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Abstract 30 

For a long time, immunologists have believed that classical CD4
+
 and CD8

+
 T cells recognize 31 

peptides (referred to as epitopes), derived from protein antigens presented by MHC/HLA 32 

class I or II. Over the past 10-15 years it has become clear that epitopes recognized by CD8
+
, 33 

and more recently CD4
+
 T cells, can be formed by protein splicing. Here we review the 34 

discovery of spliced epitopes recognized by tumour-specific human CD8
+
 T cells. We discuss 35 

how these epitopes are formed and some of the unusual variants that have been reported. 36 

Now, over a decade since the first report, evidence is emerging that spliced CD8
+
 T-cell 37 

epitopes are much more common, and potentially much more important, than previously 38 

imagined. Recent work has shown that epitopes recognized by CD4
+
 T cells can also be 39 

formed by protein splicing. We discuss the recent discovery of spliced CD4
+

 44 

 T-cell epitopes 40 

and their potential role as targets of autoimmune T-cell responses. Finally, we highlight 41 

some of the new questions raised from our growing appreciation of T-cell epitopes formed 42 

by peptide splicing.  43 

Introduction 45 

Immunology textbooks tell us that the primary function of the immune system is to 46 

distinguish between self and non-self and then destroy anything that is both non-self and 47 

dangerous. The adaptive T-cell arm of the immune system does this by recognizing 8-14 48 

amino acid long linear peptides presented by HLA (or MHC in the mouse) class I, or class II 
1, 

49 

2
. Implicit in this model is this notion that antigen processing and presentation cannot alter 50 

the sequence of amino acids because to do so would be to blur the line between self and 51 

non-self. As discussed below, it is now clear that processing of antigens for presentation by 52 

HLA class I does shuffle the sequence of some peptide fragments. More recently, it has been 53 

suggested that epitopes recognized by CD4
+

 56 

 T cells may also be formed by fusing peptide 54 

fragments.  55 

Both CD4
+
 and CD8

+
 T cells use their T-cell receptors (TCRs) to recognize peptide antigens 57 

presented by HLA class II and class I, respectively. CD8
+
 T-cell epitopes derive from proteins 58 

within the cell which are digested by the proteasome, trimmed and loaded onto HLA class I 59 

before being transported to the cell’s surface for scrutiny by CD8
+
 T cells 

3-5
. Epitopes 60 
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recognized by CD4
+
 T cells derive from exogenous antigens that are taken up by professional 61 

antigen presenting cells where they are degraded by lysosomal proteases 
4, 5

. Protein 62 

fragments are then loaded onto class II before the complex is transported to the cell surface 63 

for scrutiny by CD4
+

 65 

 T cells. 64 

Proteases catalyse the cleavage of peptide bonds, however, under the appropriate 66 

conditions they can also catalyse the formation of peptide bonds. Protease-mediated 67 

peptide bond formation has been observed in bacteria, plants, mammals and in vitro. For 68 

example, bacterial sortases catalyse the cleavage and re-formation of peptide bonds by 69 

transpeptidation to help create the cross-linked structure of bacterial cell walls 
6
 (reviewed 70 

by Patterson 
7
. One of the earliest reported examples of protease-mediated protein splicing 71 

in eukaryotes was the proteolytic processing of the lectin, ConA, by the Jackbean (Canavalia 72 

ensiformis) 
8
. The precursor protein is cleaved and ‘re-ligated’ by an asparagine protease. 73 

‘Reverse proteolysis’ of several proteins and peptides has also been observed in vitro 
9-12

 75 

.  74 

Recently immunologists have begun to appreciate that reverse proteolysis can lead to the 76 

formation of T-cell epitopes. Our goal here is to review the discovery and the reports 77 

describing the analysis of T-cell epitopes formed by protease-mediated transpeptidation, or 78 

protein splicing. This review is divided into three sections: (i) a description of the discovery 79 

of spliced CD8
+
 T-cell epitopes, (ii) a discussion of the mechanism of their formation, and (iii) 80 

a description of spliced protein epitopes recognized by CD4
+

 84 

 T cells. Although still in its 81 

infancy, the analysis of spliced T-cell epitopes promises to teach us more about the exquisite 82 

subtlety of the immune system. 83 

Spliced Class I epitopes  85 

The first reported CD8
+
 T-cell epitope formed by protein splicing were identified by the 86 

analysis of a tumour-specific CD8
+
 T-cell clone in January 2004 (see Table 1). Hanada et al 

13
 87 

followed the approach, pioneered by Boon et al 
14

, of isolating tumour-specific CD8
+
 T-cell 88 

clones, determining their HLA restriction and then transfecting COS cells with plasmids 89 

encoding the restricting HLA and pools of a tumour-derived cDNA. In this case, the CD8
+
 T-90 

cell clone, C2, recognized an epitope derived from Fibroblast Growth Factor 5 (FGF-5) 91 
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presented by HLA-A3. Truncating the cDNA used to sensitise transfected COS cells for 92 

recognition by CD8
+

 101 

 T cells narrowed the region encoding the epitope down to 179 base 93 

pairs (~60 amino acids), but surprisingly, shorter constructs did not activate the T-cell clone. 94 

By screening a large panel of cDNA constructs, with systematic deletions of the minimum 95 

sensitizing construct, it became clear that the epitope required amino acids more than 40 96 

amino acids apart. Finally, the identity of the minimum stimulating 9mer peptide epitope 97 

was shown to be formed by splicing together two FGF-5-derived peptide fragments, NTYAS 98 

with LPRFK, and splicing out the intervening 40 amino acids. This created the epitope 99 

NTYAS-LPRFK which potently stimulated the clone C2.  100 

Three months later, Vigneron et al reported a melanoma-derived epitope also formed by 102 

proteasome-mediated peptide splicing of gp100
PMEL17 15

. They also took a functional 103 

approach using an HLA-A32 restricted, gp100
PMEL17

 specific, CD8
+
 T-cell clone called ‘CTL 14’. 104 

In this case, the epitope could be narrowed down to a 13mer peptide (RTKAWNRQLYPEW) 105 

that required further processing before it could sensitise HLA-A32
+
 APC for recognition by 106 

CTL 14. The minimum epitope was found to be RTK-QLYPEW (Table 1) 
16

 108 

.  107 

One corollary of the proteasome-mediated transpeptidation hypothesis is that peptide 109 

fragments could re-form peptide bonds in the opposite order relative to the native protein. 110 

Warren et al 
17

 reported the first ‘retro-spliced’ CD8
+
 T-cell epitope in 2006. Their analysis of 111 

a CD8
+
 T-cell clone specific for a minor histocompatibility antigen, SP110, led them to 112 

identify a 20 amino acid fragment of SP110 that was the minimum that stimulated the 113 

SP110 specific clone (CTL DRN-7). No synthetic peptides, including spliced peptides, could 114 

sensitise the EBV-transformed B cells used as APC for recognition by the CD8
+
 T-cell clone. 115 

However, they found that two synthetic 10mers could stimulate recognition, but only when 116 

they were electroporated into the EBV cells at the same time. This led them to test synthetic 117 

peptides that mimicked the sequence of the SP110 epitope spliced in reverse order which 118 

they found could stimulate the clone (Tab1e 1). In addition to describing the first ‘retro-119 

spliced’ CD8
+
 T-cell epitope Warren et al also confirmed that the ‘retro-spliced’ epitope 120 

generation was also dependent upon proteasome processing 
17

 122 

. 121 
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Spliced epitopes may incorporate other posttranslational modifications (Table 1). Dalet et al 123 

18
, described a second ‘retro-spliced’ CD8 epitope. This HLA-A24 restricted epitope is 124 

derived from tyrosinase and identified by screening a CD8
+
 T-cell clone. In addition to being 125 

retro-spliced this epitope comprises two asparagine residues which are deamidated to form 126 

aspartic acid residues 
18

 129 

. Hence this epitope is formed by two posttranslational 127 

modifications: protein splicing and deamidation of two asparagine residues.  128 

Peptide splicing can introduce an iso-peptide bond between the two protein fragments 
19

. 130 

The peptide bonds between adjacent amino acids in proteins and peptides form between 131 

the α amino group of the C-terminal amino acid and the carboxylic acid of the N-terminal 132 

amino acid. When the C-terminal amino acid has an ε−amino group, as in lysine or arginine, 133 

an isopeptide bond may also form with the side chain, or ε−amino group. Using model 134 

synthetic peptides, Berkers et al 
19

 140 

 found that proteasome-mediated peptide splicing could 135 

generate spliced peptides that contained an isopeptide bond between the N-terminal lysine 136 

and the C-terminal peptide fragment. Interestingly, they estimated that spliced peptides 137 

with isopeptide bonds were formed one-tenth as often as spliced peptides with a standard 138 

peptide bond. 139 

Mechanisms and motifs 141 

As described above, spliced CD8
+
 T-cell epitopes are formed by proteasome-mediated 142 

transpeptidation. Vigneron et al 
15

 showed in vitro that purified proteasomes generated a 143 

spliced epitope from gp100
MEL17

. The epitope could be generated only when longer 144 

peptides, that required cleaving, were present. The epitope could not form when the two 145 

fragments (RTK and QLYPEW) that comprise the epitope, were delivered separately. 146 

Furthermore, the epitope formation was blocked by the proteasome inhibitor, lactacystin. 147 

The data led to the hypothesis that the catalytically active threonine residues in the 148 

standard proteasome form O-acyl intermediates with the N-terminal peptide fragment 149 

which is then subject to nucleophilic attack by the N-terminus of another peptide fragment, 150 

which forms the C-terminal end of the spliced peptide (Figure 1). This mechanism has since 151 

been supported by several other studies 
15, 17-21

. In addition, Ebstein et al 
21

 have suggested 152 

that proteasome-mediated peptide splicing may also occur via a condensation reaction, 153 

within the barrel of the proteasome.  154 
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 155 

Mammalian cells can express two types of proteasome, the ‘standard’ proteasome or an 156 

‘immune’ proteasome 
22, 23

. Professional antigen presenting cells, such as DC, constitutively 157 

express the immune proteasome and other cells express it after exposure to IFNγ. Dalet et 158 

al 
24 

compared the efficiency of immune and standard proteasomes in generating spliced 159 

epitopes from FGF-5 
13

, gp100
PMEL17 15

 and SP110 
17

. The spliced epitopes derived from FGF-5 160 

and gp100
MEL17

 were produced more efficiently by the standard proteasome, whereas the 161 

immune proteasome generated the SP110 derived epitope more efficiently 
24

. The 162 

differences in epitope formation were attributed to different cleavage site preferences of 163 

the two types of proteasome 
25

. Proteasomes that didn’t favour the formation of the 164 

epitope cleaved the precursor protein in a position that destroyed the epitope 
24

 168 

. Hence, 165 

transpeptidation is a common property of both types of proteasome, but the specificity of 166 

proteasome cleavage can bias towards or against a particular epitope. 167 

Further investigation into the mechanism of peptide splicing has revealed some preference 169 

for the amino acids at the cleavage site 
20

. The N-terminal peptide has the greatest impact 170 

on the rate of splicing. N-terminal fragments with aspartate, or polar uncharged residues at 171 

their C-terminus had a greater rate of splicing. In contrast, the residues in the C-terminal 172 

fragment had a minor impact on splicing efficiency. Perhaps not surprisingly, the 173 

concentration of the peptide fragment had the greatest impact on the efficiency of peptide 174 

splicing. More abundant fragments promote formation of spliced epitopes 
20

 176 

.  175 

How common are spliced CD8
+

When they were first discovered, in 2004, epitopes formed by proteasome-mediated 178 

splicing were thought to be very rare; ~0.01 

 T-cell epitopes? 177 

15
 to 0.0002% 

13
 of CD8 epitopes. The number of 179 

potential spliced peptides is enormous making it very challenging to search for these 180 

without any knowledge of their sequence. Until recently researchers could only search for 181 

epitopes that exactly matched the known protein sequences, but recent advances in 182 

bioinformatics now allow putative spliced epitopes to be identified more readily. Liepe et al 183 

26
 observed that a large proportion of peptides presented by HLA-A2 are formed by peptide 184 

splicing. When they analysed epitopes presented by B lymphoblastoid cell lines and primary 185 

human fibroblasts they found that spliced epitopes accounted for approximately one third 186 
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of the diversity and a quarter of the abundance of peptides bound to HLA-A2. This surprising 187 

observation is supported by in vitro proteasome-mediated digestion experiments 
20

. Ebstein 188 

et al 
21

, for example, reported that spliced epitopes derived from the melanoma antigen 189 

gp100
mel

 194 

 were generated as efficiently as unspliced epitopes. Although this abundance of in 190 

vivo spliced epitopes has yet to be confirmed by many other studies, it is remarkable that in 191 

little over 10 years, spliced CD8 T-cell epitopes have gone from curious oddities to being 192 

considered common constituents of the class I peptidome.  193 

Class II epitopes formed by transpeptidation. 195 

Peptide epitopes presented to CD4
+
 T cells by class II MHC/HLA can also form by peptide 196 

splicing. Currently the only example of spliced CD4
+
 T-cell epitopes comes from the study of 197 

the immunology of type 1 diabetes 
27

. Type 1 diabetes is caused by an autoimmune T-cell 198 

response directed against the insulin-producing beta cells, which are found in the Islets of 199 

Langerhans (referred to as islets) in the pancreas. While it is clear that the disease is 200 

autoimmune 
28

 the antigens and epitopes recognized by pathogenic T cells are not well 201 

defined. The Non-Obese Diabetic (NOD) mouse is the most widely studied animal model of 202 

human type 1 diabetes. In both mice and humans autoimmune, or type 1, diabetes is 203 

characterized by the infiltration of the pancreatic islets by immune cells which destroy the 204 

insulin-producing beta cells 
29, 30

 206 

.  205 

In 1989 Haskins et al 
31

 described a panel of CD4
+
 T-cell clones (known by the prefix BDC) 207 

that precipitate the onset of diabetes when transferred to young NOD mice. Work with the 208 

BDC clones and TCR transgenic mouse lines derived from them confirmed that these T cells 209 

caused autoimmune diabetes in NOD mice 
32, 33

. However, the beta-cell derived epitope(s) 210 

recognized by these clones could not be determined 
34

. A breakthrough came in 2016 when 211 

Delong et al 
27

 reported that several of the BDC panel of T-cell clones recognized beta-cell 212 

derived peptides formed by protein splicing. They called these epitopes ‘hybrid insulin 213 

peptides’, or HIPs, because they all comprise a fragment of proinsulin fused to a fragment of 214 

another beta cell protein. The clones BDC-2.5, 9.46 and 10.1 recognize an epitope formed 215 

by the fusion of proinsulin’s C-peptide to chromogranin A 
27

. Similarly, the clones BDC-9.3 216 

and 6.9 recognize an epitope formed by the fusion of C-peptide to another beta-cell protein, 217 

islet amyloid polypeptide-2 (IAPP2) (Table 2). Synthetic peptides, that mimic this sequence 218 
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are extremely potent stimulators of these clones, stimulating responses at low nanomolar 219 

concentrations 
27

 221 

. 220 

Human islet-infiltrating CD4
+
 T cells, isolated from the residual pancreatic islets of deceased 222 

organ donors who suffered from type 1 diabetes also recognize HIPs 
27

. Two HIPs were 223 

shown to stimulate human islet-infiltrating CD4
+
 T cells; a Cpeptide-IAPP2; and a Cpeptide-224 

Neuropeptide-Y HIP 
27

. Synthetic peptides of these sequences were also very also potent 225 

stimulators of these T cells; responses were detected at low nanomolar concentrations. The 226 

analysis of islet-infiltrating CD4
+
 T cells from other deceased organ donors who suffered 227 

from type 1 diabetes revealed two new HIPs 
35

. These HIPs are formed by the fusion of 228 

proinsulin C-peptide with fragments of islet amyloid polypeptide 1 (IAPP1) and insulin A 229 

chain. In contrast to CD8
+

 233 

 T-cell epitopes, most HIPs are formed in trans, when fragments 230 

from two different proteins fuse. The exception is the C-peptide-insulin A chain HIP which is 231 

derived entirely from proinsulin. 232 

The discovery of CD4
+
 T-cell epitopes formed by transpeptidation that are recognized by 234 

human islet-infiltrating T cells strongly suggests that CD4
+
 T-cell responses against HIPs may 235 

play a direct pathogenic role in human T1D. This possibility is supported by the observation 236 

that many HIPs are presented by HLA-DQ8 
27

, which is well-known to greatly increase an 237 

individual’s risk of developing T1D 
36, 37

. However, it is worth noting that islet-infiltrating 238 

CD4
+
 T cells also recognize a variety of ‘regular’ epitopes; most are derived from proinsulin 239 

35, 38, 39

 241 

. 240 

How do HIPs form in beta cells?  242 

Currently, the pathway that leads to the formation of spliced CD4 T-cell epitopes in beta 243 

cells is not clear. There is no evidence to suggest that the proteasome is responsible, instead 244 

we suggest that formation of HIPs in beta cells arises from the active proteolysis that occurs 245 

in normally functioning beta cells. 246 

 247 

Insulin-secreting pancreatic beta cells contain granules in which insulin is stored prior to 248 

release into the circulation. Beta-cell granules are the site of very active proteolysis. Insulin 249 

is produced as a prohormone, proinsulin from which the central C-peptide is cleaved by 250 
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three enzymes, prohormone convertase (PC) 1, PC2 and carboxylpeptidase E 
40

. After 251 

excision of the C-peptide, insulin crystalizes in the beta-cell granules. C-peptide remains in 252 

solution and is co-secreted with insulin 
41

. In addition to proinsulin, many proteins, including 253 

chromogranins and islet amyloid poly peptides (IAPPs), are cleaved by the granule proteases 254 

to generate an array of bio-active peptides 
42

. Under most circumstances ‘reverse 255 

proteolysis’ is very inefficient, but high protein concentrations in a confined environment 256 

favour protease mediated peptide fusion 
43

. Because the beta-cell granules contain active 257 

proteases and they are densely packed with insulin, C-peptide and other proteins, they may 258 

be an ideal crucible for forming spliced peptides in a similar way to the proteasome. Hybrid 259 

insulin peptides are thought to be presented to islet-infiltrating CD4
+
 T cells by macrophages 260 

and B cells that infiltrate human and NOD mouse islets 
44, 45

. However, we have reported 261 

that murine and human beta cells can express MHC/HLA class II 
46

, so it is possible that 262 

hybrid insulin peptides may be directly presented to CD4
+

 265 

 T cells by class II positive beta 263 

cells. 264 

Concluding comments and outstanding questions 266 

The observation that both CD4
+
 and CD8

+
 T-cell epitopes form by posttranslational splicing 267 

of self-proteins was unexpected. It is now clear that these epitopes form during protein 268 

digestion in the proteasome and that some CD8
+
 T cells, within the normal repertoire, 269 

recognize these epitopes. Once thought of as a curiosity, epitopes formed by proteasome-270 

mediated splicing may be very common 
26

. Compared to the study of CD8
+
 T-cell epitopes 271 

formed by peptide splicing, the study of CD4
+

 275 

 T-cell epitopes is only just beginning. 272 

Remarkably, even at this very early stage the evidence suggests that these epitopes may 273 

play a role in a common autoimmune disease –type 1 diabetes.  274 

The discovery of T-cell epitopes formed by peptide splicing raises questions about 276 

discrimination between self and non-self. The immune system uses both central and 277 

peripheral tolerance mechanisms to maintain tolerance to self antigens. Central tolerance 278 

refers to the purging from the TCR repertoire of T cells that express TCRs with inappropriate 279 

affinities to self HLA/peptide complexes within the thymus. The cortical thymic epithelial 280 

cells (cTECs) express a unique combination of proteasome subunits, the ‘thymoproteasome’ 281 

which facilitates positive selection 
47

. Developing T cells migrate to the medulla where they 282 
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undergo negative selection mediated by medullary thymic epithelial cells (mTECs). mTECs 283 

express an array of tissue specific antigens driven by the transcriptional regulator AIRE 
48

. 284 

Currently it is not known if thymic epithelial cells present the full array of spliced CD8
+
 285 

epitopes found in the periphery, or if T cells that recognize these epitopes are subject to 286 

negative selection. It is unlikely that HIPs, recognized by CD4
+

 290 

 T cells will be found in the 287 

thymus because the protein processing machinery required is not found in thymic epithelial 288 

cells.  289 

Peripheral tolerance refers to the induction of tolerance that occurs outside the thymus. 291 

Currently it is not clear how the formation of spliced peptide epitopes relates pheripheral 292 

tolerance. However, it is tempting to speculate that it is induced in a similar way to ‘regular’ 293 

antigens 
49

 295 

.  294 

Other questions to be addressed include: has the proteasome pathway evolved to promote 296 

peptide splicing? At least it hasn’t been selected against. Why is that? Are spliced epitopes 297 

the targets of T-cell responses against pathogen-derived proteins? Can we apply our 298 

emerging knowledge of T-cell specificity to develop CD8
+

 304 

 T-cell therapies to treat cancer? 299 

Conversely, can HIPs be used to restore immune tolerance in type 1 diabetes and, if similar 300 

epitopes are involved, in other autoimmune diseases? If spliced peptides presented by both 301 

class I and class II are common, how is immunological tolerance maintained when the 302 

distinction between self and non-self becomes so blurred? 303 

How can we address these questions? Advances in mass spectrometry and bioinformatics 305 

are driving a rapid increase in our knowledge of spliced epitopes. These approaches help us 306 

to identify the peptides that form, but don’t give us any insight into the T-cell responses. 307 

New approaches to identifying the epitopes recognized by T cells are required to help 308 

screen the enormous array of possible peptide epitopes that may exist. When developed 309 

these methods supported by mass spectrometry and bioinformatics will no doubt reveal 310 

new levels of subtlety in the regulation of the immune system. It is clear that nature shuffles 311 

the deck of epitope cards – now our challenge is to work out the rules of the game.  312 
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 510 

Table 1. CD8
+

Protein 

 T-cell epitopes formed by protein splicing defined by analysing T-cell 511 

specificity 512 

Epitope  HLA restriction Reference 

FGF-5 NTYAS-PRFK HLA-A3 13 

gp100 RTK-QLYPEW 
PMEL17

 HLA-A32 15 

SP110 (Minor H Ag) SLPRGT-STPK* HLA-A0301 17 

Tyrosinase IYMDGT-ADFSF* HLA-A24 18 

gp100 RSYVPLAH-R 
PMEL17

 

 

HLA-A0301 50 

*Reverse order relative to the native protein, underlined

 515 

 amino acids are formed by 513 

posttranslational modification  514 

Table 2. Summary of CD4
+

Species 

 T-cell epitopes formed by protein splicing defined by analysing T-516 

cell specificity 517 

Clone HIP Restriction Reference 

NOD 

mouse 

BDC 2.5 

BDC 9.46 

BDC 10.1 

BDC 9.3 

BDC 6.9 

Cpept-ChgA (WE14) 

Cpept-ChgA (WE14) 

Cpept-ChgA (WE14) 

Cpept-IAPP2 

Cpept-IAPP2 

I-A

I-A

g7 

I-A

g7 

I-A

g7 

I-A

g7 

27 

g7
 

Human  A2.11 Cpept-IAPP2 HLA-DQ8 27 
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A3.10 

MG1* 

Cpept-IAPP2 

Cpept-NeuroY 

HLA-DQ8 

HLA-DQ8 

 

Human CD4
+

CD4

 T-cell line 

+

CD4

 T-cell line 

+

Cpept-Insulin A chain 

 T-cell line 

Cpept-IAPP1 

Cpept-IAPP2 

ND 

ND 

ND 

35 

 518 

Figure 1.  Mechanism of proteasome-mediated peptide splicing. 519 

This model shows the splicing of peptides within the proteasome. The putative peptide 520 

sequence is indicated by letters coloured to highlight the different fragments. The OH-521 

groups of the catalytically active threonine are shown attached to the dark shapes which 522 

represent the wall of the proteasome. After peptide cleavage three outcomes are possible. 523 

From left to right; a spliced peptide may form by nucleophilic attack by another peptide 524 

fragment, the peptide fragment can be released by hydrolysis, or a spliced peptide with the 525 

fragments in the reverse order relative to the original protein may form. The putative 526 

peptide sequences, formed by each pathway, are shown below.  527 
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