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Abstract 5 

Viral escape from CD8+ cytotoxic T lymphocyte responses correlates with disease progression and 6 

represents a significant challenge for vaccination. Here, we demonstrate that CD8+ T cell 7 

recognition of the naturally occurring MHC-I-restricted LCMV-associated immune escape variant 8 

Y4F is restored following vaccination with a proline-altered peptide ligand (APL). The APL 9 

increases MHC/peptide (pMHC) complex stability, rigidifies the peptide and facilitates T cell 10 

receptor (TCR) recognition through reduced entropy costs. Structural analyses of pMHC 11 

complexes before and after TCR binding, combined with biophysical analyses, revealed that 12 

although the TCR binds similarly to all complexes, the p3P modification alters the conformations 13 

of a very limited amount of specific MHC and peptide residues, facilitating efficient TCR 14 

recognition. This approach can be easily introduced in peptides restricted to other MHC alleles, 15 

and can be combined with currently available and future vaccination protocols in order to prevent 16 

viral immune escape.  17 

 18 

Author Summary 19 

Viral escape mutagenesis correlates often with disease progression and represents a major hurdle 20 

for vaccination-based therapies. Here, we have designed and developed a novel generation of 21 

altered epitopes that re-establish and enhance significantly CD8+ T cell recognition of a naturally 22 

occurring viral immune escape variant. Biophysical and structural analyses provide a clear 23 
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 3 

understanding of the molecular mechanisms underlying this reestablished recognition. We 24 

believe that this approach can be implemented to currently available or novel vaccination 25 

approaches to efficiently restore T cell recognition of virus escape variants to control disease 26 

progression. 27 

 28 

Abbreviations 29 

altered peptide ligand      APL 30 

bronchoalveolar lavage     BAL 31 

circular dichroism      CD 32 

cytotoxic T-lymphocyte     CTL 33 

isothermal titration calorimetry    ITC 34 

lymphocytic choriomeningitis virus    LCMV 35 

major histocompatibility complex class I   MHC-I 36 

peptide/MHC complex     pMHC 37 

surface plasmon resonance     SPR 38 

T-cell receptor       TCR 39 

T cell epitope associated with impaired peptide processing TEIPP 40 

  41 
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Introduction 42 

Recognition of major histocompatibility complex class I (MHC-I)-restricted viral peptides is a 43 

prerequisite for CD8+ T-cell activation, control and/or clearance of viral infections. Usually, 44 

cytotoxic T-lymphocyte (CTL) responses are directed towards a limited number of 45 

immunodominant viral peptides [1] and selection pressure imposed by adaptive immune responses 46 

leads often to the emergence of viral populations with a limited number of recurring escape 47 

mutations [2-4]. Epitope mutations can impair CTL responses [5] by e.g. altering antigen 48 

processing [6, 7], reducing the overall stability of peptide/MHC complexes (pMHC) [8, 9] and/or 49 

disrupting T-cell receptor (TCR) recognition [10, 11]. CTL escape variants correlate with disease 50 

progression [12, 13] and represent a major hurdle for disease control as well as for the design of 51 

T-cell based vaccines [14]. 52 

 53 

To our knowledge, previous use of wild-type and escape epitopes in vaccination experiments has 54 

not provided efficient CTL responses against MHC-restricted viral escape variants [14, 15]. 55 

Therefore, the design of altered peptide ligands (APLs) that could promote such responses would 56 

represent a crucial step towards the development of efficient vaccines [16]. Although our 57 

understanding of the interactions between TCRs and pMHC has increased dramatically, the impact 58 

of individual peptide modifications on TCR recognition remains difficult to predict. Even subtle 59 

peptide alterations can significantly impact on pMHC stability, and impair or abolish T cell 60 

recognition. A conventional and sometimes successful approach to design APLs with enhanced 61 

pMHC stability and immunogenicity has been to optimize interactions between peptide anchor 62 

residues and MHC binding pockets [17-19]. However, escape variants that target TCR recognition 63 

often exhibit optimal MHC anchor residues, reducing possibilities for such modifications. 64 
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Optimally, the introduced modifications should also not alter the conformation of APLs compared 65 

to the original epitopes, in order to elicit efficient cross-reactive CTL responses towards the wild-66 

type epitope [18, 20, 21]. Therefore, the design of a novel generation of APLs that could promote 67 

such responses would represent a crucial step towards the development of efficient anti-viral T-68 

cell based vaccines [22]. 69 

 70 

We have previously demonstrated that the immunogenicity of the cancer-associated H-2Db-71 

restricted antigen gp10025-33 [23] or the T cell epitope associated with impaired peptide processing 72 

(TEIPP) neo-epitope Thr4 [24-26] was dramatically improved following substitution of peptide 73 

position 3 to a proline (p3P). Comparative structural analyses revealed that the conformation of 74 

the APLs was similar to wild-type epitopes, and that the stabilizing effect of p3P is accounted for 75 

by van der Waals and CH-π interactions with the H-2Db residue Y159, conserved among most 76 

known mouse and human MHC-I alleles, resulting in rigidification of the pMHC complex [27]. 77 

Importantly, vaccination with p3P-modified APLs elicited high frequencies of CTLs from the 78 

endogenous repertoire that efficiently targeted H-2Db/gp10025-33 and H-2Db/Trh4 complexes on 79 

melanoma cells [23, 24]. 80 

 81 

In the present study, we addressed if we could restore endogenous T cell recognition of a naturally 82 

occurring viral escape variant following vaccination with a p3P-modified APL. It is well established 83 

that infection of C57/Bl6 mice with LCMV induces robust CTL responses towards the 84 

immunodominant H-2Db-restricted epitope gp33 (KAVYNFATM) [28]. Upon CTL pressure, a 85 

limited number of mutations in gp33 emerge, with consistent patterns, allowing for viral CD8+ T-86 

cell escape [2, 4, 29, 30]. The main naturally occurring mutation that allows LCMV to efficiently 87 
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escape immune recognition, is the Y4F substitution (KAVFNFATM) which abrogates endogenous 88 

CD8+ T cell recognition as well as recognition by the H-2Db/gp33-specific TCR P14. Here, we 89 

demonstrate that peptide vaccination with PF (KAPFNFATM) restores P14 recognition of Y4F in 90 

LCMV-infected mice. Furthermore, vaccination with influenza constructs that encode for PF 91 

provokes significant endogenous CD8+ T cell cross-recognition of Y4F. Comparison of crystal 92 

structures of an ensemble of pMHC complexes before and after binding to the TCR P14 revealed that 93 

i) P14 binds nearly identically to all complexes, ii) the conformations of peptide residues p1K and 94 

p6F as well as H-2Db residues R62, E163 and H155 are affected by the p3P modification, 95 

predisposing pMHC complexes for enhanced TCR recognition. The p3P modification also decreases 96 

the entropic penalty for TCR recognition. In conclusion, our results demonstrate the possibility to 97 

vaccinate with modified peptides and/or proteins for enhanced T cell recognition, and may form an 98 

alternative basis for novel strategies to target viral escape mutants. 99 

 100 

  101 
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 7 

Results 102 

 103 

The p3P modification enhances pMHC stability without altering structural conformation, 104 

restoring P14 TCR recognition 105 

Circular dichroism (CD) measurements revealed a consistent increase in pMHC complex thermal 106 

stability for the p3P-substituted peptides V3P (KAPYNFATM) and PF (KAPFNFATM) compared 107 

to the wildtype gp33 (KAVYNFATM) and escape variant Y4F (KAVFNFATM) epitopes, 108 

respectively (Fig. 1A, Table 1). Importantly, the H-2Db/gp33 and H-2Db/Y4F display equivalent 109 

thermal stability (Fig. 1A). Furthermore, surface plasmon resonance (SPR) analyses revealed 110 

significantly higher binding affinity of soluble P14 TCR to H-2Db/V3P and H-2Db/PF compared 111 

to H-2Db/gp33 and H-2Db/Y4F, respectively (Fig. 1B, Table 1). In contrast to an undetectable 112 

affinity to H-2Db/Y4F, P14 bound to H-2Db/PF. Interactions between soluble P14 and H-2Db/gp33 113 

and H-2Db/V3P were also characterized using isothermal titration calorimetry (ITC), revealing 114 

that binding of P14 to H-2Db/V3P was mainly enthalpy-driven with almost null contribution of 115 

entropy, whereas binding to H-2Db/gp33 was entropically unfavorable (Fig. S1, Table 1). In 116 

conclusion, the p3P modification increases pMHC stability, resulting in recognition of PF by P14 117 

and enhances TCR affinity by decreasing the entropic cost for binding.  118 

 119 

Next, P14 TCR down-regulation was assessed upon exposure to gp33, V3P, Y4F or PF-loaded H-120 

2Db+ RMA cells (Fig. 1C). While H-2Db/gp33 induced significant TCR down-regulation, none 121 

was detected with Y4F, even at high peptide concentrations. Exposure of P14 T cells to V3P 122 

equaled or increased TCR internalization compared to gp33. Importantly, exposure to PF 123 

significantly increased P14 TCR down-regulation compared to Y4F (Fig. 1C). The crystal 124 

structures of H-2Db/V3P and H-2Db/PF were determined to 2.5 and 2.6 Å resolution, respectively 125 
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(Table S1), and compared with H-2Db/gp33 [3] and H-2Db/Y4F [2] (Fig. 1D, Fig. S2, Fig. S9). 126 

The overall structures of all pMHCs are nearly identical, and the amount of hydrogen bond and 127 

van der Waals interactions formed between H-2Db and each p3P-APL was equivalent to each wild-128 

type epitope counterpart. The backbone of the p3P-APL corresponds exactly to the wild-type 129 

peptides, indicating strict molecular mimicry (Fig. 1D). The root mean square deviation values for 130 

main chain atoms are 0.24-0.67Å2 and 0.20-0.24Å2 for the backbone of the H-2Db heavy chain 131 

and the peptides, respectively. The only significant conformational differences between wild-type 132 

and p3P-APLs were side chain movements of peptide residues p1K and p6F towards the N-133 

terminal and middle section of the peptide-binding cleft of H-2Db, respectively (Fig. 1D, Fig. S2). 134 

 135 

In contrast to Y4F, PF induces significant P14 T cell responses both in vitro and in vivo  136 

First, we assessed the functional effects of all peptides on P14 T-cell activation by comparing 137 

intracellular TNF and IFNg production, T cell degranulation (CD107a) as well as target cell lysis. 138 

CD8+ T cells, isolated from spleens of naïve or gp33-immunized P14 transgenic mice (P14-tg), 139 

were co-cultured with RMA cells pulsed with each peptide. Peptides gp33, V3P and PF induced 140 

significant production of TNF and IFNg, as well as CD107a expression, while Y4F failed to induce 141 

any P14 T cell response (Fig. S3). Lysis of RMA cells by P14 T cells was also enhanced with PF 142 

compared to Y4F (Fig. S3). In conclusion, p3P-modification of the immune escape variant Y4F 143 

re-establishes in vitro recognition by P14 T cells (Fig. S3). 144 

 145 

We thereafter assessed the in vivo impact of the p3P modification on LCMV-activated P14 T cells. 146 

104 P14 T-cells were adoptively transferred into C57Bl/6 mice, thereafter infected with the LCMV 147 

clone 13 (Fig. 2). Six days post-infection, P14 T-cells isolated from spleens (Fig. 2A-2B) were 148 

either stained with pMHC tetramers or re-stimulated with 10-6 M gp33, Y4F or PF. Tetramer 149 
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 9 

staining demonstrated that a significant amount of the activated P14 T cells recognized the H-150 

2Db/PF complex (Fig. 2C-2E). Furthermore, while PF- and gp33-stimulated P14 T-cells produced 151 

TNF and IFNg, Y4F was not recognized (Fig. 2D-2E). Altogether, these results demonstrate that, 152 

in contrast to Y4F, PF is efficiently recognized by P14 T cells in vivo-activated by LCMV 153 

infection. 154 

 155 

Vaccination with Influenza encoding for PF activates endogenous CD8+ T-cells that cross-156 

react and recognize the immune escape variant Y4F 157 

Next, we assessed if vaccination with PF could elicit endogenous T cells that cross-react and 158 

recognize Y4F. We engineered Y4F and PF into the stalk region of the Influenza A Neuraminidase 159 

(HKx31). This well-established model results in efficient processing and presentation of epitopes 160 

on infected cells [31]. C57/Bl6 mice were infected with the modified viruses Flu(Y4F) or Flu(PF) 161 

(Fig. 3A). 10 days following infection, CD8+CD44+ splenocytes (Fig S4) were co-stained with H-162 

2Db/gp33-, H-2Db/Y4F- and H-2Db/PF-tetramers (Fig. 3B-3C). Vaccination with Flu(PF) elicits 163 

endogenous T cell populations that bind to both H-2Db/Y4F and H-2Db/PF tetramers equally well 164 

(Fig. 3B). Interestingly, Flu(PF) vaccination also elicits endogenous T cell populations with dual 165 

specificity to H-2Db/gp33 and H-2Db/Y4F tetramers. In contrast, H-2Db/gp33-, H-2Db/Y4F- and 166 

H-2Db/PF-tetramer staining after vaccination with Flu(Y4F) failed to identify any significant T 167 

cell population (Fig. 3B). 168 

 169 

Intracellular expression of IFNg and TNF in CD8+CD44+ endogenous T cells was assessed 170 

following stimulation with peptides gp33, Y4F or PF (Fig. 3C). In contrast to Flu(Y4F), 171 

vaccination with Flu(PF) results in significantly enhanced IFNg and TNF levels towards both Y4F 172 

and PF. However, vaccination with neither Flu(Y4F) nor Flu(PF) induced any elicitation of IFNg 173 
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and TNF towards gp33. This is well in line with previous studies in which the Y4F-specific T cell 174 

clone YF.F3 killed efficiently targets presenting gp33 but did not produce IFNg [32]. Similar 175 

results were obtained using bronchoalveolar lavage (BAL)-derived T cells (Fig. S4). In conclusion, 176 

vaccination with Flu(PF) induces endogenous T cell populations that respond strongly to H-177 

2Db/PF and efficiently cross-react with H-2Db/Y4F.  178 

 179 

The T cell receptor P14 binds identically to H-2Db/gp33, H-2Db/V3P and H-2Db/PF 180 

In order to assess the molecular bases underlying the effects of the p3P modification on T cell 181 

recognition, we determined the crystal structures of the ternary complexes P14/H-2Db/gp33, 182 

P14/H-2Db/V3P and P14/H-2Db/PF to 3.2, 2.8 and 1.75 Å resolution, respectively (Table S2, Fig. 183 

S5). All ternary complexes are almost identical with rmsd values of 0.5Å, 0.18-0.28Å, 0.35Å and 184 

0.27-0.31Å for peptide clefts, peptides, TCRa and TCRb, respectively. The three ternary 185 

complexes displayed a typical TCR/pMHC binding mode with P14 diagonally positioned over the 186 

pMHC complexes (Fig. S6). The ternary structures revealed very similar TCR contacts with H-187 

2Db presenting the three different peptides, with identical conformations of the six P14 CDR loops 188 

(Fig. S6). Although CDR3a (101-YGNEK-105) and CDR3b (93-DAGGRNTL-100) are located 189 

over the middle part of each peptide variant, only CDR3b forms hydrogen bonds with the three 190 

peptide residues p4Y, p6F and p8T (Fig. S7). All the other P14 loops CDR1a (33-EDSTFN-38), 191 

CDR1b (25-NNHDYM-30), CDR2a (58-LSVS-61) and CDR2b (46-YSY-48) interact with the 192 

H-2Db heavy chain (Fig. S7). 193 

 194 

The immune escape mutation Y4F abrogates the hydrogen bond network formed with P14 195 

The P14 CDR3b residues D93, G96 and R97 form a network of hydrogen bonds with the side 196 

chains of the gp33 residues p4Y and p8T, as well as with the backbone of p5N and p8T (Fig. S7). 197 
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The side chain of R97β runs parallel with the peptide, stretching out to reach to the tip of p4Y, 198 

forming van der Waals interactions with the side chain of p6F, forcing its rotation in the case of 199 

gp33. The TCR residue Y101α, which side chain is positioned between p1K and p4Y, forms a 200 

hydrogen bond with the H-2Db residue E163, which also forms a hydrogen bond with p4Y (Fig. 201 

S7). Thus, the hydroxyl group of p4Y plays a key role in a net of hydrogen bond and van der Waals 202 

interactions formed with TCR residues N38a and Y101a as well as the H-2Db residue E163. The 203 

Y4F mutation abrogates all these interactions, abolishing P14 recognition (Fig. S7). Furthermore, 204 

the Y4F mutation introduces high hydrophobicity within this key TCR/pMHC interface, composed 205 

mainly by polar residues. Altogether, this explains why P14 does not bind nor recognize the 206 

immune escape variant H-2Db/Y4F. 207 

 208 

The p3P modification facilitates TCR recognition 209 

The three ternary TCR/MHC/peptide structures were compared with each corresponding TCR-210 

unbound pMHC (Fig. 4, Fig. S8). The side chain of p4Y, essential for recognition by P14 [4, 33, 211 

34], rotates down following P14 binding to both H-2Db/gp33 and H-2Db/V3P (Fig. 4A-B). A 212 

similar rotation was also observed for residue p4F in H-2Db/PF upon binding to P14 (Fig. 4C). 213 

The side chain of p6F in gp33 is also affected upon binding to P14 (Fig. 4A). Interestingly, the 214 

p3P modification resulted in a similar conformation for p6F in both H-2Db/V3P and H-2Db/PF 215 

prior to binding to P14 (Fig. 1D and Fig. 4). Furthermore, the side chain of residue p1K in H-216 

2Db/gp33 also moves towards the N-terminal of the peptide binding cleft following P14 binding 217 

(Fig. 4A), taking an identical conformation as in both p3P-substituted peptides (Fig. 4D).  218 

 219 

One of the most significant differences in H-2Db/gp33, before and after binding to P14, is a shift 220 

of the p2-p4 backbone of gp33 when bound to P14, towards the binding cleft of H-2Db. Following 221 
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P14 docking, p3V in gp33 extends 1.2 Å deeper into the D-pocket of H-2Db, combined with a 180° 222 

rotation (Fig. 4A). In contrast to gp33, the p2-p4 section is more constrained in both V3P and PF, 223 

following TCR binding (Fig. 4B, 4C). However, it should be noted that the final conformations of 224 

all three peptides in the ternary complexes is nearly identical (Fig. 4D). In conclusion, residues 1 225 

and 6 in p3P-APLs take the same conformations prior to TCR binding as found in the ternary 226 

complexes, potentially enabling a more favorable surface for P14 TCR binding. 227 

 228 

The crystal structures of TCR-unbound and TCR-bound pMHCs also revealed that conformational 229 

differences in H-2Db residues were observed only for residues R62, E163 and H155 (Fig. 5, S2, 230 

S9 and S10). The large movement of p6F in gp33 following binding to P14 induces the counter 231 

wise reorientation of the side chain of residue H155 towards the TCR (Fig. 5A). The redisposition 232 

of H155 and p6F in H-2Db/gp33 promotes the adequate positioning of the key TCR residue R97b, 233 

which runs longitudinally along the length of the N-terminal part of the peptide (Fig. S7). In 234 

contrast, residues p6F and H155 are already optimally positioned in both the TCR unbound and 235 

bound forms of the H-2Db/V3P and H-2Db/PF complexes (Fig. 5B-5C), most probably 236 

predisposing for optimized interactions with P14. 237 

 238 

Furthermore, p1K in gp33 also takes a different conformation upon binding to P14, bending 239 

backwards towards the H-2Db residues R62 and E163, which conformations are affected (Fig. 4A, 240 

5A). Here again, the side chain of p1K takes exactly this conformation in both V3P and PF already 241 

before TCR binding (Fig. 4, 5). Altogether, p1K, P6F and heavy chain residues R62, H155 and 242 

E163 have already adopted in the unbound V3P and PF complexes similar conformations to those 243 

observed in all three ternary structures (Fig. 4, 5). Thus, the p3P substitution potentially facilitates 244 

TCR recognition by positioning specific key peptide and MHC residues prior to the formation of 245 
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the ternary complexes. This is well in line with our SPR and ITC results, which indicate that the 246 

energy required for P14 recognition of V3P is reduced compared to gp33 (Table 1, Fig. S1). 247 

 248 

  249 
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Discussion  250 

Subsets of peptide analogs have been used by others and us to both break T cell tolerance and 251 

enhance T cell responses to tumors [16, 23, 35]. Heteroclitic subdominant viral T cell determinants 252 

were also used to enhance both pMHC stability and T cell avidity towards the mouse hepatitis 253 

virus-specific subdominant S598 determinant [22, 36]. Most, if not all studies performed in other 254 

laboratories have focused their efforts on introducing peptide mutations that would significantly 255 

increase the stability of pMHCs with as little alteration as possible of peptide conformation. Here, 256 

instead of mutating a key anchor position, we targeted interactions between peptide position 3 and 257 

the MHC residue Y159, conserved among most known mouse and human alleles. Indeed, besides 258 

H-2Db, we have previously demonstrated that the p3P modification enhances significantly the 259 

stability of H-2Kb in complex with different TAAs [23]. Thus, the p3P modification could 260 

potentially enhance stabilization of other MHC-I alleles that comprise the heavy chain residue 261 

Y159, leading to enhanced TCR recognition.  262 

 263 

Here, we addressed if we could increase CD8+ T cell avidity and restore recognition of the viral 264 

escape variant Y4F that binds to H-2Db with the same high affinity as gp33 [37]. The TCR P14 is 265 

specific for H-2Db/gp33 and it has been previously demonstrated that P14 recognition is abolished 266 

by the Y4F mutation [2, 3]. Comparison of the crystal structures of H-2Db/gp33 and H-2Db/Y4F 267 

demonstrated that the only structural difference between these two pMHCs was the removal of the 268 

hydroxyl tip from the peptide residue p4 [2]. We demonstrate that the p3P modification in PF 269 

overcomes the restrictions imposed by the Y4F mutation, reestablishing P14 recognition of this 270 

structural mimic of Y4F. Furthermore, we show that it is fully possible to restore endogenous 271 

CD8+ T cell recognition of Y4F following vaccination with PF. Possibly, the higher avidity of 272 

subsets of the endogenous T cell population for H-2Db/PF pushes them over a certain threshold of 273 
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activation, and the molecular similarities between H-2Db/PF and H-2Db/Y4F allow for cross-274 

reactivity, resulting in significant cytokine secretion towards Y4F. However, in vitro re-275 

stimulation with gp33 of endogenous CD8+ T cells isolated from Flu(PF)-vaccinated mice did not 276 

induce any significant secretion of cytokines, although these endogenous CD8+ T cells recognized 277 

both PF and gp33-loaded MHC tetramers. Martin et al have previously provided evidence for 278 

selective activation of different effector functions in CD8+ T cells by APLs. More specifically, the 279 

results of their study show that the H-2Db/Y4F-specific T cell clone YF.F3 killed efficiently 280 

targets presenting gp33 but did not produce high amounts IFNg against gp33 [32]. This is well in 281 

line with the results presented in this study. Altogether, this suggests to us that vaccination with a 282 

cocktail of epitopes could provide wider protection against both immunodominant and immune 283 

escape targets.  284 

 285 

So how does it possibly work at the molecular level? The rigidification of p3P-modified peptides 286 

could enhance TCR recognition by decreasing entropic costs. Indeed, we have previously 287 

demonstrated in TAA models that peptide rigidification enhanced considerably TCR recognition 288 

[26, 27]. Overall the effects of proline replacement on protein stability and function are well 289 

established for a large ensemble of proteins [38], revealing that protein-protein interactions often 290 

occur through regions enriched with proline residues [39]. Proline substitutions increase overall 291 

protein stability as well as the stability of specific protein regions [40]. Indeed, proline replacement 292 

of specific residues in TCR CDR loops can increase significantly recognition of antigens [41]. The 293 

importance of the interaction of peptide residue p3P with residue Y159, conserved amongst most 294 

known MHC-I alleles, has been previously described [27], revealing that p3P reduces significantly 295 

the flexibility of the pMHC complex, thus decreasing unfavorable entropic change upon complex 296 

formation. Such reduced entropic penalties for TCR recognition following p3P mutation were 297 
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confirmed here by ITC measurements, which indicated reduced unfavorable entropic contribution 298 

for recognition of H-2Db/V3P by P14 compared to H-2Db/gp33. The importance of the reduction 299 

of peptide conformation heterogeneity for enhanced TCR has been described, using a combination 300 

of crystal structure and molecular dynamic studies [42]. A peptide that must move to optimize the 301 

interactions with the bound TCR will increase the entropic cost for binding, resulting in slower 302 

binding, lower affinity and less efficient recognition [43]. Consequently, although many TCRs 303 

bind with unfavorable entropy changes [37, 44], reduction of conformational heterogeneity 304 

coupled with rigidification of the peptides may lead to enhanced T cell recognition. In this study, 305 

the p3P mutation reduces motion and therefore enhances T cell recognition by increasing T cell 306 

association rate and decreasing entropic costs for binding.  307 

 308 

Although X-ray structural studies of proteins provide accurate snapshots of protein complexes, 309 

crystal structures provide relatively little information about the dynamic bases underlying protein-310 

protein interactions. The dynamic motions of both pMHC and TCR impact on recognition by T 311 

cells, clearly influencing function and recognition [42]. Here, we compared the crystal structures 312 

of each studied pMHC complex before and after P14 TCR binding (besides the P14/H-2Db/Y4F 313 

complex that could not be obtained since P14 does not bind to this pMHC). Peptides tune the 314 

motions of MHC heavy chains and reduced motions may lead to enhanced recognition. Besides 315 

the peptide rigidification imposed by the p3P modification, comparison of a structural snapshot 316 

for each ternary structure with each TCR-unbound pMHC variant indicated an additional structural 317 

reason for the increased TCR recognition of p3P-modified epitopes. In all cases, conformational 318 

differences were observed in peptide residues p1K and p6F in PF and V3P, compared to Y4F and 319 

gp33, before TCR binding. In all p3P cases, the side chains of peptide residues p1K and p6F took 320 

the same conformation, as observed in the ternary structures, prior to TCR binding. In line with 321 
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this, others [33, 45] and we [37] have previously demonstrated the importance of residue p1K for 322 

recognition by the TCR P14. The crystal structure of the semi-agonist Y4A (KAVANFATM) also 323 

revealed a similar conformation for both p1K and p6F prior to binding to P14 TCR [37]. 324 

Furthermore, the conformation of the MHC “TCR footprint” heavy chain residues R62, H155 and 325 

E163 [46, 47] was also affected following p3P substitution, possibly due to the movements of p1K 326 

and p6F. Altogether, prior to TCR landing, the p3P modification alters the conformation of 327 

residues both in the peptide and the MHC heavy chain similar to conformations taken upon binding 328 

to the TCR, thus predisposing the pMHC for facilitated TCR recognition.  329 

 330 

The results presented within this study indicate in our opinion that i) docking of P14 to p3P-331 

modified peptides is facilitated since the conformations of key residues in both peptide and heavy 332 

chain are already optimal prior to TCR binding (ready-to-go conformation); ii) consequently, the 333 

energetic costs for TCR recognition should be reduced since there is no need for any major 334 

movement in the rigidified epitope besides the conformational change for residue p4Y. As 335 

vaccination with PF restored endogenous T cell recognition of Y4F, the p3P modification could 336 

thus represent a novel way to increase the immunogenicity of a large array of H-2Db-restricted 337 

epitopes as well as possibly viral epitopes restricted by other MHC alleles. We thus describe here 338 

a successful approach to restore recognition of viral escape peptide that can be easily coupled to 339 

already existing vaccination protocols, including vaccination with full-length proteins as well as 340 

e.g. modified mRNA vaccines, by introducing the p3P modification in a selection of viral epitopes. 341 

  342 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 2, 2019. ; https://doi.org/10.1101/862144doi: bioRxiv preprint 

https://doi.org/10.1101/862144
http://creativecommons.org/licenses/by/4.0/


 18 

Materials and Methods 343 

 344 

Cell lines and mice 345 

H-2Db+/H-2Kb+ RMA cells, kindly provided by Prof. Klas Kärre, were used as target cells in the 346 

functional assays described below. Pathogen-free wild-type (WT) C57BL/6 (B6) and RAG1/2-347 

deficient (RAG1/2-/-) P14-transgenic mice were bred and maintained within the facilities of the MTC 348 

department, Karolinska Institute. Vα2+ T cells from P14 mice were used as effector cells for in vitro 349 

experiments. P14 mice were used for in vivo T-cell stimulation assays.  350 

 351 

Peptides and antibodies 352 

Peptides gp33, Y4F, V3P and PF as well as control peptides NP366 (ASNENMETM) and P18-I10 353 

(RGPGRAFVTI) were purchased from GenScript (Piscataway, NJ, USA). Antibodies 53-6.7 (anti-354 

CD8α), 53-5.8 (anti-CD8β), XMG1.2 (anti-IFN-γ), MP6-XT22 (anti-TNF), 145-2C11 (anti-CD3ε), 355 

1D4B (anti-CD107a), BP-1 (anti-Ly5.1/CD249), IM7 (anti-CD44) and B20.1 (anti-TCR Vα2) were 356 

purchased from BD Biosciences (San Diego, CA, USA). Antibodies GK1.5 (anti-CD4) and H57-597 357 

(anti-TCR Cβ) were purchased from Abcam (Cambridge, UK) and eBioscience (San Diego, CA, 358 

USA), respectively.  359 

 360 

Preparation, refolding and crystallization of TCR/pMHC complexes 361 

Refolding of all pMHCs was conducted as previously described [48]. P14 was produced and refolded 362 

by dilution and thereafter-purified using ion exchange and size exclusion chromatography. Crystals 363 

for H-2Db/V3P and H-2Db/PF were obtained by hanging drop vapor diffusion in 1.6-1.8 M 364 

ammonium sulfate, 0.1 M Tris HCl pH 7.0-9.0. Crystals for P14/H-2Db/gp33, P14/H-2Db/V3P and 365 
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P14/H-2Db/PF were obtained by hanging drop vapor diffusion in 19% PEG 6000, 0.1 M Tris HCl 366 

pH 8.0. 367 

 368 

Data collection, processing and structure determination 369 

Data collection was performed at beam lines ID14-2 and ID23-2 at ESRF (Grenoble, France). 370 

Diffraction data were processed and scaled using MOSFLM 7.0.3 and SCALA [49]. Crystal 371 

structures were determined by molecular replacement using PHASER [50]. The crystal structure of 372 

H-2Db/gp33 (PDB ID: 1S7U) [2], with omitted peptide, was used as search model for H-2Db/V3P 373 

and H-2Db/PF. P14/H-2Db/gp33, P14/H-2Db/V3P and P14/H-2Db/PF were determined using 3PQY 374 

[51]. In all cases, poorer electron density was displayed for the TCR Cα domain, probably due to 375 

high flexibility, as previously observed [52]. Random 5% reflections were used for monitoring 376 

refinement by Rfree cross-validation [53]. The model was rebuilt in Coot where necessary. The 377 

stereochemistry of the final models was verified using PROCHECK [54] or Coot [55]. 378 

 379 

Circular dichroism (CD) analysis 380 

Measurements were performed in 20mM K2HPO4/KH2PO4 (pH 7.5) using 0.15-0.3 mg/ml protein 381 

concentrations. Melting temperatures (Tm) were derived from changes in ellipticity at 218 nm as 382 

previously described [37]. Curves and Tm values are an average of at least three measurements from 383 

at least two independent refolding assays per pMHC. Spectra were analyzed using GraphPad Prism 384 

5 (La Jolla, USA). 385 

 386 

Surface Plasmon Resonance (SPR) binding affinity analysis 387 

All measurements were performed on BIAcore 2000 (GE Healthcare, USA) at 25°C. Soluble P14 388 

(20 µg/ml) was non-covalently coupled to the anti-Cβ antibody H57-597. 8000 RUs of H57-597 were 389 
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coupled to a CM5-chip, resulting in 3000RUs immobilized P14. A control surface without antibody 390 

was used as reference. Concentration series of pMHCs were injected over the chip. The surface was 391 

regenerated with 40 µl 0.1 M Glycine-HCl, 500 mM NaCl, pH 2.5. Unspecific binding was corrected 392 

for by subtracting responses from reference flow cells. Data were analyzed with BIAevaluation 2000 393 

(BIAcore AB, Uppsala, Sweden). KD-values were obtained from steady-state fitting of equilibrium 394 

binding curves from at least two independent measurements. 395 

 396 

Isothermal titration calorimetry (ITC)  397 

Measurements were performed on a MicroCal iTC 200 (GE Healthcare, USA) at 25°C. 40 µl H-398 

2Db/V3P (125µM) or H-2Db/gp33 (150 µM) in 10 mM Hepes, 150 mM NaCl, pH 7.4 were titrated 399 

into 300 µl of P14 (12.5-15 µM) in 10 injections under 1000 rpm stirring rate. Data analysis was 400 

performed using Origin, fitted to a non-linear curve in an iterative process. The reported constants 401 

are an average of two independent experiments. 402 

 403 

TCR down-regulation assays 404 

P14-splenocytes were mixed with peptide-pulsed RMA cells at 10:1 effector:target (E:T) ratio. Cells 405 

were co-incubated at 37oC for 4 h and stained with anti-CD8β and -TCR Vα2 antibodies. Flow 406 

cytometry was performed using FACSCalibur (BD Biosciences) and changes in mean fluorescence 407 

intensity (MFI) of the Vα2 staining were used to estimate TCR down-regulation. Data was analyzed 408 

using Flowjo (Tree Star, Inc., Ashland, OR, USA). 409 

 410 

In vivo stimulation of P14 T cells and Cr51 release cytotoxicity assays 411 

P14 TCR-transgenic mice were injected subcutaneously (SC) with 100 μg gp33 in PBS combined 412 

with 12.5 ng phosphorothioate-modified CpG-ODN 1668 (Invivogene, Sweden). 20 mg Aldara 413 
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cream was applied at site of injection (5% imiquimod, Meda AB, Sweden). Animals were 414 

sacrificed 7 days later and spleens were recovered. Target RMA cells, labeled with Cr51, were 415 

pulsed with indicated peptide concentrations for 1 h at 37oC and subsequently mixed with in vivo-416 

stimulated negatively selected (MACS CD8+ T cell isolation kit, Miltenyl Biotec, Germany) P14 417 

CD8+ T cells at 3:1 E:T ratio followed by a standard 4h Cr51-release assay. Radioactivity was 418 

measured on a g-counter (Wallac, Uppsala, Sweden). Percentage of specific lysis was calculated 419 

as [Cr51 release in test well – spontaneous Cr51 release] / [maximum Cr51 release – spontaneous 420 

Cr51 release] x 100. 421 

 422 

CD107a degranulation, intracellular IFNg and TNF production 423 

CD8+ T cells isolated from spleens of naïve or in vivo-stimulated P14 transgenic mice were co-424 

cultured for 5 h with 10-6 M or 10-8 M peptide-pulsed RMA cells in the presence of anti-CD107a 425 

antibody for degranulation assays. GolgiStop (BD Biosciences) was added after 1 h co-incubation. 426 

4 h later, cells were stained with anti-CD8α and -CD3ԑ antibodies. For intracellular cytokine 427 

staining assays, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD 428 

Biosciences) according to instructions. Cells were thereafter stained for IFNg and TNF expression. 429 

FACS sampling was performed on CyAn (Dako, Glostrup, Denmark) and analyzed with FlowJo. 430 

 431 

MHC-I tetramer production  432 

H-2Db molecules with a biotinylation tag were refolded with peptides and mβ2m in the presence of 433 

protease inhibitors and purified as previously described [56]. Each obtained monomeric H-434 

2Db/peptide complex (0.5 mg/ml) was tetramerized at a 4:1 ratio with streptavidin-PE (BD 435 

Biosciences). 436 

 437 
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Identification of P14 CD8+ T cell responses upon LCMV vaccination  438 

104 P14 T cells (CD44low, Ly5.1+), isolated from spleens of P14 transgenic mice, were adoptively 439 

transferred intravenously (in PBS) into C57Bl/6 mice three days prior to intraperitoneal infection with 440 

1x106 PFU of LCMV (Clone 13). Spleens were harvested on day 7 post infection. CD8+ T cells were 441 

enriched by B cell panning and red blood cell lysis and stimulated with IL-2 (25 units/ml), Brefeldin 442 

A (5 μg/ml) (BD Biosciences) and 10-6 M peptide (gp33, Y4F or PF or no peptide) in complete RPMI 443 

for 5 h at 37°C, 5% CO2. Washed cells were surface stained with anti-CD8, -CD44 and -Ly5.1, fixed 444 

and permeabilized using BD cytofix/cytoperm kit (25 min at 4°C). Intracellular staining of IFNϒ, 445 

TNF and IL-2 (at 1:200) was performed for 30 min at 4°C. Endogenous T cells were distinguished 446 

by congenic marker Ly.5.2 from Ly.5.1+ P14 T cells. Cells were resuspended in FACS buffer after 447 

enrichment and stained at 1:400 for 1hr at RT with gp33, Y4F or PF tetramers. Washed cells were 448 

surface stained for CD8, Ly5.1, CD107a and CD44 for 30 min at 4°C. Data was collected using LSR 449 

Fortessa (BD Biosciences) and analyzed with Flowjo. 450 

 451 

Cloning of Plasmids 452 

pHW2000 vectors containing the 8 genes (PB2, PB1, PA, HA, NP, NA, M and NS), where NA 453 

and HA are derived from HKx31 (H3N2), and the internal genes from A/PR8/34 (PR8, H1N1), 454 

were constructed by reverse transcriptase-PCR (RT-PCR) amplification of the viral RNA. The 455 

peptides Y4F and PF were introduced into the Influenza A virus by inserting/replacing a region in 456 

the stalk of Neuraminidase (NA) using the cloning system as described. 457 

 458 

Viruses and Cell Culture 459 

Reverse genetics, generation of modified Influenza: Briefly, 1 ug of each plasmid (NP, NS2, PB2, 460 

M, PA, PB1, HA and NA) was mixed with 16ug of lipofectomine and OptiMEM and added to a 461 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 2, 2019. ; https://doi.org/10.1101/862144doi: bioRxiv preprint 

https://doi.org/10.1101/862144
http://creativecommons.org/licenses/by/4.0/


 23 

mix of co-cultured MDCK/293T cells, in the presence of TPCK-trypsin. The transfection was 462 

allowed to proceed for 48-72h in 5% CO2 at 37°C. The virus was thereafter propagated in chicken 463 

eggs for 2 days at 35° [57]. 464 

 465 

RNA Isolation and RT-PCR 466 

Viral RNA was isolated from virus particles with RNeasy-Kit (Qiagen, Valencia, CA). Access 467 

RT-PCR kit (Promega) was used for characterization of recombinant influenza viruses.  468 

 469 

Identification of T cell responses upon Influenza vaccination 470 

Naive C57Bl6 mice were adoptively transferred with 104 P14 T cells one day prior to infection. with 471 

1 x104 PFU or i.p. with 1.5 x107 PFU of influenza A virus following anesthesia with isofluorane, then 472 

used for analysis of primary immunity at day 10 post infection. Kinetics, magnitude and phenotype 473 

of primary virus-specific CD8+ T cell responses were measured by flow cytometry. gp33- and APL-474 

specific CD8+ T cell populations were characterized using H2Db/gp33, Y4F and PF tetramers. 475 

Splenocytes were incubated with tetramers for 60 min at room temperature. Washed cells were 476 

stained for CD8+ and CD44 for 30 min at 4°C. Intracellular IFNg and TNF staining (1:200) was 477 

performed for 30 min at 4°C. Data was collected using LSR Fortessa (BD Biosciences) and analyzed 478 

with Flowjo. 479 

 480 

Statistical analysis 481 

Data were routinely shown as mean ± SD. Unless stated otherwise, statistical significance was 482 

determined by the Student’s t test or analysis of variance (ANOVA) using GraphPad Prism 7.0. 483 

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 484 

 485 
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Ethics statement 486 

All experimental animal procedures were performed under Swedish national guidelines (N413/09) 487 

and following approval from the University of Melbourne animal ethics experimentation committee 488 

(ethics number 1312890.3).  489 

 490 

  491 
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Figure Legends 713 

 714 

Figure 1. The p3P modification enhances pMHC stability without altering structural 715 

conformation, reestablishing TCR recognition.  716 

A. The p3P modification increases pMHC stability. CD melting curves of H-2Db/gp33 and H-717 

2Db/V3P (upper panel), and H-2Db/Y4F and H-2Db/PF (lower panel). Melting temperatures (Tm) 718 

corresponding to 50% protein denaturation are indicated. B. The APL PF is recognized by the 719 

soluble TCR P14. In contrast to Y4F, PF is recognized by P14. Binding affinity of the soluble TCR 720 

P14 to each pMHC was measured using SPR. KD values are indicated. C. The p3P modification 721 

increases TCR internalization. TCR downregulation was measured following exposure of P14 T 722 

cells to H-2Db in complex with each peptide at indicated concentrations on RMA cells. 723 

CD3+CD8+CD4- and Vα2+ cells were gated to quantify TCR internalization and p values calculated 724 

by using two-way Anova with Turkey’s multiple comparison test. **** represents p<0.0001; *** 725 

0.0002 and ** 0.0018. The H-2Db-restricted Influenza-derived peptide ASNENMETM (ASN) was 726 

used as negative control. D. The p3P modification does not alter the conformation of the 727 

backbone of APLs compared to native counterparts. Superposition of the crystal structures of H-728 

2Db/V3P and H-2Db/PF with H-2Db/gp33 and H-2Db/Y4F, respectively, demonstrates that the p3P 729 

modification does not alter backbone conformations. Significant conformational changes are only 730 

observed for the side chains of peptide residues p1K and p6F following the p3P substitution. 731 

 732 

Figure 2. The p3P modification increases significantly P14 T cell responses.  733 

A. C57/Bl6 mice were adoptively transferred with 104 P14 T-cells one day prior to infection with 734 

LCMV. Mice were sacrificed on day 7 post T cell transfer. T-cells from spleen were stained with PE-735 
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conjugated H-2Db/gp33, H-2Db/Y4F or H-2Db/PF tetramers. T cells were also stimulated with gp33, 736 

Y4F or PF peptides (10-6 M) for 5h, prior to assessment of intracellular IFNg and TNF expression 737 

levels. B. Gating strategy used to detect CD8+ CD44+ cells. P14 T cells were distinguished from 738 

endogenous T-cells using the Ly5.1 (V450) marker. C. Representative density plots from tetramer 739 

staining. CD8+ CD44+ P14 T-cells were stained with H-2Db/gp33 (left), H-2Db/Y4F (middle) and H-740 

2Db/PF (right) tetramers. D. Representative ICS density plots. P14 T-cells were stimulated with 741 

peptides gp33 (left), Y4F (middle) or PF (right). E. CD8+ CD44+ P14 T-cells from the spleen were 742 

stained with the indicated tetramers on the x-axis (left). P14 T-cells from the spleen were stimulated 743 

with the peptides indicated on the x-axis, and expression of INFg (middle) and TNF (right) was 744 

assessed. Error bars show mean +/- SD. One-way anova was performed to compare between different 745 

groups. P-values * and *** represent p<0.05 and p<0.001, respectively. The analysis was made using 746 

the GraphPad Prism software. 747 

 748 

Figure 3. Vaccination of C57/Bl6 mice with influenza virus encoding for PF re-established 749 

efficient recognition of the immune escape variant Y4F.  750 

The escape mutant Y4F (KAVFNFATM) and the proline-modified variant PF (KAPFNFATM) were 751 

engineered into the stalk region of neuraminidase of the Influenza A virus strain HKx31 (H3N2), and 752 

used to infect C57BL/6 mice. A. C57/Bl6 mice infected with either flu(Y4F) or flu(PF) were 753 

sacrificed day 10 post infection. B. CD8+ CD44+ cells were stained with combinations of H-2Db/gp33, 754 

H-2Db/Y4F or H-2Db/PF tetramers. Right top panel: Representative density plots of CD8+ CD44+ T-755 

cells from mice infected with flu(Y4F) or flu(PF). Data from pooled 4-5 mice, representative of two 756 

different experiments. C. Cells were also stimulated with gp33, Y4F or PF peptides for 5 h, and 757 

intracellular IFNg and TNF expression was determined. (Right bottom panel) CD8+ CD44+ T-cells 758 
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isolated from mice infected with flu(Y4F) or flu(PF) were stimulated with either gp33, Y4F or PF 759 

(10-6 M), and thereafter stained for INFg and TNF. Data of IFNg and TNF secretion from pooled 4-5 760 

mice representative of two different experiments. Error bars show mean +/- SD. Statistical 761 

significance is presented with the p-value from a two-way Anova with Sidak’s multiple comparison 762 

test. * represents p<0.05; ** represents p<0.01. The analyses were performed using the GraphPad 763 

Prism software. 764 

 765 

Figure 4. The p3P modification results in conformational changes of peptide residues p1K and 766 

p6F, predisposing pMHCs for optimal binding to P14.  767 

A. Comparison of gp33 before binding (in green) and after binding (in white) to P14 reveals major 768 

conformational changes in gp33 following binding to P14. These include a movement of the p2-p4 769 

backbone of gp33 that is pushed down in the cleft combined with a 180 degrees rotation of the 770 

isopropyl moiety in residue p3V. Furthermore, the side chain of peptide residues p1K, P4Y and p6F 771 

all take new conformations following binding to P14. All movements are indicated by blue arrows. 772 

B. The introduction of p3P in V3P results in optimal positioning of the side chains of residues p1K 773 

and p6F prior to binding to P14 (in orange). The only observed conformational difference was taken 774 

by residue p4Y following V3P binding to P14 (in cyan). C. Similarly to V3P, the only conformational 775 

difference observed for PF before (in orange) and after (in violet) binding to P14 is at peptide residue 776 

p4Y. D. Peptides gp33 (in white), V3P (in cyan) and PF (in violet) take nearly identical conformations 777 

when bound to P14. 778 

 779 

Figure 5. The p3P modification affects the conformations of peptide residues p1K and P6F, as 780 

well as H-2Db residues R62, H155 and E163 facilitating TCR recognition.  781 
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A. Comparison of H-2Db/gp33 before (in green) and after P14 binding (in white) reveals that the 782 

conformation of a very limited amount of pMHC residues is affected (shown as sticks). Following 783 

binding to P14, the side chain of peptide residue p1K moves towards the N-terminal part of the peptide 784 

binding cleft while the side chain of p6F rotates. As a consequence, conformational changes are 785 

observed only for heavy chain residues R62, H155 and E163. B. In contrast to gp33, the introduced 786 

p3P modification already positions most peptide and heavy chain residues in optimal conformations, 787 

limiting significantly the required movements following binding to P14. pMHC residues before and 788 

after binding to P14 are colored orange and cyan, respectively. C. Similarly to V3P, the p3P 789 

modification in PF results in optimal positioning of all key peptide and heavy chain residues prior to 790 

binding to P14. pMHC residues before and after binding to P14 are colored orange and violet, 791 

respectively. 792 
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