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Introduction

Cellular immune responses against AAV vector capsid represent an obstacle for successful gene therapy. Previous studies have used overlapping peptides spanning the entire capsid sequence to identify T cell epitopes recognized by AAV-specific CD8+ T cells. However, the repertoire of peptides naturally displayed by HLA class I molecules for CD8 T cell recognition is unknown.





Methods

Using mRNA transfected monocyte-derived dendritic cells (MDDCs) and MHC-associated peptide proteomics (MAPPs), we identified the HLA class I immunopeptidomes of AAV2, AAV6 and AAV9 capsids. MDDCs were isolated from a panel of healthy donors that have diverse alleles across the US population. mRNA-transfected MDDCs were lysed, the peptide:HLA complexes immunoprecipitated, and peptides eluted and analyzed by mass spectrometry.





Results

We identified 65 AAV capsid-derived peptides loaded on HLA class I molecules of mRNA transfected monocyte derived dendritic cells. The HLA class I peptides are distributed along the entire capsid and more than 60% are contained within HLA class II clusters. Most of the peptides are organized as single species, however we identified twelve clusters containing at least 2 peptides of different lengths. Only 9% of the identified peptides have been previously identified as T cell epitopes, demonstrating that the immunogenicity potential for the vast majority of the AAV HLA class I immunopeptidome remains uncharacterized. In contrast, 12 immunogenic epitopes identified before were not found to be naturally processed in our study. Remarkably, 11 naturally presented AAV peptides were highly conserved among the three serotypes analyzed suggesting the possibility of cross-reactive AAV-specific CD8 T cells.





Discussion

This work is the first comprehensive study identifying the naturally displayed HLA class I peptides derived from the capsid of AAVs. The results from this study can be used to generate strategies to assess immunogenicity risk and cross-reactivity among serotypes during gene therapies.
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1 Introduction

Gene therapies are being widely used to treat diseases that would be uncurable with traditional medicine. One of the main strategies to deliver gene therapies are the adeno-associated viruses (AAVs). These viruses are attractive vectors because they can be engineered to deliver a nucleic acid of interest with low risk of genome insertion and no replication in the patient (1–3). There are currently three FDA approved therapies that utilize AAVs as the delivery platform: Luxturna, Zolgensma and Hemgenix (4, 5). One drawback to the use of AAV-mediated therapy stems from immunological response.

The risk that immunogenicity poses on AAV-based gene therapies has been demonstrated in hemophilia clinical trials: participants were shown to have anti-drug immunity and resulted in reduced expression of factor IX (6, 7). Immunogenicity can be the result of a combination of innate, humoral and cellular immunity. For gene therapies, cellular immunity is particularly concerning because activated CD8+ T cells can recognize the cells that have been transduced with AAV and lyse them. This can lead to elimination of the transduced gene and in some cases lead to tissue damage and organ failure (8–12).

CD8+ T cells recognize peptides presented in the context of HLA class I molecules. Previous studies have mapped CD8+ T cell epitopes using overlapping peptide pools spanning the entire capsid of AAVs and bioinformatic algorithms (13–16). Some peptides have been validated with MHC multimer staining (6, 17), including one of the most recognized immunogenic epitopes of AAV2, VPQYGYLTL (6, 18) and its cross-reactive homolog peptide in other serotypes, IPQYGYLTL (19). However, the repertoire of naturally displayed HLA class I peptides remain unknown. MHC-associated peptide proteomics (MAPPs) is a tool that enables the identification of naturally presented peptides in both HLA class I and class II molecules through a multi-step process involving the cultivation of human primary antigen-presenting cells, peptide isolation, and subsequent identification using liquid chromatography-mass spectrometry (LC-MS) (20–22). We previously used this method to elucidate the HLA class II immunopeptidome from different AAV serotypes (22). However, MAPPs has not been previously implemented to identify the AAV capsid derived peptides naturally presented on HLA class I molecules.

In our current study, we identified the naturally processed and presented HLA class I immunopeptidomes of AAV2, AAV6 and AAV9 capsids using mRNA-transfected monocyte-derived dendritic cells (MDDCs) from a panel of donors representing a broad range of alleles. We identified peptides distributed along the entire capsid sequences and examined how they compare with previous studies. Our study also highlights sequence conservation of several HLA class I peptides among the three serotypes and describes overlap with the previously identified HLA class II immunopeptidomes. Combined, these results represent the first comprehensive study of the HLA class I immunopeptidomes of AAV capsids and provides peptides that should be considered for pre-existing immunogenicity risk assessment to AAV-based gene therapies.




2 Materials and methods



2.1 Isolation and differentiation of monocyte derived dendritic cells

Buffy coats were obtained from American Red Cross with written consent from healthy donors. For isolation of monocytes, the protocol from Karle 2020 (20) was adapted as follows: buffy coats were diluted 1:1 with PBS and transferred to a Ficoll-Pacque density gradient medium (GE HealthCare #17544203) in SepMate tubes (Stem Cell Technologies #86450). Tubes were centrifuged for 10 minutes at 700 x g at 20°C. Three layers were formed: a plasma layer, a PBMC interphase and the layer of Ficoll-pacque. The PBMC layer was transferred to another tube and centrifuged for 10 minutes at 700 x g at 20°C. The pellet was resuspended in 8 mL of chilled autoMACS® Running Buffer (Miltenyi Biotec #130-091-221). To isolate CD14+ cells, 1.5 mL of CD14 microbeads (Miltenyi Biotec # 130-050-201) was added to each cell suspension and incubated for 20 minutes at 4°C. Cell suspension was washed in 40 mL of autoMACS® Running Buffer and centrifuged at 300 x g for 10 minutes at 4°C. Cell pellets were resuspended in 6 mL of autoMACS® Running Buffer and loaded on the AutoMACS instrument for positive selection. 300 µL of the CD14 depleted cells were sent for HLA typing in at CD genomics (https://www.cd-genomics.com/). The CD14+ cells were counted and measured for viability on the Countess II instrument (Invitrogen AMQAX1000) using trypan blue (Invitrogen #T10282). Cells were pelleted down and dissolved in growth media at a density of 1 x 106 cells/mL. Growth media consisted of RPMI 1640 + Glutamine medium (Gibco #11875-093) supplemented with 5% serum replacement (Thermo Fisher Scientific #A2596101), 5 mM HEPES (Gibco #15630-080), 1% of MEM nonessential amino acids (GIBCO #11140-050), 100 U/mL Penicillin/Streptomycin (Hyclone #SV30010), 1 mM Sodium Pyruvate (Gibco # 11360070), 50 µM β-mercaptoethanol (Fisher chemical #O3446I-100), and 3.5% of DMEM high glucose (Gibco #31053-028). To induce differentiation into immature dendritic cells, growth media was also supplemented with 40 ng/mL of granulocyte-colony stimulating factor (Human GM-CSF; Sargramostim, Sanofi-Aventis, NDC #0024-5843-05) and 20 ng/mL of IL-4 (R&D Systems, #204-IL). 5 mL of cell suspension were seeded per well in 6-well plates and incubated at 37°C in an atmosphere of 5% CO2.




2.2 mRNA, transfection and harvesting of MDDCs

mRNA was synthesized by TriLink Biotechnologies (https://www.trilinkbiotech.com/). The mRNA consisted of a codon optimized sequence coding for the full length VP1 capsid protein of AAV2, AAV6 and AAV9. The VP1 protein was chosen because it contains all the capsid sequences in the viral capsids. The mRNA construct also encoded for a C-terminal HiBiT tag (VSGWRLFKKI) used to determine protein expression. The modifications of the mRNA included a capped (cap1) using Cleancap® AG and fully substitution with N1-Methyl-Pseudo-U.

Four days after isolation, immature monocyte-derived dendritic cells (iMDDCs) were transfected with the corresponding mRNA using Lipofectamine MessengerMAX (Invitrogen # LMRNA015) following manufacturer instructions. For the kinetic expression analyses, iMDDCs were transfected in a 96-well plate format and bioluminescence was measured with the Nano-Glo® HiBiT Lytic Detection System (Promega # N3030) using the BioTek Cytation 5 instrument. Protein quantification was determined by a standard curve generated using the HiBiT control protein (Promega # N3010). Protein expression was measured at 0, 2, 4, 6 8, 24, 48, 72 and 96 hours post transfection.

For the MHC-associated peptide proteomics assays, the mRNA transfections were performed in 6-well plate format. Cells were lysed at six hours post transfection (or at the specified time points for the kinetic assay) with 0.5 mL of RIPA buffer (Thermo Fisher #89900) containing 10 units/µL DNase (Roche # 04716728001) and 1 tablet of EDTA free protease inhibitor cocktail (Roche #11836170001) per every 10 mL of lysis buffer. Two wells transfected with the same mRNA were pooled together for a final lysis volume of 1 mL. Harvested samples were stored at -80°C.




2.3 HLA class I peptides isolation

Immunoprecipitation of HLA molecules was performed using the Agilent AssayMap instrument as described before. Briefly, 100 µg of biotinylated anti-pan HLA class I (W6-32, produced in house) were immobilized on streptavidin cartridges (Agilent, G5496-60010) by passing over the cartridge at 5 µL/minute and washing three times with PBS. Cell lysates were thawed and filtered using a 0.2 µm hydrophilic filter plate (Analytical Sales & Services #96432-10) and loaded in a 96 well polypropylene plate (Thermo Scientific #AB1127). Filtered lysate was passed through the antibody loaded cartridges at 5 µL/minute at room temperature. Following that, the cartridges were washed twice with 50 mL of 100 mM ammonium acetate and once with 50 µL of water at 25 µL/minute. The HLA:peptide complexes were eluted with 50 µL of 5% acetic acid in 0.1% TFA at 2 µL/minute. Eluted samples were centrifuged in 10K MWCO spin filters (MilliporeSigma #MRCPRT010) equilibrated with BSA, angiotensin-I and acetic acid. 20 µL of the filtered samples were loaded in a 96-well polypropylene PCR plate. From this volume, 18 µL of isolated peptides were injected into the LC-MS system. Notably, the injection volume corresponds to the peptides originating from an estimated 3.6 million cells.




2.4 Liquid chromatography – mass spectrometry analysis of HLA class I derived peptides

A Thermo easy-nLC 1200 system coupled to a Q-Exactive (HFX) orbitrap mass spectrometer (Thermo Scientific) was used to analyze the eluted peptides. Separation was performed with a 75 µm x 150 mm EASY-Spray HPLC column (Thermo Scientific #ES900) coupled to a standard EASY-Spray source with an electrospray potential of 1.9 kV. The solvents used were 0.1% formic acid in water (buffer A) and 0.1% formic acid in 80% acetonitrile (buffer B). A 65 minute gradient was performed using a flow rate of 250 nL/minute as follows: 60 minutes at 2-45% of B, followed by 1 minute of 45-95% of B and finally holding at 95% of B for 4.5 minutes. The Q-Exactive was run with a full scan of 120,000 resolution in the orbitrap followed by a top 20 data dependent MS/MS cycle comprised of orbitrap scans where +2, +3 and +4 ions were fragmented with HCD (CE of 25 and 30).




2.5 LC-MS data analysis

RAW data files were analyzed in PEAKS online (Bioinformatic solutions) using a protein sequence fasta file containing 20606 human Uniprot entries downloaded in August 2022, plus the capsid sequence of AAV2, AAV6 and AAV9. No enzyme specificity was set, peptide mass error tolerance was set at 10 ppm for precursors and 0.03 Da for MS2 fragments. Additionally, post translational modifications were identified using the PEAKS PTM built de novo-led for 925 modifications. A 1% false discovery rate (FDR) was calculated using PEAKS decoy search.




2.6 Quantification and statistical analysis

Data manipulation was performed in KNIME 4.7.0. Analysis in KNIME included filtering for peptides specific to AAV, mapping the peptides to the corresponding AAV serotype, and summarizing number of donors per peptide, counts per peptide length, number of peptides per donor and counts of non-AAV peptides. Data representation in bar graphs and heatmaps was performed in GraphPad Prism 9, as well as t-test statistical analysis. HLA allele predictions were performed using MHCMotifDecon – 1.0 (23). The US frequency value for individual peptides was calculated using the individual frequency of the predicted HLA alleles. Tables and data curation were performed on Excel and venn diagrams were manually drawn in Power Point.





3 Results



3.1 Method development for identifying AAV capsid-derived HLA class I peptides in monocyte derived dendritic cells

To identify the peptides loaded on HLA class I molecules, we transfected mRNA coding for the VP1 capsid proteins of AAV2, AAV6 and AAV9 into monocyte-derived dendritic cells (MDDCs) as they provide access to HLA allele diversity while maintaining a similar mRNA transfection protocol across different samples. VP1 was chosen as it contains all the sequences of the AAV capsid. After mRNA transfection of MDDCs, HLA:peptide complexes were immunoprecipitated and the peptides were eluted and analyzed by liquid chromatography-mass spectrometry and identified using PEAKS (Figure 1A). To determine the optimal time point after mRNA transfection to detect AAV capsid peptides, we performed a time course expression study using MDDCs from two donors. The mRNA construct encodes for a AAV2-VP1 capsid labeled at the C-terminal with the HiBiT sequence (Figure 1B), used for a luciferase-based assay to detect protein expression. We observed that the highest protein expression (Figure 1C) and the highest number of unique capsid specific peptides was detected at 6 hours post transfection (Figure 1D). The results for this section set the basis for the rest of the study, where the identification HLA class I immunopeptidomes of AAV capsids was performed at 6 hours post mRNA-transfection of MDDCs.




Figure 1 | Strategy to identify AAV capsid HLA class I peptides in immature monocyte derived dendritic cells. (A) Schematic representing the PBMC isolation, cell differentiation into dendritic cells, mRNA transfection, HLA:peptide complex immunoprecipitation and mass spectrometry peptide sequencing. Created with BioRender.com. (B) Schematic of the mRNA construct. (C) Time course expression after transfection of monocyte derived dendritic cells with mRNA coding for the capsid of AAV2. Protein expression was determined by the HiBiT lytic detection system. (D) Time course identification of AAV capsid peptide on HLA class I molecules after transfection with mRNA.






3.2 Profiling HLA class I peptides in monocyte derived dendritic cells transfected with mRNA coding for the capsids of AAV2, AAV6 and AAV9

To characterize the HLA class I immunopeptidome of AAV capsid proteins, we transfected MDDCs from 13 healthy donors with mRNA coding for the capsid protein of AAV2, AAV6 and AAV9. These serotypes were chosen because they are being widely used in clinical trials. The 13 donors had 36 HLA alleles that cover 71.7%, 55.4% and 72.5% frequencies in the US population for the HLA-A, HLA-B and HLA-C locus, respectively (Table 1). Across the 13 donors and 3 serotypes, we detected 65 different AAV capsid peptides presented by transfected MDDCs. The total AAV peptide numbers varied among donors and serotype, with AAV9-transfected MDDCs displaying more peptides (41 peptides) than AAV2 (26 peptides) and AAV6 (28 peptides) (Figures 2A, B, Supplemental Table 1). The peptides were assigned to an HLA allele based on a peptide affinity prediction. Most peptides were predicted to bind HLA-B (43 peptides), whereas fewer peptides were predicted to bind HLA-A (15 peptides) and HLA-C (7 peptides) (Supplemental Figure 1). The majority of the peptides displayed (59 out of 65) have not been described before. The AAV specific peptides had a classical peptide length distribution of HLA class I, where most peptides are 9 amino acid residues long (Figure 2C). Although HLA class I molecules typically bind peptides 8-10 aa long, 23% of the peptides identified by MAPPS (15 peptides) ranged in size from 11aa (12 peptides) to 12-13 aa (3 peptides). The total number of non-AAV HLA class I peptides in mRNA transfected cells was similar among the three treatments, suggesting that the differences in AAV specific peptides is not the result of differential cellular stress conditions (Figure 2D).


Table 1 | Donor HLA alleles and frequencies in the US population.






Figure 2 | The HLA class I immunopeptidomes of AAV serotypes. (A) Peptide counts per donor and serotype. (B) Aggregate number of unique peptides for each AAV serotype. (C) Peptide size distribution of AAV capsid-derived HLA class I peptides. (D) This figure illustrates the distribution of aggregate peptide sizes across the entire immunopeptidome of cells transfected with various mRNAs. The peptide counts depicted in this figure represent unique and non-repetitive peptides.



The identified peptides were aligned to the corresponding sequence of the AAV serotype and represented as heatmaps (Figure 3). We found HLA class I peptides covering 25%, 26% and 37% of the capsid protein of AAV2, AAV6 and AAV9, respectively (Figures 3B-D). The individual peptides are dispersed along the capsid without displaying any noticeable aggregations in particular regions. The peptide sequences are shown in Supplemental Tables 2–4 along with other analyses including predicted MHC allele and number of donors with a particular allele presenting the peptide. As expected, we observed that the majority of the immunopeptidomes were organized as single peptide species. However, we identified 12 clusters containing at least 2 peptides of different lengths (Table 2). Clusters 1 and 2 are identical between the three AAV serotypes and cluster 3 is identical between AAV2 and AAV6.




Figure 3 | The HLA class I peptides of AAV are distributed along the entire capsid protein. (A) Diagram representation of the full-length sequence of VP1, highlighting the regions that correspond to VP1 unique, VP1/VP2 unique and VP3. (B–D) Heatmap representation of the AAV2 (B), AAV6 (C) and AAV9 (D) HLA class I peptides identified. The first row, shown as SUM, represents the sum of the times a residue was displayed among multiple donors in different or identical peptides. Rows A to M represent the donor IDs as shown in Table 1. White background represents no peptide identified whereas the intensity of the colors, red (AAV2), green (AAV6) or blue (AAV9), provides information about the number of instances in which a particular residue is contained in an identified peptide. For instance, a single peptide composed of residues 42-50 would be designated with the lightest scale from each donor in which it was identified. If overlapping peptides were identified from the same donor (e.g. residues 107-116 and 108-116), then the area of overlap would be a darker shade of color. The X-axis represents the residue position in the capsid of the corresponding AAV.




Table 2 | HLA class I clusters of AAV capsids.



Our analyses identified three different types of clusters based on the presentation of peptides by donors and their predicted binding to different alleles. The first type of cluster matches the traditional definition where multiple peptides are presented by the same donor, and Cluster 1 is an example of this type. The second type of cluster contains singletons, which are peptides of varying lengths found in different donors that are predicted to bind to different alleles but overlap when considered in a group. An example of this type is Cluster 5, where a 13-mer peptide is predicted to bind to HLA-A68:01 and a 9-mer peptide to HLA-C03:04. The third type of cluster is a mixture of the first two types and contains peptides of varying lengths from the same donor, with one or more of those peptides being presented as singletons in other donors. Cluster 3 is an example of this type, where a 10-mer peptide was found in one donor and predicted to bind to HLA-B40:02, while a 9-mer peptide was found in several donors and predicted to bind to both HLA-B40:01 and HLA-B40:02. Additional details on these clusters can be found in Table 3.


Table 3 | Naturally processed HLA class I peptides and their match with previous identified epitopes.



Combined, we found that the immunopeptidomes of AAV capsids consist of peptides distributed along the entire protein, are arranged in single peptides as well as clusters and provide 59 new identifications that serve as potential epitopes.




3.3 More than 60% of the AAV HLA class I peptides are contained within clusters of HLA class II

Our recent publication reported the HLA class II immunopeptidomes of AAV2, AAV6, and AAV9 capsids, which showed significant sequence coverage of over 80% of the capsids (22). As similar peptide sequences can be presented by both HLA class I and class II molecules (26, 27), we aimed to compare the HLA class I and class II immunopeptidomes of the three AAV serotypes (Figure 4A). While the HLA class II immunopeptidome consisted of nested clusters of peptides of different length, the HLA class I peptides did not show much variation in peptide size. Thus, we searched for HLA class II clusters that contained the sequence of individual HLA class I peptides and identified 19, 20, and 25 HLA class I peptides that were contained within the HLA class II clusters for AAV2, AAV6, and AAV9, respectively (Figure 4B). These peptides were distributed along multiple regions of the capsid (Figure 4C). Overall, we observed that more than 60% of the AAV HLA class I peptides corresponded to sequences contained within the clusters identified in the HLA class II immunopeptidomes. These peptides hold significant importance as previous studies have suggested that peptides that are presented by both immune system molecules, result in the activation of polyfunctional cytokine responses in peripheral T cells (26).




Figure 4 | More than 60% of the AAV HLA class I peptides are contained within HLA class II clusters. (A) Representation of an HLA class I peptide contained within an HLA class II cluster. In this example we show the immunogenic epitope IPQYGYLTL fully contained within a cluster of HLA class II that have the similar sequences. (B) Venn diagrams showing the number of peptides that are unique and contained between HLA class II and HLA class I for each of the immunopeptidomes. (C) Heatmap comparison of the HLA class I and HLA class II immunopeptidomes. The heatmaps represent the sum of all the peptides that were displayed among the different cohorts in this study and in Brito-Sierra et al., 2022 (22). For ease of representation, the HLA class II heatmaps are shown in log2 scale.






3.4 Immunogenicity of the naturally displayed HLA class I peptides

We identified six naturally displayed peptides that are identical sequences to the AAV epitopes that had been described before (Table 3). Among these identical peptide sequences, we identified the highly validated AAV2 epitope VPQYGYLTL (6, 19) (Table 3, Supplemental Table 2) and its AAV6/AAV9 homolog IPQYGYLTL (6, 16, 19) (Table 3, Supplemental Tables 3, 4). We also identified the AAV9 LIDQYLYYL peptide, which has been validated with multimer/tetramer quantitative binding (17) (Table 3, Supplemental Table 4). Peptides VPQYGYLTL/IPQYGYLTL were associated with HLA-B07:01 and LIDQYLYYL was associated in HLA-A01:01 which are the same alleles that had been characterized in previous studies. In contrast, other peptides were associated with alleles different to the ones described before, suggesting that these immunodominant peptides are less restricted than initially described. For example, the peptide SQAVGRSSF was previously reported to be associated with the HLA-B44 allele. However, our analyses associated this peptide with the HLA-B15:01 allele. Notably, Hui et al., 2015 investigated the immunogenicity of the peptide SQAVGRSSF in a donor expressing both HLA-B15:01 and HLA-B44 alleles (14). Their bioinformatics analysis suggested that this peptide binds to the HLA-B44 allele. Nevertheless, as the donor also expressed the other allele, the possibility of the peptide also binding to HLA-B15:01 remains plausible, which aligns with our observations.

Despite having screened donors for the presumed correct allele, 12 peptides, which comprise half of all the epitopes reported in prior studies (Supplemental Table 5), were not detected. Among these, SADNNNSEY, a well-known AAV epitope with strong immunogenicity evidence (6, 14, 15, 19, 28), was absent in five donors carrying the HLA-A01:01 allele (donors B, D, H, J, and L) which is associated with this epitope. The absence of this epitope in our study despite ample sampling of appropriate donors suggests the involvement of a distinct processing and presentation mechanism. Mass spectrometry analysis of a synthesized peptide validated the identification of SADNNNSEY, indicating that the failure to detect this epitope in the MAPPs assay was not due to technical limitations, but rather a biological mechanism (Supplemental Figure 2). We also identified peptides that match sequences from published 9-mer epitopes, however the naturally processed peptides identified in our study were longer. In addition, these elongated sequences did not exhibit binding specificity to the same HLA allele as reported in previous studies (Supplemental Table 6). In summary, our results demonstrate that some of the naturally displayed HLA class I peptides of AAV serotypes match with previously identified epitopes, expand the range of HLA alleles that bind to AAV peptides, and introduce new epitopes with immunogenic potential.




3.5 Eleven HLA class I peptides are highly conserved among AAV serotypes

The high level of similarity between the protein sequences of AAV2, AAV6, and AAV9 capsids (>80% identity) means that highly conserved regions are likely present along the capsid of AAVs and may contribute to cross-reactivity between serotypes in the immunopeptidomes. In our study, we identified 11 highly conserved peptides along the capsid of AAVs that are present in the HLA class I immunopeptidomes of all three serotypes tested (Figures 5A-C). Eight of these peptides (2-6 and 9-11) had identical sequences among the three serotypes (Figure 5C), and peptides 5 and 11 were identified in the same set of multiple donors from all three serotypes, indicating a degree of promiscuity in these regions of interest.




Figure 5 | Eleven HLA class I peptides are highly conserved among AAV2, AAV6 and AAV9. (A) Diagram representation of the full-length sequence of VP1, highlighting the regions that correspond to VP1 unique, VP1/VP2 unique and VP3. (B) Diagram representing the position of each of the 11 conserved regions along the capsid protein as shown in A (C) Peptide information for the 11 peptides that are highly conserved among AAV serotypes. The first column labels the peptides by regions for each serotype and peptide. The peptide sequences are aligned with each other serotype. Yellow boxes represent amino acid residues that are different.



Three peptides (1, 7, and 8) had variations in a single residue (Figure 5C). The conserved peptide 1 contained different amino acids (S in AAV2, G in AAV6, and A in AAV9) at the 4th residue but was identical for the rest of the sequence. All three variants are predicted to bind to the same HLA-B27:05 allele. The corresponding peptides from AAV6 and AAV9 were identified in the same subset of donors, while the AAV2 variant was only identified in a single donor, possibly due to minor affinity differences caused by the sequence difference. Conserved peptide 7 contained a change from E to D at the 2nd residue in the AAV9 variant, resulting in a reduced prevalence of display in the donor cohort. The AAV2 and AAV6 variants of conserved peptide 7, which have E at the 2nd residue, are predicted to be bound by both HLA-B40:01 and HLA-B40:02 alleles and were observed in the same 4 donors. The AAV9 variant, which has D at the 2nd residue, was only observed in one of those same four donors and only predicted to bind to HLA-B40:02 allele. This finding aligns with a prior investigation, which showed that the HLA-B40:02 allele has the capacity to present peptides containing either an E or D residue in the second position. In contrast, HLA-B40:01 predominantly permits peptides with an E residue at the second position, as depicted in Supplemental Figure 3 (29).

Two of the highly conserved peptides, peptide 8 (VPQYGYLTL/IPQYGYLTL) and peptide 9 (SQAVGRSSF), correspond to previously described immunogenic epitopes. Additionally, two other conserved peptides correspond to clusters previously described in Table 3 conserved peptide 2 (DTSFGGNLGR) is a member of cluster 1 and conserved peptide 4 (RVITTSTRTW) is a member of cluster 2. Taken together, these results highlight several HLA class I peptides of interest that could account for cross-reactivity across AAV serotypes and should be carefully examined.





4 Discussion

Our study aimed to describe the HLA class I immunopeptidomes of three AAVs (AAV2, AAV6, and AAV9), which are commonly used in clinical trials and approved therapies. To achieve this, we used a novel approach that involved identifying the HLA class I immunopeptidome of AAVs from intracellularly produced capsid in human cells. This method has several advantages over previous approaches, including: i) mRNA transfection, which leads to intracellular expression and peptide loading on HLA class I molecules that closely resembles HLA class I peptide loading via direct presentation, ii) using MDDCs as the expression host provided access to multiple alleles without the need for a different transfection method for each cell line, and iii) the MAPPs method allowed direct identification of peptides that are naturally processed and loaded on HLA class I molecules. Our study profiled 13 donors, covering more than 50% of the HLA class I diversity in the United States, accounting for 36 HLA class I alleles. The results of our study highlighted several key findings. First, we identified a total of 65 AAV peptides, six of which were identical to previously identified immunogenic epitopes using overlapping peptide pools. The remaining 59 peptides represent potential CD8 T cell epitopes that have not been previously reported. Second, we discovered 12 clusters that contained at least two peptides of different lengths. Third, more than 60% of the HLA class I peptides were contained within the HLA class II clusters. Finally, we found that 11 peptides were highly conserved among the three serotypes analyzed in this study.

Previous studies have identified CD8+ T cell epitopes of several AAV serotypes using one or more approaches, such as pools of overlapping peptides spanning the entire capsid sequence (14, 15, 30), bioinformatic algorithms predictions (31), MHC multimers and binding affinity assays (6, 17, 19). However, few of these studies have demonstrated that the peptides are naturally displayed by cells in HLA molecules. Our study expands on this work by describing the entire repertoire of naturally processed and displayed AAV-derived peptides from intracellular expression of AAV capsid. We identified 65 AAV capsid peptides, corresponding to 26 of AAV2, 28 of AAV6 and 41 of AAV9. Only 9% (6 peptides) correspond to epitopes that had been described before but three of these were predicted to bind a different allele than the ones described in previous studies. Differential allele binding prediction is probably the result of discrepancies in donor alleles and bioinformatic algorithms. For example, Hui et al., 2015 demonstrated that SQAVGRSSF is a binder of the HLA-B44 allele by testing it against six donors with said genotype, however the highest immunogenicity was observed in a subject with the HLA-B44 and HLA-B15:01 alleles (14). In our study, two donors (E and I) had the HLA-B44 allele, but we only identified SQAVGRSSF only in donor E, which also has the HLA-B15:01 allele. This would agree with the highest immunogenicity in the donor with the HLA-B15:01 allele described by Hui 2015 (14). Given that our analysis predicted that SQAVGRSSF binds HLA-B15:01, the binding repertoire for this epitope is now expanded to the two alleles. In addition, our results highlight that 91% of the immunopeptidomes (59 peptides) correspond to novel peptides not described before and should be evaluated in further immunogenicity assays. Early work has demonstrated that more than 80% of the HLA class I peptides of vaccinia virus identified by mass spectrometry are immunogenic (32), suggesting that many of the novel peptides that we identified in this study have the potential to elicit CD8+ T cell activation.

Most canonical peptide ligands for HLA class I molecules are 9–10 amino acids in length. However, non-canonical peptide ligands with more than 11 amino acids can also elicit dominant cytotoxic T lymphocyte responses, sometimes at the expense of overlapping shorter peptides (33). MAPPs analysis enabled the identification of these unusually long peptides that could be missed by epitope mapping studies that focus on 9-mer peptides. Among the 65 peptides that were identified in the current study, a subset of 15 peptides were observed to have 11-13 amino acids in length. Some of these peptides were distributed across the 12 clusters described in this study. Notably, some clusters exhibited peptides of varying lengths that were presented by the same donors and alleles. Such an observation is consistent with previous studies on influenza and may have significant implications for T cell responses (34). On the other hand, other clusters included peptides of varying lengths that were differentially presented by donors and alleles. These peptides may represent the activation of distinct T cell responses in various donors, given that HLA alleles have different preferences for peptide length and, hence, can influence T cell activation differently (35).

When evaluating pre-existing immunity, cross-reactivity among serotypes is another factor to consider. For instance, if AAV2 natural infections generated memory CD8+ T cells that recognize an identical epitope in AAV9, therapy using AAV9 could potentially activate and expand capsid-specific CD8+ T cells. Similar cellular responses due to identical epitopes from different sources have been described in various studies, not specific to AAVs (34, 36–41). Considering that at least 30% of the human population has been infected with one AAV serotype (42), and the capsid sequences of AAVs are well-preserved among serotypes, assessing cross-reactivity across serotypes is crucial. AAV2, AAV6, and AAV9, for example, share over 80% sequence identity. In our research, we discovered 11 HLA class I peptides that are conserved across the three AAV serotypes examined, with three of them corresponding to previously described immunogenic epitopes. Evaluating the immunogenic potential of the remaining conserved AAV peptides is essential to comprehend the degree of problematic cross-reactivity during clinical development using these vectors for gene delivery.

It is important to note that the approach used in this study to identify peptides presented on HLA class I molecules from intracellular protein expression may not fully reflect the HLA class I peptidome derived from AAV capsids during gene therapies, as AAVs are unable to express capsid protein intracellularly. The HLA class I peptidome from AAV capsids during gene therapies would be the result of cross-presentation and may differ from the peptides identified in this study. However, given that the MHC-multimer validated epitopes, VPQYGYLTL and IPQYGYLTL, have been tested on transduced cells with therapeutic AAV (6), one can argue that they correspond to peptides derived from cross-presentation. And given that we found these same peptides from intracellular protein expression, it seems reasonable to infer that at least the majority of the immunopeptidomes repertoire is similar with cross-presentation. Nevertheless, we did not observe 12 of the previous described epitopes (corresponding to about 50% of the published studies), including SADNNNSEY, which is a well characterized epitope and validated with multimer/tetramer qualitative binding assays (6, 14, 15, 19, 28). This is surprising, given that SADNNNSEY has been defined as an HLA-A01:01 binder, which is an allele present in 5 of the donors of our study (donors B, D, H, J and L). The lack of SADNNNSEY identification may potentially stem from technical limitations intrinsic to the MAPPs assay, such as the limited abundance of this peptide as well as ion interference. Further investigations utilizing targeted immunopeptidomics are necessary to ascertain the true absence of SADNNNSEY in transfected MDDCs. Nonetheless, it is also conceivable to explore the possibility of underlying biological factors. It is plausible to postulate that despite its immunogenic nature, the presentation of SADNNNSEY might not follow conventional direct presentation pathways but rather may occur through alternative mechanisms, such as cross-presentation. This assertation is supported by a study conducted by Wu et al. in 2019 (43), which investigated both direct and cross-presentation of influenza A HLA class I peptides in mouse cells and found varying levels of epitope abundance between the two modes of presentation (43). To date, cross-presentation has not been evaluated for any viral antigen in human cells, likely due to the technical challenges associated with these types of experiments, which require a large amount of concentrated viral particles. Future studies will need to address this matter by identifying clinically relevant cells and developing an optimal experimental platform to compare direct vs cross-presentation with mass spectrometry.

Early studies have shown that CD8+ T cell responses play a major role in anti-drug immunity of gene therapies (6, 7, 44). Therefore, regulatory agencies are encouraging the monitoring of CD8+ T cell responses as part of the immunogenicity risk assessment of AAVs. Currently, the CD8+ T cell assays are performed using overlapping peptides spanning the entire capsid of AAVs. This method carries the risk of activating cells with peptides that would not be naturally presented, leading to the potential identification of false positive. Therefore, our study sets the stage for alternative pools with naturally displayed peptides. Future studies will determine the magnitude of the CD8+ T cell activation with the naturally displayed HLA class I peptides and establish the risk of cross-reactivity among serotypes. These peptides will provide the basis for assessment of cellular responses against gene therapies in clinical trials.
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9

9

9

P 9
| P IPQYGYLTL 373-381 9 A HLA-B07:02 10.5%
| P IPQYGYLTL 374-382 9 A, B HLA-B07:02 10.5%
s | Q SQAVGRSSF 384-392 9 E HLA-B15:01 4.9%
s|a SQAVGRSSF 385-393 9 E HLA-B15:01 4.9%
S | Q SQAVGRSSF 386-394 9 E HLA-B15:01 4.9%
L E LEYFPSQML 395-403 9 | HLA-B40:02 1.7%
L E LEYFPSQML 396-404 9 1] HLA-B40:02, HLA-B40:01 6.0%
L E LEYFPSQML 397-405 9 H, |, K | HLA-B40:01, HLA-B40:02 6.0%
M|V MVWQDRDVY | 604-612 9 D,G, M |HLA-B35:01, HLA-B35:57 5.7%
M|V MVWQDRDVY | 605-613 9 D,G,M |HLA-B35:01, HLA-B35:57 5.7%
M|V MVWQDRDVY | 605-613 9 D, G, M |HLA-B35:01, HLA-B35:57 5.7%
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AAV2 HLA-B35:01

MAPPs peptide Serotype HLA found in this study HLA described i References
VPQYGYLTL AAV2 HLA-B07:02 HLA-B07:02 (6, 14, 15, 18, 19, 24)
IPQYGYLTL AAV6, AAVY HLA-B07:02 HLA-B07:02 (14, 19, 25)

‘ LIDQYLYYL AAVY HLA-A02:01 HLA-A02:01, HLA-A02:02 (14,17, 25)

‘ QPAKKRLNF AAVY HLA-B07:02 HLA-B53 (14)

‘ SQAVGRSSE AAV6, AAVY HLA-B15:01 HLA-B44 (14)

‘ FPQSGVLIF ‘ HLA-B51 (14)
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HLA-A HLA-B HLA-C

Alleles US Frequency Alleles US Frequency Alleles US Frequency
A 02:01, 23:01 26.70% 07:02, 49:01 12.20% 07:01, 07:02 26.70%
B 01:01, 03:01 23.80% 07:02, 08:01 19.50% 07:01, 07:02 26.70%
lo; ' 02:05, 11:01 6.60% 15:01, 50:01 5.80% 03:04, 06:02 15.70%
D » 01:01, 11:01 ‘ 18.00% 35:01, 51:01 10.20% 04:01, 15:02 14.40%
E 02:01, 02:01 23.60% 15:01, 44:02 11.20% 03:04, 05:01 1430%
F 02:01, 24:02 32.50% 08:01, 27:05 11.40% 02:02, 07:01 18.00%
G 11:01, 11:01 5.50% 07:02, 35:57 10.50% 04:01, 07:02 25.30%
H 01:01, 02:01 36.10% 08:01, 40:01 13.30% 03:04, 07:01 21.30%
1 32:01, 68:01 5.60% 40:02, 44:02 8.10% 02:02, 07:04 5.20%
] » 01:01, 02:01 36.10% 40:01, 57:01 7.00% 03:04, 06:02 15.70%
K 02:01, 11:01 29.10% 40:01, 56:01 4.70% 01:02, 03:04 11.00%
L 01:01, 01:01 12.50% 15:17, 50:01 1.30% 06:02, 07:01 22.10%
M | 02:01, 03:01 34.90% 27:05, 35:01 8.10% 02:02, 04:01 16.50%
Total 71.70% 1 55.40% Total 72.50%

HLA class I haplotype frequency data was retrieved from the National Marrow Donor Program for HLA-A (https:/bioinformatics.bethematchclinical.org/workarea/downloadasset.aspx?
id=6372), HLA-B (https://bioinformatics.bethematchclinical.org/workarea/downloadasset.aspx?id=6386) and HLA-C (https://bioinformatics.bethematchclinical.org/workarea/
downloadasset.aspx?id=6390). These frequencies were then multiplied by the relative percentage of ethnic groups in the U.S. population based on 2020 census values representing overall
frequencies (https://www.census.gov/quickfacts/fact/table/US/PST045222). Unique allele frequencies were added up to calculate the total frequency of the alleles in our study.





