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Development of T cell receptors (TCRs) as immunotherapeutics is hindered by inherent TCR cross-reactivity. Engineering more specific TCRs has proven challenging, as unlike antibodies, improving TCR affinity does not usually improve specificity. Although various protein design approaches have been explored to surmount this, mutations in TCR binding interfaces risk broadening specificity or introducing new reactivities. Here we explored if TCR specificity could alternatively be tuned through framework mutations distant from the interface. Studying the 868 TCR specific for the HIV SL9 epitope presented by HLA-A2, we used deep mutational scanning to identify a framework mutation above the mobile CDR3β loop. This glycine to proline mutation had no discernable impact on binding affinity or functional avidity towards the SL9 epitope but weakened recognition of SL9 escape variants and led to fewer responses in a SL9-derived positional scanning library. In contrast, an interfacial mutation near the tip of CDR3α that also did not impact affinity or functional avidity towards SL9 weakened specificity. Simulations indicated that the specificity-enhancing mutation functions by reducing the range of loop motions, limiting the ability of the TCR to adjust to different ligands. Although our results are likely to be TCR dependent, using framework engineering to control TCR loop motions may be a viable strategy for improving the specificity of TCR-based immunotherapies.




Keywords: T cell receptor, specificity, protein engineering, molecular dynamics, framework regions




1 Introduction

T cell receptors (TCRs) orchestrate cellular immunity by recognizing short peptide antigens bound and presented by proteins of the major histocompatibility complex (MHC). TCRs on cytotoxic T cells recognize peptides presented in the context of class I MHC proteins and, in addition to other T cell effector functions, coordinate killing of the presenting cell. Accordingly, there has been substantial interest in developing TCR-based immunotherapies for cancer and infectious disease. Therapeutic approaches under development include cell therapies and soluble, bispecific constructs that link TCR recognition domains to antibodies (1).

Despite considerable progress in immunotherapy, TCR cross-reactivity remains a barrier to further advances. TCRs do not possess the high specificity of mature antibodies, with each TCR estimated to recognize and initiate responses against a million or more different peptide/MHC targets on average (2–4). Biologically, this high level of cross-reactivity emerges from the finite size of an individual TCR repertoire compared to the vastly larger number of possible peptide antigens. Although necessary to ensure our immune systems can effectively respond to evolving and emerging threats, cross-reactivity also introduces the risk of off-target recognition in TCR-based therapeutics.

A variety of protein engineering approaches have been explored to enhance TCR specificity. Early efforts attempted to mimic antibody maturation through phage or yeast display (5–8). However, because TCRs recognize a composite ligand comprised of both the peptide and the MHC protein, unlike what occurs with antibodies, strengthening TCR affinity towards a single peptide target does not always improve specificity: even with peptide-focused mutations, enhancing the physicochemical “fit” towards one peptide is likely to also improve the fit with others, bringing previously unrecognized peptides into an affinity window strong enough to elicit T cell responses (9). Indeed, in an early clinical trial, a TCR that was affinity enhanced towards a melanoma-associated peptide triggered off-target immune responses that lead to patient deaths (10, 11). Other TCR engineering approaches have directly focused on specificity. For example, structure-guided design that combines positive, peptide-focused mutations with negative, MHC-focused mutations has been explored as a way to “focus” TCRs on a single target peptide (12). Yeast display has been used to refocus a TCR from one peptide to another, yielding high specificity towards the new target (13–15).

While TCR engineering approaches have relied mostly on TCR mutations in the traditional, structurally defined TCR-peptide/MHC interface, introducing mutations outside of the interface is an alternative means to potentially alter or improve TCR specificity. This possibility is highlighted by the recent use of deep mutational scanning to study TCR binding, which demonstrated that mutations in framework regions distant from the interface could alter affinity through conformational, dynamic, or other long range effects (16). Such mutations may be advantageous in that they avoid directly altering the chemical makeup of the binding site, thus reducing the risk of introducing new reactivities. Indeed, although the targets of antibodies and TCRs are very different, framework sites have long been known to influence antibody loop conformational and dynamic properties (17–19), and mutations in framework regions above CDR loops have been associated with the generation of more potent and specific antibodies (20–23).

Here we explored the possibility of using framework mutations to improve TCR specificity. Studying the well-known Z11 variant of the 868 TCR specific for the HIV SL9 epitope presented by HLA-A*02:01 (HLA-A2), we identified candidate mutations in and away from the interface using deep mutational scanning. Probing two mutations in detail showed the framework mutation, a glycine-to-proline mutation above the CDR3β loop, led to improved specificity, as demonstrated by analysis of variants of the SL9 peptide as well as an SL9-based positional scanning library. Notably, the improvement in specificity was achieved without discernably impacting TCR binding affinity for the SL9 ligand or the TCR’s functional avidity in cellular assays. Molecular dynamics simulations suggested this mutation acted by reducing the fluctuations of the CDR3β loop, hindering its ability to structurally adjust to different peptides. Although limited at this point to a single TCR, the results of our study provide impetus for exploring non-interfacial, framework mutations as a means to enhance TCR specificity without altering binding affinity or introducing new reactivities through interface modification.




2 Results



2.1 Deep mutational scanning of a yeast displayed single chain TCR variant

To identify interfacial and framework mutations of interest, we performed deep mutational scanning of the Z11 variant of the 868 TCR. 868-Z11 incorporates multiple mutations which enhance the affinity of the 868 TCR towards SL9/HLA-A2 by 35-fold and stabilize a single chain variant, both of which facilitate deep mutational scanning of yeast displayed TCRs (24). Yeast display libraries, one covering the α chain and one covering the β chain, were generated via nicking mutagenesis. Primers encoding NNK codons were used to generate libraries of single mutations within the 868-Z11 scTCR in the pETConNK vector (25). The libraries encoded 778 and 839 mutations in the α and β variable domains, respectively. Mutations were made in all six CDR loops, covering the entire loops as well as amino acids in the pre- and post-loop framework regions. Libraries were transduced into S. cerevisiae for display and selection of mutants. A separate transformation was performed with the unmutated (referred to as WT) 868-Z11 single chain TCR.

To determine the optimal concentration of SL9/HLA-A2 tetramer for staining the 868-Z11 yeast display library, we determined the apparent dissociation constant (KD,app) of the WT 868-Z11 scTCR-transduced yeast. WT 868-Z11 expressing yeast were stained with PE-conjugated SL9/HLA-A2 tetramer at concentrations ranging from 256 pM to 32.8 nM and subsequently analyzed via flow cytometry. The mean fluorescent intensity (MFI) was then fit as a function of tetramer concentration to a single site binding isotherm. This yielded a KD,app of 1.7 nM (Figure 1), closely matching the previously determined value of 4 nM, similarly determined through cell staining (24). Although these values are likely influenced by the use of multi-valent, tetrameric reagents, prior work has shown good agreement between yeast titrations and solution measurements (24, 26, 27), possibly due to limited engagement of multiple ligands as well as a tradeoff between avidity effects and staining conducted at a reduced temperature, as performed here.




Figure 1 | Yeast titration confirms the high affinity of the 868-Z11 TCR variant for SL9/HLA-A2. The data shows the MFI of yeast expressing the 868-Z11 scTCR stained at 4°C with PE-conjugated SL9/HLA-A2 pMHC tetramer at concentrations from 256 pM to 32.8 nM, with the titration performed in duplicate. The resulting curve was fit to a 1:1 binding isotherm, yielding a KD,app of 1.7 ± 0.6 nM.



Based on the apparent KD, the 868-Z11 deep mutational scanning library was stained with 1 nM SL9/HLA-A2 tetramer as well as with an anti-c-Myc antibody. The anti-c-Myc antibody screens for full-length scTCR, preventing selection of partial constructs resulting from nonsense mutations generated from the NNK codons used in library production. After staining, the top 25% of the tetramer/antibody double positive population was sorted and grown. A reference population was also collected to determine the enrichment of mutants after selection (Supplementary Figure S1). The selected and reference populations were then deep sequenced using paired-end sequencing (Supplementary Table S1). The deep sequencing data was then used to determine enrichment and fitness values using the protein analysis and classifier toolkit (PACT) (28). The results are shown as a heatmap of fitness values in Figure 2. As expected, most mutations were deleterious, with only a small number of positive fitness mutations interspersed throughout the CDRs and framework region of the TCR.




Figure 2 | Heatmap of 868-Z11 deep mutational scanning data. Blue cells indicate a positive fitness mutation, orange cells indicate a negative fitness mutation, white cells indicate fitness mutations that are approximately equivalent to WT 868-Z11, and black cells indicate mutations that were not significantly represented in the sequencing data (indicated as n/s). Red outlines indicate WT amino acids. CDR loops are indicated by the shaded regions below the WT 868-Z11 sequence. Framework sites are those outside of the shaded regions. Amino acid numbering is per that found in the PDB file as well as according to IMGT standards, as indicated.






2.2 Selection and evaluation of interfacial and framework mutations

Mutations with positive fitness values were present in the CDR1α, CDR3α, CDR1β, and CDR2β loops as well as the framework regions flanking the CDR2/CDR3 loops. After examining each mutation in the context of the structure of the 868 TCR bound to SL9/HLA-A2 (29), we selected two mutations to evaluate further. The first was alanine 94 to histidine near the apex of CDR3α (referred to as A94αH using the numbering in the PDB file for the 868-Z11 TCR; this is equivalent to A109αH using IMGT numbering as indicated in Figure 2). The second was glycine 104 to proline in the β framework region following the C-terminal end of CDR3β (referred to as G104βP; equivalent to G119βP using IMGT numbering) (Figure 3). The interfacial A94αH mutation was selected to focus on CDR3 amino acids which contact the ligand and preferentially interact with the peptide vs. the HLA-A2 protein. The G104βP mutation was chosen as it represents a distal framework mutation that makes no short- or long-range contacts with SL9/HLA-A2, with the hypothesis that the glycine-to-proline mutation could alter binding indirectly by influencing the conformational properties of the CDR3β loop instead of directly altering peptide or HLA-A2 contacts.




Figure 3 | Locations of the selected mutations in the 868-Z11 TCR in the TCR-SL9/HLA-A2 complex. The α chain is magenta; the β chain is teal. Darker colors indicate residues that were included in the deep mutational scanning.



To characterize the impacts of the A94αH and G104βP mutations, we introduced them separately into 868-Z11 and generated recombinant, single chain mutant and WT 868-Z11 protein. We first measured binding affinities using surface plasmon resonance (SPR). As expected based on prior work with the 868-Z11 TCR (24), the affinities were extremely high, in the single-digit nanomolar range, necessitating the use of a single cycle kinetic approach (30). We measured the KD of the A94αH mutant as 5.2 nM and the KD of the G104βP mutant as 0.3 nM (Figure 4A). Consistent with prior data, the KD of WT 868-Z11 was measured as 1.1 nM. Curiously, even though both mutants had positive fitness values, the affinity of the A94αH variant was slightly weaker than WT 868-Z11. While binding affinity is one component of a mutation’s fitness score, the density of each mutant on the yeast cell surface also plays a role and is influenced by features such as protein expression and stability. As the approximately 5-fold change in affinity from WT for A94αH was still within the variances seen in other studies of TCR specificity (9, 31, 32), we proceeded to evaluate both the A94αH and G104βP mutations. Per our hypothesis about the impact of the glycine-to-proline mutation on conformational properties, we found it notable that, although the A94αH mutation impacted both TCR on and off rates, the G104βP mutation only substantially impacted the association rate, with the kon increased from approximately 2x105 M-1 s-1 to 9×105 M-1 s-1. This suggests the glycine-to-proline mutation may reduce CDR loop fluctuations, maintaining the CDR3β loop in a conformation compatible with the SL9/HLA-A2 ligand.




Figure 4 | Binding data for the 868-Z11 TCR and mutants. (A) Single cycle kinetic titrations of SL9/HLA-A2 binding 868-Z11 WT (black), A94αH (teal), and G104βP (purple). Fits are shown as red lines. On rates (kon) were determined as 1.96×105 M-1 s-1 (WT), 7.92×105 M-1 s-1 (A94αH), and 9.04×105 M-1 s-1 (G104βP). Off rates (koff) were also determined as 2.16 x 10-4 s-1 (WT), 4.15 x 10-3 s-1 (A94αH), and 2.30 x 10-4 s-1 (G104βP). From the on and off rates, the KD values were determined as 1.1 nM (WT), 5.2 nM (A94αH), and 0.3 nM (G104βP). Large spikes associated with injections and pump refills were edited out for clarity. Data are reflective of two separate titration series. (B) Steady state titrations of SL9/HLA-A2 binding 868-Z11 T96βK (black), A94αH/T96βK (red), and G104βP/T96βK (blue). The KD values of 868-Z11 T96βK, A94αH/T96βK, and G104βP/T96βK to SL9/HLA-A2 were determined to be 2.5 ± 0.8 µM, 33 ± 9 µM, and 2.2 ± 0.9 µM respectively. Data are reflective of six separate titrations; values are the averages and standard deviations from the six experiments. Note that the fitted curve for the T96βK variant is obscured by that of the G104β/T96βK variant due to its nearly identical affinity.






2.3 Introduction of a mutation to bring affinities into a physiological range

Although they facilitated yeast display screening, the single-digit nM affinities of the WT 868-Z11 TCR and the A94αH and G104βP variants are >1000-fold stronger than affinities that typify that typify physiological TCRs and presented technical challenges for assessing specificity biochemically. Moreover, TCRs with such supraphysiological affinities can lead to diminished T cell functions, hindering functional studies and thus broader assessments of specificity (33–35). To address this, we capitalized on the deep mutational scanning data and selected a mutation designed to bring the affinity of the 868-Z11 TCR and the A94αH and G104βP variants into a physiological range. The threonine 96 to lysine mutation in the CDR3β (T96βK) loop had a negative fitness score of -5.7 (Figure 2) and was distant from that of both Ala94α and Gly104β (Figure 3). Introducing the T96βK mutation reduced the KD of WT 868-Z11 approximately 2000-fold to 2.5 μM. Adding the G104βP mutation led resulted in an essentially identical KD of 2.2 μM and adding the A94αH mutation led to a weaker KD of 33 μM (Figure 4B). As these values are within the known range for anti-viral TCRs (36) and were amenable to traditional steady state measurements of binding affinity as well as functional experiments, we proceeded to study how the A94αH and G104βP mutations impact TCR specificity in the background of the T96βK mutation.




2.4 The framework mutation enhances TCR specificity as assessed by SL9 viral escape variants

To interrogate the effects of the loop and framework mutations on the specificity of the 868-Z11 TCR, we analyzed seven variants of the SL9 peptide associated with HIV escape from immune recognition. The peptide variants chosen are the most frequently observed according to the Los Alamos HIV sequence database (https://www.hiv.lanl.gov), and include the tyrosine 3 to phenylalanine (Y3F) variant, the valine 6 to isoline (V6I) variant, the threonine 8 to valine variant, as well as all three double mutant combinations and the triple mutant, described previously as the “ultimate escape variant” of SL9 (29, 37). Significant structural data are available for HLA-A2 presenting these variants, and they reflect differences in the displayed peptide surfaces, and in some cases, changes in the peptide backbone (38, 39).

Using steady-state SPR, we determined the affinities of 868-Z11 T96βK and the A94αH/T96βK and G104βP/T96βK variants to each peptide presented by HLA-A2 (Supplementary Table S2). This allowed us to rigorously assess specificity through the lens of binding affinity and free energy, and as TCR functional responses in vitro generally correlate with binding affinities (9, 32, 40, 41), extrapolate to function. Although the fine details differed as described below, there were three distinct patterns among the peptides studied: compared to the WT SL9 peptide, the Y3F, Y3F/T8V, Y3F/V6I, and Y3F/V6I/T8V peptides weakened TCR binding, the T8V peptide had little impact, and the V6I and V6I/T8V peptides slightly strengthened TCR binding.

For a biochemically detailed view of specificity, we converted the KD values into changes in binding free energy, evaluating ΔΔG° values relative to the WT SL9 peptide (Figure 5). The relative ΔΔG° values give an indication of how sensitive each TCR variant is to the escape variants, and thus a direct evaluation of specificity. For all four peptides with the Y3F mutation (Y3F, Y3F/T8V, Y3F/V6I, and Y3F/V6I/T8V), the G104βP/T96βK TCR variant had more unfavorable ΔΔG° values (i.e., the values were more positive). This indicates weaker binding and therefore greater TCR sensitivity to the mutation. For the T8V peptide, the ΔΔG° of the G104βP/T96βK variant was also positive and unfavorable, compared to the negligible values for the T96βK or the A94αH/T96βK variants. For the V6I and V6I/T8V variants where binding was slightly improved compared to the WT SL9 peptide, the improvement was smaller with the G104βP/T96βK variant.




Figure 5 | Impacts of mutations in the 868-Z11 TCR on the binding of SL9 escape variants presented by HLA-A2. ΔΔG° values relative to the WT SL9 peptide are shown, determined from steady state KD measurements in triplicate. In general, compared to the single T96βK the mutation, addition of the G104βP mutation enhances specificity by shifting ΔΔG° values in a positive (unfavorable) direction, whereas addition of the A94αH mutation weakens specificity by shifting ΔΔG° values in a negative (favorable) direction. ΔΔG° values were determined from three independent KD measurements (Table S2). Each KD was converted to a ΔG° before determining the ΔΔG° relative to WT SL9. The three ΔΔG° values were then averaged, and the standard deviations determined. Statistical differences between mutations were determined using unpaired Student’s t-tests (* = significant differences with p< 0.05; ns, differences not significant).



Overall, when compared quantitatively to the T96βK and A94αH/T96βK variants, the more unfavorable ΔΔG° values for the G104βP/T96βK variant reached statistical significance for 4/7 and 7/7 peptides, respectively. In contrast, the A94αH/T96βK variant was more tolerant of the escape variants (i.e., the ΔΔG° values were less positive). Although the ΔΔG° values are still small, a defining characteristic of T cell biology is the amplification of very small changes in binding affinity into large functional differences (42). Thus, as assessed by the SL9 escape variants, the framework G104βP mutation enhanced specificity, while the interfacial A94αH mutation weakened specificity.




2.5 The framework mutation enhances TCR specificity as assessed by a positional scanning peptide library

To gain a broader, functional view of TCR specificity, we assessed TCR recognition using a positional scanning library of the SL9 peptide, which varies each amino acid of the peptide with all 20 standard amino acids, excluding primary anchors. Positional scanning libraries (sometimes referred to as X-scans) are frequently used to assess the specificity of TCR clinical candidates (43, 44). Although they are less quantitative than binding or functional titrations, they permit the rapid assessment of a wider array of peptides. The library scan was restricted to the 868-Z11 G104βP/T96βK and T96βK variants, as the two TCR variants bound with essentially identical affinities, facilitating a direct comparison.

We first separately transduced full length 868-Z11 G104βP/T96βK and T96βK TCRs into CD8+ Jurkat 76 cells (45), which do not produce TCR in the absence of transduced α and β chains. We incorporated CD8 to strengthen the signal as well as better mimic T cell biology. After selecting and expanding high TCR expressing transfectants (Supplementary Figure S2), cells were co-cultured with TAP-deficient HLA-A2+ T2 cells with increasing concentrations of the WT SL9 peptide. IL-2 produced from the co-culture was measured by ELISA in order to determine peptide EC50 values. Although maximum amounts of IL-2 produced differed due to slight differences in transfection efficiencies or possibly protein stability, the EC50 values from these experiments were identical within error, with values of 12 nM for T96βK and 10 nM for G104βP/T96βK (Figure 6A). This result is consistent with the variants’ identical binding affinities, indicating that, in this case, the recognition behavior of the TCR biological assembly matches that of the recombinant protein, and supports a head-to-head comparison of the two TCRs using the SL9 positional scanning library.




Figure 6 | Positional scanning library analysis confirms the G104βP mutation confers higher specificity. (A) The T96βK and G104βP/T96βK variants of 868-Z11 have EC50 values identical within error for the SL9 peptide in functional assays measuring cytokine release. Data points are averages and standard deviations of five separate titrations; values reported are the averages and standard deviations from the five experiments. Negative control data are for co-cultures with the irrelevant Tax11-19 peptide (sequence LLFGYPVYV). (B) Positional scanning library data for the T96βK and G104βP/T96βK variants of 868-Z11. For each peptide in the library, IL-2 production at 10 µM peptide in a co-culture experiment is normalized to that of the WT SL9 peptide as indicated by the scale on the right. Addition of the G104βP mutation results in fewer stimulatory peptides, particularly in the C-terminal half of the peptide. Data in each cell are the average of three separate co-culture experiments. (C) Fingerprint analysis from the data in panel B, showing the distribution of scores for all 1.28 billion peptides of the form XLXXXXXXL, where X is any of the 20 standard amino acids. The greater specificity conferred by the G104βP mutation is indicated by the left-shifted blue curve, further highlighted by the much smaller number of peptides with scores ≥ 0.8 as indicated by the inset.



We next performed co-culture experiments with individual peptides from the positional scanning library. We selected a peptide concentration of 10 μM to ensure responses from weakly stimulatory peptides were captured, but still below the saturating concentration, as we expected some peptides could be more potent than WT SL9. The library results confirmed the higher specificity of the G104βP/T96βK variant, as compared to the T96βK variant, fewer peptides elicited responses (53 for G104βP/T96βK vs. 119 for T96βK), and of those that did, fewer reached the level of WT or above (19 for G104βP/T96βK vs. 30 for T96βK) (Figure 6B). Notably, while the higher specificity of the G104βP/T96βK variant was seen at every position of the peptide, it was most obvious in the C-terminal half, which has the greatest contact with the CDR3β loop (Figure 3).

We next used the data to generate theoretical TCR “fingerprints” that score all possible 1.28 billion (207) combinatorial peptide variants (46, 47). The IL-2 response of each amino acid at each position was normalized to the IL-2 response of the WT peptide. For any theoretical peptide, the normalized responses for each amino acid were summed and divided by 7, the sum of the normalized responses of the amino acids of the WT SL9 peptide. TCR fingerprints make the limiting assumption that every substitution at each peptide position acts independently of others, an assumption that can be violated through compensatory or cooperative substitutions (48). This assumption notwithstanding, fingerprints still allow a theoretical comparison between TCRs and provide a high-level window into overall specificity.

The differences in the positional scanning library responses were reflected in the fingerprint analysis, with the values for the G104βP/T96βK variant downshifted compared to those of the T96βK variant (i.e., more peptides received lower, weakly/non-stimulatory scores) (Figure 6C). In previous work, we identified peptides with TCR fingerprint scores of 0.8 or higher as those more likely to lead to some level of functional recognition, with higher scores associated with higher binding affinity and stronger responses (47). The T96βK variant had approximately 67 million peptides in the range of 0.8 and above, while G104βP/T96βK had approximately 10-fold fewer (6.6 million) (Figure 6C, inset). For another window into specificity, we tabulated the number of peptides with up to three amino substitutions found in the scores of 0.8 or higher, choosing three substitutions to reflect the maximum number seen in the SL9 escape variants, and recognizing that peptides with four or more substitutions are likely to have significantly altered conformations in the groove. The G104βP/T96βK variant had 43,163 peptides with up to three mutations with scores of 0.8 or higher. In contrast, the less specific T96βK variant had 112,317 such peptides, almost three times as many.




2.6 Molecular dynamics simulations indicate enhanced specificity emerges from reduced loop flexibility

To gain insight into how the G104βP mutation enhances the specificity of the 868-Z11 TCR, we studied protein flexibility using molecular dynamics simulations. Using the structure of the 868 TCR bound to SL9/HLA-A2 as a template (29), we introduced mutations to generate the 868-Z11 T96βK, A94αH/T96βK, and G104βP/T96βK TCRs. After energy minimization and equilibration, each of the free TCRs (i.e., not bound to SL9/HLA-A2) were simulated in explicit solvent for 1 μs. From these trajectories we examined root mean square (RMS) fluctuations of the CDR loops of both the α and β chains.

The RMS fluctuation data indicated that the CDR3β loop possessed the highest flexibility (Figure 7A). The A94αH mutation had only a small impact on the fluctuations of this loop, reducing RMS fluctuations at the center by approximately 0.4 Å. In contrast, the G104βP mutation led to a marked reduction in CDR3β fluctuations, reducing fluctuations at the loop center by approximately 1 Å. The G104βP mutation also slightly impacted the fluctuations in CDR1β and CDR3α, reducing movement at the loop centers by approximately 0.3 Å and 0.2 Å, respectively. Reduced fluctuations are consistent with the conclusion that the glycine-to-proline substitution in the framework region limits the ability of the CDR3β and, to a lesser extent its adjacent loops, to structurally adjust to different ligands, thereby enhancing TCR specificity. This conclusion is also consistent with the impact of the G104βP mutation on the association rate for TCR binding, which as noted above was faster than either the WT 868-Z11 TCR or the variant with the A94αH mutation (Figure 4A).




Figure 7 | The G104βP mutation reduces the magnitude of fluctuations in the 868-Z11 TCR CDR3β loop. (A) The fluctuations for all six loops of the α and β chains for the T96βK, A94αH/T96βK, and G104βP/T96βK 868-Z11 TCR variants determined from 1 μs of molecular dynamics simulations of the unbound TCR. The largest reduction with the G104βP mutation is seen in the CDR3β loop. (B) Structural view of the 868-Z11 CDR3β loop and the framework mutations above it, highlighting the backbone hydrogen bond between Gly104 and Cys91 that is lost with the glycine-to-proline mutation. (C) Cα motional cross-correlation matrices for the CDR3β loop and the framework amino acids above it (residues 87-107) from the molecular dynamics simulations described in panel (A). Amino acids of the loop are indicated by the black boxes. The green box indicates position 104β. As indicated by the scale, blue is positively correlated motion, red is negatively (anti) correlated motion. Addition of the G104βP mutation, but not the A94αH mutation, substantially reduces the magnitude of correlated motion between the center of the loop and the residues above it.



The G104βP mutation did not reduce loop flexibility by altering backbone torsion distributions, as ϕ/ψ bond distributions at positions 104 and 105 were the same in all three simulations (Supplementary Figure S3). Rather, with glycine at position 104β, an interstrand backbone (NH to CO) hydrogen bond is formed to Cys91 above the N-terminal end of the CDR3β loop (Figure 7B). Removing this hydrogen bond by replacing glycine with a proline reduced correlated motion within the loop, most notably between the loop apex and the ends of the loop as they enter the framework (Figure 7C). With less correlated motion, overall en bloc motions of the loop are reduced, allowing thermal fluctuations to occur more independently and ultimately leading to smaller magnitude motions at the apex, as seen by the RMSF analysis. The reduction of correlated motion without reduced intrinsic dynamics provides an explanation for how the mutation alters loop properties without altering binding affinity towards SL9/HLA-A2, as otherwise the mutation would be expected to strengthen binding by reducing entropic penalties.

We next examined the conservation of the interstrand glycine-to-cysteine hydrogen bond above CDR3β in TCRs. In 558 structures representing 260 unique TCRs, this hydrogen bond is present in 540 (97%). To ask if the glycine-to-proline mutation in CDR3β might have similar effects on loop dynamics with other TCRs, we simulated the A6 and LC13 TCRs with and without the glycine-to-proline mutation. The CDR3β loops of both the A6 and LC13 TCRs, which are divergent from 868, undergo conformational changes upon binding peptide/MHC (49–52), and molecular dynamics simulations have characterized the high frequency motions of the CDR3β loops of both receptors (49, 53, 54). In 1 μs molecular dynamics simulations performed identically as those for the 868 variants, the mutation of glycine to proline had differing effects on the CDR3β loops of two TCRs, with a small reduction in RMS fluctuations for A6 and little to no impact on the LC13 (Supplementary Figure S4). Thus, although the glycine-to-cysteine interstrand hydrogen bond is conserved across TCRs, its removal through mutation is not predicted to have conserved consequences for loop motions, indicating that sequence variations within different loops will likely impact the level of control framework regions have over motional properties. Lastly, we queried the frequency of this mutation in known antibody sequences. As noted above, antibodies share an analogous pre-CDR3 sequence, and the same glycine to proline mutation studied here was identified in a broadly neutralizing antibody to HIV gp120 (20, 22). Using the Observed Antibody Space database (55), in approximately 7 million sequences, we found 1203 instances of a glycine to proline mutation above antibody CDR3 loops, indicating that the mutation is rare (as expected for a framework mutation) but still potentially impactful as seen with HIV gp120.





3 Discussion

With ongoing efforts to develop TCR and T-cell based therapeutics, interest has grown in improving TCR specificity through protein engineering. Unlike antibodies, however, enhancing TCR affinity generally does not improve specificity. This can be attributed to the structural features of the TCR’s composite ligand, which presents the generally flat target peptide within a structurally conserved MHC platform, as well as the vast universe of MHC-presented peptides, which ensures that many structurally and chemically similar targets are regularly encountered. With a handful of notable outliers [e.g., refs (56, 57)]. T cell functional responses generally correlate with the binding affinity of the TCR (9, 32, 40, 41). As T cell responses can be elicited over a range of relatively weak TCR binding affinities (generally, KD’s ranging from single digit to hundreds of micromolar), enhancing TCR affinity towards one peptide is very likely to enhance affinity towards others, thereby bringing otherwise non-stimulatory off-target peptides into a stimulatory range (9). This challenge has led to a variety of efforts to improve TCR specificity through protein engineering efforts, including the use of negative design principles as well as the development of non-TCR based peptide/MHC recognition molecules such as antibodies or other proteins (58, 59).

The CDR loops of TCRs, and the hypervariable CDR3 loops in particular, often exhibit a degree of flexibility, contributing to the cross-reactivity that is necessary for a T cell repertoire to respond to a much larger pool of possible antigens (2, 3, 60). This is true for the 868 TCR studied here, whose CDR3α and CDR3β loops undergo large structural changes upon binding the SL9 epitope presented by HLA-A2 (29). Conformational changes in CDR loops, which occur over a range of timescales and reflect both conformational selection as well as induced-fit (49, 61–66), afford the opportunity to impact TCR binding though mutations that alter loop motions. Particularly attractive are mutations in framework regions outside of the traditionally defined CDR loops that are at or near hinge regions, as these would not be expected to directly alter a TCR’s structural and chemical fit with different peptides and thus inadvertently introduce new reactivities. Framework mutations have indeed been shown to impact TCR binding affinity towards specific ligands (16). Importantly though, as they do not directly alter the contact surface, mutations in these positions should also be able to alter or even improve TCR specificity. Indeed, naturally selected as well as engineered framework mutations are associated with the generation of more potent and specific antibodies (20–23).

Here we demonstrated how framework vs. interface mutations in the 868-Z11 TCR impacted specificity towards the HIV SL9 epitope presented by HLA-A2. In the background of a mutation to bring binding affinity into a physiological range, neither mutation greatly impacted affinity towards SL9/HLA-A2, permitting a direct comparison of specificity. Tested with a range of SL9 escape variants, the framework mutation – a glycine to proline mutation above CDR3β – indeed led to improved specificity. This was first apparent with escape variants of the SL9 peptide assessed biochemically. Although the effects on binding were subtle, T cells via their signaling mechanisms magnify small differences in binding affinity (42). This was clear when we examined T cell responses to a positional scanning library of the SL9 peptide, where the framework mutation led to substantially improved specificity. On the other hand, the interfacial alanine to histidine mutation near the apex of CDR3α directly changed the TCR contact surface. Although the mutation did not impact binding to the SL9 epitope, this variant better tolerated SL9 peptide variants, revealing a loss of specificity.

The mechanism of improved specificity for the glycine to proline mutation is of interest, as it does not appear to result directly from limitations on backbone torsions that might be expected by changing a glycine to a proline. Rather, the effect results from the loss of a hydrogen bond across the framework above the CDR3β loop, which reduces correlated motion, reducing the overall magnitude of loop fluctuations. Intriguingly, an analogous proline mutation above CDRH2 that also eliminated an inter-strand hydrogen bond was identified in a broadly neutralizing antibody to HIV gp120; reversion back to the native alanine reduced neutralization potency against several strains (20, 22). Alterations to hydrogen bonds through proline mutations have had similar dynamic effects in other systems (67). Although altering hydrogen bonds at or near the start of CDR loops may be a strategy for controlling TCR loop dynamics and thus specificity, our simulations with other TCRs suggest that unique features of CDR loops will also have an impact, likely necessitating a screening approach as applied here. Nonetheless, our overall results indicate that manipulation of TCR framework regions may be a productive approach for sharpening the specificity of clinical candidates and thus reducing the risk of unanticipated off-target recognition in TCR-based therapies. Careful engineering could similarly be used to engineer TCRs that target a range of related peptides, mimicking in principle the “multi-specific” TCRs that recognize similar tumor associated antigens (68).




4 Experimental procedures



4.1 Preparation of mutagenesis libraries

The gene for the 868-Z11 scTCR was inserted into the pETconNK plasmid (Addgene #81169) using the NdeI and XhoI restriction sites. Comprehensive single site saturation mutagenesis libraries of the 868-Z11 scTCR in the pETconNK plasmid were constructed using nicking mutagenesis as described previously (69). Mutagenic oligos were obtained from Integrated DNA Technologies. Two separate libraries were generated: library 1 covered mutations in the α chain and library 2 covered mutations in the β chain. Library plasmid DNA was transformed into chemically competent S. cerevisiae EBY100, grown, and stored in yeast storage buffer (20% w/v glycerol, 20 mM HEPES, and 150 mM NaCl pH 7.5) at -80°C according to published protocols (70).




4.2 Screening of 868-Z11 libraries

To screen the 868-Z11 single site saturation mutagenesis libraries, 1×107 cells were grown from freezer stocks in 1 mL of SDCAA (2% w/v dextrose (D-glucose), 0.67% w/v yeast nitrogen base without amino acids, 0.5% w/v Bacto casamino acids technical, 0.54% w/v Na2HPO4, and 0.856% w/v Na2HPO4·H2O) for 6 hours at 30°C and reinoculated at OD600 = 1.0 in 1 mL of induction media, SGCAA at 18°C for 16 hours. For each library, 2×107 yeast were labeled with SL9/HLA-A2 tetramers at a concentration of 1 nM for 30 min at 4°C (reduced temperature to help ensure stability and viability) in PBS-BSA (pH 7.4: 0.8 w/v NaCl, 0.02% w/v KCl, 0.144% w/v Na2HPO4, and 0.024% w/v KH2PO4, 0.1% w/v bovine serum albumin). After centrifugation at 2500g for 5 minutes, removal of supernatant, and resuspension in 1.95 mL of PBS-BSA, cells were secondarily labeled with 48 μL of anti-c-Myc-FITC (Miltenyi Biotec 130-116-485, lot number 5200301418) for 10 min at 4°C. Before sorting, the cells were washed with 5 mL of PBS-BSA, centrifuged at 2500g, the supernatant was removed, and cells were resuspended in PBS-BSA immediately before sorting with a Sony SH800S instrument. Each sort collected approximately 100-fold of the theoretical diversity at the amino acid level using a gate set to collect the top 25% of the double positive population. A reference population for each library was collected from the “single cell” gated population. Collected cells from each population were recovered at 30°C for 30 hours in 10 mL of SDCAA, washed with PBS-BSA, and then stored in 1 mL of yeast storage buffer at a concentration of 4×107 cells per mL at -80°C. Libraries were prepared for deep sequencing as previously described (70). The libraries were pooled and sequenced on an Illumina MiSeq using 2×250 bp pair-end reads at the BioFrontiers Sequencing Facility at CU Boulder.




4.3 Deep mutational scanning data analysis

The Protein Analysis and Classifier Toolkit (PACT) (modified version of Enrich 2) (28) was used to compute enrichment ratios from the raw sequencing files. Python scripts available at Github (user: JKlesmith) were used to normalize the enrichment ratios Ei from:

	

where fi,sel is the frequency of variant i in the selected population, and fi,ref is the frequency of variant i in the reference population. For comparison between libraries, a fitness score (Fi) for each mutant i was calculated as:

	

where Ei is the enrichment ratio of the selected mutant and Ewt is the enrichment ratio of the wildtype.




4.4 Yeast display affinity titration

Yeast expressing the 868-Z11 scTCR were induced and grown to an OD600 of 2. For each point in the titration, 5 µL cells were incubated with SL9/HLA-A2 tetramer at concentrations ranging from 256 pM to 33 nM for 30 min at 4°C (lower temperature chosen to help ensure stability and viability). Cells were centrifuged at 2500g for 5 minutes, washed with 5 mL PBS-BSA, and resuspended in PBS-BSA before analysis on a Sony SH800S instrument. The mean fluorescent intensity (MFI) as a function of tetramer concentration was utilized to determine the apparent binding affinity using a 1:1 binding model.




4.5 Protein expression and inclusion body purification

Genes encoding soluble constructs for the HLA-A*02:01 (HLA-A2) heavy chain, β2-microglobulin (β2m), and the 868-Z11 scTCR in pET28 vector were purchased from Genewiz. Recombinant proteins were overexpressed in Escherichia coli as inclusion bodies under the control of an IPTG-inducible T7 promoter. Individual proteins were expressed in either BL21 (DE3) E. coli or Rosetta (DE3) E. coli after inducing cultures with 0.5- 1.0 M IPTG at an OD600 > 0.5. Once induced, cultures were grown for 6-8 hours and harvested at 9000 rpm. Collected cells were resuspended in 50 mM Tris-HCl, 1mM EDTA, 250 g/L sucrose, 1 g/L sodium azide, and 10 mM DTT. Subsequently, cells were lysed with lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 1% Triton X-100, 10 g/L sodium deoxycholate, 1 g/L sodium azide, and 10 mM DTT), 50 mg lysozyme, 2 mg DNase (Worthington), and 5 mM MgCl2. Next, 10 mM EDTA was added, and the cell lysate sonicated. Inclusion bodies were then isolated from the cell lysate by centrifugation at 9000 rpm. Once isolated, inclusion bodies were washed with an initial wash buffer (50 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, 0.5% Triton-X 100, 1 g/L sodium azide, and 125 mM DTT) and then final wash buffer (50 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, 1g/L sodium azide, and 125 mM DTT). The inclusion bodies were solubilized in final buffer (8 M urea, 25 mM MES pH 6.0, and 1 mM DTT) before centrifugation at 17,000 rpm to remove any remaining insoluble debris and stored at -80°C until use. The concentration of the solubilized inclusion bodies was determined with a Bradford assay. Peptides were commercially synthesized from AAPPTEC or GenScript at >80% purity and diluted to 30 mM in DMSO.




4.6 Protein production and purification

Inclusion bodies were diluted with 6 M guanidinium-HCl, 10 mM EDTA, 10 mM sodium acetate pH 4.2 and incubated at 37°C prior to refolding. For refolding of all soluble, recombinant HLA-A2 complexes, inclusion bodies of β2m (30 mg/L) and peptide (30 μM) were first added to refolding buffer consisting of 400 mM L-arginine, 2 mM EDTA, 100 mM Tris-HCl pH 8.3, 6.3 mM cysteamine, 3.7 mM cystamine, and 0.2 mM PMSF at 4°C. After 1 hour of incubation, inclusion bodies of HLA-A2 heavy chain (30 mg/L) were added to the refolding buffer, β2m, and peptide. For soluble, recombinant scTCRs, 30 mg/L of inclusion bodies were added to refolding buffer consisting of 2 M guanidinium-HCl, 2 mM EDTA, 50 mM Tris-HCl pH 8.3, 6.5 mM cysteamine, 3.7 mM cystamine, and 0.2 mM PMSF. The refolded proteins were then purified via DEAE anion-exchange chromatography (Whatman/GE Healthcare) followed by size-exclusion chromatography on a HiLoad Superdex 200 column (GE Healthcare) followed by HiLoad Superdex 75 column (GE Healthcare). Protein concentrations were determined through UV absorbance using sequence-determined extinction coefficients from EXPASY ProtParam.




4.7 Surface plasmon resonance

Surface plasmon resonance was performed on a Biacore T200 instrument. All proteins were purified in HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P-20, pH 7.4). For analysis, scTCR was immobilized on a CM5 Series S sensor chip to approximately 2000 RU for steady state analysis and 100-300 RU for single cycle kinetics via amine coupling. For steady state measurements, peptide/MHC was injected at a flow rate of 5 μL/min at concentrations between 50 µM and 2 nM, while single cycle kinetics experiments were performed at a flow rate of 100 μL/min with injected concentrations ranging from 0.6 – 48 nM. All experiments were performed at 25°C with a blank activated/deactivated flow cell as a reference. Data were evaluated in BiaEvaluation 4.1 before being fit to a 1:1 binding model in OriginPro 2019 or BiaEvaluation 4.1 for steady state and single cycle kinetics experiments, respectively. Statistical tests of binding data were determined using OriginPro 2019.




4.8 Peptide/MHC tetramer production

To produce peptide/MHC tetramers for staining of yeast libraries, a BirA substrate biotinylation tag was added to the C-terminus of the HLA-A2 heavy chain and expressed, refolded, and purified as described above. Once purified, SL9/HLA-A2 was buffer exchanged into 50 mM bicine pH 8.3 at which point the biotinylation reagents and BirA enzyme were added (41 μM peptide/MHC, 480 μM D-biotin, 0.48 μM Bir A enzyme, 5 mM MgCl2, and 2 mM ATP) and incubated at room temperature while mixing for 4 hours. Next, 12 μL of HisPur cobalt resin (Thermo Scientific) and 500 μL of 50 mM bicine, 25 mM imidazole pH 8.3 was added and the reaction was allowed to incubate for another hour at room temperature. After incubation, the HisPure cobalt resin was pelleted by spinning at maximum speed, and the supernatant containing the biotinylated pMHC was removed and purified on a HiLoad Superdex 75 column. To generate peptide/MHC tetramer, streptavidin-phycoerythrin (SAPE) was added in a 1:4 SAPE:peptide/MHC molar ratio to peptide/MHC in four separate additions with a 10 minute incubation period between additions.




4.9 Generation and maintenance of TCR-expressing Jurkats and T2 antigen presenting cells

CD8+ Jurkat 76 and T2 cell lines were maintained in PRMI-1640 media supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 μg/mL streptomycin. To generate stable TCR expressing cell lines, CD8+/CD34- Jurkat cells were transduced using the Neon transfection System (Thermo Fisher) with the pCMV(CAT)T7-SB100 plasmid and the pSBbi-Neo Sleeping Beauty vector encoding full length TCR α and β chains separated by the P2A self-cleaving peptide. Transformants were positively selected by culturing in complete media containing 1.2 mg/mL of G418. Flow cytometry was used to analyze TCR expression and select high TCR expressing transformants using a BD FACSMelody instrument. For selection, transduced cells were stained with anti-human CD8 FITC conjugated antibody (SK1) (BioLegend 344704, lot number B367025) and anti-human CD3 APC/Cy7 conjugated antibody (UCHT1) (BioLegend 300426, lot number B378992) and the top 50% of CD3+ cells selected.




4.10 T cell co-culture experiments

For all co-culture experiments (titration with the WT SL9 peptide as well as positional scanning libraries), 1×105 T2 cells were pulsed with peptides (10 µM for PSL and 0.1 nM-100 µM for titrations) for 2 hours at 37°C. After peptide pulsing, 1×105 TCR-expressing CD8+ Jurkat76 cells incubated with 50 ng/mL phorbol 12-myristate 13-acetate for approximately 1 hour were added to the T2 cells and the co-culture allowed to incubate for 18-20 hours at 37°C (71, 72). IL-2 release was measured by ELISA (BioLegend 431816). The EC50 titrations were repeated five times and each dataset fit separately, and the resulting values averaged. The library experiments were repeated three times and the values averaged.




4.11 Positional scanning library analysis

IL-2 values in the PSL co-cultures were used to generate a position weight matrix as performed previously (46, 47), except that, based on the IL-2 production data, peptides potentially more potent than the WT SL9 peptide were permitted to score higher. All values for each cell in the PSL heat map were normalized by the IL-2 response for the WT SL9 peptide to generate the matrix. Scores for any theoretical peptide matching the motif XLXXXXXXL, where X is any one of the 20 standard amino acids, were generating by summing the normalized value for each amino acid at that position and dividing by the sum of the values for the WT peptide (equal to 7). The resulting scores for the 1.28 billion peptides (207) were binned with a size of 0.05.




4.12 Molecular dynamics simulations and structure analysis

Molecular dynamics simulations were performed as previously described (73, 74). Briefly, simulations were conducted using the Amber18 molecular dynamics package with GPU acceleration (75). For the 868 TCR, initial coordinates were obtained from PDB deposition 5NME utilizing the coordinates of the TCR only (29). For A6 and LC13, initial coordinates were obtained from PDB depositions 3QH3 and 1KGC, respectively (49, 50). For A6, molecular dynamics simulations were performed utilizing the coordinates of the first molecule in the asymmetric unit. Mutations (T96βK, A94αH, G104βP, and Z11 conversion mutations for 868-Z11, G107βP and G109βP for A6 and LC13, respectively) were incorporated via the “swapaa” command in UCSF Chimera (76). Protonation states for ionizable side chains were determined by the APBS-PDB2PQR web service at pH 7.0 (77). All simulations were performed using the ff14SB forcefield (78). Each structure was solvated in a cubic box of SPC/E water and charge neutralized with sodium. Structures were minimized and then gradually heated to 300 K in the NVT ensemble using a Langevin thermostat while employing solute restraints. Solute restraints were slowly relaxed from 25 kcal/mol/Å2 to 0 kcal/mol/Å2, and each system was subsequently equilibrated for 10 ns in the NPT ensemble. Production simulations were then calculated in the NVT ensemble utilizing a 2 fs time step and an 8 Å cutoff for nonbonded interactions, all while employing the SHAKE algorithm to restrain bonds involving hydrogen (79). Production simulations were calculated for a total time of 1 μs. Analyses of all trajectories were performed with cpptraj (80). RMS fluctuations were calculated via the “atomicfluct” command following global Cα superimposition and 2D dynamical cross-correlation matrices were calculated via the “matrix correl” command. Visualization and structure analysis was performed with Chimera, PyMOL, and Discovery Studio. Interstrand hydrogen bonds in TCR structures were identified via the “hbonds” command in UCSF Chimera (76), utilizing TCRs listed within the TCR3d database current as of November 8, 2023 (81).






Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation. Data are available at the Zenodo archive with DOI 10.5281/zenodo.10685013 (https://zenodo.org/records/10685013).





Author contributions

AR: Conceptualization, Data curation, Formal analysis, Investigation, Validation, Writing – original draft, Writing – review & editing. CA: Conceptualization, Data curation, Formal analysis, Investigation, Visualization, Writing – review & editing. AM-C: Investigation, Methodology, Resources, Writing – review & editing. TW: Funding acquisition, Methodology, Resources, Supervision, Writing – review & editing. BB: Conceptualization, Funding acquisition, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Supported by NIH grants R35GM118166 and S10OD028553 to BMB and R01AI141452 to TW. AR was supported by NIH grant TL1TR002531. AM-C was supported by NIH grant T32GM110523.




Acknowledgments

CD8+ Jurkat 76 cells were a gift from Michael I. Nishimura at Loyola Stritch School of Medicine. We thank Chad Brambley and Nishant Singh for valuable suggestions and assistance.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1345368/full#supplementary-material




References

1. Klebanoff, CA, Chandran, SS, Baker, BM, Quezada, SA, and Ribas, A. T cell receptor therapeutics: immunological targeting of the intracellular cancer proteome. Nat Rev Drug Discovery. (2023) 22:996–1017. doi: 10.1038/s41573-023-00809-z

2. Mason, D. A very high level of cross reactivity is an essential feature of the T-cell receptor. Immunol Today. (1998) 19:395–404. doi: 10.1016/S0167-5699(98)01299-7

3. Sewell, AK. Why must T cells be cross-reactive? Nat Rev Immunol. (2012) 12:669–77. doi: 10.1038/nri3279

4. Singh, NK, Riley, TP, Baker, SCB, Borrman, T, Weng, Z, and Baker, BM. Emerging concepts in TCR specificity: Rationalizing and (Maybe) predicting outcomes. J Immunol. (2017) 199:2203–13. doi: 10.4049/jimmunol.1700744

5. Bowerman, NA, Crofts, TS, Chlewicki, L, Do, P, Baker, BM, Christopher Garcia, K, et al. Engineering the binding properties of the T cell receptor:peptide:MHC ternary complex that governs T cell activity. Mol Immunol. (2009) 46:3000–8. doi: 10.1016/j.molimm.2009.06.012

6. Dunn, SM, Rizkallah, PJ, Baston, E, Mahon, T, Cameron, B, Moysey, R, et al. Directed evolution of human T cell receptor CDR2 residues by phage display dramatically enhances affinity for cognate peptide-MHC without increasing apparent cross-reactivity. Protein Sci. (2006) 15:710–21. doi: 10.1110/ps.051936406

7. Holler, PD, Holman, PO, Shusta, EV, O'Herrin, S, Wittrup, KD, and Kranz, DM. In vitro evolution of a T cell receptor with high affinity for peptide/MHC. Proc Natl Acad Sci U.S.A. (2000) 97:5387–92. doi: 10.1073/pnas.080078297

8. Cole, DK, Malkit, S, Scott, DR, Pierre J. Rizkallah, OY, Todorov, PT, et al. Increased peptide contacts govern high affinity binding of a modified TCR whilst maintaining a native pMHC docking mode. Front Immunol. (2013) 4:1–8. doi: 10.3389/fimmu.2013.00168

9. Rosenberg, AM, and Baker, BM. Engineering the T cell receptor for fun and profit: Uncovering complex biology, interrogating the immune system, and targeting disease. Curr Opin Struct Biol. (2022) 74:102358. doi: 10.1016/j.sbi.2022.102358

10. Linette, GP, Stadtmauer, EA, Maus, MV, Rapoport, AP, Levine, BL, Emery, L, et al. Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells in myeloma and melanoma. Blood. (2013) 122:863–71. doi: 10.1182/blood-2013-03-490565

11. Cameron, BJ, Gerry, AB, Dukes, J, Harper, JV, Kannan, V, Bianchi, FC, et al. Identification of a titin-derived HLA-A1–presented peptide as a cross-reactive target for engineered MAGE A3–directed T cells. Sci Trans Med. (2013) 5:197ra103–197ra103. doi: 10.1126/scitranslmed.3006034

12. Hellman, LM, Foley, KC, Singh, NK, Alonso, JA, Riley, TP, Devlin, JR, et al. Improving T cell receptor on-target specificity via structure-guided design. Mol Ther. (2019) 27:300–13. doi: 10.1016/j.ymthe.2018.12.010

13. Harris, DT, Singh, NK, Cai, Q, Smith, SN, Vander Kooi, CW, Procko, E, et al. An engineered switch in T cell receptor specificity leads to an unusual but functional binding geometry. Structure. (2016) 24:1142–54. doi: 10.1016/j.str.2016.04.011

14. Smith, SN, Wang, Y, Baylon, JL, Singh, NK, Baker, BM, Tajkhorshid, E, et al. Changing the peptide specificity of a human T-cell receptor by directed evolution. Nat Commun. (2014) 5:1–13. doi: 10.1038/ncomms6223

15. Sharma, P, Harris, DT, Stone, JD, and Kranz, DM. T-cell receptors engineered de novo for peptide specificity can mediate optimal T-cell activity without self cross-reactivity. Cancer Immunol Res. (2019) 7:2025–35. doi: 10.1158/2326-6066.CIR-19-0035

16. Harris, DT, Wang, N, Riley, TP, Anderson, SD, Singh, NK, Procko, E, et al. Deep mutational scans as a guide to engineering high affinity T cell receptor interactions with peptide-bound major histocompatibility complex. J Biol Chem. (2016) 291:24566–78. doi: 10.1074/jbc.M116.748681

17. Foote, J, and Winter, G. Antibody framework residues affecting the conformation of the hypervariable loops. J Mol Biol. (1992) 224:487–99. doi: 10.1016/0022-2836(92)91010-M

18. Krauss, J, Arndt, MA, Zhu, Z, Newton, DL, Vu, BK, Choudhry, V, et al. Impact of antibody framework residue VH-71 on the stability of a humanized anti-MUC1 scFv and derived immunoenzyme. Br J Cancer. (2004) 90:1863–70. doi: 10.1038/sj.bjc.6601759

19. Xiang, J, Sha, Y, Jia, Z, Prasad, L, and Delbaere, LT. Framework residues 71 and 93 of the chimeric B72.3 antibody are major determinants of the conformation of heavy-chain hypervariable loops. J Mol Biol. (1995) 253:385–90. doi: 10.1006/jmbi.1995.0560

20. Scheid, JF, Mouquet, H, Ueberheide, B, Diskin, R, Klein, F, Oliveira, TY, et al. Sequence and structural convergence of broad and potent HIV antibodies that mimic CD4 binding. Science. (2011) 333:1633–7. doi: 10.1126/science.1207227

21. Ovchinnikov, V, Louveau, JE, Barton, JP, Karplus, M, and Chakraborty, AK. Role of framework mutations and antibody flexibility in the evolution of broadly neutralizing antibodies. Elife. (2018) 7:1–24. doi: 10.7554/eLife.33038

22. Klein, F, Diskin, R, Scheid, JF, Gaebler, C, Mouquet, H, Georgiev, IS, et al. Somatic mutations of the immunoglobulin framework are generally required for broad and potent HIV-1 neutralization. Cell. (2013) 153:126–38. doi: 10.1016/j.cell.2013.03.018

23. Tsuji, I, Vang, F, Dominguez, D, Karwal, L, Sanjali, A, Livengood, JA, et al. Somatic hypermutation and framework mutations of variable region contribute to anti-zika virus-specific monoclonal antibody binding and function. J Virol. (2022) 96:e00071–00022. doi: 10.1128/jvi.00071-22

24. Aggen, DH, Chervin, AS, Insaidoo, FK, Piepenbrink, KH, Baker, BM, and Kranz, DM. Identification and engineering of human variable regions that allow expression of stable single-chain T cell receptors. Protein Eng Design Selection. (2011) 24:361–72. doi: 10.1093/protein/gzq113

25. Klesmith, JR, Bacik, JP, Wrenbeck, EE, Michalczyk, R, and Whitehead, TA. Trade-offs between enzyme fitness and solubility illuminated by deep mutational scanning. Proc Natl Acad Sci U.S.A. (2017) 114:2265–70. doi: 10.1073/pnas.1614437114

26. Feldhaus, MJ, Siegel, RW, Opresko, LK, Coleman, JR, Feldhaus, JM, Yeung, YA, et al. Flow-cytometric isolation of human antibodies from a nonimmune Saccharomyces cerevisiae surface display library. Nat Biotechnol. (2003) 21:163–70. doi: 10.1038/nbt785

27. Holler, PD, Chlewicki, LK, and Kranz, DM. TCRs with high affinity for foreign pMHC show self-reactivity. Nat Immunol. (2003) 4:55–62. doi: 10.1038/ni863

28. Klesmith, JR, and Hackel, BJ. Improved mutant function prediction via PACT: Protein Analysis and Classifier Toolkit. Bioinformatics. (2019) 35:2707–12. doi: 10.1093/bioinformatics/bty1042

29. Cole, DK, Fuller, A, Dolton, G, Zervoudi, E, Legut, M, Miles, K, et al. Dual molecular mechanisms govern escape at immunodominant HLA A2-restricted HIV epitope. Front Immunol. (2017) 8:1503. doi: 10.3389/fimmu.2017.01503

30. Karlsson, R, Katsamba, PS, Nordin, H, Pol, E, and Myszka, DG. Analyzing a kinetic titration series using affinity biosensors. Analytical Biochem. (2006) 349:136–47. doi: 10.1016/j.ab.2005.09.034

31. Stone, JD, and Kranz, D. Role of T cell receptor affinity in the efficacy and specificity of adoptive T cell therapies. Front Immunol. (2013) 4:1–16. doi: 10.3389/fimmu.2013.00244

32. Hebeisen, M, Oberle, S, Presotto, D, Speiser, D, Zehn, D, and Rufer, N. Molecular insights for optimizing T cell receptor specificity against cancer. Front Immunol. (2013) 4. doi: 10.3389/fimmu.2013.00154

33. Corse, E, Gottschalk, RA, Krogsgaard, M, and Allison, JP. Attenuated T cell responses to a high-potency ligand in vivo. PLoS Biol. (2010) 8:e1000481. doi: 10.1371/journal.pbio.1000481

34. Slansky, JE, and Jordan, KR. The goldilocks model for TCR—Too much attraction might not be best for vaccine design. PLoS Biol. (2010) 8:e1000482. doi: 10.1371/journal.pbio.1000482

35. Hebeisen, M, Baitsch, L, Presotto, D, Baumgaertner, P, Romero, P, Michielin, O, et al. SHP-1 phosphatase activity counteracts increased T cell receptor affinity. J Clin Invest. (2013) 123:1044–56. doi: 10.1172/JCI65325

36. Bridgeman, JS, Sewell, AK, Miles, JJ, Price, DA, and Cole, DK. Structural and biophysical determinants of αβ T-cell antigen recognition. Immunology. (2012) 135:9–18. doi: 10.1111/j.1365-2567.2011.03515.x

37. Iversen, AKN, Stewart-Jones, G, Learn, GH, Christie, N, Sylvester-Hviid, C, Armitage, AE, et al. Conflicting selective forces affect T cell receptor contacts in an immunodominant human immunodeficiency virus epitope. Nat Immunol. (2006) 7:179–89. doi: 10.1038/ni1298

38. Lee, JK, Stewart-Jones, G, Dong, T, Harlos, K, Di Gleria, K, Dorrell, L, et al. T cell cross-reactivity and conformational changes during TCR engagement. J Exp Med. (2004) 200:1455–66. doi: 10.1084/jem.20041251

39. Martinez-Hackert, E, Anikeeva, N, Kalams, SA, Walker, BD, Hendrickson, WA, and Sykulev, Y. Structural basis for degenerate recognition of natural HIV peptide variants by cytotoxic lymphocytes. J Biol Chem. (2006) 281:20205–12. doi: 10.1074/jbc.M601934200

40. Spear, TT, Evavold, BD, Baker, BM, and Nishimura, MI. Understanding TCR affinity, antigen specificity, and cross-reactivity to improve TCR gene-modified T cells for cancer immunotherapy. Cancer Immunology Immunotherapy. (2019) 68:1881–9. doi: 10.1007/s00262-019-02401-0

41. Riley, TP, and Baker, BM. The intersection of affinity and specificity in the development and optimization of T cell receptor based therapeutics. Semin Cell Dev Biol. (2018) 84:30–41. doi: 10.1016/j.semcdb.2017.10.017

42. McKeithan, TW. Kinetic proofreading in T-cell receptor signal transduction. Proc Natl Acad Sci U.S.A. (1995) 92:5042–6. doi: 10.1073/pnas.92.11.5042

43. Border, EC, Sanderson, JP, Weissensteiner, T, Gerry, AB, and Pumphrey, NJ. Affinity-enhanced T-cell receptors for adoptive T-cell therapy targeting MAGE-A10: strategy for selection of an optimal candidate. OncoImmunology. (2019) 8:e1532759. doi: 10.1080/2162402X.2018.1532759

44. Foldvari, Z, Knetter, C, Yang, W, Gjerdingen, TJ, Bollineni, RC, Tran, TT, et al. A systematic safety pipeline for selection of T-cell receptors to enter clinical use. NPJ Vaccines. (2023) 8:126. doi: 10.1038/s41541-023-00713-y

45. Lyons, GE, Moore, T, Brasic, N, Li, M, Roszkowski, JJ, and Nishimura, MI. Influence of human CD8 on antigen recognition by T-cell receptor-transduced cells. Cancer Res. (2006) 66:11455–61. doi: 10.1158/0008-5472.CAN-06-2379

46. Karapetyan, AR, Chaipan, C, Winkelbach, K, Wimberger, S, Jeong, JS, Joshi, B, et al. TCR fingerprinting and off-target peptide identification. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2019.02501

47. Singh, NK, Alonso, JA, Devlin, JR, Keller, GLJ, Gray, GI, Chiranjivi, AK, et al. A class-mismatched TCR bypasses MHC restriction via an unorthodox but fully functional binding geometry. Nat Commun. (2022) 13:7189. doi: 10.1038/s41467-022-34896-0

48. Riley, TP, Hellman, LM, Gee, MH, Mendoza, JL, Alonso, JA, Foley, KC, et al. T cell receptor cross-reactivity expanded by dramatic peptide–MHC adaptability. Nat Chem Biol. (2018) 14:934–42. doi: 10.1038/s41589-018-0130-4

49. Scott, DR, Borbulevych, OY, Piepenbrink, KH, Corcelli, SA, and Baker, BM. Disparate degrees of hypervariable loop flexibility control T-cell receptor cross-reactivity, specificity, and binding mechanism. J Mol Biol. (2011) 414:385–400. doi: 10.1016/j.jmb.2011.10.006

50. Kjer-Nielsen, L, Clements, CS, Brooks, AG, Purcell, AW, McCluskey, J, and Rossjohn, J. The 1.5 A crystal structure of a highly selected antiviral T cell receptor provides evidence for a structural basis of immunodominance. Structure. (2002) 10:1521–32. doi: 10.1016/S0969-2126(02)00878-X

51. Kjer-Nielsen, L, Clements, CS, Purcell, AW, Brooks, AG, Whisstock, JC, Burrows, SR, et al. A structural basis for the selection of dominant alphabeta T cell receptors in antiviral immunity. Immunity. (2003) 18:53–64. doi: 10.1016/S1074-7613(02)00513-7

52. Garboczi, DN, Ghosh, P, Utz, U, Fan, QR, Biddison, WE, and Wiley, DC. Structure of the complex between human T-cell receptor, viral peptide and HLA-A2. Nature. (1996) 384:134–41. doi: 10.1038/384134a0

53. Ayres, CM, Scott, DR, Corcelli, SA, and Baker, BM. Differential utilization of binding loop flexibility in T cell receptor ligand selection and cross-reactivity. Sci Rep. (2016) 6:25070. doi: 10.1038/srep25070

54. Dominguez, JL, and Knapp, B. How peptide/MHC presence affects the dynamics of the LC13 T-cell receptor. Sci Rep. (2019) 9:2638. doi: 10.1038/s41598-019-38788-0

55. Olsen, TH, Boyles, F, and Deane, CM. Observed Antibody Space: A diverse database of cleaned, annotated, and translated unpaired and paired antibody sequences. Protein Sci. (2022) 31:141–6. doi: 10.1002/pro.4205

56. Zhao, X, Kolawole, EM, Chan, W, Feng, Y, Yang, X, Gee, MH, et al. Tuning T cell receptor sensitivity through catch bond engineering. Science. (2022) 376:eabl5282. doi: 10.1126/science.abl5282

57. Sibener, LV, Fernandes, RA, Kolawole, EM, Carbone, CB, Liu, F, McAffee, D, et al. Isolation of a structural mechanism for uncoupling T cell receptor signaling from peptide-MHC binding. Cell. (2018) 174:672–687.e627. doi: 10.1016/j.cell.2018.06.017

58. Gerber, HP, and Presta, LG. TCR mimic compounds for pHLA targeting with high potency modalities in oncology. Front Oncol. (2022) 12:1027548. doi: 10.3389/fonc.2022.1027548

59. Malviya, M, Aretz, ZEH, Molvi, Z, Lee, J, Pierre, S, Wallisch, P, et al. Challenges and solutions for therapeutic TCR-based agents. Immunol Rev. (2023) 320:58–82. doi: 10.1111/imr.13233

60. Armstrong, KM, Piepenbrink, KH, and Baker, BM. Conformational changes and flexibility in T-cell receptor recognition of peptide-MHC complexes. Biochem J. (2008) 415:183–96. doi: 10.1042/BJ20080850

61. Hawse, WF, De, S, Greenwood, AI, Nicholson, LK, Zajicek, J, Kovrigin, EL, et al. TCR scanning of peptide/MHC through complementary matching of receptor and ligand molecular flexibility. J Immunol. (2014) 192:2885–91. doi: 10.4049/jimmunol.1302953

62. Fernández-Quintero, ML, Pomarici, ND, Loeffler, JR, Seidler, CA, and Liedl, KR. T-cell receptor CDR3 loop conformations in solution shift the relative Vα-Vβ Domain distributions. Front Immunol. (2020) 11:1440. doi: 10.1016/j.cell.2023.06.020

63. Tsuchiya, Y, Namiuchi, Y, Wako, H, and Tsurui, H. A study of CDR3 loop dynamics reveals distinct mechanisms of peptide recognition by T-cell receptors exhibiting different levels of cross-reactivity. Immunology. (2018) 153:466–78. doi: 10.1111/imm.12849

64. Holland, CJ, MacLachlan, BJ, Bianchi, V, Hesketh, SJ, Morgan, R, Vickery, O, et al. In silico and structural analyses demonstrate that intrinsic protein motions guide T cell receptor complementarity determining region loop flexibility. Front Immunol. (2018) 9. doi: 10.3389/fimmu.2018.00674

65. Crooks, JE, Boughter, CT, Scott, LR, and Adams, EJ. The hypervariable loops of free TCRs sample multiple distinct metastable conformations in solution. Front Mol Biosci. (2018) 5. doi: 10.3389/fmolb.2018.00095

66. Wong, WK, Leem, J, and Deane, CM. Comparative analysis of the CDR loops of antigen receptors. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2019.02454

67. Borbulevych, OY, Piepenbrink, KH, Gloor, BE, Scott, DR, Sommese, RF, Cole, DK, et al. T cell receptor cross-reactivity directed by antigen-dependent tuning of peptide-MHC molecular flexibility. Immunity. (2009) 31:885–96. doi: 10.1016/j.immuni.2009.11.003

68. Dolton, G, Rius, C, Wall, A, Szomolay, B, Bianchi, V, Galloway, SAE, et al. Targeting of multiple tumor-associated antigens by individual T cell receptors during successful cancer immunotherapy. Cell. (2023) 186:3333–3349.e3327.

69. Wrenbeck, EE, Klesmith, JR, Stapleton, JA, Adeniran, A, Tyo, KEJ, and Whitehead, TA. Plasmid-based one-pot saturation mutagenesis. Nat Methods. (2016) 13:928–30. doi: 10.1038/nmeth.4029

70. Medina-Cucurella, AV, and Whitehead, TA. Characterizing protein-protein interactions using deep sequencing coupled to yeast surface display. Methods Mol Biol. (2018) 1764:101–21. doi: 10.1007/978-1-4939-7759-8_7

71. Spear, TT, Riley, TP, Lyons, GE, Callender, GG, Roszkowski, JJ, Wang, Y, et al. Hepatitis C virus-cross-reactive TCR gene-modified T cells: a model for immunotherapy against diseases with genomic instability. J Leukocyte Biol. (2016) 100:545–57. doi: 10.1189/jlb.2A1215-561R

72. Spear, TT, Wang, Y, Foley, KC, Murray, DC, Scurti, GM, Simms, PE, et al. Critical biological parameters modulate affinity as a determinant of function in T-cell receptor gene-modified T-cells. Cancer Immunology Immunotherapy. (2017) 66:1411–24. doi: 10.1007/s00262-017-2032-9

73. Ayres, CM, Abualrous, ET, Bailey, A, Abraham, C, Hellman, LM, Corcelli, SA, et al. Dynamically driven allostery in MHC proteins: Peptide-dependent tuning of class I MHC global flexibility. Front Immunol. (2019) 10:1–13. doi: 10.3389/fimmu.2019.00966

74. Ayres, CM, Riley, TP, Corcelli, SA, and Baker, BM. Modeling sequence-dependent peptide fluctuations in immunologic recognition. J Chem Inf Modeling. (2017) 57:1990–8. doi: 10.1021/acs.jcim.7b00118

75. Salomon-Ferrer, R, Götz, AW, Poole, D, Le Grand, S, and Walker, RC. Routine microsecond molecular dynamics simulations with AMBER on GPUs. 2. Explicit solvent particle mesh ewald. J Chem Theory Comput. (2013) 9:3878–88. doi: 10.1021/ct400314y

76. Pettersen, EF, Goddard, TD, Huang, CC, Couch, GS, Greenblatt, DM, Meng, EC, et al. UCSF Chimera—A visualization system for exploratory research and analysis. J Comput Chem. (2004) 25:1605–12. doi: 10.1002/jcc.20084

77. Jurrus, E, Engel, D, Star, K, Monson, K, Brandi, J, Felberg, LE, et al. Improvements to the APBS biomolecular solvation software suite. Protein Sci. (2018) 27:112–28. doi: 10.1002/pro.3280

78. Maier, JA, Martinez, C, Kasavajhala, K, Wickstrom, L, Hauser, KE, and Simmerling, C. ff14SB: improving the accuracy of protein side chain and backbone parameters from ff99SB. J Chem Theory Comput. (2015) 11:3696–713. doi: 10.1021/acs.jctc.5b00255

79. Forester, TR, and Smith, W. SHAKE, rattle, and roll: Efficient constraint algorithms for linked rigid bodies. J Comput Chem. (1998) 19:102–11. doi: 10.1002/(ISSN)1096-987X

80. Roe, DR, and Cheatham, TE. PTRAJ and CPPTRAJ: software for processing and analysis of molecular dynamics trajectory data. J Chem Theory Comput. (2013) 9:3084–95. doi: 10.1021/ct400341p

81. Gowthaman, R, and Pierce, BG. TCR3d: The T cell receptor structural repertoire database. Bioinformatics. (2019) 35:5323–5. doi: 10.1093/bioinformatics/btz517




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 © 2024 Rosenberg, Ayres, Medina-Cucurella, Whitehead and Baker. 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-15-1345368-g002.jpg
g






OEBPS/Images/M2.jpg





OEBPS/Images/fimmu-15-1345368-g005.jpg
AAG (kcal/mol)

&

(I T6pK
B AS4aHITOBIK
I Gro4PTasp

&

g
& &

SL9 peptide variant






OEBPS/Images/fimmu-15-1345368-g007.jpg
RMS Fluctuations (A)

25 =19 25 25,

— Grosspsep
201 20/ 20f

" "
I E/\\ o T

CEHmTEAHH CaBaRn s ‘W @ % % %

CORta COR2a CORSa
25, 25 25
20, 20 20
18 15, s
1o wof A=l 10
05, o, og
E I R T I R T
CoRip coRzp CoRsp
3 oo ASAAHTIRNC
s S s K

clowPTOEK






OEBPS/Images/fimmu-15-1345368-g004.jpg
e e’

08

o8

04

02

o0

wr

G0

Aotk

Nomalzed RU

o T K <25 508,0
o ASMNTOK K, =33 £ 910
* CrouPTIEC K, 22208 0

00

20

@ W % % e
[SLIMHLA-AZ] (M)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Enhanced T cell receptor specificity through framework engineering

      

        		

          1 Introduction

        



        		

          2 Results

        

          		

            2.1 Deep mutational scanning of a yeast displayed single chain TCR variant

          



          		

            2.2 Selection and evaluation of interfacial and framework mutations

          



          		

            2.3 Introduction of a mutation to bring affinities into a physiological range

          



          		

            2.4 The framework mutation enhances TCR specificity as assessed by SL9 viral escape variants

          



          		

            2.5 The framework mutation enhances TCR specificity as assessed by a positional scanning peptide library

          



          		

            2.6 Molecular dynamics simulations indicate enhanced specificity emerges from reduced loop flexibility

          



        



        



        		

          3 Discussion

        



        		

          4 Experimental procedures

        

          		

            4.1 Preparation of mutagenesis libraries

          



          		

            4.2 Screening of 868-Z11 libraries

          



          		

            4.3 Deep mutational scanning data analysis

          



          		

            4.4 Yeast display affinity titration

          



          		

            4.5 Protein expression and inclusion body purification

          



          		

            4.6 Protein production and purification

          



          		

            4.7 Surface plasmon resonance

          



          		

            4.8 Peptide/MHC tetramer production

          



          		

            4.9 Generation and maintenance of TCR-expressing Jurkats and T2 antigen presenting cells

          



          		

            4.10 T cell co-culture experiments

          



          		

            4.11 Positional scanning library analysis

          



          		

            4.12 Molecular dynamics simulations and structure analysis

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1345368-g001.jpg
MFI

10° 10¢
[SL9 Tetramer] (pM)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1345368-g006.jpg
e ¢ KEC,, =104 6M - = G104BP/TOBHK.
o o! —TOEHK
o e .
o L.
g o § o
£ i.
e -

; s
"
2
“
S
s s
" |

s .
P . ﬂm“
. i
-~ 000 §
e
o
2
7

TN EE NG EE TR R





OEBPS/Images/M1.jpg
E; = logy (]/*;





OEBPS/Images/fimmu-15-1345368-g003.jpg





OEBPS/Images/fimmu.2024.1345368_cover.jpg
& frontiers | Frontiers in Immunology

Enhanced T cell receptor specificity through
framework engineering





