences betweenWT and deamidated-peptide-stimulated groups. Repre-
sentative flow cytometry plots are shown in Figure S5. Figures S5A and
S5B show a strongCD4T cell activation in response toWTpeptide and
a weak or no response to the deamidated peptides. Conversely, Figures
S5C and S5D show a significant increase in CD4 cytokine production
after stimulation with deamidated peptides.

There were no significant changes in cytokine production by CD8
T cells between WT and deamidated peptide groups (Figure S6). Dif-
260 Molecular Therapy: Methods & Clinical Development Vol. 24 March
ferential CD4 T cell responses of WT and deamidated-peptide-stim-
ulated groups were confirmed by an independent ELISpot assay using
isolated CD4 T cells by negative magnetic-activated cell sorting
(MACS) selection (Figure S7). Together, these results suggest that
deamidation sites contain CD4 T cell epitopes.

Differential immune responses caused by deamidation are not

serotype specific

To investigate whether the differential immunogenicity of deami-
dated AAV9 also occurs in other AAV serotypes, we first compared
2022



Figure 5. AAV-derived peptides stimulate effector memory CD4 T cells to produce cytokines

Cells from a representative donor (no. 42) were expanded with peptide pools for 10 days and restimulated with N452 peptide (20-mer) for 1 day. (A) IL-2-, IFN-g-, and TNF-

a-producing cells in lymphocytes were analyzed. (B–D) Within the IL-2- (B), IFN-g- (C), or TNF-a (D)-positive cells, the number of CD4 (CD4+CD8�CD3+TCRgd�), CD8
(CD4�CD8+CD3+TCRgd�), gd T (TCR gd+CD3+), and NK (CD56+CD3�) cells were counted. (E–G) Within the IL-2- (E), IFN-g- (F), or TNF-a (G)-positive CD4 T cells, the

number of naive (CCR7+CD45RA+), central memory (CCR7+CD45RA�), terminally differentiated effector (CCR7�CD45RA+), and effector memory (CCR7�CD45RA�) cells
were counted. Each bar shows the mean ± SD. ****p < 0.0001. p values were determined by ANOVA with Tukey’s multiple comparisons test.
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the amino acid sequences of AAV1–AAV13. Results showed seven
more NG sites in other AAV serotypes (Table S4). We further inves-
tigated whether the deamidation of other NG sites impacts the im-
mune response against AAV. Binding affinities of peptides at seven
NG sites derived from other serotypes for 27 recommended HLA
class I or class II alleles were predicted using the IEDB analysis
tool. Peptides with N264, N383, N540, N546, and N718 regions
were predicted to be strong binders (the upper first percentile),
with at least four different HLA class I alleles (Figure S8). In addition,
peptides in the N383 and N540 regions were predicted to strongly
bind with HLA class II alleles (Figure S9). Peptides were then synthe-
Molecular
sized with eitherWT or deamidated forms (Table S5), and HLA bind-
ing stability of the peptides to 12 HLA class I and 12 HLA class II was
assessed. Figure S10 displays that some WT peptides strongly bind to
HLA-A*02:01, HLA-A*02:03, HLA-A*23:01, HLA-A*24:02, HLA-
B*15:01, HLA-DRB3*01:01, and HLA-DRB3*02:02, while some dea-
midated peptides preferentially bind to HLA-B*44:02. Specific T cell
responses to particular peptides were measured using IL-2 and IFN-g
secretion ELISpot assays with PBMCs from four healthy individuals.
The immune responses against peptides at the deamidation sites in
other AAV serotypes were similar to those of AAV9. N718 peptide,
derived from AAV1 and AAV6, had a decreased IL-2 response after
Therapy: Methods & Clinical Development Vol. 24 March 2022 261
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Figure 6. Differential cytokine production from CD4

T cells after stimulation with WT or deamidated

peptides

Cells from healthy donors were stimulated with either WT

or deamidated peptides and expanded for 10 days. Flow

cytometric analysis shows IL-2, IFN-g, TNF-a, and IL-4

staining of CD4+ T cells, 24 h after restimulation of PBMCs

with individual WT or deamidated peptides. Each value

indicates fold change relative to their respective media-

only control.
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stimulation with WT N718 peptide, but not with deamidated N718D
peptide. Whereas 20-mer peptides at the N540 region derived from
AAV8 displayed enhancement of IL-2 secretion, stimulation with
deamidated peptides resulted in much lower secretion (Figure S11).
These data suggest that differential immune responses caused by dea-
midation are not serotype specific.

DISCUSSION
The immune response to rAAV gene therapy remains a major
limiting factor in its successful implementation and is closely corre-
262 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
lated to treatment outcomes, particularly in re-
gard to transgene expression longevity and the
ability to re-administer the vector. Prior studies
have shown that rAAV vectors undergo a high
degree of spontaneous deamidation, with the
highest levels occurring at NG pairs on the
AAV vector capsid, and that this functionally
impacts transduction efficiency.24 In the present
study, we further characterized the deamidation
to the VP subunits and the duration of rAAV
storage and performed in silico prediction and
various immunological assays to study the ef-
fects of deamidation on the immunogenicity
of rAAV. Deamidation in rAAV resulted in
either reductions or enhancements in the
immunogenicity of rAAV. These results were
highly donor specific and dependent on partic-
ular deamidation sites in rAAV. Furthermore,
CD4 Th1 effector memory cells play a major
role in this immune response, demonstrating
the pivotal role of CD4 T cell epitopes in the im-
mune response against rAAV.

We evaluated three layers of the T cell immune
response to WT and deamidated peptides. We
started with an HLA binding prediction that
narrowed the list of potential peptides and
showed that two HLA class II promiscuous
binders coincide with deamidation sites. We
further showed that some HLA molecules are
predicted to bind with higher or lower affinity
to deamidated peptides than WT peptides. To
confirm these predictions, we synthesized sets of peptides that had
the highest probability of binding to HLA molecules. Each deamida-
tion site was represented by a set of 9-mers and a set of 20-mers and
included a WT, a deamidation to aspartic acid, and a deamidation
to isoaspartic acid peptide. To validate the binding predictions, 24
HLA molecules were made and tested for their binding to the
various peptides. Some correlations between the predicted binders
and the experimental binders were observed, confirming that
some HLA molecules bind to WT and deamidated (aspartic acid)
peptides differentially.
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Finally, the T cell immune response was evaluated using expanded
PBMCs from untreated donors. Most of the samples responded to
both WT and deamidated peptides. Importantly, one deamidated
site (N512) had a tendency to induce T cell activation in some samples
that share HLA-DRB1*03:01. The immune response to the deami-
dated peptides was characterized as CD4+ EM with a Th1 cytokine
signature. This indicates that the spontaneously occurring deamida-
tion in AAVmay increase the immunogenicity of AAV in some indi-
viduals. Furthermore, due to the high level of deamidation in AAV, it
may be informative to include these deamidated peptides in cellular
immune monitoring during clinical trials.

Although there are two prior studies that mapped T cell epitopes in
AAV2,26,27 CD4 T cell epitopes have not been identified, despite their
critical roles in generating the complex humoral and cellular immune
responses to AAV.32 In this study, we identified CD4 T cell epitopes
on the AAV9 capsid that coincide with two deamidation sites. Consis-
tent with the previous reports that characterized the immune
response to AAV1 and AAV2,33,34 we found that the AAV9-specific
CD4 T cells produced Th1-type cytokines and belonged mainly to the
effector memory subset. This observation may have implications for
vector re-administration in a pre-clinical or clinical setting, consid-
ering the vigorous and efficient responses of memory cells.

HLA binding algorithms can support high-throughput and rapid pre-
dictions for hundreds of peptide candidates. The accuracy of such
prediction methods is improving rapidly, and their use is becoming
more acceptable.35–37 However, they are still hindered by the risk of
false-positive and false-negative predictions.38,39 To validate the bind-
ing predictions, we performed in vitroHLA binding assays in 12 HLA
class I alleles and 12 class II alleles. The choice of alleles was deter-
mined by binding core coverage and MHC molecule availability.28,29

Indeed, the HLA binding assays corroborated several of the in silico
predictions. For example, peptide N452 was predicted to bind with
high affinity to most HLA class II DR alleles, but not to most HLA
class I. More specifically, only HLA class I A*02:03 was predicted to
bind with ranking of <1%. In vitroHLA binding showed a very similar
result in that 9/12 of HLA class II DR alleles had >40% binding to class
II but only a single HLA class I allele.

While HLA binding assays can detect possible binding of a peptide to
the MHC grove, T cell activation assays require the critical steps of
MHC-peptide complex presentation to T cells and T cell activation.

A potential concern while working with peptides that contain NG
sites is that the peptides could undergo deamidation, which could
impact the integrity of our results. To eliminate this concern, peptide
sequence and purity were confirmed twice using LC-MS, before and
after the peptides had been resuspended and frozen. Peptide integrity
was conserved throughout the study. Peptides were further tested for
endotoxin content to assure the immune response was specific to the
peptide sequences. This assures that the immunological changes
observed in the study were not due to nonspecific contaminates
and that WT peptides did not undergo spontaneous deamidation.
Molecular
We observed that most donors who showed stronger T cell responses
with deamidated peptide (N512D) were carrying HLA-DRB1*03:01.
This shares a similar concept with the known predisposition of indi-
viduals with HLA haplotypes DQ2 and DQ8 (HLA-DQB1*02:02 and
DQB1*03:02) to develop celiac disease as a response to deamidated
Gln in gliadins from dietary wheat gluten. Mapping of the immuno-
dominant T cell epitopes in complex with HLA DQ2 and DQ8 re-
vealed that the deamidated Gln residues induce strong binding of
the peptides by acting as high-affinity anchors.16,40 In addition,
very few responses were observed after stimulation with peptides
that contained isoaspartic acid. This is consistent with the notion
that many non-natural amino acids have diminished binding to
MHC molecules.41,42

Immune-mediated liver toxicities are a major concern during AAV
gene therapy clinical trials.7,43,44 To monitor AAV-targeting T cells
that are associated with these liver toxicities, many investigators use
cellular T cell activation assays.45 These assays often involve PBMCs
isolated from patients’ blood, followed by restimulation of the cells
with overlapping peptides that span the entire AAV VP1 amino
acid sequence.46,47 Our findings, however, suggest that some individ-
uals responded to the deamidated peptides, but not to the WT pep-
tides. The absence of deaminated peptides in these cellular T cell acti-
vation assays could result in a potential failure to detect critical and
relevant immune response in these individuals.

Deamidation is a chemical process that occurs over time. We note
that the observed deamidation rate in the newer AAV batch that
was purified and frozen only 11 days prior to the MS analysis was
lower than the deamidation rates of the other batches that were pre-
pared 25 and 83 days before analysis. This observation is consistent
with other therapeutic proteins like monoclonal antibodies48 and
may be considered a critical quality attribute for rAAV
manufacturing. Furthermore, it stands to reason that rAAV storage
conditions may benefit from extensive formulation studies with a
focus on deamidation prevention.49

Our study evidenced the difficulty of predicting the impact of rAAV-
capsid-specific cellular immunity on the safety of rAAV-based gene-
therapy products, as subtle deamidations may significantly enhance
or reduce their immunogenicity. Our results indicate that inclusion
of both WT and deamidated peptides in assays used for clinical pre-
screening and patient monitoring might be valuable to better under-
stand responses in a small subset of individuals treated with AAV
gene therapy.

MATERIALS AND METHODS
Production of AAV9 and quantification

AAV was produced using triple transfection as previously described
with some modifications.50,51 Briefly, free-style 293F cells (Thermo
Fisher Scientific, San Jose, CA) were triple transfected with a
pscAAV-GFP vector (AAV-410, Cell Biolabs, San Diego, CA),
pAAV2/9n (112,865, Addgene, Watertown, MA), and pHelper vector
(340,202, Cell Biolabs) in a ratio of 1:1.5:2, respectively. PEI MAX
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(Polysciences, Warrington, PA), at a polyethylenimine (PEI):DNA
ratio of 2:1, was used as the transfection reagent. At 72 h post-infec-
tion, the supernatant was collected and the cell lysate was resus-
pended in 10 mL lysis buffer and stored at �80�C for 2 weeks. Later,
rAAV particles in the supernatant were recovered by polyethylene
glycol (PEG) precipitation. The cell lysate was subjected to three
freeze-thaw cycles to liberate the virus and treated with 100 U/mL
of Benzonase Nuclease (Millipore Sigma, Billerica, MA) for 1 h at
37�C. Cellular debris was removed by centrifugation for 20 min at
10,000 � g. Finally, rAAVs were purified using two iodixanol ultra-
centrifugation gradients and concentrated in 100-kDa concentration
columns (Thermo Fisher Scientific). Purified rAAVs were subjected
to absolute quantification by Taqman quantitative PCR (qPCR) as
previously described.52 For Taqman qPCR, the following primers
and probes were used: EGFP (forward: 5ʹ-AGCAAAGACCCCAAC-
GAGAA-3ʹ, reverse: 5ʹ- GGCGGCGGTCACGAA-3ʹ, and probe: 5ʹ-
6FAM-CGCGATCACATGGTCCTGCTGG-TAMRA-3ʹ). The tar-
gets were amplified using SsoAdvanced Universal Probes Supermix
(1,725,281, Bio-Rad, Hercules, CA), and thermocycling conditions
were 3 min at 95�C and then 40 cycles of 95�C for 30 s and 58�C
for 30 s on a Bio-Rad iCycler iQMulticolor Real-Time PCRDetection
System.

SDS-PAGE and Coomassie blue staining

SDS-PAGE was performed using 4%–12% Bis-Tris gels (Thermo
Fisher Scientific) according to the manufacturer’s protocol. Briefly,
the gels were loaded with a total volume of 36 mL, which contained
20 mL of AAV9 sample, 10 mL of resuspension buffer, and 10 mL of
NuPAGE LDS Sample Buffer (4�) (Thermo Fisher Scientific). Sam-
ples were incubated for 10 min at 70�C before loading. Coomassie
blue staining was performed by using SimplyBlue SafeStain (Thermo
Fisher Scientific) according to the manufacturer’s instructions.

In-gel digestion of 1D gel bands

1D gel bands corresponding to VP1, VP2, and VP3 were excised and
in-gel digested following the standard protocol at the US Food and
Drug Administration’s (FDA’s) Facility for Biotechnology Re-
sources.53 Briefly, gel slices were excised, diced into smaller fragments,
de-stainedwith 50% acetonitrile in 25mMNH4HCO3, and then dried.
Samples were reduced with 10 mM dithiothreitol in 25 mM
NH4HCO3 at 56�C for 1 h, followed by alkylation with 55 mM iodoa-
cetamide for 45min at room temperature. In-gel trypsin digestion was
performed using 12.5 ng/mL of sequencing grade modified porcine
trypsin (Promega, Madison, WI) diluted in 25 mM NH4HCO3 at
37�C overnight. Peptides were extracted from the gel fragments with
5% formic acid and 50% acetonitrile and particulates removed using
Ultrafree MC 0.45 mm pore size, hydrophilic polyvinylidene fluoride
(PVDF) centrifugal filter (Millipore Sigma). Sample volume was
reduced to 5 mL using a speedvac concentrator, reconstituted to final
20 mL of 0.1% formic acid and analyzed by nano-LC/MS/MS.

Mass spectrometry

Trypsin-digested peptides were analyzed by nano-LC/MS/MS using
Ultimate LC and Fusion Orbitrap MS (Thermo Fisher Scientific), fol-
264 Molecular Therapy: Methods & Clinical Development Vol. 24 March
lowed by general settings at the FDA’s Facility for Biotechnology Re-
sources.54 Briefly, peptides were first loaded onto a nanotrap (Ther-
moFisher PepMap C18, 5 mm, 100Å, 20 mm � 100 mm inner
diameter [ID]) and then eluted onto a reversed phase Easy-Spray col-
umn (ThermoFisher PepMap C18, 3 mm, 100Å, 15 cm � 75 mm ID)
using a linear 120-min gradient of acetonitrile (2%–50%) containing
0.1% formic acid at 250 nL/min flow rate. The eluted peptides were
sprayed into the Fusion Orbitrap. The data-dependent acquisition
(DDA) mode was enabled. Each Fourier transform (FT) precursor
mass MS1 scan (120,000 resolution) was followed by FT MS2 scans
(15,000 resolution) using top speed (acquiring as many MS2 scans
as possible within 3-s cycle time). Precursor ion fragmentation took
place at higher energy collisional dissociation (HCD) cell with colli-
sion energy of 30. Automatic gain control (AGC) targets and
maximum injection times were set as “standard” and “auto,” respec-
tively. The spray voltage and ion transfer tube temperature were set at
1.8 kV and 250�C, respectively.

Nano-LC/MS/MS spectra were processed using Byonic software and
further quantitatively analyzed by Byologic software (PMI-Suite
3.8.11, Protein Metrics, Cupertino, CA). Byonic and Byologic search
parameters were set according to the parameters employed (tryptic
cleavage sites @K/R, 2 mis-cleavage allowed, common modifications
of oxidation @M/deamidation @N, fixed modification of carbamido-
methylation @C, and PEP 2D/Score/Delta Mod Score being %0.01,
R100, and R10, respectively).

In silico HLA binding prediction

Peptide binding affinities for HLA class I and class II alleles were pre-
dicted using the MHC I or MHC II binding prediction tool available
at the IEDB (www.IEDB.org). MHC class I predictions were gener-
ated using the “recommended IEDB 2020.04,” which defaults to the
NetMHDpan EL4.0 method.55 MHC class II predictions were gener-
ated using the “recommended IEDB method,” which defaults to the
IEDB consensus method when combined consensus scores are
possible.56 HLA binding ranking was predicted for each 9-mer pep-
tide with 27 HLA class I alleles (Figure 2B)29 and 15-mer peptide
with 27 HLA class II alleles (Figure 2D).28 These 54 class I and class
II HLA alleles represent the most common specificities in the world
population and represent commonly shared binding specificities
(i.e., supertypes).28,29 Potential binders in AAV9 VP1 were identified
using an initial cutoff of the upper first or 10th percentile of binding
strength for HLA class I or class II alleles, respectively, and a promis-
cuity cutoff of 6/27 or 5/27 alleles.

Peptide synthesis

Examples for 9-mer and 20-mer peptides design are described in Fig-
ure S1. The start and end amino acids, as well as the location of the
deamidation sites, were determined based on the lowest median pre-
dicted percentile rank for the WT peptides (Figure S1). All peptides
were synthesized by GenScript Biotech (New Jersey) with the excep-
tion of the CEF and CEFT peptide pool controls (PANATecs, Ger-
many). Peptides were purified to >95% homogeneity by high-perfor-
mance LC (HPLC), and their composition and deamidation were
2022

http://www.IEDB.org


www.moleculartherapy.org
confirmed twice byMS, once during manufacture release and once af-
ter DMSO reconstitution and a freeze thaw cycle. Peptides were dis-
solved in DMSO at 50 mg/mL and stored at�20�C. For T cell expan-
sion, peptides were pooled into three groups: (1) WT peptides; (2)
deamidated peptides with aspartic acid, and (3) deamidated peptides
with isoaspartic acid (Table S1).

MHC/peptide binding assay

For MHC I binding assay, urea-denatured and biotinylated MHC
samples were diluted into refolding buffer containing nanomolar con-
centrations of b2m and 2 mMpeptides. After 24 h of refolding, the re-
folded MHC complexes were transferred to a microplate and stressed
with 4 M urea. After 3 h, the plates were developed as a conventional
ELISA with a conformational specific antibody. In each plate, a refer-
ence peptide was used. This peptide is known to bind with high stabil-
ity to the given allele and was used as a 100% reference. Hence, pep-
tides that gave the same signal in the ELISA as the reference peptide
were given a stability of 100%. The MHC II assay was carried out in
the same manner. The only difference was that b2m was omitted
and both the alpha and biotinylated beta chains were urea denatured
and diluted to nanomolar concentrations in refolding buffer contain-
ing 2 mM peptide. Final concentrations of b2m, MHC I heavy
chain, and MHC II alpha and beta chains were carefully adjusted to
ensure the highest possible signal-to-noise ratio between samples
with peptide and no peptide. For MHC II, a mixture of hemagglu-
tinin (HA) 306–318, CLIP, and PADRE (YKYVKQNTLKLAT,
PVSKMRMATPLLMQ, and AKFVAAWTLKAAA) were used as
reference peptides.

Human PBMC samples

PBMCs were collected from apheresis samples of 30 healthy donors
under protocols approved by the National Institutes of Health Insti-
tutional Review Board (CBER-047). Samples were isolated using
gradient-density separation by Ficoll-Hypaque (GE Healthcare, Chi-
cago, Illinois) according to the manufacturer’s instructions, and the
buffy coat was collected and washed three times with phosphate-buff-
ered saline (PBS) without Ca and Mg. PBMCs were cryopreserved in
liquid nitrogen at a concentration of 2.5–5 � 107 cells/mL in RPMI
media (Thermo Fisher Scientific) supplemented with 10% heat-inac-
tivated human AB serum (Millipore Sigma) and 7.5% DMSO
(Thermo Fisher Scientific). HLA typing was performed as described
previously by Scisco Genetics (Seattle, Washington)54. The HLA dis-
tribution of the donors is representative of the United States and Eu-
ropean populations.57

In vitro expansion of PBMCs

For usage, PBMCs were thawed, washed, counted, and resuspended at
a concentration of 2 � 106 cells/mL in RPMI media containing 5%
heat-inactivated human serum, 1% Glutamax (Thermo Fisher Scien-
tific), 1 mM sodium pyruvate (Thermo Fisher Scientific), 10 mM
HEPES (Thermo Fisher Scientific), MEM Non-Essential Amino
Acids (Thermo Fisher Scientific), and 1% penicillin/streptomycin
(Thermo Fisher Scientific). Cells were cultured with peptide pools
at a final concentration of 5 mg/mL. Cells were supplemented with
Molecular
fresh assay medium containing 20 units of IL-2 (Millipore Sigma),
5 mg/mL of IL-7 (BioLegend, San Diego, CA), and 25 mg/mL of IL-
15 (BioLegend) every 3 or 4 days.

ELISpot assay

The secretion of IL-2 and IFN-g following stimulation with individ-
ual peptides was assayed using an ELISpot assay according to man-
ufacturer’s recommendations (Mabtech, Cincinnati, OH). After the
in vitro expansion step, cells were harvested, washed, and plated in
ELISpot plates that were pre-coated with anti-human IL-2 or
IFN-g antibodies. Cells were restimulated with 5 mg/mL peptides
and incubated for 24 h at 37�C. Negative controls were treated
with media only, and positive controls were treated with either
CEFT or phytohemagglutinin (PHA) (Millipore Sigma). Secretions
of IL-2 and IFN-g following the stimulation with peptides were
detected using a secondary biotinylated anti-IL-2 or anti-IFN-g anti-
body (Mabtech) followed by streptavidin, alkaline phosphatase con-
jugate (SA-ALP) (Mabtech), nitro blue tetrazolium, and 5-bromo-4-
chloro-30-indolyl phosphate (BCIP/NBT) substrate (KPL, Thermo
Fisher Scientific). Computer software (Immunospot 7.0; Cellular
Technology, Cleveland, OH) was used to enumerate spots forming
cells (SFCs). The assay was performed in triplicate and repeated at
least once for each donor.

Flow cytometry

After the in vitro expansion step, cells were harvested, washed, and
restimulated with 5 mg/mL individual peptides for 24 h at 37�C. Cyto-
kine secretion in cell cultures was blocked by the addition of Golgi-
Plug/GolgiStop (BD Biosciences, San Jose, CA) for 5 h prior to cell
harvesting and staining. Afterward, cells were washed and stained
for surface markers CD3 (clone UCHT1), CD4 (clone SK3), CD8
(clone RPA-T8), CD45RA (clone HI100), CD56 (clone HCD56),
CCR7 (clone G043H7), and TCRgd (clone 11F2). Cells were then
fixed and permeabilized with Cytofix/Cytoperm solution (BD Biosci-
ences) followed by intracellular staining for cytokines using anti-
bodies against IL-2 (clone MQ1-17H12), IL-4 (clone MP4-25D2),
IFN-g (clone B27), and TNF-a (clone MAb11). Acquisition was per-
formed using a Cytek Aurora (Cytek Biosciences, Fremont, CA), and
analysis was performed using Flowjo (Treestar, Ashland, OR)
software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism, v.7.0
(GraphPad Software, San Diego, CA). Results are expressed as
mean ± SD. Differences between groups were examined for statistical
significance using ANOVA with Tukey’s multiple comparisons test.

Data and materials availability

All data are available in the main text or the supplemental
information.
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