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Introduction

Adeno-associated virus (AAV)-mediated gene therapy is a promising approach to treat genetic disorders, offering advantages such as high transduction efficiency, diverse tissue tropism, and an acceptable safety profile. However, the immunogenicity of AAV vectors, particularly the activation of AAV capsid-specific CD8 T cells, significantly impacts therapeutic efficacy and safety. Capsid-specific T cell responses are currently monitored in the clinic using overlapping peptides, which do not represent the naturally presented capsid immunopeptidome. Our previous work identified the naturally presented peptides of AAV capsids using MHC-associated peptide proteomics (MAPPs).





Methods

In this study, we compared overlapping and MAPPs-derived peptides of the AAV9 capsid in their capacity to trigger capsid-specific T cell responses in healthy donor PBMCs.





Results

Both peptide groups induced measurable T cell responses in FluoroSpot assays only after an expansion phase, reflecting the low frequency of circulating capsid-specific T cells in both seropositive and seronegative donors. Surprisingly, overlapping and MAPPs-derived capsid peptides expanded largely distinct T cells that did not cross-react. The T cell response to MAPPs-derived capsid peptides was dominated by capsid-specific CD8 T cells recognizing peptides eluted from HLA Class I, allowing us to identify CD8 T cell capsid epitopes in healthy donors. By screening 13 matrix pools (comprising 41 HLA Class I MAPPs peptides of the AAV9 capsid) in 24 healthy donors using FluoroSpot assays, we identified ten epitopes eliciting IFN-γ release in at least one donor. 9 of the 10 identified epitopes were novel, varied between 9–13 amino acids in length, and displayed strong binding to their predicted HLA binding alleles. Only one of four previously reported capsid CD8 T cell epitopes elicited a response in the tested cohort of healthy donors with diverse HLAs. Remarkably, in two instances where MAPPs peptides of different lengths were presented on HLA Class I, CD8 T cell response was only observed to longer epitopes.





Discussion

Our results represent the first extensive analysis of the naturally presented peptides of the AAV9 capsid. This work provides strategies to improve the detection of the capsid-specific CD8 T cell response in the clinic and reduce vector immunogenicity through the identification of novel CD8 T cell epitopes.
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1 Introduction

Adeno-associated viruses (AAVs) are among the most widely used delivery vectors for gene therapies. Key attributes such as a low risk of genomic integration, ability to transduce different tissues, and an acceptable immunogenicity profile make these vectors an attractive option for gene delivery in patients (1). Currently, 6 FDA-approved AAV-based gene therapies are available for the treatment of various genetic disorders- Luxturna® (retinal dystrophy), Zolgensma® (spinal muscular atrophy), Hemgenix® (hemophilia B), Roctavian® (hemophilia A), Elevidys® (Duchenne muscular dystrophy), and Kebilidi® (aromatic L-amino acid decarboxylase deficiency) (2, 3).

Despite their proven utility, AAV-based gene therapies are met with a significant immune response in patients, which impacts their efficacy. This immune response can be triggered by several components, including the AAV capsid protein, gene editing enzymes, or the transgene product (4). The anti-capsid immune response, in particular, can have innate, humoral, and cellular components, compounded by pre-existing immunity that develops due to exposure to wildtype AAVs (1, 5). The cellular immune response against the capsid comprises CD8 cytotoxic and CD4 helper T cells that recognize capsid peptides presented on HLA Class I and Class II molecules, respectively (6). The CD8 T cell response is of particular importance as it can directly target transduced cells, leading to loss of transgene expression and efficacy. This has been demonstrated in clinical trials for hemophilia, where the loss of Factor IX gene expression post therapeutic infusion coincided with the detection of capsid-specific CD8 T cells and elevated liver transaminases (7–9). Monitoring capsid-specific T cell response is therefore critical for advancing the safety and efficacy of AAV-based gene therapies.

Capsid-specific T cell responses are typically measured by ELISpots using overlapping 15-mer peptides that span the entire AAV capsid protein. The primary shortcoming of this approach is that these overlapping peptides may not reflect the naturally presented capsid peptides that T cells encounter in vivo. MHC-associated peptide proteomics (MAPPs) is a powerful technique for identifying naturally presented capsid peptides on HLA molecules (10, 11) that can be leveraged to identify potential immunodominant epitopes (12). However, how overlapping and MAPPs-derived capsid peptides compared in their abilities to a) detect capsid-specific T cells and b) identify immunodominant capsid epitopes, has not been explored thus far.

Using MAPPs, we previously identified capsid peptides in several AAV serotypes that are naturally presented on HLA Class I and HLA Class II (13, 14). In the current study, we compared overlapping and MAPPs-derived peptides of the AAV9 capsid in their capacity to induce T cell responses and highlight key differences in the capsid-specific T cell responses captured by either group of peptides. We found that the T cell responses to MAPPs-derived peptides were dominated by CD8 T cells that recognized novel immunodominant CD8 T cell epitopes with unique lengths and strong binding to their predicted HLA alleles. These results can help inform strategies for measuring and mitigating the capsid-specific CD8 T cell response in AAV-based gene therapies.




2 Materials and methods



2.1 Cohort selection, PBMCs, and plasma samples

Peripheral Blood Mononuclear Cells (PBMCs) and plasma samples of consenting healthy donors were purchased from Cellular Technology Limited (CTL). Initial assay development and expansion experiments were performed on a cohort of 20 healthy donors, comprising 10 AAV9 seropositive and 10 AAV9 seronegative individuals (Supplementary Table 1). Deconvolution studies to identify immunodominant CD8 T cell epitopes were conducted on a cohort of 24 healthy donors, which included 17 donors from the initial cohort (3 donors were no longer available due to vendor stock exhaustion) as well as 7 additional donors. Additional donors were selected to ensure representation of predicted peptide binding alleles that were absent in the initial cohort. In total, PBMCs and/or plasma from 27 healthy donors were utilized in the study. Donor IDs and HLA allele information for all the donors can be found in Supplementary Table 2.




2.2 Total antibody assay for the measurement of anti-AAV9 antibodies

Pre-existing anti-AAV9 antibodies were measured in human plasma for a cohort of 76 healthy donors using the affinity capture and elution (ACE) TAb assay as previously published (15). Briefly, Nunc Maxisorp 96-well plates were incubated for 1 hour with 100 µL per well of AAV9-GFP (8E10 DRP/mL) and washed. Human plasma samples and controls were diluted 1:10 in Tris-buffered saline and added to the washed plates, followed by overnight incubation on a shaker at 4 degrees Celsius. The following day, plates were washed and treated with 65 µL per well of 300 mM acetic acid. After a 5-minute incubation, 50 µL of the acid-eluted antibodies were transferred to MesoScale Discovery (MSD) plates containing 50 µL of 1 M Tris-HCl neutralization buffer (pH 9.5). The MSD plates were incubated for 2 hours at room temperature to allow the immobilization of anti-AAV9 antibodies. Following this, the MSD plates were washed, treated with 100 µL per well of ruthenium labeled AAV9-GFP (9.8E10 DRP/mL), and incubated for 1 hour at room temperature. After a final wash, 2X MSD read buffer was added and signals were collected in an MSD Quick Plex SQ 120 reader. Donors with antibodies above the assay Tier 1 cut point were defined as seropositive and those below the assay Tier 1 cut point were defined as seronegative (Supplementary Table 1).




2.3 Peptide pools for initial expansion studies

The overlapping (O/L) peptide pool contained peptides spanning the VP1 capsid protein of AAV9, organized as 15-mers with a 11 amino acid overlap (182 peptides). The MAPPs-derived peptide pools comprised naturally presented peptides of the VP1 capsid protein of AAV9 identified through MAPPs. Three MAPPs-derived peptide pools were utilized for the study- Class I MAPPs pool (containing 41 MAPPs-derived capsid peptides presented on HLA Class I), Class II MAPPs pool (containing 12 MAPPs-derived capsid peptides presented on HLA Class II), and the total MAPPs pool (containing 53 MAPPs-derived peptides, combining HLA Class I and Class II peptides) (Supplementary Table 3). Peptide pools were dissolved in 100% DMSO and tested at 1 µg per peptide/mL. All peptide pools were synthesized by GenScript.




2.4 Matrix pools and individual peptides for peptide deconvolution studies

For the identification of immunodominant CD8 T cell epitopes, the 41 HLA Class I MAPPs peptides were arranged in a matrix of 13 pools, each containing 6–7 peptides (Supplementary Table 4). Per the matrix, each matrix pool was constructed by combining the peptides listed in each column or each row (16). Peptides present at the intersection of responding matrix pools were shortlisted and tested individually. All matrix pools were dissolved in 100% DMSO and tested at 1 µg per peptide/mL. For individual testing, peptides were dissolved in 100% DMSO and tested at 2 µg/mL. Matrix pools and individual peptides were synthesized by GenScript.




2.5 Direct ex vivo FluoroSpot assay with frozen PBMCs

The manufacturer’s instructions were followed for FluoroSpot plate set up and processing. AIM V containing 5% Serum Replacement (SR) (Gibco) was used as the culture media. Frozen PBMCs were thawed in the water bath and rested overnight in the CO2 incubator at 37 degrees Celsius. The following day, rested PBMCs were washed and plated in triplicates (250,000 cells/well) on precoated IFN-γ/TNF-α FluoroSpot plates (MabTech) along with test peptide pools (1 µg per peptide/mL). Anti-CD3 antibody (MabTech, 100 ng/mL) and DMSO were used as positive and negative controls respectively. Plates were incubated at 37 degrees Celsius for ~ 24 hours, washed, and treated with primary and secondary antibodies. Processed plates were dried and read on the MabTech IRIS instrument to record the number of spots per well.




2.6 FluoroSpot assay with expanded PBMCs

Frozen PBMCs were thawed and resuspended in AIM V+ 5% SR at 1X10^6 cells/mL. Cells were stimulated with test peptide pools (1 µg per peptide/mL) and expanded in vitro for 10 days as described previously (17). On Days 4 and 7, cells were supplemented with a cytokine cocktail containing IL-2 (R&D Systems, 10 units/mL), IL-7 (R&D Systems, 10 ng/mL), and IL-15 (PeproTech, 10 ng/mL). On Day 10, cells were harvested, washed, and restimulated on precoated IFN-γ FluoroSpot plates (MabTech) in triplicates (125,000 cells/well). Peptide pools (1 µg per peptide/mL) or individual peptides (2 µg/mL, for deconvolution studies) were used for restimulation. Anti-CD3 antibody (MabTech, 100 ng/mL) and DMSO were used as positive and negative controls respectively. Plates were incubated at 37 degrees Celsius for ~ 24 hours and processed as described in the previous section.




2.7 T cell depletion

For experiments involving T cell depletion, CD4 T cells were depleted via magnetic separation using human CD4 Microbeads (Miltenyi Biotec) and an AutoMACS separator (Miltenyi Biotec) according to manufacturer’s instructions. Depleted cells were washed with MACS buffer prior to seeding on culture plates. An average of 85-95% T cell depletion was achieved in all donors as confirmed through flow cytometry.




2.8 Peptide/HLA binding stability assay

Urea-induced denaturation was used to evaluate the stability of peptide-HLA complexes as described before (18). Briefly, peptides were dissolved in DMSO and 1mM β-mercaptoethanol and dispensed in 96-well plates at a final concentration of 2 µM. The HLA allele of interest was diluted in assay buffer containing β-2 microglobulin and added to the plate in the range of 2–10 nM to ensure excess of peptides during peptide-HLA complex formation. Each plate also included reference peptides with known stable binding to each allele. Following complex formation, samples were transferred to a 384-well plate and stressed with 8 different urea concentrations ranging from 0–7 M. Plates were then developed using ELISA as previously described (19, 20). For each peptide, binding stability to a given allele was calculated relative to the 100% binding stability of the reference peptide. Peptides with a relative binding stability of 50% or higher were annotated as stable binders.




2.9 Peptide/HLA binding affinity assay

The affinity of peptide/HLA binding was determined as described before (21, 22). Briefly, biotinylated HLA Class I heavy chains were denatured and diluted into refolding buffer containing β-mercaptoethanol and varying concentrations of the test/control peptides. The mixtures were incubated with agitation at room temperature for 20–24 hours to enable peptide/HLA complex formation. The solutions containing the complexes were transferred to streptavidin plates and incubated for 30 minutes. Plates were then developed using ELISA. Absorbance measured at 450 nm was graphed against the varying concentrations of the test peptide used. The affinity of peptide/HLA binding was determined by calculating the EC50, defined as the peptide concentration resulting in half saturation. Peptides with an EC50 under 100 nM were classified as high affinity binders.




2.10 Data analysis and quantification

For FluoroSpot assays, results were expressed as Spot Forming Units (SFU), calculated as the spot count per million PBMCs. The Stimulation Index (SI) was calculated as the average SFU in test wells/average SFU in DMSO control wells. For assays with fresh PBMCs, an SI of 2 or higher with a minimum of 50 SFU was counted as a positive IFN-γ/TNF-α response. For assays with expanded PBMCs, an SI of 1.4 or higher was set as the cutoff for a positive IFN-γ response. Predicted HLA binding alleles for each peptide were determined using MHCMotifDecon 1.0 as previously described (13, 14, 23). Predicted binding affinities for identified epitopes were determined using NetMHC 4.0 (24). Data tables and heatmaps were created using Excel. Data analysis and graphical representations were performed on Graph Pad Prism 10.





3 Results



3.1 Direct ex vivo FluoroSpot failed to detect AAV9 capsid-specific T cells in seropositive donors

A previous study reported the detection of AAV capsid-specific T cells in PBMCs isolated from AAV2 seropositive healthy donors (25). To determine if we could detect AAV9 capsid-specific T cells in seropositive healthy donors, we first analyzed plasma samples from a cohort of 76 healthy donors for anti-AAV9 antibodies using a total antibody assay (15). We identified 19 seropositive and 57 seronegative donors, of which we selected 10 seropositive and 10 seronegative donors for further analysis (Supplementary Table 1). Frozen PBMCs from the 20 selected donors were stimulated for 24 hours on a FluoroSpot assay with either an overlapping peptide pool derived from the AAV9 capsid (15-mers with 11 amino acid overlap, 182 peptides) or a total MAPPs peptide pool containing both HLA Class I and Class II MAPPs-derived peptides of the AAV9 capsid (53 peptides). Circulating AAV9 capsid-specific T cells were detected by measuring IFN-γ and TNF-α release in response to peptide stimulation. We noted a low overall T cell frequency in all tested donors, with no significant detection of capsid-specific T cells in response to either peptide pool (Figures 1A, B). Importantly, there was no differentiation in the cytokine response to AAV9 capsid peptides between seropositive and seronegative donors (Figure 1B, Supplementary Figure 1). This lack of connectivity between anti-AAV antibody and T cell response is best exemplified by Donor # 526 which had the highest antibody signal among all analyzed donors yet lacked T cell response to either overlapping or MAPPs-derived peptide pools (Figure 1A, Supplementary Table 1). Overall, irrespective of donor serostatus, healthy donor PBMCs appeared to have low numbers of circulating capsid-specific T cells, which resulted in poor sensitivity on the FluoroSpot assays.

[image: Panel A shows images of IFN-γ FluoroSpot assays from seropositive and seronegative donors under different conditions: DMSO, O/L pool, total MAPPs pool, and Anti-CD3. Spots are only observed in the Anti-CD3 condition.  Panel B is a graph of spot-forming units (SFU) indicating positive response only to the Anti-CD3 condition and negative response to all other conditions in all donors.]
Figure 1 | Direct ex vivo FluoroSpot failed to detect AAV9 capsid-specific T cells in seropositive donors. PBMCs from AAV9 seropositive (n=10) and seronegative (n=10) healthy donors were stimulated on a FluoroSpot assay to measure IFN-γ secretion in response to peptides derived from the AAV9 capsid protein. (A) IFN-γ secretion images for representative donors are shown (one well per condition). Each green spot represents a cytokine-secreting cell. (B) IFN-γ secretion data from all tested donors. Spot Forming Units (SFU)- Spot count per million PBMCs; Blue circles- Seropositive donors; Green squares- Seronegative donors; Dotted line- cutoff for positive response (50 SFU). Stimulation pools: Overlapping (O/L) pool (pool of overlapping capsid peptides), total MAPPs pool (pool of all MAPPs-derived capsid peptides). DMSO- negative control; Anti-CD3- positive control antibody; MAPPs, MHC-associated peptide proteomics.




3.2 Overlapping and MAPPs-derived peptides of the AAV9 capsid expand distinct T cell populations

To increase the frequency of capsid-specific T cells in healthy donors, we adopted a PBMC expansion protocol, wherein PBMCs from 20 healthy donors were expanded with the overlapping or the total MAPPs capsid peptide pools and a cocktail of cytokines for 10 days prior to restimulation on FluoroSpot assays. Expanded PBMCs were then restimulated with either the overlapping peptide pool, the total MAPPs peptide pool, the Class I MAPPs peptide pool (41 HLA Class I MAPPs capsid peptides), or the Class II MAPPs pool (12 HLA Class II MAPPs capsid peptides) (Figure 2A). Through PBMC expansion, we sufficiently improved the detection of capsid-specific T cells in healthy donors and were also able to compare the T cell populations expanded by the overlapping and MAPPs-derived capsid peptides.

[image: Diagram depicting PBMC expansion with overlapping and MAPPs-derived peptides of the AAV9 capsid. Panel A illustrates the process timeline. Panel B shows stimulation index (SI) of PBMCs expanded with the O/L pool, highlighting hypersaturation and SI thresholds. Panel C presents SI of PBMCs with the total MAPPs pool. Panel D visualizes IFN-g response for Donor #440, comparing whole and CD4-depleted PBMCs across different peptide pools, focusing on Class I MAPPs pool.]
Figure 2 | Overlapping and MAPPs-derived peptides of the AAV9 capsid expand distinct T cell populations. (A) PBMCs from 20 healthy donors were expanded for 10 days with a pool of either overlapping (O/L) or total MAPPs peptides of the AAV9 capsid. Expanded PBMCs were restimulated on a FluoroSpot assay with four different capsid peptide pools to measure IFN-γ secretion. Created with Biorender.com. (B) IFN-γ response in PBMCs expanded with the O/L pool. (C) IFN-γ response in PBMCs expanded with the total MAPPs pool. Stimulation index (SI)- Average spot forming units in test wells/average spot forming units in control wells; Dotted line- cutoff for positive response (SI of 1.4); Green circles- donors with positive response; black circles- donors with negative response; pink circles- donors with strong positive response denoted by signal hypersaturation (SI artificially scaled to ≥ 10). (D) PBMCs from one healthy donor with and without CD4 depletion were expanded for 10 days with the Class I MAPPs pool. Expanded PBMCs were restimulated on a FluoroSpot assay to measure IFN-γ secretion. Representative images are shown (one well per condition). Peptide pools: O/L pool (pool of overlapping capsid peptides), Total MAPPs pool (pool of all MAPPs-derived capsid peptides), Class I MAPPs pool (pool of MAPPs-derived capsid peptides presented on HLA Class I), Class II MAPPs pool (pool of MAPPs-derived capsid peptides presented on HLA Class II). DMSO-negative control; MAPPs- MHC-associated peptide proteomics.

PBMCs expanded with the overlapping peptide pool displayed a strong IFN-γ response when restimulated with the same pool of peptides. A positive response was seen in 80% of tested donors, with a number of donors showing a hypersaturated response on the FluoroSpot assay indicating strong T cell activation (Figure 2B, first column, 16 in 20 positive responders). Conversely, little to no IFN-γ response was observed in these PBMCs upon restimulation with any of the MAPPs-derived peptide pools (Figure 2B, remaining columns). In PBMCs expanded with the total MAPPs peptide pool, only 25% of tested donors displayed a positive IFN-γ response upon restimulation with the overlapping peptide pool (Figure 2C, first column, 5 in 20 positive responders). In contrast, 55% of tested donors displayed a positive IFN-γ response when restimulated with the total MAPPs pool (Figure 2C, second column, 11 in 20 positive responders). Interestingly, the restimulation response to the total MAPPs pool did not correlate with the serostatus of the tested donors (Supplementary Figure 2). Furthermore, we observed a distinction in the restimulation response to HLA Class I vs. Class II MAPPs peptides. 40% of tested donors displayed a positive IFN-γ response to the Class I MAPPs pool (Figure 2C, third column, 8 in 20 positive responders) compared to 20% of tested donors that responded to the Class II MAPPs pool (Figure 2C, fourth column, 4 in 20 positive responders). Overall, our results suggest that overlapping and MAPPs-derived capsid peptides expand distinct T cell populations in healthy donors and that the response to the total MAPPs pool is dominated by the Class I MAPPs pool, suggesting a preferential expansion of capsid-specific CD8 T cells.

To confirm the prevalence of CD8 T cells in the response to the HLA Class I MAPPs peptides, CD4 T cells were depleted from PBMCs of a responding donor prior to expansion with the Class I MAPPs pool and restimulation with either MAPPs-derived or overlapping peptides. Consistent with our previous observations, no response was observed to the overlapping or the Class II MAPPs pools, irrespective of the presence of CD4 T cells. In contrast, restimulation with Class I MAPPs pool elicited robust IFN-γ release in PBMCs even in the absence of CD4 T cells (Figure 2D). Overall, our findings confirm that the response to HLA Class I MAPPs peptides is dominated by CD8 T cells.




3.3 Peptide deconvolution of the HLA Class I MAPPs peptides reveals previously undefined immunodominant CD8 T cell epitopes

To identify the immunodominant CD8 T cell epitopes within the HLA Class I MAPPs peptides, we utilized a system of matrix pools which facilitates rapid mapping of immunodominant epitopes when investigating a large number of peptides. The 41 HLA Class I MAPPs peptides were arranged into 13 matrix pools (MPs), each containing 6–7 peptides (Supplementary Table 4). The matrix arrangement allows each Class I peptide to feature in two MPs, and a restimulation response to both MPs containing a specific peptide identifies putative immunodominant peptides that can be verified on an individual basis. Peptide deconvolution was performed on a cohort of 24 healthy donors. PBMCs were depleted of CD4 T cells and expanded as described before with the Class I MAPPs pool (41 peptides). Expanded PBMCs were restimulated on FluoroSpot assays with the 13 MPs. The putative immunodominant peptides identified through responding MPs were individually analyzed in a separate experiment to confirm their ability to generate a CD8 T cell response.

Figure 3 describes the peptide deconvolution process for one donor. CD4-depleted PBMCs from Donor # 474 were expanded with the Class I MAPPs pool and restimulated on a FluoroSpot assay with 13 MPs. This donor displayed an IFN-γ response to four MPs- MP 3, MP 4, MP 9, and MP 10 (Figure 3A). Based on the matrix, we identified the common peptides between the four responding MPs and shortlisted four candidate immunodominant peptides for this donor (Figure 3B). In a subsequent experiment, CD4-depleted PBMCs from Donor # 474 were expanded with the Class I MAPPs pool and restimulated on a FluoroSpot assay with the four candidate immunodominant peptides individually. IFN-γ response was observed to Peptide 16 and Peptide 21, thereby verifying their immunodominance in this donor (Figure 3C). Supplementary Tables 5, 6 contain the summary of the deconvolution data for all peptides and donors.

[image: CD4-depleted PBMCs expanded with the Class I MAPPs pool from Donor #474 are analyzed for IFN-γ response. Panel A shows matrix pools (MP) responses, highlighting MP 3, 4, 9, and 10 with significant reactivity. Panel B identifies potential immunodominant peptides, with Peptides 15, 16, 21, and 22 associated with these matrix pools. In Panel C, individual peptide responses are shown, emphasizing Peptide 16 and 21 for notable IFN-g activity.]
Figure 3 | Peptide deconvolution of HLA Class I MAPPs peptides to identify immunodominant CD8 T cell epitopes of the AAV9 capsid. PBMCs from 24 healthy donors were depleted of CD4 T cells and expanded for 10 days with a pool of Class I MAPPs peptides of the AAV9 capsid. Expanded PBMCs were restimulated on a FluoroSpot assay for 24 hours with matrix pools (MPs) as described in Supplementary Table 4. Based on positive IFN-γ response to MPs, candidate immunodominant peptides for each donor were shortlisted using the matrix. Each candidate peptide was then tested individually for immunodominance in a subsequent expansion experiment. Representative data from one donor for peptide deconvolution is shown. (A) IFN-γ secretion after stimulation by MPs (one well per condition). (B) Shortlisting candidate immunodominant peptides using the matrix. (C) IFN-γ secretion in response to candidate individual peptides (one well per condition). DMSO- negative control; MAPPs, MHC-associated peptide proteomics.

Our analysis revealed 10 Class I MAPPs peptides that displayed an IFN-γ response in at least one donor. These included 1 previously reported and 9 novel capsid T cell epitopes (Figure 4A, Supplementary Table 5). Among the novel epitopes, responses were most prevalent to Peptide 21 (7 responders), followed by Peptide 26 and Peptide 41 (2 responders each), with the remaining 6 peptides having one responding donor each (Figure 4B, third column). The novel peptides display significant diversity in their lengths, varying between 9 and 13 amino acids (Figure 4B, fourth column). Furthermore, two of the novel peptides- Peptide 21 and Peptide 26- displayed a high percentage of responses in donors expressing their predicted HLA Class I binding alleles (13, 23). Peptide 21 elicited a response in 62.5% of donors with its predicted binding allele (5 responders among 8 donors with the A*02:01 allele) (Figure 4B, columns 5, 6). It also elicited responses in two donors with the closely related A*02:02 and A*02:05 alleles (Donor # 399, Donor # 440, Supplementary Table 6). Similarly, Peptide 26 elicited a response in 100% of donors with its predicted binding allele (2 responders among 2 donors with the A*68:01 allele). The remaining novel peptides, on the other hand, did not display similar trends and had lower response rates in donors with their predicted binding alleles (Figure 4B, columns 5, 6). We also observed T cell responses to the known epitope Peptide 16 in 4 donors. Given its reported immunodominance, this peptide was individually tested in all donors with its predicted binding allele irrespective of whether or not a response was observed to the corresponding matrix pools. Peptide 16 elicited a response in only 50% of the donors with its predicted binding allele (3 responders among 6 with the B*07:02 allele) (Figure 4B, row 10).

[image: Panel A shows a grid listing peptides and their presence across various donors, highlighting novel and known epitopes. Panel B presents a table detailing peptide data, including epitope sequences, responder counts, predicted HLA alleles, donor response percentages, binding stability, and affinity values. Panel C is a scatter plot displaying binding stability versus affinity for peptides, distinguishing strong and weak binders with novel and known epitopes identified.]
Figure 4 | Summary of immunodominant CD8 T cell epitopes identified through peptide deconvolution of HLA Class I MAPPs peptides. (A) Map describing Class I MAPPs peptides that elicited a positive IFN-γ response in at least one donor. (B) Table describing the length, predicted HLA binding alleles, allele-specific response, and binding parameters for immunodominant epitopes identified in the study. ^- Low confidence allele prediction. (C) Classification of identified immunodominant peptides as strong and weak/non-binders based on allele binding stability and affinity. Dotted line on Y axis- minimum cutoff for stable binders (50% of reference peptide); Dotted line on X axis- maximum cutoff for high-affinity binders (100 nM).

To further validate the identified CD8 T cell epitopes, we measured the binding stability and affinity of the epitopes to their predicted HLA binding alleles (Figure 4B, columns 7, 8, Figure 4C). The majority of the identified AAV9 capsid CD8 T cell epitopes were strong binders (high stability and affinity to their respective alleles). Two novel epitopes- Peptide 10 and Peptide 20- have weak binding to their predicted alleles, suggesting that their presenting alleles were not correctly predicted. The measured binding affinities of most epitopes also correlated strongly with the predicted affinities generated using NetMHC (Supplementary Table 7). The novel 13-mer epitope Peptide 26 elicited a weak NetMHC rank score despite a high measured binding affinity, which is unsurprising given that the NetMHC model is curated for peptides ranging between 8–11 amino acids (24).




3.4 Lack of responses to previously reported immunodominant AAV9 capsid epitopes

In addition to Peptide 16, the HLA Class I MAPPs peptides included 3 other peptides that have been previously reported as immunodominant AAV9 capsid epitopes - Peptide 24, Peptide 7, and Peptide 17 (26, 27). Surprisingly, these peptides did not elicit a response in any tested donors, including the donors with the predicted HLA binding allele (Table 1). Notably, Peptide 24 demonstrated strong binding stability and affinity to its predicted A*02:01 allele (Table 1, columns 7, 8) but remained a non-responder despite individual testing in seven different donors with the allele (Donors # 403, # 406, # 474, # 505, # 513, # 519, # 593, Supplementary Table 6). This presents a sharp contrast to the novel epitope Peptide 21, which also binds strongly to the A*02:01 allele and elicits responses in multiple donors with the allele as previously described.


Table 1 | Previoulsy described capsid epitopes that did not elicit a T cell response in the current study.
	Peptide #
	Epitope
	Total no. of responders
	Peptide length
	Predicted HLA binding allele(s)
	% response in donors with allele(s)
	Binding stability (% of reference peptide)
	Binding affinity (nM)



	Peptide 24
	LIDQYLYYL
	0
	9
	A*02:01
	0/8 (0%)
	70.2
	0.6


	Peptide 7
	QPAKKRLNF
	0
	9
	B*07:02
	0/6 (0%)
	Not measured
	Not measured


	Peptide 17
	SQAVGRSSF
	0
	9
	B*15:01
	0/2 (0%)
	Not measured
	Not measured







Overall, despite comparable binding parameters, many of the identified novel epitopes display stronger abilities to induce the capsid-specific CD8 T cell response compared to previously described epitopes.




3.5 CD8 T cells preferentially respond to longer T cell epitopes within the same peptide cluster

Many of the identified HLA Class I MAPPs peptides were organized as peptide clusters, each comprising 2–3 peptides of varying lengths and the same peptide core (Supplementary Table 8). Of these, T cell responses were observed to peptides belonging to 2 clusters. The first cluster contained 9-mer (Peptide 15), 10-mer (Peptide 14), and 11-mer (Peptide 13) peptides that were presented by the same donor on the MAPPs assay (Supplementary Table 8, Cluster 3). All three peptides were predicted to bind to the B*40:02 allele, but the rank score threshold for accurate prediction was met only for the 9-mer Peptide 15 (13). Interestingly, despite having a non-significant prediction score, only the 11-mer Peptide 13 elicited a T cell response in a donor expressing the B*40:02 allele (Figure 5A). The second cluster contained 9-mer (Peptide 27) and 13-mer (Peptide 26) peptides that were presented by two different donors on the MAPPs assay and had two different predicted binding alleles (Supplementary Table 8, Cluster 4). Here, the 13-mer Peptide 26 elicited a T cell response in donors containing its predicted binding allele (A*68:01). Peptide 27, on the other hand, did not elicit a response in any donors with its predicted binding allele C*03:04 (Figure 5B, Supplementary Figure 3). Binding assays indicate stable and high affinity binding of both peptides to their respective predicted or closely related alleles (Figure 5C). This indicates that, even with comparable binding stabilities, longer epitopes are more likely to induce T cell activation.

[image: Diagram depicting three panels: A, B, and C. Panel A shows a table with peptides 13, 14, and 15, their epitopes, lengths, predicted HLA binding alleles, and matrix pools. Below is a bar graph for donor 442 with stimulation indices, highlighting peptide 13. Images show IFN-γ levels with DMSO and peptide 13. Panel B shows another table with peptides 26 and 27 for donors 475 and 593, with images for IFN-γ levels, highlighting peptide 26. Panel C presents a table comparing peptide binding stability and affinity for alleles A*68:01 and C*03:03.]
Figure 5 | CD8 T cells preferentially respond to longer T cell epitopes within the same peptide cluster. (A) Peptide cluster comprising 9-mer, 10-mer, and 11-mer peptides that are predicted to bind to the same HLA allele, along with matrix pools (MPs) with each peptide. IFN-γ response is observed only to the 11-mer Peptide 13, denoted by responses to both the corresponding matrix pools and the individual peptide. ^- Low confidence allele prediction. (B) Peptide cluster comprising 9-mer and 13-mer peptides along with the predicted HLA binding alleles. Donors with the A*68:01 allele display IFN-γ response only to the 13-mer Peptide 26 when tested individually. Stimulation index (SI)- Average spot forming units in test wells/average spot forming units in control wells; Dotted line- cutoff for positive response (SI of 1.4); Representative FluoroSpot images are shown (one well per condition); DMSO-negative control. (C) Binding stabilities and affinities of clustered Peptide 26 and Peptide 27 to their predicted binding alleles. Minimum cutoff for stable binders- 50% of reference peptide; Maximum cutoff for high-affinity binders- 100nM; ^^- Binding was measured to the closely related C*03:03 allele as a substitute for the C*03:04 allele.

Taken together, our peptide deconvolution experiments identified several immunodominant CD8 T cell epitopes, of which only one was previously reported. A majority of the identified epitopes are novel peptides of varying lengths that display high response rates in donors with the predicted binding alleles. Binding assays further confirmed stable binding and strong affinity of novel epitopes to their predicted binding alleles. Finally, we observed that longer epitopes within the same peptide cluster are preferred for CD8 T cell activation.





4 Discussion

One of the major drawbacks of AAV-based gene therapies is the cellular immune response to the capsid protein of AAV. Specifically, the capsid-specific CD8 T cells are capable of eliminating transduced cells, leading to the loss of transgene expression (7–9, 28). In the current study, we analyzed the T cell responses to the naturally presented capsid peptides of the AAV9 capsid protein. Identified through MAPPs, these peptides represent a functionally relevant system to monitor the capsid-specific T cell response in patients. Additionally, through the analysis of peptides displayed uniquely on HLA Class I, we identified immunodominant capsid epitopes that contribute to the CD8 cytotoxic T cell response.

Our initial attempts to measure the AAV9 capsid-specific T cell response focused on using fresh PBMCs isolated from healthy donors. A similar study in AAV2 noted an important role for preexisting AAV immunity, where researchers observed distinct cytokine secretion in T cells from donors with and without preexisting anti-AAV antibodies (25). In our assays, however, T cell responses were largely undetectable in healthy donors regardless of preexisting immunity. The issue of low baseline T cell frequency has been a common observation in studies that evaluate viral antigens using healthy donors (29, 30). This has typically been addressed by performing an in vitro expansion of PBMCs to enable the proliferation of antigen specific T cells (29–31). In the context of AAV, this approach has been successfully employed to improve the detection of capsid-specific T cells and formed as the basis for our subsequent analyses (32, 33).

The current approach to monitoring the capsid-specific T cell response involves the use of overlapping peptides spanning the entire capsid protein. However, these assays have low sensitivity and are often unable to detect capsid-specific T cells even in individuals with a high titer of anti-capsid antibodies (34, 35). In our study, we observed that overlapping and MAPPs-derived peptides are recognized by and stimulate the activation of largely distinct T cell populations in healthy donors. T cells expanded with the naturally presented MAPPs-derived peptides were not efficiently restimulated by overlapping peptides and, conversely, T cells expanded with overlapping peptides did not respond to MAPPs-derived peptides. The precise target(s) of the T cell responses elicited by the overlapping peptides in healthy donors in our assay is not clear but a recent study from Bing et al., 2023, uncovered, using overlapping peptides, an immunodominant HLA-DP-restricted CD4 T cell epitope in the AAV9 capsid (36). This T cell epitope was absent from our MAPPs-derived peptide pools since the HLA Class II immunopeptidome of AAV9 was predominantly restricted to HLA-DR and HLA-DQ, with no significant presentation on HLA-DP (14). In contrast, the T cell responses to the MAPPs-derived peptides was dominated by CD8 T cells recognizing peptides eluted from HLA Class I, perhaps reflecting the fact that, unlike Class I MAPPs peptides, 15-mer overlapping peptides may require additional processing before they can bind to HLA Class I molecules and elicit CD8 T cell responses.

Several techniques have been previously employed to identify and characterize capsid epitopes that activate CD8 T cells, including overlapping capsid peptides (26, 37), MHC multimers (8, 27, 38), and in silico binding predictions (39). For the first time, we leveraged capsid peptides derived from HLA Class I to identify 9 novel immunodominant CD8 epitopes of the AAV9 capsid. The discovery of novel epitopes highlights the importance of evaluating naturally presented capsid peptides, as these peptides remain unidentified through previously employed means of epitope identification. Binding assays confirmed that 6 of the 9 epitopes displayed strong binding to their predicted alleles. Among the identified novel epitopes, Peptide 21 (FQFSYEFENV) elicited a response in the highest number of donors and exhibits strong binding to the HLA-A*02:01 allele, which is one of the most common alleles that is present in ~20% of the US population. The knowledge of the novel epitopes, thus, has the potential to impact a broad range of the population. Interestingly, the Class I MAPPs pool included another HLA-A*02:01-restricted epitope Peptide 24 (LIDQYLYYL), that was previously identified as an immunodominant epitope from AAV capsids (26, 27). Our binding assays confirmed that Peptide 24 binds to the A*02:01 allele with an affinity similar to that of Peptide 21 (0.6 nM), but unlike Peptide 21, Peptide 24 did not elicit responses in any of the donors with the A*02:01 allele that were tested in this study. The varied response in A*02:01 donors to two equally strong binders could be driven by a difference in precursor frequency in healthy individuals, which has been reported to be a distinguishing factor between immunodominant and subdominant epitopes in the context of SARS-CoV-2 (40). This would explain the superior T cell response to Peptide 21 in our study after just a single round of in vitro expansion. In contrast, a previous study reported performing up to three rounds of restimulation to detect a response to Peptide 24 (26).

Epitope mapping relying on overlapping peptides or in silico binding prediction tools are often focused on identifying 9-mer peptides, the most common length found in natural HLA Class I ligands. The naturally processed CD8 T cell epitopes identified in the current study exhibit more diverse lengths, ranging from 9 to 13 amino acids. We have confirmed that the longest epitope identified in the current study, the 13-mer Peptide 26 (SVAGPSNMAVQGR) displayed strong binding to HLA-A*68:01, explaining the high response rate in donors expressing this allele. The shorter overlapping 9-mer Peptide 27 (VAGPSNMAV), on the other hand, binds to a different allele but did not elicit a response in the corresponding donors. This preferential binding of atypical long CD8 T cell peptides over an overlapping shorter sequences has been reported for HLA-A alleles- HLA-A*02:01 (41), as well as HLA-B alleles- HLA-B*35 (42, 43), HLA-B*07:02 (44), HLA-B*44:03 (45), suggesting that the peptide length specificity of some HLA Class I alleles is broad, allowing for longer peptides to dominate over Class I ligands of canonical length as targets for T cell recognition. The structural basis for the high immunogenicity of longer peptides is still poorly understood but could be explained by the inherent plasticity of T cell receptors (TCRs) that allows flexibility at the TCR-pHLA-I interface to enable the recognition of longer epitopes protruding out of the HLA binding groove (44).

At present, methods used to monitor cellular immunity to AAV-based gene therapies in clinic rely on the use of overlapping peptides derived from AAV capsids or transgene. We believe that the incorporation of naturally processed T cell epitopes of AAV capsids such as the one we uncovered in this study will enhance our capacity to reliably detect capsid-specific T cells in patients. A similar push to characterize naturally processed T cell epitopes from the Cas9 editing enzyme is currently underway in the field of gene editing (12, 46). Ultimately, these naturally processed immunodominant peptides offer new targets for vector engineering, where the mutation or elimination of these sequences may aid in circumventing the CD8 cytotoxic T cell response (36, 47, 48).





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. further inquiries can be directed to the corresponding authors.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The human samples utilized in the study were obtained through a commercial vendor. The vendor confirmed the acquisition of written informed consent from all study participants.





Author contributions

AB: Writing – original draft, Formal analysis, Methodology, Visualization, Investigation, Data curation, Writing – review & editing, Conceptualization. MP: Data curation, Methodology, Investigation, Visualization, Formal analysis, Writing – review & editing. BK: Writing – review & editing, Methodology, Data curation. VC: Writing – review & editing, Methodology, Data curation. SJ: Writing – review & editing, Methodology, Data curation, Investigation. YW: Writing – review & editing, Data curation, Investigation, Methodology. RS: Investigation, Writing – review & editing, Conceptualization, Supervision. LM: Conceptualization, Investigation, Writing – review & editing, Supervision.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This research was funded by Eli Lilly and Company. The funder was not involved in the study design, data analysis, manuscript writing, or the decision to submit it for publication.




Acknowledgments

We thank Carlos A. Brito-Sierra and Megan B. Lannan for their MAPPs work that formed the basis of this study. We thank Robin E. Walsh for providing guidance in the FluoroSpot assay development efforts.





Conflict of interest

All authors were employed by company Eli Lilly and Company.





Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1641289/full#supplementary-material




References

	 Verdera HC, Kuranda K, Mingozzi F. AAV vector immunogenicity in humans: A long journey to successful gene transfer. Mol Ther. (2020) 28:723–46. doi: 10.1016/j.ymthe.2019.12.010, PMID: 31972133


	 Wang JH, Gessler DJ, Zhan W, Gallagher TL, Gao G. Adeno-associated virus as a delivery vector for gene therapy of human diseases. Signal Transduct Target Ther. (2024) 9:78. doi: 10.1038/s41392-024-01780-w, PMID: 38565561


	 Mullard A. FDA approves l-amino acid decarboxylase deficiency gene therapy. Nature Reviews Drug Discovery (2024) doi: 10.1038/d41573-024-00184-3, PMID: 39548247


	 Monahan PE, Negrier C, Tarantino M, Valentino LA, Mingozzi F. Emerging immunogenicity and genotoxicity considerations of adeno-associated virus vector gene therapy for hemophilia. J Clin Med. (2021) 10(11):2471. doi: 10.3390/jcm10112471, PMID: 34199563


	 Ronzitti G, Gross DA, Mingozzi F. Human immune responses to adeno-associated virus (AAV) vectors. Front Immunol. (2020) 11:670. doi: 10.3389/fimmu.2020.00670, PMID: 32362898


	 Alberts B, Johnson A, Lewis J. Molecular Biology of the Cell. 4th edition. New York: Garland Science (2002). T Cells and MHC Proteins. Available online at: https://www.ncbi.nlm.nih.gov/books/NBK26926/.


	 Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M, Rasko JJ, et al. Successful transduction of liver in hemophilia by AAV-Factor IX and limitations imposed by the host immune response. Nat Med. (2006) 12:342–7. doi: 10.1038/nm1358, PMID: 16474400


	 Mingozzi F, Maus MV, Hui DJ, Sabatino DE, Murphy SL, Rasko JEJ, et al. CD8+ T-cell responses to adeno-associated virus capsid in humans. Nat Med. (2007) 13:419–22. doi: 10.1038/nm1549, PMID: 17369837


	 Nathwani AC, Tuddenham EGD, Rangarajan S, Rosales C, McIntosh J, Linch DC, et al. Adenovirus-associated virus vector–mediated gene transfer in hemophilia B. New Engl J Med. (2011) 365:2357–65. doi: 10.1056/NEJMoa1108046, PMID: 22149959


	 Karle AC. Applying MAPPs assays to assess drug immunogenicity. Front Immunol. (2020) 11:698. doi: 10.3389/fimmu.2020.00698, PMID: 32373128


	 Knierman MD, Lannan MB, Spindler LJ, McMillian CL, Konrad RJ, Siegel RW. The human leukocyte antigen class II immunopeptidome of the SARS-coV-2 spike glycoprotein. Cell Rep. (2020) 33:108454. doi: 10.1016/j.celrep.2020.108454, PMID: 33220791


	 Raghavan R, Friedrich MJ, King I, Chau-Duy-Tam Vo S, Strebinger D, Lash B, et al. Rational engineering of minimally immunogenic nucleases for gene therapy. Nat Commun. (2025) 16(1):105. doi: 10.1038/s41467-024-55522-1, PMID: 39747875


	 Brito-Sierra CA, Lannan MB, Malherbe LP, Siegel RW. The HLA class I immunopeptidomes of AAV capsid proteins. Front Immunol. (2023) 14:1212136. doi: 10.3389/fimmu.2023.1212136, PMID: 37662941


	 Brito-Sierra CA, Lannan MB, Siegel RW, Malherbe LP. The HLA class-II immunopeptidomes of AAV capsids proteins. Front Immunol. (2022) 13:1067399. doi: 10.3389/fimmu.2022.1067399, PMID: 36605211


	 Simmons E, Wen Y, Li J, Qian YW, Wong LC, Konrad RJ, et al. A sensitive and drug tolerant assay for detecting anti-AAV9 antibodies using affinity capture elution. J Immunol Methods. (2023) 512:113397. doi: 10.1016/j.jim.2022.113397, PMID: 36481208


	 Zhao J, Wang L, Schank M, Dang X, Lu Z, Cao D, et al. SARS-CoV-2 specific memory T cell epitopes identified in COVID-19-recovered subjects. Virus Res. (2021) 304:198508. doi: 10.1016/j.virusres.2021.198508, PMID: 34329696


	 Cimen Bozkus C, Blazquez AB, Enokida T, Bhardwaj N. A T-cell-based immunogenicity protocol for evaluating human antigen-specific responses. STAR Protoc. (2021) 2:100758. doi: 10.1016/j.xpro.2021.100758, PMID: 34458873


	 Prachar M, Justesen S, Steen-Jensen DB, Thorgrimsen S, Jurgons E, Winther O, et al. Identification and validation of 174 COVID-19 vaccine candidate epitopes reveals low performance of common epitope prediction tools. Sci Rep. (2020) 10(1):20465. doi: 10.1038/s41598-020-77466-4, PMID: 33235258


	 Justesen S, Harndahl M, Lamberth K, Nielsen LL, Buus S. Functional recombinant MHC class II molecules and high-throughput peptide-binding assays. Immunome Res. (2009) 5:2. doi: 10.1186/1745-7580-5-2, PMID: 19416502


	 Sylvester-Hvid C, Kristensen N, Blicher T, Ferre H, Lauemoller SL, Wolf XA, et al. Establishment of a quantitative ELISA capable of determining peptide - MHC class I interaction. Tissue Antigens. (2002) 59:251–8. doi: 10.1034/j.1399-0039.2002.590402.x, PMID: 12135423


	 Harndahl M, Justesen S, Lamberth K, Roder G, Nielsen M, Buus S. Peptide binding to HLA class I molecules: homogenous, high-throughput screening, and affinity assays. J Biomol Screen. (2009) 14:173–80. doi: 10.1177/1087057108329453, PMID: 19196700


	 Braendstrup P, Mortensen BK, Justesen S, Østerby T, Rasmussen M, Hansen AM, et al. Identification and HLA-tetramer-validation of human CD4+ and CD8+ T cell responses against HCMV proteins IE1 and IE2. PloS One. (2014) 9:e94892. doi: 10.1371/journal.pone.0094892, PMID: 24760079


	 Kaabinejadian S, Barra C, Alvarez B, Yari H, Hildebrand WH, Nielsen M. Accurate MHC motif deconvolution of immunopeptidomics data reveals a significant contribution of DRB3, 4 and 5 to the total DR immunopeptidome. Front Immunol. (2022) 13:835454. doi: 10.3389/fimmu.2022.835454, PMID: 35154160


	 Lundegaard C, Lamberth K, Harndahl M, Buus S, Lund O, Nielsen M. NetMHC-3.0: accurate web accessible predictions of human, mouse and monkey MHC class I affinities for peptides of length 8-11. Nucleic Acids Res. (2008) 36:W509–12. doi: 10.1093/nar/gkn202, PMID: 18463140


	 Kuranda K, Jean-Alphonse P, Leborgne C, Hardet R, Collaud F, Marmier S, et al. Exposure to wild-type AAV drives distinct capsid immunity profiles in humans. J Clin Invest. (2018) 128:5267–79. doi: 10.1172/JCI122372, PMID: 30352429


	 Hui DJ, Edmonson SC, Podsakoff GM, Pien GC, Ivanciu L, Camire RM, et al. AAV capsid CD8+ T-cell epitopes are highly conserved across AAV serotypes. Mol Ther Methods Clin Dev. (2015) 2:15029. doi: 10.1038/mtm.2015.29, PMID: 26445723


	 Vandamme C, Xicluna R, Hesnard L, Devaux M, Jaulin N, Guilbaud M, et al. Tetramer-based enrichment of preexisting anti-AAV8 CD8(+) T cells in human donors allows the detection of a T(EMRA) subpopulation. Front Immunol. (2019) 10:3110. doi: 10.3389/fimmu.2019.03110, PMID: 32038634


	 Ertl HCJ. T cell-mediated immune responses to AAV and AAV vectors. Front. Immunol. (2021) 12:666666. doi: 10.3389/fimmu.2021.666666, PMID: 33927727


	 Calarota SA, Foli A, Maserati R, Baldanti F, Paolucci S, Young MA, et al. HIV-1-specific T cell precursors with high proliferative capacity correlate with low viremia and high CD4 counts in untreated individuals. J Immunol. (2008) 180:5907–15. doi: 10.4049/jimmunol.180.9.5907, PMID: 18424710


	 Mateus J, Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, et al. Selective and cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science. (2020) 370(6512):89–94. doi: 10.1126/science.abd3871, PMID: 32753554


	 Calarota SA, Baldanti F. Enumeration and characterization of human memory T cells by enzyme-linked immunospot assays. Clin Dev Immunol. (2013) 2013:637649. doi: 10.1155/2013/637649, PMID: 24319467


	 Bing SJ, Justesen S, Wu WW, Sajib AM, Warrington S, Baer A, et al. Differential T cell immune responses to deamidated adeno-associated virus vector. Mol Ther - Methods Clin Dev. (2022) 24:255–67. doi: 10.1016/j.omtm.2022.01.005, PMID: 35211638


	 Bing SJ, Warrington S, Mazor R. Low cross reactivity between wild type and deamidated AAV can lead to false negative results in immune monitoring T-cell assays. Front Immunol. (2023) 14:1211529. doi: 10.3389/fimmu.2023.1211529, PMID: 37469509


	 Veron P, Leborgne C, Monteilhet V, Boutin S, Martin S, Moullier P, et al. Humoral and cellular capsid-specific immune responses to adeno-associated virus type 1 in randomized healthy donors. J Immunol. (2012) 188:6418–24. doi: 10.4049/jimmunol.1200620, PMID: 22593612


	 Gorovits B, Azadeh M, Buchlis G, Fiscella M, Harrison T, Havert M, et al. Evaluation of cellular immune response to adeno-associated virus-based gene therapy. AAPS J. (2023) 25:47. doi: 10.1208/s12248-023-00814-5, PMID: 37101079


	 Bing SJ, Seirup M, Hoang TT, Najera SS, Britten C, Warrington SL, et al. Rational immunosilencing of a promiscuous T-cell epitope in the capsid of an adeno-associated virus. Nat BioMed Eng. (2023) 8:193–200. doi: 10.1038/s41551-023-01129-8, PMID: 37996615


	 Hui DJ, Basner-Tschakarjan E, Chen Y, Davidson RJ, Buchlis G, Yazicioglu M, et al. Modulation of CD8+ T cell responses to AAV vectors with IgG-derived MHC class II epitopes. Mol Ther. (2013) 21:1727–37. doi: 10.1038/mt.2013.166, PMID: 23857231


	 Pien GC, Basner-Tschakarjan E, Hui DJ, Mentlik AN, Finn JD, Hasbrouck NC, et al. Capsid antigen presentation flags human hepatocytes for destruction after transduction by adeno-associated viral vectors. J Clin Invest. (2009) 119:1688–95. doi: 10.1172/JCI36891, PMID: 19436115


	 Chen J, Wu Q, Yang P, Hsu HC, Mountz JD. Determination of specific CD4 and CD8 T cell epitopes after AAV2- and AAV8-hF. IX Gene Ther Mol Ther. (2006) 13:260–9. doi: 10.1016/j.ymthe.2005.10.006, PMID: 16324888


	 Nguyen THO, Rowntree LC, Petersen J, Chua BY, Hensen L, Kedzierski L, et al. CD8+ T cells specific for an immunodominant SARS-CoV-2 nucleocapsid epitope display high naive precursor frequency and TCR promiscuity. Immunity. (2021) 54:1066–82.e5. doi: 10.1016/j.immuni.2021.04.009, PMID: 33951417


	 Hassan C, Chabrol E, Jahn L, Kester MG, de Ru AH, Drijfhout JW, et al. Naturally processed non-canonical HLA-A*02:01 presented peptides. J Biol Chem. (2015) 290:2593–603. doi: 10.1074/jbc.M114.607028, PMID: 25505266


	 Burrows JM, Bell MJ, Brennan R, Miles JJ, Khanna R, Burrows SR. Preferential binding of unusually long peptides to MHC class I and its influence on the selection of target peptides for T cell recognition. Mol Immunol. (2008) 45:1818–24. doi: 10.1016/j.molimm.2007.09.026, PMID: 17981331


	 Green KJ, Miles JJ, Tellam J, Van Zuylen WJM, Connolly G, Burrows SR. Potent T cell response to a class I-binding 13-mer viral epitope and the influence of HLA micropolymorphism in controlling epitope length. Eur J Immunol. (2004) 34:2510–9. doi: 10.1002/eji.200425193, PMID: 15307183


	 Chan KF, Gully BS, Gras S, Beringer DX, Kjer-Nielsen L, Cebon J, et al. Divergent T-cell receptor recognition modes of a HLA-I restricted extended tumour-associated peptide. Nat Commun. (2018) 9(1):1026. doi: 10.1038/s41467-018-03321-w, PMID: 29531227


	 Rist MJ, Theodossis A, Croft NP, Neller MA, Welland A, Chen Z, et al. HLA peptide length preferences control CD8+ T cell responses. J Immunol. (2013) 191:561–71. doi: 10.4049/jimmunol.1300292, PMID: 23749632


	 Simhadri VL, Hopkins L, McGill JR, Duke BR, Mukherjee S, Zhang K, et al. Cas9-derived peptides presented by MHC Class II that elicit proliferation of CD4(+) T-cells. Nat Commun. (2021) 12:5090. doi: 10.1038/s41467-021-25414-9, PMID: 34429421


	 Li C, Samulski RJ. Engineering adeno-associated virus vectors for gene therapy. Nat Rev Genet. (2020) 21:255–72. doi: 10.1038/s41576-019-0205-4, PMID: 32042148


	 Martino AT, Basner-Tschakarjan E, Markusic DM, Finn JD, Hinderer C, Zhou S, et al. Engineered AAV vector minimizes in vivo targeting of transduced hepatocytes by capsid-specific CD8+ T cells. Blood. (2013) 121:2224–33. doi: 10.1182/blood-2012-10-460733, PMID: 23325831







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Balasubramanian, Prachar, Klaproth, Copeland, Justesen, Wen, Siegel and Malherbe. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1641289-g005.jpg
i i i Predicted HLA | Matrix pools (MPs)
Peptide # Epitope Peptide length binding allele with peptide

Peptide 14 DSDYQLPYVL B*40:02 # MP 2, MP 9
pepide 5 | oL | 8| w002 WP 3, WP ¢

Donor # 442 (B*40:02)

IFN-y

(6)]

IFN-y

i

< DMSO Peptide 13
g 3

8 —

T 2

-

_g WHEN N

n 1

B. .
Peptide 26 | SVAGPSNMAVQGR A*68:01

Donor # 475 (A*68:01) Donor # 593 (A*68:01)
IFN-y IFN-y
DMSO Peptide 26 Peptide 27 DMSO Peptide 26 Peptide 27

090 000

C. Bindin il
g stability -y . .
(% of reference peptide) Binding affinity (nM)
Peptide #

A*68:01 C*03:03 M A*68:01 C*03:03 M






OEBPS/Images/fimmu-16-1641289-g003.jpg
CD4-depleted PBMCs expanded with the Class | MAPPs pool

Donor # 474
A. IFN-y response to matrix pools (MPs)
DMSO MP 1 MP 2 MP 3 MP 4 MP 5 MP 6

000000

P MP 8 |M§| MP10  MP11 MP12 MP13
B. Potentialimmunodominant peptides based on response to MPs

mps | 1 | 2 | 38 | 4 | 5 | &
| onide7 | peoties | Peptdes | Peptde 10| pep 11 | pep 12
10 | Peptide 19 Peptide 23 | Peptide 24

l

C. IFN-y response to individual peptides

DMSO Peptide 15 Peptide 16 Peptide 21 Peptide 22

o0& & O






OEBPS/Images/fimmu.2025.1641289_cover.jpg
& frontiers | Frontiers in Immunology

Epitope mapping using immunopeptidomics
reveals novel immunodominant CD8 T cell
epitopes of the AAV9 capsid





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1641289-g004.jpg
QI D JF| O O | O O N| | P VO W

A. 2355 NI INSBE

| o3| 3| | | | s o s R o w| w

| o| o| o| | | | | | 2| gl sl ©

.- §

- J 5 N 0 I T

 Peptide 26 | SVAGPSNMAVQGR || | | | | | | | | | | [

Peptide4t | YSEPRPIGTRY | | | | [ | | ] B |

o | | Peptides | GRAVFQAkK | | | | | | |} ] | | P

epitopes | | Peptide 11 LPTYNNHLY | | | | | P L [ ] ] ]

Peptidet9 | LEYFPSQML | | | | | | | | Pl | | |

| Peptide 10 | TRTWALPTY | | | | | | | | | | | [l
Peptide20 | LRTGNNFQF | | | | [ | | P | ] |

y | Peptidet3 | Tpsovatpvwi | | | | | | | | P ||
nown .
eptope < Peptidete | pavevite | | O] | ] PO ] P

. . Binding stability I
(1)
Peptide # Epitope Total ne. of Peptide length I?rec_llcted HLA s response in (% of reference _B||_1d|ng
responders binding allele(s) [ donors with allele(s) peptide) affinity (nM)

R e I I N R R R
Croes | onrowe || o | ewe | mew | we | we
et | vy || o [ewnews | mmw | swewn | s
e I I N 7o) BT B BT

_ 12.9 (B*27:05) 120.2 (B*27:05)
Peptide 10 TRTWALPTY 1 B*27:05, C*07:01 1/8 (12.5%) _
13.1 (C*07:01) | Non-binder (C*07:01)

C Peptide 41 (A*01:01) ® Novel epitope
- 100 Peptide 21 (A*02:01) @ : @ Known epitope

- . ®:Peptide 5 (B*27:05)
® Peptide 26 (A*68:01) :

807 @ peptide 19 (B*40:01) Peptide 16 (B*07:02);

60 6 Peptide 11 (B*35:01)

STRONG BINDERS

: [WEAK/NON-BINDERS

:® Peptide 20 (B*27:05)

40

Binding stability (% of reference peptide)

20 Peptide 10 (C*07:01)
:@ Peptide 10 (B*27:05) ®

0.1 1 10 100 1000 10000
Binding affinity (nM)





OEBPS/Images/fimmu-16-1641289-g001.jpg
IFN-y

A.
Total
DMSO O/L pool MAPPs pool Anti-CD3
Donor # 526
Seropositive
Donor # 440
Seronegative
B IFN-y
6000 9
o
S O
O
5 4000 cgm
."2 O
S 8.0
@) 2000 O
=
£
o
LL
©
Q.
%)

® Seropositive donor B Seronegative donor





OEBPS/Images/fimmu-16-1641289-g002.jpg
Stimulation Index (SI)

A. PBMC expansion with the overlapping and MAPPs-derived peptides of the AAV9 capsid

Day 1- Initial stimulation Day 10- FluoroSpot restimulation

IFN-y FluoroSpot

| (e
= ' oY) —> . Expanded
J S& Expansion for
PBMCs 10days |
+ IL-2, IL-7, IL-15 ¥
I~ ~ ( Day 4, Day 7) ~r~ (OR) ~ OR)
(OR) , ~
O/L pool Total O/L pool Total Class | Class I
MAPPs pool MAPPs pool  MAPPs pool MAPPs pool
B. PBMCs expanded with the O/L pool C. PBMCs expanded with the total MAPPs pool
IFN-y IFN-y
20 10
164 g ¢ ®sSi>14
eSl=14 ®sSi<14
12 ®Si<14 % 6 ® "
8 @ Sl 10 3 4
4 o ‘ o (Hypersaturation) E ry %
2 o S 2 ¢ ° o0
= 2 ® o
o g . 8o e
1.4 | @0 eeeeeees " LALLM AMRALRLL SARS At — N 5 T FUUURRRNY - JRRROOOoN Se0........... B e oe........
; o °gte ° é e § 14 ‘ ;' y §s°
1 o LI 1| onfalle o3 ofee  gsogge
H
°
Q Q \3 Q 4
Q Q Q Q
o\\' quo Qq@ Qq@ <>\\/ QQQ QQQ QQQ
QV’ é?’ @V’ @?’ QV' @?‘
> \ NS > N N
S & & <8 & &
O\'b 0\0 (& 0\0

D. PBMCs expanded with the Class | MAPPs pool

IFN-y response- Donor # 440

Restimulation peptide pools
—>

Class | Class Il
DMSO O/L pool MAPPs pool MAPPs pool

Whole PBMCs . . .

CD4-depleted PBMCs






