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INTRODUCTION
Recombinant adeno-associated viral (AAV) vectors are among the 
most promising gene transfer vectors due to their ability to trans-
duce a wide range of dividing and non-dividing cells,1 their lack 
of pathogenicity, and their relatively benign immunogenicity pro-
file.2–5 A wealth of preclinical data shows sustained expression of a 
transgene at therapeutic levels after a single administration of an 
AAV vector.6 More recently, results have been successfully translated 
to the clinical setting, and have resulted in the approval of the first 
gene therapy drug in Europe.7 However, concerns over the immuno-
genicity of the AAV capsid in humans were raised in the first clinical 
trial for hepatic delivery of an AAV serotype 2 vector encoding the 
coagulation factor IX transgene (AAV2-F.IX) in severe hemophilia 
B subjects.8 In this study, therapeutic levels of transgene expres-
sion were reached, but expression was unexpectedly short-lived, 
with F.IX levels remaining therapeutic for ~4 weeks, then gradually 
decreasing to baseline over the ensuing 8 weeks, concomitant with 
a transient, self-limited elevation of liver enzymes.8 In this study, a 
population of AAV capsid-specific CD8+ T cells was identified, which 
expanded upon AAV2-F.IX vector delivery and then contracted with 
kinetics similar to that of the rise and fall in serum transaminases.9 
Following this initial observation, we and other groups documented 
the activation and expansion of capsid-specific T cells following the 
administration of AAV vectors in humans.10–14 In a more recent study 
with systemic delivery of a self-complementary AAV serotype 8 

vector encoding the coagulation factor IX transgene (AAV8-F.IX) in 
severe hemophilia B subjects, the previous observations were con-
firmed albeit with slightly different kinetics.15 In this trial the T cell 
response could be managed with a short course of steroids, which 
preserved long-term transgene expression, but at the same time 
confirmed that expression levels are very sensitive to the cellular 
immune response.

In previous reports we showed that initial AAV exposure can lead 
to the development of humoral and cellular immunity against AAV 
capsid.8 We also showed that AAV transduced cells present capsid 
antigen via major histocompatibility complex (MHC) class I mole-
cules on the surface of transduced cells.16,17

While several reports in the literature describe the prevalence of 
antibodies to AAV in the human population,18,19 and the absence 
of a correlation between antibody titers and ELISpot responses to 
AAV1,20 T-cell responses to the AAV capsid in humans are somewhat 
less studied.21

The current work consists of two major parts: (i) the identifica-
tion and characterization of CD8+T-cell epitopes on the AAV cap-
sid, including AAV1, 2, and 8 and (ii) the demonstration that these 
epitopes are processed, presented, and trigger cytotoxic T-cell 
responses when presented. To carry out the first part, we used 44 
spleens isolated from pediatric and adult human subjects undergo-
ing splenectomy for nonmalignant indications.9 Because of the large 
number of recovered cells, high-throughput mapping of AAV capsid 
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Adeno-associated virus (AAV) has become one of the most promising vectors in gene transfer in the last 10 years with success-
ful translation to clinical trials in humans and even market approval for a first gene therapy product in Europe. Administration 
to humans, however, revealed that adaptive immune responses against the vector capsid can present an obstacle to sustained 
transgene expression due to the activation and expansion of capsid-specific T cells. The limited number of peripheral blood mono-
nuclear cells (PBMCs) obtained from samples within clinical trials allows for little more than monitoring of T-cell responses. We were 
able to identify immunodominant major histocompatibility complex (MHC) class I epitopes for common human leukocyte antigen 
(HLA) types by using spleens isolated from subjects undergoing splenectomy for non-malignant indications as a source of large 
numbers of lymphocytes and restimulating them with single AAV capsid peptides in vitro. Further experiments confirmed that 
these epitopes are naturally processed and functionally relevant. The design of more effective and less immunogenic AAV vectors, 
and precise immune monitoring of vector-infused subjects, are facilitated by these findings.

Molecular Therapy — Methods & Clinical Development (2015) 2, 15029; doi:10.1038/mtm.2015.29; published online 30 September 2015

The work was performed in Philadelphia, Pennsylvania, USA.
1The Children’s Hospital of Philadelphia, Division of Hematology, Philadelphia, Pennsylvania, USA; 2Howard Hughes Medical Institute, Philadelphia, Pennsylvania, USA; 
3Department of Pediatrics, University of Pennsylvania, Perelman School of Medicine, Philadelphia, Pennsylvania, USA; 4Wistar Institute, Philadelphia, Pennsylvania, USA. 
Correspondence: E Basner-Tschakarjan (basnertschakarjane@email.chop.edu)

AAV capsid CD8+ T-cell epitopes are highly conserved across 
AAV serotypes
Daniel J Hui1, Shyrie C Edmonson1,2, Gregory M Podsakoff1, Gary C Pien1, Lacramioara Ivanciu1,3, Rodney M Camire3, Hildegund Ertl4, 
Federico Mingozzi1, Katherine A High1,2,3 and Etiena Basner-Tschakarjan1

ARTICle

http://dx.doi.org/10.1038/mtm.2015.29
mailto:basnertschakarjane@email.chop.edu


2

AAV capsid T-cell epitopes
DJ Hui et al.

Molecular Therapy — Methods & Clinical Development (2015) 15029 Official journal of the American Society of Gene & Cell Therapy

MHC class I epitopes binding to several common human leukocyte 
antigen (HLA) alleles was possible. Epitope mapping was performed 
with a library of 15-mers spanning the entire amino acid sequence 
of the AAV capsid protein VP1. Capsid T-cell responses were initially 
detected by IFN-γ ELISpot assay, evaluated, and further character-
ized by polyfunctional analysis and phenotyping of capsid-reactive 
CD8+ T cells including functional cytotoxic T lymphocyte assays. A 
ProPresent assay, commercially available from Proimmune22 and 
nucleofection experiments confirmed that the capsid protein is 
indeed processed to yield the detected peptide epitopes and fur-
ther characterized the epitope binding affinity.

These results are of interest for future AAV gene transfer studies 
in humans as the identification of AAV MHC class I epitopes for sev-
eral common HLA alleles will facilitate development of AAV-specific 
reagents for efficient immunomonitoring of capsid T-cell responses. 
Ultimately, this information may lead to the development of less 
immunogenic vectors by epitope reduction in the capsid.

ReSUlTS
Identification of AAV capsid T-cell epitopes in human splenocytes
In the current study, we used human splenocytes from 44 donors 
to develop a comprehensive characterization of human immune 
responses to AAV. First, we measured T-cell responses directed to 
the AAV-2 or AAV-1 capsid using an IFN-γ ELISpot assay on either 
unexpanded cells or on splenocytes restimulated in vitro with a pep-
tide library spanning the VP1 protein sequence of the AAV capsid.8 
A low frequency of IFN-γ secretion was observed in unexpanded 
splenocytes using the ELISpot assay, with only 2 out of 44 subjects 
showing a positive T-cell response to the AAV capsid (Table 1),  
consistent with a previous result published by our group.9

After expansion, 20 out of 32 tested spleen samples scored 
positive in the IFN-γ assay; a statistically significant difference in 
frequency of T-cell responses to the AAV capsid was measured for 
the young age group (<5 years old, 16.67% positive response) com-
pared to the ≥5-year-old group (73.08%); only one positive sample 
came from a donor aged <5 years (Supplementary Data 1; Table 1).

The large number of cells isolated and stored from each spleen, in 
combination with bioinformatics algorithms, allowed us to specify 
and confirm single 9-mer peptides as capsid T-cell epitopes experi-
mentally (Figure 1; Supplementary Figure S1) and to define their 
predicted binding affinity to the cognate MHC class I molecules 
(Table 2). We also gained insight into the frequency of subjects 
responding to a specific epitope (Table 2; Supplementary Figure 
S2). All epitopes identified with the ELISpot assay exhibited a bind-
ing affinity to MHC class I of at least 50% of the maximum binding 
affinity of the consensus sequence defined by the position-specific 
scoring matrix (PSSM) for the cognate HLA allele.23 Most, but not all 
epitopes, could be confirmed, and there was no obvious relation-
ship between the binding affinity score for a specific HLA allele and 

the frequency of subjects responding to the specific epitope (Table 
2). Not all epitopes could be confirmed because bioinformatics 
analysis was restricted to HLA alleles present in the databases, and 
thus, further analysis and specification of some reactive peptides 
was not possible based on the rare haplotype (Table 2, footnote d). 
In several instances, subjects sharing the same HLA alleles showed 
reactivity to the same AAV-derived epitopes. In one instance, two 
different epitopes binding to the same HLA (HLA-B*51, Table 2) 
were identified.

Two of the epitopes identified in spleens (SADNNNSEY binding 
to the HLA-A*0101 and VPQYGYLTL binding to the HLA-B*0702) 
were previously identified in peripheral blood mononuclear cells 
(PBMCs) isolated from hemophilia B subjects undergoing liver-
directed AAV-2 gene transfer.9 Comparison of identified epitopes 
across alternate AAV serotypes showed a high degree of conserva-
tion for several of the identified peptides (Supplementary Table S2).

Capsid-specific CD8+ T cells derived from spleen are functional 
and recognize conserved epitopes within alternate AAV capsid 
serotypes
MHC class I pentamer staining was performed in those samples 
for which these reagents were available to confirm the expansion 
of capsid-specific CD8+ T cells (Figure 2a). Polyfunctional analysis 
of markers of T-cell activation and function was performed after in 
vitro restimulation with AAV capsid; intracellular levels of IL-2, IFN-γ,  
TNF-α, and the degranulation marker CD107a in response to the 
AAV capsid antigen were normalized to background levels (medium 
only control). All positive samples presented a population of capsid-
reactive CD8+ T cells secreting high levels of IL-2, IFN-γ, and TNF-α  
and displaying the degranulation marker CD107a (Figure 2b; 
Supplementary Figure S3).

This polyfunctional T-cell analysis suggested that capsid-specific 
CD8+ T cells expanded from splenocytes were functional. An in vitro 
cytotoxic T lymphocyte (CTL) assay with PBMC-derived effector cells 
was used to confirm the ability of capsid-specific effector T cells to 
kill AAV transduced target cells; efficient target cell killing was mea-
sured in 8 out of 10 samples tested (Supplementary Table S3). The 
same CTL assay with splenocyte-derived effector cells was used to 
test cytotoxicity as well as cross-reactivity of capsid CD8+ T cells. 
Splenocyte samples from two donors bearing the HLA-A*0101 or 
HLA-B*0702 alleles were used; cells were restimulated in vitro with 
either the AAV-2 peptide SADNNNSEY (binding to HLA-A*0101) or 
the AAV-2 peptide VPQYGYLTL (binding to HLA-B*0702) and then 
used in CTL assays against target cells transduced with either AAV-2 
or AAV-6 vectors, or targets loaded with either the AAV-2 or AAV-6 
peptide epitopes.

Efficient CTL killing was observed with AAV-2 transduced or AAV-2 
peptide-loaded target cells (Figure 3a–d). CTL killing was also observed 
with AAV-6 capsid or peptide when effectors from the HLA-B*0702 
donor were used (Figure 3a,c), reflecting the high degree of conserva-
tion of the epitope VPQYGYLTL across alternate serotypes (Figure 3e). 
In contrast, no killing was measured with AAV-6–transduced or AAV-6 
peptide–loaded targets with effectors expanded against the noncon-
served SADNNNSEY epitope from AAV-2 (Figure 3b,d).

Cytotoxic capsid-specific CD8+ T-cell responses are derived from 
memory T cells
The fact that T-cell responses are more frequent in the >5-years-old 
age cohort (presumably after initial infection) suggests that IFN-γ– 
producing cells might be derived from capsid-specific memory 

Table 1 Capsid-specific T-cell responses in splenocytes 
before and after in vitro restimulation

Age N
Reactivity  

unstimulated
Reactivity after  

in vitro restimulation

<5 7 0/7 (0.00%) 1/6 (16.67%)

≥5 37 2/37 (5.41%) 19/26 (73.08%)

Total 44 2/44 (4.55%) 20/32 (62.5%)



3

AAV capsid T-cell epitopes
DJ Hui et al.

Molecular Therapy — Methods & Clinical Development (2015) 15029Official journal of the American Society of Gene & Cell Therapy

T cells (Table 1). To test this hypothesis, total splenocytes from an 
HLA-B*0702 reactive donor were sorted into two different frac-
tions, CD4+-CD8+-CD45RO+ and CD4+-CD8+-CD45RO−. Cells were 
then restimulated in vitro with the HLA-B*0702–restricted epitope 
VPQYGYLTL and assayed in an IFN-γ ELISpot assay. The sorting 

resulted in the detection of a robust response to the peptide  epitope 
and to the whole AAV capsid antigen only in total splenocytes and 
in the CD45RO+ fraction of splenocytes (Figure 4). Furthermore, CTL-
mediated killing of AAV-transduced target cells was observed only 
when CD45RO+ cells of a reactive donor were used as effectors.
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Identified epitopes are naturally processed and presented
With the combined approach of bioinformatics, IFN-γ ELISpot, func-
tional analysis via flow cytometry and CTL assay, we identified and 
confirmed several AAV epitopes. Next we wanted to demonstrate 
that these epitopes were indeed naturally processed and presented.

As classic MHC class I presentation occurs with peptides syn-
thesized by the presenting cell, first we addressed the ques-
tion by nucleofection experiments followed by the previously 
described CTL assay as a read-out. Nucleofection with capsid 
encoding plasmids was used instead of infection with the dif-
ferent AAV serotypes in order to avoid influences of variabil-
ity of infectivity and intracellular processing on the results. 
Splenocytes were depleted of CD8+ T cells (human CD8+ T-cell 
depletion kit by Miltenyi, San Diego, CA). The remaining cells 
were nucleofected (Amaxa Nucleofection kit; Lonza, Basel, 
Switzerland) with plasmids encoding AAV1, AAV2, or AAV8 capsid 
as well as a control GFP plasmid. Forty-eight hours after nucleo-
fection, the cells were used as antigen-presenting cells (APCs) to 
generate effector T cells in in vitro expansions (see Materials and 
Methods). After two rounds of stimulation, the generated effec-
tor T cells were used in CTL assays. Target cells were hepatocyte 
cell lines loaded with the relevant peptide epitopes or an irrel-
evant control peptide. The experiments were conducted with 
HLA matched as well as mismatched (control) target cells. The 
results are depicted in a heat map, which shows induction of 

cytotoxicity over background. Significant cytotoxicity could only 
be detected when using HLA-matched target cells (Figure 5). The 
nucleofected APCs led to the expansion of functional effector 
cells that were able to recognize and kill target cells loaded with 
the identified peptides but not an irrelevant peptide. Consistent 
with the findings from the cytotoxicity assays, a striking amount 
of cross-reactivity between AAV serotypes could be detected. 
Expansion with the control protein GFP-nucleofected spleno-
cytes did not create functional effector cells.

One argument against the approach with nucleofection is that 
there might be a difference in presented peptides between the clas-
sical pathway of de novo synthesis by the cell (nucleofection with 
plasmid) compared to the presentation after uptake and cleavage 
of capsid proteins (cross-presentation) after transduction with AAV. 
Another argument is that unphysiological high levels of peptide 
presentation are achieved this way.

More recently, the availability of a commercial assay 
(ProPresent) allows the identification of peptides which are pre-
sented in the context of MHC class I. Briefly, this assay employs 
the use of a pan-MHC antibody to specifically pull down MHC 
class I molecules in order to recover and identify bound peptides 
via high-resolution mass spectrometry (ProPresent; Proimmune, 
Oxford, UK). HHL5-B7 hepatocytes were transduced with an 
AAV-2 vector encoding human F.IX or an AAV-2 vector encod-
ing the entire AAV-2 capsid sequence. The search against a 

Figure 1 High-throughput mapping of AAV capsid T cell epitopes. (a, c, e) Single-peptide IFN-γ ELISpot on in vitro expanded splenocytes. Splenocytes 
from normal donors were restimulated in vitro with 15-mers derived from the AAV-2 (a, c) or AAV-1 (e) capsid VP-1 amino acid sequence. Each of the 
145 peptides from the AAV libraries was used individually in the restimulation. After restimulation, cells were rechallenged with the same peptides in 
an ELISpot assay. Positive peptides were selected for further validation. Dashed line, threshold for positivity; numbers 1 through 145, 15-mers from 
the AAV peptide library; PMA, phorbol 12-myristate 13-acetate (positive control); Sfu, spot-forming units. *Peptides positive but not further confirmed. 
(b, d, f) Peptides identified with relative HLA restriction. N/D, not determined.
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Table 2 Identified AAV capsid MHC class I epitopes

HLA allele Epitope Serotype Rankpep scorea
Number of subjects 
reactive to capsidc

A locus 0101 SADNNNSEY AAV-2 63.03% 4/7
0201/0202 LIDQYLYYL AAV-2 52.46% 3/3

LDRLMNPLI AAV-1 40.14% 1/1
B locus 0702 VPQYGYLTL AAV-2 78.92% 5/7

0801 TTSTRTWAL AAV-2 55.94% 4/12
TTSTRTWAL AAV-1 55.94% 1/1

1501 YHLNGRDSL AAV-2 N/Db 2/4
44 SQAVGRSSF AAV-2 60.24% 6/6
51 VPANPSTTF AAV-2 70.75% 1/1

FPQSGVLIF AAV-2 67.35% 1/1
53 QPAKKRLNF AAV-1 58.02% 1/1

N/Dd N/Dd YFDFNRFHCHFSPRD AAV-2 N/D 2
VGNSSGNWHCDSTWM AAV-2 N/D 1
QFSQAGASDIRDQSR AAV-2 N/D 1
GASDIRQSRNWLP AAV-2 N/D 1
GNRQAATADVNTQGV AAV-2 N/D 1

N/D, not determined.
aPercent of maximum binding affinity to the HLA allele of a consensus sequence. bHLA restriction determined via alternate bioinformatics algorithm (SYFPEITHI). 
cRatio of number of subjects with positive T-cell responses to the AAV capsid over the total number of subjects tested sharing the same HLA allele. dNo match via 
bioinformatics.

Figure 2 MHC class I pentamer staining and polyfunctional analysis of capsid-specific CD8+ T cells expanded from splenocytes. (a) Capsid-specific 
MHC class I pentamer staining of HLA-A*0101 cells expanded without peptide, an irrelevant peptide (HIV-1 env gp120 848–856), or AAV capsid. Cells 
were gated on lymphocytes and CD14+, CD16+ and CD19+ cells were gated out. (b) Polyfunctional analysis of T-cell activation. Histograms show the 
fold increase in the percent of double-positive CD8+ cells (CD8+IFN-γ+CD107a+, CD8+IFN-γ+IL-2+, or CD8+IFN-γ+TNF-α+) over medium only control. SEB, 
Staphylococcal enterotoxin B (positive control). Cells were gated on lymphocytes and CD8+ T cells.
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database containing the complete human proteome and protein 
sequences 1–4 (from the capsid, from the Factor IX sequence, or 
from alternate open reading frames, vide supra) did not identify a 
significant MHC-associated peptide. However, a restricted data-
base search of peptide sequences that excluded the human pro-
teome (to exclude endogenous peptides) and included only the 
AAV-2 capsid and control proteins, returned some correspond-
ing peptides. One particular peptide did achieve a significantly 
high score (Table 3). This peptide, SLDRLMNPL, was identified 
as a high binder in our previous bioinformatics analysis and has 
been subsequently confirmed via ELISpot assay using an AAV-1 
capsid peptide library (Table 2).

Finally, we conducted studies using a fluorescent MHC class I 
binding affinity assay to determine apparent Kd values for identified 
AAV capsid epitopes. Apparent Kd values for AAV peptides ranged 
between 8.2 and 1.29 µM and 2.64 µM for a reference HIV peptide 
(SLYNTVATL), which was right in the range between reported val-
ues for this peptide (6.06 and 1.50 µM, respectively; Supplementary 
Table S4).24,25

DISCUSSION
In the first gene transfer study with an AAV vector infused into 
liver in men with severe hemophilia, a cellular immune response 
toward the capsid eventually led to the loss of transgene expression 
when left untreated8 while prompt treatment of a cellular response 
with steroids rescued the expression in a more recent trial.15 With 
the treatment of more subjects in current AAV trials, the cellular 
immune response has been identified as pivotal for success or fail-
ure of long-term gene transfer with AAV, particularly in the setting 
of liver-directed trials.

Lack of a reliable animal model of human T-cell responses against 
the AAV capsid has been and remains an obstacle to the study of 
capsid immune responses,4,26,27 underscoring the importance of 
immunomonitoring of T-cell responses against the capsid in healthy 
humans and in AAV-injected subjects.

Lymphocytes continuously recirculate through peripheral 
lymphoid organs, and thus, monitoring of an ongoing immune 
response can be readily performed by assaying PBMC for reactiv-
ity to a specific antigen, e.g., using an ELISpot assay.28 While PBMCs 

Figure 3 Cross-reactivity of capsid-specific T-cell–mediated killing. (a, c) HLA-B*0702 splenocytes expanded against the conserved AAV-2 epitope 
VPQYGYLTL and tested against (a) AAV-2 or AAV-6 transducted target cells, or tested against (c) VPQYGYLTL (AAV-2) or IPQYGYLTL (AAV-6) peptide-
loaded targets (10 µg/ml). (b, d) HLA-A*0101 splenocytes expanded against the nonconserved AAV-2 epitope SADNNNSEY and tested against (b) AAV-2 
or AAV-6–transduced target cells, or tested against (d) SADNNNSEY (AAV-2) or KTDNNNSNF (AAV-6) peptide-loaded targets (10 µ g/ml). Results are 
shown as percent cytotoxicity after background exclusion. (e) Amino acid sequence conservation of the epitopes tested across AAV serotype 2 and 6.
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are routinely used for immunomonitoring purposes, this approach 
may fail to detect reactive T cells that circulate at very low frequen-
cies and that may be found in higher numbers in primary lymphoid 
organs. Furthermore, the large numbers of lymphocytes that can be 
isolated from spleens allows experimental approaches such as fine 
mapping of MHC class I epitopes that would be difficult or impos-
sible with peripheral blood samples.

The aim of this study was to perform an ex vivo characterization 
and validation of HLA-restricted AAV capsid epitopes. This knowl-
edge can be used for improved immunomonitoring through the 
design of pentamers for specific HLA alleles, as well as for future bio-
engineering efforts to alter the vector to reduce immunogenicity.

For this study, we used splenocytes from a cohort of healthy pedi-
atric and adult subjects undergoing splenectomy for nonmalignant 
indications.

Using this approach, we delineated several novel aspects of the 
immune response to AAV. First, the current study establishes that simi-
lar to AAV capsid-reactive T cells in the periphery, unexpanded spleno-
cytes fail to manifest a significant response to AAV capsid in an ELISpot 
assay. However, after in vitro expansion with capsid peptides, we did 
see a significant age-dependent increase in T-cell reactivity to the AAV 
capsid. This is in agreement with seroprevalence data of AAV, showing 
a steep increase in anti-AAV antibodies from 1 to 10 years of age.18 Our 
study supports the hypothesis that the capsid-reactive T-cell response 
is mainly a memory T-cell response, as confirmed by our finding that 
removal of the CD45RO+ population (memory T cells) led to the elimi-
nation of effector cells in a cytotoxic response assay (Figure 5).

With a single-peptide restimulation approach, we confirmed 
capsid MHC class I epitopes and showed multifunctionality by flow 
cytometry in response to activation, and established the functional 
activity of the cells with CTL assays.

A review of the data demonstrates that a strong binding affinity 
in some epitopes did not necessarily correlate with the strongest, 
most frequent cellular response (Table 2). This might be due to the 
limited number of available spleens with the same haplotype but 
importantly may also be due to the fact that the binding affinity 
of an epitope to its cognate MHC class I molecule is not the only 
parameter for its dominance. Several other parameters, such as the 
intracellular processing of AAV, the composition of the peptides, as 
well as yet unidentified parameters may be important as well.29

We addressed this by examining another aspect of antigen pro-
cessing and presentation, the natural presentation of epitopes in 
the context of MHC class I. We confirmed the natural presentation 
of our epitopes in nucleofection experiments in APCs as well as in 
a commercially available ProPresent assay in hepatocytes. Different 
AAV capsids bind to different cellular receptors and thus show 
differences in infecting different cell types.30 In order to minimize 
influences by this on validating the identified epitopes, we used 
nucleofection. As stated in Results, this approach represents an arti-
ficial system as peptide processing and presentation follow the clas-
sical pathway of MHC class I presentation, and we cannot exclude 
that they differ from peptides derived from cross-presentation. 
Nucleofection most likely also yielded peptide presentation levels 
that are higher than that achieved by infection with AAV. This was 
useful as we used the transfected cells as APCs to expand antigen-
specific T cells. By nucleofection, the innate immune system might 
be triggered via the TLR9 pathway and lead to unspecific activa-
tion of the APCs. Relevant triggering of the TLR9 pathway has been 
reported for AAV gene transfer in mice even at considerably lower 
DNA doses.31 We addressed and excluded the effect of possible 
induction of unspecific killing due to very high DNA doses in our 
assay by including a GFP control group.

The nucleofection assay results confirmed the epitopes in tra-
ditional APCs and the MHC class I presenting pathway. To further 
confirm cross-presentation in hepatocytes, a ProPresent assay was 
performed on an AAV-infected human hepatocyte cell line17 and 
confirmed one peptide in particular. Both assays have the caveat 
that only a limited number of HLA types could be tested. Finally, 
apart from the assays presented in this publication, some epitopes 
have been confirmed during immune monitoring in gene transfer 
trials.9,15 Positive cellular responses were observed in trials after 
stimulation with peptide pools that contained the epitopes we have 
identified for the matching haplotypes of the subjects.15

In summary, the data presented here suggest that subjects truly 
naive to wild-type AAV, such as young children, may be more likely 
to achieve long-term transgene expression upon AAV-mediated 
gene transfer, since there would be no activation/expansion of 
memory-derived capsid-specific CD8+ T-cell populations.

At present immune monitoring of capsid T-cell responses of 
PBMC from subjects enrolled in AAV gene transfer studies is 

Figure 4 AAV capsid reactivity of memory (CD45RO+) T cells. (a) Total splenocytes, (b) CD45RO–, or CD45RO+ T cells from an HLA-B*0702 donor were 
restimulated in vitro against the corresponding HLA-restricted AAV epitope (VPQYGYLTL) and tested on IFN-γ ELISpot assay. AAV, AAV whole capsids;  
Medium, negative control; PMA, phorbol 12-myristate 13-acetate (positive control); Sfu, spot-forming units.
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typically performed by ELISpot and other functional assays. The 
ELISpot assay has proven to be most robust and sensitive for mon-
itoring and is employed by most groups, but also requires most 
cells. Because of lack of more specific knowledge, currently, cells 
are stimulated with peptide pools spanning the entire capsid and 
thus require drawing a relatively large volume of blood that limits 
the frequency of monitored time points. It would be a big advan-
tage to at least reduce the number of peptides that need to be 
tested. Furthermore, the identification of reactive epitopes for a 
given antigen allows for more sophisticated methods, for exam-
ple, the design of HLA-specific and antigen-specific reagents, like 
MHC class I multimers,32 which requires comparatively few cells 
and would allow for closer monitoring where applicable. Even 
monitoring of clinical trials to the liver with alternate AAV sero-
types, for example, AAV3 or AAV9 will profit from these findings 
as some epitopes are conserved between serotypes and the same 
reagents could be used (Supplementary Table S2).

More recently, progress in AAV vector capsid engineering33 pos-
its this approach as a means of increasing transduction efficiency. 
Ultimately, the data presented here might be used for the design of 
less immunogenic AAV capsids, in a manner similar to that currently 
employed with MHC class II epitopes of several therapeutic pro-
teins34,35 and has been shown to successfully reduce AAV immuno-
genicity in a murine model.36 The results from recent liver-directed 
gene transfer trials strongly support the hypothesis that cellular 
immune responses occur only after a certain threshold dose is 
passed. Whether the elimination of a dominant epitope also renders 
other epitopes in a protein less immunogenic35 or leads to immuno-
genicity of subdominant epitopes37 is still controversial.

At present, various AAV serotypes and engineered capsid 
mutants are being tested for their capacity as vectors for multiple 
indications. We believe that for successful gene transfer, not only 
their transduction efficacy but also their capacity to provoke a 
cellular immune response must be understood. An optimization 

Figure 5 AAV capsid transfected APCs induce the proliferation of effector cells that recognize and kill peptide-loaded target cells. HLA-matched and 
mismatched target cells were loaded with the peptides we determined for the corresponding AAV capsids (left four columns). Effector cells were 
generated in vitro as described, and cytotoxicity was measured as described. The right four columns show the fold-induction of cytotoxicity in the 
described CTL assay over background. CTL, cytotoxic T lymphocyte.
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of both parameters will enable therapeutic, safe, and sustained 
gene transfer.

MATeRIAlS AND MeTHODS
Splenocytes and cell lines
Research on splenic samples was conducted in accordance with procedures 
approved by The Children’s Hospital of Philadelphia Institutional Review 
Board (Supplementary Materials and Methods and Table S1). The human 
hepatocyte HHL5 cell line expressing the HLA-B*0702 allele used in the CTL 
assay was previously described.17 Positivity for the MHC class I molecule 
was confirmed by staining with PE-conjugated anti-HLA-B7 antibody (EMD 
Millipore, Billerica, MA) followed by flow cytometry.

AAV vectors and peptides
AAV vectors were produced in HEK-293 cells using a triple transfection 
method as previously described38 and purified with cesium chloride gradi-
ent centrifugation methods.39 For AAV epitope discovery studies, libraries 
of peptides consisting of 15-mers overlapping by 10 amino acids spanning 
the entire sequence of different AAV capsids’ VP1 proteins were synthesized 
(Mimotopes, Clayton, Australia); 9-mers used to validate identified epitopes 
were obtained from Genemed Synthesis8 (San Antonio, TX). Peptides were 
arranged into a matrix format of 24 pools containing 12–13 peptides each, 
such that each peptide was present in two orthogonal pools.

In vitro restimulation of T cells
Human splenocytes as well as all PBMCs (Cellular Technologies, Shaker 
Heights, OH) were thawed, washed, counted, and resuspended at a concentra-
tion of 2 × 106 cells/ml in AIM-V lymphocyte media (Gibco, Life Technologies, 
Grand Island, NY) containing 3% human serum (Bioreclamation, Baltimore, 
MD), 1% l-glutamine (Gibco), and 1% penicillin/streptomycin (Gibco). Cells 
were cultured with AAV empty capsid particles, single peptides, or peptide 
pools at a final concentration of 10 µg/ml as previously described9 for up 
to three rounds of restimulation. Expanded CD8+ T cells were characterized 
after each round of stimulation by IFN-γ ELISpot, MHC class I pentamer stain-
ing, or intracellular cytokine staining.

Human IFN-γ ELISpot
Human IFN-γ secretion in response to a specific antigen was tested using 
an ELISpot assay (Mabtech, Cincinnati, OH) as previously described.8,13 
Splenocytes were thawed, washed, and counted. Media alone and phorbol 
12-myristate 13-acetate (Sigma, St Louis, MO)/ionomycin (Sigma) were used 
as negative and positive controls, respectively. Controls and antigens were 
added in triplicate to the plates, antigens at a final concentration of 5–10 µg/
ml. The number of spot forming units (SFU) per well was determined with 

an Immunospot plate reader (Cellular Technologies); results were expressed 
in SFU/106 cells and were considered positive when the SFU/106 cell count 
was ≥3-fold the negative (media) control count and at least 50 SFU/106 cells.

Flow cytometry, intracellular cytokine staining, and polyfunctional 
analysis of T-cell activation markers
Surface staining of splenocytes and restimulated T cells with MHC class 
I pentamers (Proimmune, Oxford, United Kingdom) was performed as 
previously described.9 Polyfunctional analysis of T-cell activation markers 
was performed as previously described.40 Briefly, cells were stimulated for 
6 hours with peptides and controls in the presence of transport inhibitors. 
Afterwards, cells were washed and stained for the surface markers CD3, CD4, 
CD8, CD14, CD16, CD19 and CD107a (BD Biosciences, San Jose, CA or Caltag, 
Life Technologies, Buckingham, UK), fixed, and permeabilized with Cytofix/
Cytoperm solution (BD Biosciences) followed by intracellular staining for 
cytokines using antibodies against IFN-γ, TNF-α, and IL-2 (all BD Biosciences). 
Acquisition was on a FACS Canto II flow cytometer, and analysis was per-
formed using the FACSDiva (BD Biosciences) and the Flowjo (Treestar, 
Ashland, OR) software.

CTL assay
CTL assay was performed as previously described.17 Briefly, lactate dehydro-
genase release following CTL-mediated target cell lysis was measured with 
the CytoTox 96 Non Radioactive Cytotoxicity Assay (Promega, Madison, WI). 
HHL5 target cells were plated and transduced at an MOI of three hundred 
thousand with an AAV vector, or loaded with 10 µg/ml of SADNNNSEY or 
VPQYGYLTL peptide epitopes and incubated for 18 hours at 37 °C in 5% CO2. 
After the incubation, plates were washed, and effector cells were added 
at a range of effector:target ratios, cell lysis was measured after 4 hours of 
incubation.

Sorting of memory T cells
Cells were stained with fluorescein isothiocyanate (FITC)-conjugated antihu-
man CD4 and antihuman CD8 antibodies and APC-conjugated antihuman 
CD45RO (BD Biosciences) for 20 minutes at 4 °C. Cells were then washed 
twice and sorted using a BD FACSAria cell sorter by gating on CD4+CD8+ T 
cells and sorting CD45RO+ and CD45RO− cells. Resulting cell fractions were 
washed twice and resuspended at a concentration of 2 × 106 cells/ml in 
AIM-V medium (Invitrogen Gibco) supplemented with 3% human serum 
(Bioreclamation). Cell restimulation and ELISpot testing were performed as 
described above.

Bioinformatics and statistical analysis
HLA-typing information was used in conjunction with bioinformatics pre-
diction algorithms (SYFPEITHI: http:www.syfpeithi.de/41 and RANKPEP: 
http:www.mif.dfci.harvard.edu/Tools/rankpep.html23) for the analysis of 
the reactive 15-mers identified with the IFN-γ ELISpot assay to obtain the 
9-mer subsequence predicted to bind to a given HLA allele. The analysis 
was restricted to common HLA types provided by the algorithms, not allow-
ing all experimentally positive peptides to be matched with a 9-mer in the 
algorithm. Bioinformatics results were confirmed by synthesizing the pre-
dicted 9-mers and testing their reactivity in splenocytes from several donors 
with the HLA of interest. Statistical analysis was performed using GraphPad 
(GraphPad Software); P values <0.05 were considered significant.

Expansion of human T cells against naturally presented AAV capsid 
epitopes via nucleofection
APCs were generated from human splenocytes. Splenocytes were 
depleted of CD8+ cells using magnetic beads (DYNAL, Invitrogen) before 
resuspending at a concentration of 5 × 106 cells/ml in PBS/0.5% BSA. 
Cells were then transfected by following the B-cell nucleofection kit pro-
tocol using an Amaxa Nucleofector II (Lonza, Basel, Switzerland) with 5 
µg of plasmids encoding AAV1, AAV2, AAV8 capsids, or GFP as a control. 
Successful transfection was determined by flow cytometry analysis of 
the cells treated with the control GFP plasmid. Following transfection, 
APCs were resuspended in AIM-V/3% human serum, added to freshly 
thawed splenocytes, and expansion was carried out in the same manner 
as described above. After two subsequent restimulations, cells were har-
vested for use in CTL assays.

Table 3 Capsid peptide sequences identified from MHC  
molecules using a database containing sequences for proteins 1–4

Donor Sequence Protein
Amino acid 

start/end
Expect 
value

AAV-2 
CAP

SLDRLMNPL AAV2 capsid 429–437 0.03

VLPGYKYLG AAV2 capsid 46–54 0.29

AAV-2 FIX SLDRLMNPL AAV2 capsid 429–437 0.0068

LMNPLIDQ AAV2 capsid 433–440 0.19

LNNGSQAVGR AAV2 capsid 380–389 0.23

NNHLYKQIS AAV2 capsid 253–261 0.31

GTTTIANNL AAV2 capsid 327–335 0.33

AAV, adeno-associated virus.
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ProPresent assay performed by ProImmune
5 × 107 HHL5-B7 hepatocytes were transduced with AAV2 at an MOI of 100k 
for 48 hours at 37 °C in 5% CO2 in serum-free DMEM (Sigma). Afterwards, 
cells were washed twice with DPBS (Sigma) and harvested with a cell scraper.

In an initial experiment, cell transduction levels after 48 hours were 
confirmed using AAV2-GFP by flow cytometry. In addition, capsid peptide 
presentation was confirmed using a soluble T-cell receptor17which detects 
VPQYGYLTL from the AAV2 capsid in the context of a B0702 MHC class I 
molecule.

We provided protein sequences 1–4 to Proimmune for database test-
ing. Protein 1 was the AAV2 capsid sequence, protein 2 the FIX sequence, 
and proteins 3 and 4 highly synthetic peptide sequences, created based on 
two possible alternate open-reading frame sequences of the FIX transgene 
(Supplementary Data 2).

A peptide expect value score of 0.05 is the default significance threshold. 
The lower the expect value, the more significant the score.

CONFlICT OF INTeReST
F.M. and K.A.H. consulted for companies that are developing AAV-based therapeutics. 
K.A.H. is Co-Founder, President, Chief Scientific Officer, and holds equity in a company, 
Spark Therapeutics, that is developing AAV-based therapeutics. D.J.H. is an employee 
of Spark Therapeutics. D.J.H., F.M., K.A.H., and G.C.P. hold patents related to AAV gene 
therapy. All other authors declare no competing financial interest.

ACKNOWleDGMeNTS
We would like to thank Jane Kearns from the University of Pennsylvania Immunology 
and Histocompatibility Laboratories for HLA analysis, and Shangzhen Zhou from The 
Children’s Hospital of Philadelphia, for providing recombinant AAV. We also thank 
Stephen Hayley, ImmuDex, for obtaining MHC class I monomers and Yifeng Chen 
for some technical assistence with the ELISpots. We acknowledge the NIH Tetramer 
Core Facility (contract HHSN272201300006C) for provision of additional MHC mono-
mers. This work was supported by grants from the National Institutes of Health (PO1 
HL078810) (K.A.H.) and the Howard Hughes Medical Institute (K.A.H.), and the Center 
for Cellular and Molecular Therapeutics at the Children’s Hospital of Philadelphia.
D.J.H. and E.B.-T. contributed to design and execution of the experiments. G.M.P., G.C.P., 
L.I., R.M.C., and F.M. contributed to design and execution of experiments. S.C.E. contrib-
uted to execution of experiments. H.E. contributed to experimental design. K.A.H. and 
E.B.-T. directed experimental design, conducted data analysis and interpretation, and 
drafted the manuscript.

ReFeReNCeS
 1. Podsakoff, G, Wong, KK Jr and Chatterjee, S (1994). Efficient gene transfer into 

nondividing cells by adeno-associated virus-based vectors. J Virol 68: 5656–5666.
 2. Fields, PA, Kowalczyk, DW, Arruda, VR, Armstrong, E, McCleland, ML, Hagstrom, JN et al. 

(2000). Role of vector in activation of T cell subsets in immune responses against the 
secreted transgene product factor IX. Mol Ther 1: 225–235.

 3. Jooss, K, Yang, Y, Fisher, KJ and Wilson, JM (1998). Transduction of dendritic cells by DNA 
viral vectors directs the immune response to transgene products in muscle fibers. J Virol 
72: 4212–4223.

 4. Li, H, Murphy, SL, Giles-Davis, W, Edmonson, S, Xiang, Z, Li, Y et al. (2007). Pre-existing AAV 
capsid-specific CD8+ T cells are unable to eliminate AAV-transduced hepatocytes. Mol 
Ther 15: 792–800.

 5. Zaiss, AK, Liu, Q, Bowen, GP, Wong, NC, Bartlett, JS and Muruve, DA (2002). Differential 
activation of innate immune responses by adenovirus and adeno-associated virus 
vectors. J Virol 76: 4580–4590.

 6. Warrington, KH Jr and Herzog, RW (2006). Treatment of human disease by adeno-
associated viral gene transfer. Hum Genet 119: 571–603.

 7. Büning, H (2013). Gene therapy enters the pharma market: the short story of a long 
journey. EMBO Mol Med 5: 1–3.

 8. Manno, CS, Pierce, GF, Arruda, VR, Glader, B, Ragni, M, Rasko, JJ et al. (2006). Successful 
transduction of liver in hemophilia by AAV-factor IX and limitations imposed by the host 
immune response. Nat Med 12: 342–347.

 9. Mingozzi, F, Maus, MV, Hui, DJ, Sabatino, DE, Murphy, SL, Rasko, JE et al. (2007). CD8(+) 
T-cell responses to adeno-associated virus capsid in humans. Nat Med 13: 419–422.

 10. Brantly, ML, Chulay, JD, Wang, L, Mueller, C, Humphries, M, Spencer, LT et al. (2009). 
Sustained transgene expression despite T lymphocyte responses in a clinical trial of 
rAAV1-AAT gene therapy. Proc Natl Acad Sci USA 106: 16363–16368.

 11. Jaski, BE, Jessup, ML, Mancini, DM, Cappola, TP, Pauly, DF, Greenberg, B et al.; Calcium 
Up-Regulation by Percutaneous Administration of Gene Therapy In Cardiac 

Disease (CUPID) Trial Investigators. (2009). Calcium upregulation by percutaneous 
administration of gene therapy in cardiac disease (CUPID Trial), a first-in-human phase ½ 
clinical trial. J Card Fail 15: 171–181.

 12. Mendell, JR, Rodino-Klapac, LR, Rosales-Quintero, X, Kota, J, Coley, BD, Galloway, G 
et al. (2009). Limb-girdle muscular dystrophy type 2D gene therapy restores alpha-
sarcoglycan and associated proteins. Ann Neurol 66: 290–297.

 13. Mingozzi, F, Meulenberg, JJ, Hui, DJ, Basner-Tschakarjan, E, Hasbrouck, NC, Edmonson, SA 
et al. (2009). AAV-1-mediated gene transfer to skeletal muscle in humans results in dose-
dependent activation of capsid-specific T cells. Blood 114: 2077–2086.

 14. Mendell, JR, Rodino-Klapac, LR, Rosales, XQ, Coley, BD, Galloway, G, Lewis, S et al. 
(2010). Sustained alpha-sarcoglycan gene expression after gene transfer in limb-girdle 
muscular dystrophy, type 2D. Ann Neurol 68: 629–638.

 15. Nathwani, AC, Tuddenham, EG, Rangarajan, S, Rosales, C, McIntosh, J, Linch, DC et al. 
(2011). Adenovirus-associated virus vector-mediated gene transfer in hemophilia B. N 
Engl J Med 365: 2357–2365.

 16. Finn, JD, Hui, D, Downey, HD, Dunn, D, Pien, GC, Mingozzi, F et al. (2010). Proteasome 
inhibitors decrease AAV2 capsid derived peptide epitope presentation on MHC class I 
following transduction. Mol Ther 18: 135–142.

 17. Pien, GC, Basner-Tschakarjan, E, Hui, DJ, Mentlik, AN, Finn, JD, Hasbrouck, NC et al. (2009). 
Capsid antigen presentation flags human hepatocytes for destruction after transduction 
by adeno-associated viral vectors. J Clin Invest 119: 1688–1695.

 18. Blacklow, NR, Hoggan, MD and Rowe, WP (1968). Serologic evidence for human infection 
with adenovirus-associated viruses. J Natl Cancer Inst 40: 319–327.

 19. Calcedo, R, Vandenberghe, LH, Gao, G, Lin, J and Wilson, JM (2009). Worldwide 
epidemiology of neutralizing antibodies to adeno-associated viruses. J Infect Dis 199: 
381–390.

 20. Veron, P, Leborgne, C, Monteilhet, V, Boutin, S, Martin, S, Moullier, P et al. (2012). Humoral 
and cellular capsid-specific immune responses to adeno-associated virus type 1 in 
randomized healthy donors. J Immunol 188: 6418–6424.

 21. Chirmule, N, Propert, K, Magosin, S, Qian, Y, Qian, R and Wilson, J (1999). Immune 
responses to adenovirus and adeno-associated virus in humans. Gene Ther 6:  
1574–1583.

 22. Ventura, C, Bisceglia, H, Girerd-Chambaz, Y, Burdin, N and Chaux, P (2012). HLA-DR and 
HLA-DP restricted epitopes from human cytomegalovirus glycoprotein B recognized 
by CD4+ T-cell clones from chronically infected individuals. J Clin Immunol 32:  
1305–1316.

 23. Reche, PA, Glutting, JP and Reinherz, EL (2002). Prediction of MHC class I binding 
peptides using profile motifs. Hum Immunol 63: 701–709.

 24. Buchli, R, VanGundy, RS, Hickman-Miller, HD, Giberson, CF, Bardet, W and Hildebrand, WH 
(2005). Development and validation of a fluorescence polarization-based competitive 
peptide-binding assay for HLA-A*0201–a new tool for epitope discovery. Biochemistry 
44: 12491–12507.

 25. van  der  Burg,  SH, Visseren,  MJ, Brandt,  RM, Kast,  WM and Melief,  CJ (1996). 
Immunogenicity of peptides bound to MHC class I molecules depends on the MHC-
peptide complex stability. J Immunol 156: 3308–3314.

 26. Li, C, Hirsch, M, Asokan, A, Zeithaml, B, Ma, H, Kafri, T et al. (2007). Adeno-associated virus 
type 2 (AAV2) capsid-specific cytotoxic T lymphocytes eliminate only vector-transduced 
cells coexpressing the AAV2 capsid in vivo. J Virol 81: 7540–7547.

 27. Wang, L, Figueredo, J, Calcedo, R, Lin, J and Wilson, JM (2007). Cross-presentation of 
adeno-associated virus serotype 2 capsids activates cytotoxic T cells but does not render 
hepatocytes effective cytolytic targets. Hum Gene Ther 18: 185–194.

 28. Janetzki, S, Panageas, KS, Ben-Porat, L, Boyer, J, Britten, CM, Clay, TM et al.; Elispot 
Proficiency Panel of the CVC Immune Assay Working Group. (2008). Results and 
harmonization guidelines from two large-scale international Elispot proficiency panels 
conducted by the Cancer Vaccine Consortium (CVC/SVI). Cancer Immunol Immunother 
57: 303–315.

 29. Calis, JJ, Maybeno, M, Greenbaum, JA, Weiskopf, D, De Silva, AD, Sette, A et al. (2013). 
Properties of MHC class I presented peptides that enhance immunogenicity. PLoS 
Comput Biol 9: e1003266.

 30. Ellis, BL, Hirsch, ML, Barker, JC, Connelly, JP, Steininger, RJ 3rd and Porteus, MH (2013). A 
survey of ex vivo/in vitro transduction efficiency of mammalian primary cells and cell 
lines with nine natural adeno-associated virus (AAV1-9) and one engineered adeno-
associated virus serotype. Virol J 10: 74.

 31. Wu, TL, Li, H, Faust, SM, Chi, E, Zhou, S, Wright, F et al. (2014). CD8+ T cell recognition 
of epitopes within the capsid of adeno-associated virus 8-based gene transfer vectors 
depends on vectors’ genome. Mol Ther 22: 42–51.

 32. Altman, JD, Moss, PA, Goulder, PJ, Barouch, DH, McHeyzer-Williams, MG, Bell, JI et al. 
(1996). Phenotypic analysis of antigen-specific T lymphocytes. Science 274: 94–96.

 33. Aslanidi, GV, Rivers, AE, Ortiz, L, Song, L, Ling, C, Govindasamy, L et al. (2013). 
Optimization of the capsid of recombinant adeno-associated virus 2 (AAV2) vectors: the 
final threshold? PLoS One 8: e59142.

 34. Jones, TD, Phillips, WJ, Smith, BJ, Bamford, CA, Nayee, PD, Baglin, TP et al. (2005). 
Identification and removal of a promiscuous CD4+ T cell epitope from the C1 domain of 
factor VIII. J Thromb Haemost 3: 991–1000.



11

AAV capsid T-cell epitopes
DJ Hui et al.

Molecular Therapy — Methods & Clinical Development (2015) 15029Official journal of the American Society of Gene & Cell Therapy

 35. Yeung, VP, Chang, J, Miller, J, Barnett, C, Stickler, M and Harding, FA (2004). Elimination of 
an immunodominant CD4+ T cell epitope in human IFN-beta does not result in an in vivo 
response directed at the subdominant epitope. J Immunol 172: 6658–6665.

 36. Martino, AT, Basner-Tschakarjan, E, Markusic, DM, Finn, JD, Hinderer, C, Zhou, S et al. 
(2013). Engineered AAV vector minimizes in vivo targeting of transduced hepatocytes 
by capsid-specific CD8+ T cells. Blood 121: 2224–2233.

 37. Andreansky, SS, Stambas, J, Thomas, PG, Xie, W, Webby, RJ, and Doherty, PC (2005). 
Consequences of immunodominant epitope deletion for minor influenza virus-specific 
CD8+-T-cell responses. J Virol 79: 4329–4339.

 38. Matsushita, T, Elliger, S, Elliger, C, Podsakoff, G, Villarreal, L, Kurtzman, GJ et al. (1998). Adeno-
associated virus vectors can be efficiently produced without helper virus. Gene Ther 5: 
938–945.

 39. Ayuso, E, Mingozzi, F, Montane, J, Leon, X, Anguela, XM, Haurigot, V et al. (2010). High AAV 
vector purity results in serotype- and tissue-independent enhancement of transduction 
efficiency. Gene Ther 17: 503–510.

 40. Betts, MR, Nason, MC, West, SM, De Rosa, SC, Migueles, SA, Abraham, J et al. (2006). HIV 
nonprogressors preferentially maintain highly functional HIV-specific CD8+ T cells. Blood 
107: 4781–4789.

 41. Rammensee, H, Bachmann, J, Emmerich, NP, Bachor, OA and Stevanović, S (1999). 
SYFPEITHI: database for MHC ligands and peptide motifs. Immunogenetics 50: 213–219.

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License. The images or other 

third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to 
reproduce the material. To view a copy of this license, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/

Supplementary Information accompanies this paper on the Molecular Therapy—Methods & Clinical Development website (http://www.nature.com/mtm)


