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Abstract

The availability of MHC-binding prediction tools has been useful in guiding studies aimed at 

identifying candidate target Ags to generate reactive T cells and to characterize viral and tumor-

reactive T cells. Nevertheless, prediction algorithms appear to function poorly for epitopes 

containing cysteine (Cys) residues, which can oxidize and form disulfide bonds with other Cys 

residues under oxidizing conditions, thus potentially interfering with their ability to bind to MHC 

molecules. Analysis of the results of HLA-A*02:01 class I binding assays carried out in the 

presence and absence of the reducing agent 2-ME indicated that the predicted affinity for 25% of 

Cys-containing epitopes was underestimated by a factor of 3 or more. Additional analyses were 

undertaken to evaluate the responses of human CD8+ tumor-reactive T cells against 10 Cys-

containing HLA class I–restricted minimal determinants containing substitutions of α-

aminobutyric acid (AABA), a cysteine analogue containing a methyl group in place of the 

sulfhydryl group present in Cys, for the native Cys residues. Substitutions of AABA for Cys at 

putative MHC anchor positions often significantly enhanced T cell recognition, whereas 

substitutions at non-MHC anchor positions were neutral, except for one epitope where this 

modification abolished T cell recognition. These findings demonstrate the need to evaluate MHC 

binding and T cell recognition of Cys-containing peptides under conditions that prevent Cys 

oxidation, and to adjust current prediction binding algorithms for HLA-A*02:01 and potentially 

additional class I alleles to more accurately rank peptides containing Cys anchor residues.

Extensive analysis of peptide binding to individual MHC class I molecules has led to the 

development of tools for identifying Ags recognized by class I-restricted T cells. Combined, 

in vitro peptide-binding assays and analysis of peptides eluted from cell surface MHC 

molecules (1–4) have led to the development of MHC binding algorithms that can facilitate 
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the identification of minimal T cell determinants (5, 6). Nevertheless, studies of tumor-

reactive T cells and T cells that respond to viral immunization have demonstrated limitations 

of using peptide/MHC binding prediction tools to query proteome and transcriptome 

databases. These analyses have led to the identification of T cell determinants that arise from 

multiple mechanisms that include protein splicing (7–10) and the translation of alternative 

open reading frames (11) or intronic sequences (12).

The influence of peptide modifications on T cell recognition has also been demonstrated in 

studies of peptides containing cysteine (Cys), a category of peptides that can be difficult to 

investigate in tissue culture assay systems because of the ability of Cys residues to oxidize 

and form disulfide linkages and disulfide-linked peptide multimers. Human T cells have 

been identified that preferentially recognize either a cysteinylated or an unmodified form of 

the minor-histocompatibility Ag H-Y peptide FIDSYICQV (13). Substitution of serine (Ser) 

or alanine (Ala) for the native Cys residues enhanced the binding and in vitro and in vivo 

immune response of murine T cells to Cys-containing influenza nucleoprotein epitopes, and 

the addition of the reducing agent tris(2-carboxyethyl) phosphine or DTT to tissue culture 

media enhanced in vitro T cell responses to those peptides (14). Responses against 

additional cysteine-containing peptides that include the NY-ESO-1 (CTAG2) cancer 

germline HLA-A*02:01-restricted epitope SLLMWITQC (14, 15) and the tyrosinase HLA-

A*01:01-restricted epitope KCDICTDEY (16), however, appear to be limited to the reduced 

form of the peptide. The NY-ESO-1 peptide contains a C-terminal Cys residue, one of the 

primary anchor positions responsible for binding to HLA-A*02:01 (1), and the tyrosinase 

peptide contains a Cys at position 2, corresponding to an auxiliary anchor for binding to 

HLA-A*01:01 (17). The inclusion of reducing agents in cell culture media significantly 

enhanced recognition of the NY-ESO-1 peptide. Furthermore, binding affinity measurements 

provided evidence for a more stable interaction of the NY-ESO-1 peptide containing a 

substitution of valine (Val) for Cys to HLA-A*02:01, and of a soluble NY-ESO-1-reactive 

TCR to these complexes, than formed by the native NY-ESO-1 peptide (18). Peptides 

containing conservative substitutions of either Ala or Ser for the Cys at position 2 in a 

tyrosinase epitope were recognized by human tumor-reactive T cells at between 10- and 

100-fold lower concentrations than the native peptide (16). Similarly, conservative 

substitution of Ser or Ala for Cys residues in viral epitopes significantly enhance their ability 

to stimulate in vitro and in vivo murine T cell responses (14). Substitution of the isosteric 

amino acid α-aminobutyric acid (AABA) for the three Cys residues present in a murine 

class I-restricted Moloney Murine Sarcoma virus GagL epitope was needed to generate 

MHC tetramers because of the formation of multimers that were incapable of binding to the 

H-2Db restriction element when the native peptide was used (19).

The problematic nature of analyzing Cys-containing peptides, particularly with respect to 

determining their HLA binding affinities, has consequences for the development of accurate 

peptide-binding algorithms, further exacerbating the problem of identifying immunogenic 

determinants containing Cys residues when those algorithms are in turn used as the basis for 

identifying candidate Ags. In addition, conventional methods used for identifying peptides 

eluted from cell surface MHC molecules appear to lead to a significant loss of Cys-

containing peptides, as demonstrated in two recent studies that appear to at least partially 

correct for these losses using a bio-informatic (20) or chemical approach (21). The 
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observation that modifications of the MHC anchor residue positions in the HLA-A*02:01-

restricted NY-ESO-1 peptide enhanced MHC binding provided an opportunity to further 

explore the nature of these interactions, as- HLA-A*02:01, which is one of the most 

common class I alleles in the general worldwide population (22), was the first HLA class I 

allele whose structure was solved by x-ray crystallography (23), and to date remains one of 

the most well-studied and characterized class I alleles. The binding specificity of A*02:01 is 

largely dictated by a canonical configuration of main anchor B and F pockets (24) in its 

peptide-binding groove, although secondary interactions are also important for high affinity 

binding (25). The relatively narrow and nonpolar structure of the B pocket cavity confers a 

preference for aliphatic hydrophobic residues (i.e., L, I, M, and V) in position 2, although a 

tolerance for small polar residues (S and T) has also been noted. The F pocket, which 

engages the peptide C-terminal residue, is more polar than the B pocket, but is also 

associated with a preference for aliphatic hydrophobic residues, and a tolerance for small 

polar residues. The tolerance for small polar residues in the B and F pockets of A*02:01 

makes study of unoxidized Cys particularly interesting. These findings presumably extend to 

additional alleles that can accommodate aliphatic residues in their B and F pocket cavities.

In this report, the binding affinities of a panel of nine known Cys-containing HLA-A*02:01-

restricted determinants and modified peptides containing substitutions of AABA for Cys 

were evaluated in the presence and absence of a reducing agent. Immune reactivity was 

assessed against six of the nine A*02:01-restricted and four additional non-A*02:01-

restricted peptides containing Cys residues in putative anchor and nonanchor positions. 

Significant differences were noted between the predicted and measured binding affinities of 

peptides containing cysteine anchors, and AABA substitutions were found to have different 

effects on T cell recognition, depending upon the position of the substitution.

Materials and Methods

MHC-peptide-binding assays

Quantitative assays to measure the binding of peptides to HLA A*02:01 class I molecules 

based on the inhibition of binding of a radiolabeled standard peptide (hepatitis B virus 

[HBV] core 18–27 analogue, FLPSDYFPSV). MHC molecules were purified by affinity 

chromatography from the Epstein-Barr virus transformed homozygous cell line JY, and 

assays were performed, as described previously (26, 27). Briefly, radiolabeled peptide is 

coincubated at room temperature with varying concentrations (~1 μM-0.1 nM) of purified 

MHC in the presence of a mixture of protease inhibitors and 1 μM B2-microglobulin. 

Following a 2-d incubation, MHC-bound radioactivity was determined following capture of 

MHC/peptide complexes on W6/32 (anti-class I) Ab-coated assay plates. Peptides were 

tested at six different concentrations covering a 100,000-fold dose range in three or more 

independent assays, and the concentration of peptide yielding IC50 of the binding of the 

radiolabeled probe peptide was calculated. Under the conditions used, where [radiolabeled 

probe] < [MHC] and IC50 ≥ [MHC] (bracketed values correspond to concentrations), the 

measured IC50 values are reasonable approximations of the true Kd values (28, 29). For 

assays under reducing conditions, 1 mM 2-ME was added.
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Positional scanning combinatorial libraries and bioinformatic analyses

Nine- and ten-mer positional scanning combinatorial libraries (PSCL) were synthesized as 

described previously (30). Each library contains randomized 9- or 10-mer peptides with one 

fixed residue at a single position. With each of the 20 naturally occurring residues 

represented at each position along a 9-mer (or 10-mer) backbone, the entire library consisted 

of 180 (or 200) peptide mixtures. A library completely randomized at each position is also 

tested.

PSCLs were tested in a standard competition assays, or in the presence of 2-ME as described 

above, and data analyzed as described previously (31–33). Briefly, the IC50 nM value of 

each mixture is standardized as a ratio to the geometric mean IC50 nM value of the entire set 

of 180 mixtures and then normalized at each position so that the value associated with 

optimal binding at each position corresponds to 1. For each position, an average (geometric) 

relative binding affinity (ARB) is calculated, and then the ratio of the ARB for the entire 

library to the ARB for each position is derived.

Predicted binding values using the PSCL were generated by summing the corresponding log 

ARB value for each residue at each position. Percentile scores were generated by indexing 

against a set of 10,000 randomly generated peptide sequences (ExPASy, RandSeq) scored 

with the same matrix. Predicted IC50 nM values were derived by indexing against 

NetMHCpan-generated IC50 nM with the same set of random peptide sequences.

HPLC analysis

Selected Cys-containing peptides were incubated for 2 d at room temperature in the presence 

of varying concentrations of 2-ME, a chemical compound commonly used to reduce 

disulfide bonds and, because of its capacity to scavenge hydroxyl radicals, as a biological 

antioxidant. The 2-d room temperature incubation replicates the conditions each peptide is 

subjected to during a standard in vitro peptide-binding assay. As a control, each peptide was 

similarly incubated, but without 2-ME present. For a second control, the same peptides were 

air-oxidized with no 2-ME.

Two 9-mer peptides with free acid C termini (peptide 3186.0013, sequence AAICTHLEV-

OH, and peptide 3186.0017, sequence GALASCMGL-OH), each containing a single 

internal Cys, were dissolved from lyophilized material in 100% DMSO at an approximate 

concentration of 10 mg/ml. In separate trials, ~10 nmol (1 μl) of each peptide was 

subsequently diluted to a final volume of 1 ml in a sterile PBS solution (pH 7.2), containing 

2-ME at one of the following concentrations: 0 mM, 100, 500 μM, 1, 10, 20, 50, or 100 mM. 

In addition to the no-DMSO control, additional controls of 48-h air oxidation (i.e., air 

bubbled into the sample) and 48-h air oxidation in the presence of 20% aqueous DMSO 

were also performed. To minimize experimental variables and simplify liquid 

chromatography postrun analysis, protease inhibitors were not included in the reaction mix.

After 48 h, each sample was analyzed by reversed phase HPLC. HPLC analysis was carried 

out on a Prominence LC-20AT module equipped with an SIL-20A autosampler and in-line 

SPD-20A UV-Vis detector (Shimadzu Scientific Instruments, Columbia, MD). Separation 

was performed on a Hypersil Gold ODS column (3 μm, 125 mm × 2.1 mm; Thermo Fisher 
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Scientific, Hanover Park, IL) equipped with a C18 guard column at 40°C. Pump control and 

peak integration was carried out with LabSolutions Software (version 5.96 SP3; Shimadzu 

Corporation, Tokyo, Japan). Mobile phase consisted of buffer A, 0.22 μm Milli-Q filtered 

water containing 0.1% TFA, and buffer B containing acetonitrile in 0.1% TFA. Reduced and 

oxidized peptides were eluted from the column with the following gradient: 0–2 min 5% 

buffer B, 2–37 min 5–52.5% buffer B, 37–42 min 52.58–0% buffer B, 42–45 min 80–5% 

buffer B, and 45–50 min 5% buffer B under a constant flow rate of 0.3 ml/min. For each 2-

ME concentration sample, 1 nmol (100 μl of the treated sample) was injected. The minimum 

2-ME concentration required to produce and maintain a reduced state of cysteine (free 

sulfhydryl) was defined as the minimum amount of 2-ME between the two trials at which 

the predominant peak eluting from reversed phase indicated reduced peptide.

Evaluation of T cell responses

Assays of HLA-A*02:01-restricted T cells were carried out by initially reconstituting 

lyophilized peptides in 100% DMSO, carrying out 10-fold serial dilutions in media at 

concentrations ranging between 1 mg/ml and 1 ng/ml, and immediately pulsing diluted 

peptides onto K562 cells that had been stably transduced with the gene encoding HLA-

A*02:01. After 2 h, peptide-pulsed target cells were washed and incubated with relevant T 

cells populations. Recombinant constructs encoding tumor Ag-specific TCRs were 

generated by cloning paired TCR α– and β-chains in the MSGV1 retroviral expression 

vector (34). A TCR identified from in vitro-cultured tumor infiltrating lymphocytes (TIL) 

generated from a patient with colorectal cancer were used to evaluated reactivity against the 

TP53(168–176) p.R175H epitope (35), and T cells transduced with a TCR isolated from a 

melanoma patient were used to evaluate responses against the CTAG2 epitope (36). Cells 

transduced with TCRs isolated from melanoma patients 1200, 4000, and 4155 were used to 

evaluate responses against the PMEL(639–647), HIVEP2(167–1682) P1682L, and 

RSL1D1(175–183) R183C epitopes, respectively. Similarly, cells transduced with TCRs 

isolated from in vitro-cultured TIL generated from colorectal cancer patients 4032, 4266, 

4266, and 4235 were used to evaluate responses against the PHLPP1(563–571) G556E, 

TP53(241–249) R248W, ECI2(350–358) N352I, and GALK1(242–250) epitopes, 

respectively. Responses against the CYFIP1(116–124) I121V neoantigen were assessed 

using in vitro-cultured TIL generated from a colorectal tumor fragment. Following an 18-h 

coculture of 5 × 104 T cells and 5 × 104 APC, culture supernatants were tested for the 

presence of IFN-γ using a standard ELISA Ab capture assay (Thermo Fisher Scientific).

Because of the diversity of HLA-restriction elements in this group of epitopes, a variety of 

different APCs were used for T cell recognition assays. The peptides encoding GALK1 

A249V were tested against a tumor infiltrating lymphocyte fragment culture known to 

contain mutation-specific cells. These peptides were pulsed onto dendritic cells (DCs) 

autologous to the patient from whom the TIL were originally identified. The RSL1D1 

R183C were pulsed onto DCs autologous to the patient from whom the mutation-specific 

TCR was originally isolated. The peptides encoding TP53 R248W and ECI2 N352I were 

pulsed onto Cos7 cells transiently transfected with HLA-A*68:02 and HLA-A*68:01, 

respectively, because of a lack of available DC samples from the patient in whom those 

reactivities were identified.

Sachs et al. Page 5

J Immunol. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Decreased accuracy of HLA binding predictions for cysteinecontaining peptides

As part of a recent study (37), we assembled a set of peptides consisting of 32 epitopes 

encoded by nonsynonymous somatic mutations (neoepitopes) from the Cancer Immunity 

Epitope database (38) plus an additional 45 neoepitopes from the published literature 

curated by the Immune Epitope Database (IEDB) (39) (Supplemental Table I). 

Approximately 90% (69/77) of the neoepitopes could be captured using a NetMHCpan 

predicted affinity threshold of 500 nM (Supplemental Fig. 1), a finding in agreement with 

previous studies that had identified both predicted and measured affinities of 500 nM as a 

suitable threshold to identify ~85% of pathogenic class I-restricted T cell epitopes (26, 40, 

41).

Review of the data set, particularly the eight epitopes predicted to bind with an IC50 >500 

nM, suggested that prediction of Cys-containing epitopes may be less accurate than non-

Cys-containing epitopes. The 500 nM threshold only identified 10 (71%) of the 14 Cys-

containing epitopes (Supplemental Fig. 1). Also, although Cys-containing epitopes 

constituted 18% of the entire epitope set, they composed 50% (4/8) of the outliers (p < 
0.014, Fisher exact test) (Table I top), all of which were restricted by A*02:01 (p < 0.0001) 

(Table I middle), whereas none of the non-A*02:01 outlier epitopes contained Cys (p = 

0.375, Table I bottom). These findings indicate that the affinities of class I-restricted Cys-

containing candidate epitopes may be significantly underestimated by current class I binding 

algorithms and that this may more frequently occur for peptides predicted to bind to class I 

alleles such as A*0201, where Cys residues may be tolerated at both the position 2 and C-

terminal primary anchor positions.

Determination of effective concentrations of 2-ME to protect Cys-containing peptides from 
oxidation in HLA binding assays

MHC binding predictions are largely based on in vitro peptide-binding assays performed in 

solution over a 24–48-h time span (6, 42). As Cys residues have a propensity to oxidize in 

solution, it is possible that oxidation interferes with or attenuates the binding capacity of 

Cys-containing peptides. As a result, in vitro binding assays may underestimate the binding 

capacity of Cys-containing peptides that may be naturally processed and presented within 

reducing cellular compartments.

To identify conditions that would allow the binding affinity of Cys-containing monomeric 

peptides to be determined, a Cys-containing peptide (AAICTHLEV-OH) was incubated for 

2 d at room temperature in the presence or absence of varying concentrations of the reducing 

reagent 2-ME. A different aliquot of the peptide was oxidized by bubbling air into the 

sample for 2 d in the absence of 2-ME, and the minimum 2-ME concentration required to 

generate a predominantly reduced cysteine peak was determined by reverse phased HPLC 

analysis (Fig. 1). For this peptide, increasing concentrations of 2-ME resulted in a shift from 

a predominant peak eluting at the position of the oxidized peptide to a predominant peak 

eluting at the position of the reduced species at concentrations of 1 mM or higher.
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Functional tolerance of purified HLA A*02:01 to varying concentrations of 2-ME

Next, we sought to define optimal conditions for testing peptide binding capacity to purified 

HLA-A*02:01 MHC molecules in the presence of 2-ME. Accordingly, a radiolabeled 

version of the HLA-A*02:01-restricted HBV core 18–27 (sequence FLPSDYFPSV) T cell 

epitope was tested in direct binding assays with varying concentrations of 2-ME and purified 

MHC, and the amount of bound cpm was determined (Fig. 2). As summarized in Fig. 2A, 

maximal binding of the radiolabeled ligand was observed with between 33 and 10 nM MHC 

across all 2-ME conditions. Furthermore, detectable signal was obtained regardless of 2-ME 

concentration, showing that the assay is generally tolerant of the presence of 2-ME. 

However, binding was reduced at concentrations above 500 μM 2-ME, a concentration that 

was only partially effective at reducing Cys-containing peptides. Approximately 85% of the 

peak signal intensity was seen at 1 mM, a concentration shown above to be capable of 

maintaining the tested peptides predominantly in their reduced state (Fig. 2B). Thus, 1 mM 

2-ME was used for subsequent assays performed in reducing conditions.

HLA peptide binding capacity influenced by cysteine oxidation

A set of nine known HLA-A*02:01-restricted epitopes recognized by tumor-reactive T cells 

containing one or two Cys residues were chosen to investigate the potential effects of 

peptide oxidation on MHC binding and T cell recognition. The panel included four 

nonmutant epitopes and five neoepitopes and their corresponding wild-type (WT) peptides, 

all containing either one or two Cys residues except for the CDK4 WT peptide. In addition, 

four non-HLA-A*02:01-restricted Cys-containing neoepitopes were chosen to evaluate the 

effects of peptide oxidation on T cell recognition (Table II)

Competitive binding assays were then carried out under standard conditions, in conditions 

excluding protease inhibitors that can potentially modify Cys residues, or in the presence of 

the reducing agent 2-ME, as described in Materials and Methods. Furthermore, binding 

assays were carried out using modified peptide variants in which the native Cys residues 

were replaced with AABA. The binding data, including predicted affinities, are summarized 

in Table III.

Using standard assay conditions, the measured IC50s for the BING4(alt orf), CTAG2(157–

165), HIVEP2(1674–1682) P1682L, and PHLPP1(563–571) G556E peptides were 71, 35, 

13, and 8-fold higher, respectively, than predicted values. For the remaining peptides, except 

for the CYFIP WT peptides, there was a less than 2-fold variation between the predicted and 

measured IC50s (Table III).

The effects of varying the assay conditions by removing protease inhibitors, adding 2-ME to 

the assay buffer, testing peptides containing AABA substitutions, or testing AABA-

substituted peptides in the presence of 2-ME on binding of the peptide panel to HLA-

A*02:01 were then evaluated. The affinity increases were noted for all the peptides whose 

binding capacities could be determined when assays were carried out either in the absence of 

protease inhibitors or in the presence of 2-ME, except for the PHLPP1(563–571) WT 

peptide (Table III), which was associated with negligible change. The ratio between the IC50 

values measured under standard conditions and in the absence of protease inhibitors ranged 
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between 16 and 0.35, with a median ratio of 2.5, and the ratio between the IC50 values 

measured under standard conditions and in the presence of 2-ME ranged between 86 and 

0.84, with a median ratio of 8.3 (Fig. 3). The ratio between the IC50 values measured under 

standard conditions with the native Cys-containing peptides and peptides where all the 

native Cys residues were replaced by AABA ranged between 840 and 0.17, with a median 

ratio of 19, and the ratio observed with AABA-substituted peptides in the presence of 2-ME 

ranged between 192 and 0.12, with a median ratio of 21 (Fig. 3). The addition of 2-ME to 

assays carried out with ABBA-containing peptides resulted in a median 0.73-fold change in 

the measured IC50 values relative to those obtained with AABA-containing peptides without 

2-ME (Fig. 3), indicating that 2-ME did not exert a nonspecific effect on binding assay 

results. The PHLPP1(563–571) WT peptide was the only peptide for which AABA 

substitutions appeared to decrease measured binding affinity relative to standard conditions 

(Fig. 3). Although these results could indicate that there is a preference for Cys over ABBA 

at position 3, a potential secondary anchor in the PHLPP1(563–571) WT peptide, binding of 

the ABBA-substituted PHLPP1(563–571) G566E peptide was enhanced relative to the 

native peptide, indicating that the mutant residue at position 4 may also influence peptide 

binding (Fig. 3).

For the seven peptides used for these comparisons containing Cys residues in a primary 

anchor position, the ratio between the predicted IC50 values and those measured in the 

presence of 2-ME ranged between 50 and 2.5, whereas for the three peptides containing one 

or two Cys residues in potential secondary anchor positions, the ratio ranged between 0.78 

and 0.20. Similarly, the ratio between the predicted IC50 values for the same group of seven 

peptides and those measured using AABA-substituted peptides ranged between 763 and 6.1, 

whereas for the three peptides containing Cys residues in nonanchor positions, the ratio 

ranged between 3.3 and 0.1, results consistent with the dominant role of primary anchor 

positions on peptide/MHC binding.

Although the binding capacity of the CDK4(23–32) R24C and HIVEP2(1674–1682) 

P1682L peptides could not be measured under standard conditions, both AABA-substituted 

peptides demonstrated relatively weak but significant binding, and significant binding of the 

HIVEP2(1674–1682) P1682L peptide could be detected in the presence of 2-ME (Fig. 3).

Taken together, these results indicate that current MHC binding algorithms underestimate 

the binding affinities of most peptides containing Cys residues in primary anchor positions 

and that their measured binding affinity can be significantly enhanced by inhibiting peptide 

oxidation.

Generation of improved combinatorial PSCL matrices

We and others have previously demonstrated the use of PSCL, consisting of combinatorial 

mixtures of peptides sharing a single residue at one position and random residues at all other 

positions, to derive quantitative peptide binding motifs for human, nonhuman primate, and 

mouse MHC class I molecules (31, 32, 43–46). Using a set of 180 or 200 mixtures 

containing the 20 naturally occurring residues at each position along 9-mers or 10-mers 

backbones, respectively, residue-by-residue and position-by-position matrices detailing 

binding specificity of class I MHC molecules can be derived.
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Accordingly, to examine the potential effect of Cys oxidation on peptide binding, 9- and 10-

mer PSCL were tested in HLA-A*02:01 binding assays. Corresponding 9-mer and 10-mer 

matrices (Supplemental Table II) were derived, and the average (geometric) relative binding 

capacity (ARB) of peptides containing each amino acid at each position determined, as 

detailed in Materials and Methods. Assays were performed both in the presence or absence 

of 2-ME, and the ratio between the ARB for each position and residue measured under 

normal assay conditions and in the presence of 2-ME were determined (Figs. 4, 5). Greater 

or less than 2-fold differences, corresponding to ~1 SD, are highlighted in green or red, 

respectively.

As expected, most of the significant positive effects resulting from the addition of 2-ME 

were associated with the peptides containing Cys, particularly at the C terminus and at 

positions 2 or 3 in 9-mers and positions 1 or 2 in 10-mers; moderately negative or no effects 

were noted for most of the other residues and positions.

Validation of the new matrices in an additional broader set of epitopes from the IEDB

The ability of the new matrices to facilitate identification of Cys-containing epitopes was 

next examined. A search of the IEDB identified 703 nonredundant HLA-A*02:01-restricted 

9–10-mer epitopes that had been validated using ELISPOT, intracellular cytokine staining, 

or MHC multimer assays (47). This set included 81 epitopes that contained Cys. A*02:01 

binding affinities were predicted as described in Materials and Methods for all the peptides 

using both the control (normal) and 2-ME matrices (Supplemental Table III).

The corresponding affinities of the Cys-containing peptides are illustrated in Fig. 6, where 

affinities from the control matrix are plotted on the x-axis and the corresponding affinities 

from the 2-ME matrix on the y-axis. In the figure, the diagonal dotted gray line indicates 

unity, where the predicted affinity for a peptide from the two matrices is identical, and 

diagonal dotted red lines demarcate 2-fold or greater differences in predicted affinity.

As shown in Fig. 6, 33 of the 81 Cys peptides (41%) were associated with 2-fold or greater 

increases in predicted affinity using the 2-ME matrix (lower right), compared with 13 (16%) 

using the control matrix (upper left); for non-Cys peptides, the corresponding rates were 28 

and 22%, respectively (Supplemental Table II). In addition, 22 (27%) of the Cys peptides 

were predicted to bind with 3-fold or higher affinities, compared with just six peptides (7%) 

predicted to bind with a 3-fold or lower affinity, when comparing the values obtained with 

the 2-ME and control matrices.

Overall, the average affinity predicted for Cys-containing peptides was nearly 2-fold higher 

(1.7 geometric mean) when using the 2-ME matrix, compared with the control matrix. An 

average increase of almost 3-fold higher (2.7 geometric mean) was noted when the Cys 

residue was either in position 2 or at the C terminus (Supplemental Table II), the main 

anchors for A*02:01 binding; by comparison, the difference was 1.1-fold for non-Cys 

peptides.

Prediction of HLA binding affinity is widely used to identify candidate T cell epitopes, and 

an affinity of 500 nM is routinely used as a threshold for peptide selection (26). With the 
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present set of epitopes, it is noted that this threshold identifies 40 of the Cys-containing 

epitopes when using the control matrix, although the 2-ME matrix accounts for 48, 

representing a 20% increase in the number of epitopes identified. Taken together, these 

analyses show that the capacity for predicting the binding affinity of Cys-containing 

peptides is enhanced when algorithms account for potential effects of oxidation of Cys, with 

potential implications for epitope identification studies.

Evaluating potential role of peptide oxidation on T cell responses to cysteine-containing 
epitopes

The effects of peptide oxidation on T cell recognition were then examined by assaying 

responses to titrated doses of native and AABA-substituted Cys-containing neoepitopes 

corresponding to six of the HLA-A*02:01 restricted epitopes tested in the MHC binding 

assays detailed above plus four additional Cys-containing neoepitopes recognized in the 

context of A*68:01, A*68:02, B*35:03, or C*01:02 (Table II).

Similar dose titration curves were observed for the native and AABA-substituted CTAG2 

peptides, whereas AABA-substituted TP53(168–176) R175H, CYFIP1(116–124) I121V 

peptides were recognized at a 10–100-fold lower concentration than the corresponding 

native peptides (Fig. 7A–C). Substitutions of AABA at position 9 alone or positions 7 and 9 

in the PMEL peptide resulted in enhanced T cell recognition, whereas minimal enhancement 

was seen in response to the PMEL peptide containing a single AABA substitution at position 

7 (Fig. 7D), indicating that oxidation of the C-terminal primary anchor position may have 

interfered with binding to HLA-A*02:01. Similarly, recognition of the HIVEP2(1674–1682) 

P1682L peptide appeared to be enhanced by modification of position 1, a potential 

secondary MHC anchor, whereas modification of position 5 alone did not appear to lead to 

enhanced recognition (Fig. 7E). Modification of the PHLPP1(563–571) G556E peptide at 

position 3 also appeared to enhanced T cell recognition; however, peptides containing 

AABA substitutions at position 6 alone or both positions 3 and 6 in the PHLPP1(563–571) 

G556E peptide were not recognized at 1 μg/ml, the highest concentration tested, indicating 

that the cysteine at position 6 may represent a critical TCR contact residue (Fig. 7F).

To further investigate the generality of these findings, T cell responses were investigated 

against four additional Cys-containing peptides recognized in the context of additional class 

I alleles. Substitution of AABA for the single Cys at position 2 in the HLA-A*35:03-

restricted GALK1(242–250) A249V neoepitope enhanced T cell reactivity by a factor of 

~1000-fold relative to the native peptide (Fig. 8A), although substitution of the single C-

terminal Cys residue in the HLA-C*01:02-restricted RSL1D1(175–183) R183C neoepitope 

and the single position 1 Cys residue in the HLA*A68:02-restricted ECI2(350–358) N352I 

neoepitope enhanced reactivity by a factor of ~10-fold (Fig. 8B, 8C). In contrast, responses 

against the HLA-A*68:01-restricted TP53(241–249) R248W epitope containing a single 

position 2 Cys residue did not appear to be significantly altered by AABA substitution (Fig. 

8D), as observed with the CTAG2(157–165) epitope (Fig. 7A).
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Discussion

The evaluation of immune responses against Cys-containing peptides has been hampered by 

the fact that peptide oxidation can interfere with accurate measurement of peptide binding 

affinity and can significantly diminish T cell reactivity. Previous studies analyzing responses 

to individual Cys-containing peptides have demonstrated that MHC binding and T cell 

recognition can be substantially enhanced by substitution of Cys residues with Val, Ser or 

Ala, or the nonnatural amino acid AABA. Binding affinity measurements, however, have 

typically been carried out under conditions that allow peptide oxidation and in the presence 

of protease inhibitors, some of which can modify sulfhydryl groups, reducing the peptide 

monomer concentration and inhibiting MHC binding.

In many in vitro sensitization assays and vaccination protocols that are dependent upon 

accurate predictions of MHC binding due to the need to narrow down candidate epitopes, 

these issues can lead to a bias against the selection of Cys-containing peptides. The analysis 

of peptides that have been eluted from MHC molecules has provided an opportunity to 

enhance the accuracy of prediction data, although oxidation during sample processing can 

lead to an underestimate of the frequency of Cys-containing peptide in these samples. 

Overall, Cys residues compose ~2% of all residues in the proteome, indicating that ~18% of 

9-mer peptides would be expected to contain a Cys residue, but these frequencies vary 

significantly among proteins and within protein regions. The DNA binding domain of the 

human Tp53 protein, generally considered to comprise residues 101–290 (48), encompasses 

the most frequently mutated or hot-spot mutations and all 10 of the Cys residues, 

representing 5% of all residues in this region of the Tp53 protein. In addition, Cys-

containing peptides within the DNA binding region of the Tp53 protein appear to represent 

frequent targets of tumor infiltrating lymphocytes in patients with ovarian and 

gastrointestinal cancer (49), providing opportunities for therapeutic interventions in patients 

with these common epithelial malignancies.

Further analysis demonstrated the influence of the position of the Cys residue within the 

peptide sequence on MHC binding and T cell recognition. For the nine peptides tested for 

binding to HLA*A*02:01, addition of the reducing agent 2-ME increased the measured 

affinity by between 1.5-fold and 86-fold. Substitutions of Cys residues with AABA, an 

amino acid that was isosteric with Cys but incapable of forming disulfide bonds, led to 

between 9- and 838-fold increases in measured binding affinities. The addition of 2-ME did 

not appear to affect the binding affinities of AABA-containing peptides, providing evidence 

for the specificity of these effects, as 2-ME addition should not affect the binding of AABA-

containing peptides. Furthermore, the measured affinities of the PMEL(639–647) and 

PHLPP1(563–571) G556E peptides, two of the three peptides containing two Cys residues, 

were higher for the peptides containing two AABA substitutions than those containing only 

one substitution. For four of the peptides containing Cys residues at presumed MHC anchor 

positions CYFIP1(116–124) I121V, TP53(168–176) R175H, PMEL(639–647) and 

GALK1(242–250) A249V, ABBA substitution significantly enhanced T cell recognition. 

Substitution of non-MHC anchor residue positions in the HIVEP2(1674–1682) P1682L and 

PHLPP1(563–571) G566E peptides with AABA, however, also significantly enhanced T cell 

recognition. These results are consistent with the hypothesis that peptide oxidation can 
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diminish T cell recognition either by inhibiting MHC binding or by altering the interface of 

T cell contact residues. The fact that ABBA substitution enhanced recognition of some but 

not all of the evaluated Cys-containing peptides may be related to the influence of flanking 

residues on the susceptibility of the native peptides to oxidation (50). It is also notable that 

the HLA-B*35:03-restricted GALK1(242–250) A249V, HLA-C*01:02-restricted 

RSL1D1(175–183) R183C, and HLA-A*68:01-restricted TP53(241–249) A249V 

neoepitopes contain Cys residues at primary anchor positions, presumably reflecting the 

known preferences in these alleles for aliphatic or small polar anchor residues, as noted 

above for HLA-A*02:01 epitopes (51).

The increased binding affinities measured for peptides containing Cys substitutions appear 

to result primarily from preventing peptide oxidation but also can result from the fact that 

interactions between Cys residues in anchor positions and the MHC binding pockets are 

suboptimal. The higher affinity measured for the HLA-A*02:01 shown for the CTAG2 

peptide containing a Val substitution for the C-terminal Cys residue appeared to result from 

additional side-chain interactions not present in the native CTAG2 peptide, demonstrated in 

x-ray crystallographic studies (52); however, our results demonstrated that the addition of 2-

ME or the substitution of AABA for Cys could significantly enhance MHC binding. These 

findings are consistent with the hypothesis that the major effects of these maneuvers are to 

prevent peptide oxidation, but x-ray crystallographic studies of binding of native and 

AABA-substituted peptides would be informative.

These findings demonstrate that MHC binding and T cell recognition of Cys-containing 

peptides can be enhanced either by the inclusion of a reducing agent or the substitution of 

AABA for the native Cys residue, which should facilitate a more accurate assessment of the 

immunological potency of these peptides. In addition, the results point to the need to 

develop improved binding prediction algorithms that accurately score peptides containing 

Cys in anchor residues for multiple alleles that contain aliphatic residues at these positions.
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FIGURE 1. 
Representative HPLC elution profile of oxidized and reduced peptide under reducing 

conditions. Assays were performed as described in the text.
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FIGURE 2. 
Influence of the presence of varying amounts of 2-ME on the binding activity of HLA 

A*02:01. Various concentrations of A*02:01 were titrated for binding activity using 

radiolabeled HBV core 18–27 as a probe ligand, as described in Materials and Methods. 

Activity was assessed as a function of concentration of added 2-ME (A). Maximal counts of 

>85% could be obtained in the presence of 1 mM 2-ME (B).
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FIGURE 3. 
Relative binding capacity of various Cys-containing CTL epitopes to A*02:01 under 

conditions to mitigate potential effects of oxidation. Native peptides, or analogs with Cys 

residues substituted to AABA, were tested under normal conditions, in the absence of 

protease inhibitors, or in the presence of 2-ME. The top bar in each group represents normal, 

the middle bar in each group represents no protease inhibitor, and the bottom bar in each 

group represents 2-ME.
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FIGURE 4. 
Relative changes in binding capacity associated with specific residues in specific positions in 

the presence of 2-ME for 9-mer peptides. Values represent the ratio of the ARB associated 

with each residue and position in the 2-ME assay to the ARB in normal conditions (2-ME 

ARB/normal ARB). Positive (+) and negative (−) effects show the number of positions a 

residue is associated with (>2-fold increases [black] or decreases [gray]) in ARB.
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FIGURE 5. 
Relative changes in binding capacity associated with specific residues in specific positions in 

the presence of 2-ME for 10-mer peptides. Values represent the ratio of the ARB associated 

with each residue and position in the 2-ME assay to the ARB in normal conditions (2-ME 

ARB/normal ARB). Positive (+) and negative (−) effects show the number of positions a 

residue is associated with (>2-fold increases [black] or decreases [gray]) in ARB.
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FIGURE 6. 
Comparison of predicted binding capacity of known Cys-containing epitopes using matrices 

derived from PSCL tested under normal conditions, or in the presence of 2-ME. The gray 

diagonal line demarcates equivalency in the predictions. Points below the diagonal indicate 

increases in predicted affinity using the 2-ME-derived matrix. Diagonal black lines highlight 

2-fold differences in affinity.
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FIGURE 7. 
T cell recognition of Cys-containing HLA-A*02:01-restricted peptides and the 

corresponding AABA-substituted peptides. Curves indicate IFN-γ secretion by relevant T 

cells in response to coculture with APCs pulsed with titrated concentrations of (A) 

CTAG2(157–165), (B) TP53(168–176) R175H, (C) CYFIP1(116–124) I121V, (D) 

HIVEP2(1674–1682) P1682L, (E) PMEL(639–647), and (F) PHLPP1(563–571) G556E 

peptides.
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FIGURE 8. 
T cell recognition of Cys-containing peptides restricted by HLA alleles other than HLA-

A*02:01 and the corresponding AABA-substituted peptides. Curves indicate IFN-γ 
secretion by relevant T cells in response to coculture with APCs pulsed with titrated 

concentrations of (A) HLA-A*35:03-restricted GALK1(242–250) A249V, (B) HLA-

C*01:02-restricted RSL1D1(175–183) R183C, (C) HLA*A68:02-restricted ECI2(350–358) 

N352I, and (D) HLA-A*68:01-restricted TP53(241–249) R248W peptides.

Sachs et al. Page 24

J Immunol. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sachs et al. Page 25

Table I.

Influence of the presence of Cys residues within an epitope on predicted MHC class I binding affinity

No. of Peptides

Epitope Status With Cys No Cys Total

AU epitopes

 Predicted nonbinders 4 4 8

 Predicted binders 10 59 69

 Total (p = 0.014) 14 63 77

A*02:01 epitopes

 Predicted nonbinders 4 0 4

 Predicted binders 3 24 27

 Total (p = 0.0001) 7 24 31

Non-A*02:01 epitopes

 Predicted nonbinders 0 4 4

 Predicted binders 7 35 42

 Total (p = 0.375) 7 39 46
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