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Abstract 18 

Low tumour immunogenicity is a major hurdle to overcome in the treatment of cancers with 19 

immunotherapies. Here, we reveal a novel therapeutic approach to increase tumour 20 

immunogenicity. By delivering the major histocompatibility complex class I (MHC-I) peptide 21 

exchange catalyst TAPBPR in an antibody-mediated manner onto the plasma membrane of 22 

tumour cells, extracellular MHC-I become highly peptide-receptive. Upon exposure to low 23 

doses of exogenous peptide, MHC-I molecules on tumour cells are efficiently loaded with 24 

immunogenic antigens, including those derived from human cytomegalovirus and Epstein-25 

Barr virus. TAPBPR-antibody fusion proteins were delivered specifically to tumours in vivo.  26 

Finally, antigen-specific CD8+ T cells respond to tumour cells in a targeted manner and can 27 

mediate killing of antibody target-positive cells. As memory T cells specific for previously 28 

encountered common viruses patrol tumours, TAPBPR-based therapeutics could offer an 29 

attractive means to redirected virus-specific T cells against tumours in the fight against 30 

cancer.  31 

  32 
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Introduction 33 

While immunotherapies such as immune checkpoint inhibition have revolutionised the 34 

treatment of cancer, clinical benefit is currently only observed in a minority of patients.  35 

High tumour mutational load is positively correlated with response to immunotherapy [1-6].  36 

This exemplifies the role that immunogenic peptide presentation on MHC class I (MHC-I) 37 

molecules to CD8+ cytotoxic T cells plays in inducing effective antitumour immune 38 

responses. To broaden the clinical application of immunotherapy, innovative approaches 39 

are needed to overcome low immunogenicity of tumours frequently observed in patients.  40 

 41 

Previously, we demonstrated that the MHC-I peptide editor TAPBPR can be exploited to 42 

decorate cells with immunogenic peptides [7]. While TAPBPR is typically expressed 43 

intracellularly and shapes the MHC-I immunopeptidome [8-10], we established that human 44 

recombinant soluble TAPBPR (sTAPBPR), comprising only the lumenal region, was able to 45 

perform peptide exchange directly on plasma membrane-expressed MHC-I (Figure 1A) [7]. 46 

Exogenous peptide loading onto MHC-I by sTAPBPR occurred in a peptide affinity-47 

dependent manner [7]. Having used this system to further explore molecular aspects of 48 

TAPBPR function [11,12], we turned our attention as to whether sTAPBPR can be utilised to 49 

overcome the low immunogenicity of tumours. Here, we fuse the lumenal region of TAPBPR 50 

to antibody fragments with specificity to target proteins expressed on the plasma 51 

membrane of tumours (Figure 1B).  We show that sTAPBPR can be specifically delivered to 52 

tumour cells expressing a target of interest and utilised to promote immunogenic peptide 53 

presentation onto human leukocyte antigen (HLA) molecules, including peptides derived 54 
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from human cytomegalovirus (HCMV) and Epstein-Barr virus (EBV), inducing virus-specific 55 

cytotoxic T cell responses in a targeted manner.  56 
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Results 57 

Tethering TAPBPR to a plasma membrane target protein  58 

As human sTAPBPR can load neo-epitopes and virus-derived peptides directly on 59 

extracellular MHC-I [7] (Figure 1A), we explored ways to tether sTAPBPR to the plasma 60 

membrane of a target cell population. We explored whether functional sTAPBPR could be 61 

delivered to a target protein via its conjugation to a C-terminal antibody tag (Figure 1B). GFP 62 

was chosen as model target protein and was cloned into an expression vector designed to 63 

direct it onto the plasma membrane (Figure 2A, Supplementary Text 1 for sequence), which, 64 

when transduced into cells, proved successful (Figure 2B).   65 

As a tool compound, a sTAPBPR-nanobody fusion protein was made by cloning a nanobody 66 

specific for GFP (GFPNB) downstream of sTAPBPR and a linker sequence (GGGGS x3) with a C-67 

terminal 6xhis-tag included to permit protein purification (Figure 2C, Supplementary Figure 68 

1A, Supplementary Text 1 for sequence). Extremely high levels of TAPBPR-GFPNB binding 69 

were observed to HeLaM cells expressing the nanobody target (green solid line, Figure 2D & 70 

2E) compared to the low levels of binding of sTAPBPR observed using the conditions tested 71 

(blue lines, Figure 2D & 2E). Negligible binding of the TAPBPR-GFPNB was observed to cells 72 

lacking surface GFP (green dashed line, Figure 2D & 2E). Shortening the linker between 73 

sTAPBPR and the nanobody to GGGGS or altering it to GSTVAAPSTVAAPSTVAAPSGS [13,14] 74 

did not significantly change the binding of TAPBPR-GFPNB to cells (Supplementary Figure 1A 75 

& B, Supplementary Text 1). A significant difference in TAPBPR binding to cells expressing 76 

the nanobody target compared to cells lacking the target was even observed when the 77 

concentration of TAPBPR-GFPNB was lowered from 100 nM to 10 or 1 nM (Figure 2E). 78 

Targeted delivery of the TAPBPR-GFPNB fusion protein was observed on the following cell 79 
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lines engineered to express GFP on their plasma membrane, but not their GFP-negative 80 

counterparts: HeLaM-HLA-ABCKO cells overexpressing HLA-A*02:01 (HeLa A2 cells) 81 

(Supplementary Figure 2A & 2B); the mouse tumour cell line EL4 (Supplementary Figure 3A-82 

3C); and the human breast cancer cell line MCF-7 (Supplementary Figure 4A & 4B). 83 

Together, these findings suggest that TAPBPR binding to cells can be directed specifically to a 84 

molecular target using a C-terminal antibody tag. 85 

 86 

Nanobody fusion permits MHC-I-independent tethering of TAPBPR  87 

We tested whether TAPBPR-GFPNB binding was mainly driven by nanobody:target 88 

engagement and to what extent the MHC-I binding site on TAPBPR contributed to the overall 89 

interaction. While no TAPBPR-GFPNB binding was observed to cells lacking HLA-A, -B and -C 90 

expression in the absence of surface GFP, TAPBPR-GFPNB binding to MHC-I-knockout cells 91 

was significantly enhanced upon surface GFP expression (Figure 2F). Thus, the 92 

nanobody:target interaction alone can mediate plasma membrane-tethering of TAPBPR. 93 

When surface GFP was introduced into wild-type (WT) HeLaM cells expressing endogenous 94 

MHC-I, TAPBPR-GFPNB binding was even higher (Figure 2F). Notably, HeLaM cells express 95 

HLA-A*68:02, the MHC-I allotype with the strongest binding to human TAPBPR tested to 96 

date [11]. Thus, recombinant sTAPBPR can be tethered to the plasma membrane via the 97 

nanobody:target interaction and this may be further enhanced when MHC-I is expressed. In 98 

the absence of the nanobody target, MHC-I expression played no role in TAPBPR-GFPNB 99 

binding to cells (Figure 2F). On MHC-I expressing cells lacking surface GFP, the binding of 100 

TAPBPR-GFPNB to cells was actually lower than that observed for sTAPBPR (Figure 2F). This 101 
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suggests that the MHC-I binding site on TAPBPR is only accessible upon fusion protein 102 

tethering to the cell surface via the nanobody.  103 

 104 

Plasma membrane tethered TAPBPR is highly efficient at mediating MHC-I peptide 105 

exchange  106 

We tested if TAPBPR-GFPNB promoted MHC-I peptide exchange when tethered to the 107 

plasma membrane by treating target cells with TAPBPR-GFPNB or sTAPBPR, followed by 108 

washing to remove unbound protein, then incubating with selected fluorescent peptides 109 

with high affinity for an MHC-I allotype expressed on the cells. This revealed that tethered 110 

TAPBPR retained its ability to perform peptide exchange and that it was a superior peptide 111 

exchange catalyst compared to sTAPBPR on three MHC-I allotypes tested; HLA-A*68:02 112 

(Figure 3A-D & Supplementary Figure 5), HLA-A*02:01 (Figure 3E, Supplementary Figure 113 

2C, 2D & 4C), and murine H2-Kb (Supplementary Figure 3D & 3E).  114 

 115 

For example, using a fluorescent variant of the cancer neoantigen ETVSEQSNV 116 

(ETVSK*QSNV – were *denote a TAMRA labelled lysine residue) [15], extremely high levels 117 

of peptide binding were observed on HLA-A*68:02 when TAPBPR-GFPNB was plasma 118 

membrane-tethered to GFP (green solid line Figure 3A, 3B and 3D, green bars Figure 3C).  119 

Peptide binding was negligible on TAPBPR-GFPNB treated cells lacking the nanobody target 120 

(green dashed line, Figure 3A, 3B and 3D, green bars Figure 3C), similar to treatment with 121 

peptide alone (grey lines or bars Figure 3A, 3C, and 3D). Only low ETVSK*QSNV binding to 122 

HLA-A*68:02 was observed using sTAPBPR (blue lines Figure 3A, 3B and 3D, blue bars 123 
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Figure 3C). Unsurprisingly, here sTAPBPR exhibited less peptide exchange (following 124 

removal of excess unbound TAPBPR) compared to previously studies where sTAPBPR was 125 

left in excess [7,11].  This fits with the proposed allosteric-release mechanism for TAPBPR 126 

which suggests TAPBPR-mediated peptide exchange is impeded unless in high excess during 127 

the reaction [16]. Thus, tethering appears to concentrate TAPBPR at a high enough levels to 128 

mediate effective peptide exchange even following washing.  The lack of peptide binding on 129 

cells lacking classical MHC-I expression (Figure 3C), suggests loading occurs directly on MHC-130 

I (rather than via endocytosis), in agreement with previous findings [7]. Thus, plasma 131 

membrane tethered TAPBPR causes extracellular HLA-A*68:02 (Figure 3D) and -A*02:01 132 

(Figure 3E) molecules to become 104-106-fold more receptive to exogenous peptide loading. 133 

 134 

Functional TAPBPR can be delivered to tumours in vivo  135 

Given the potential of TAPBPR-fusion technology to turn immunologically “cold” tumours 136 

“hot”, we tested whether TAPBPR could be delivered to target-positive tumours in vivo. In 137 

mice bearing subcutaneous syngeneic EL4 lymphomas expressing surface GFP, TAPBPR-138 

GFPNB was readily detected in tumours 15 min post-infusion with ~35% remaining 360 min 139 

post-infusion (predicted half-life of TAPBPR-GFPNB in tumour = 130 min) (Figure 4A & 4B). 140 

TAPBPR-GFPNB was not detected in the lungs of treated animals while extremely low levels 141 

were detected in the spleen (Figure 4A). At initial time-points, TAPBPR-GFPNB was readily 142 

detected in the kidney and liver (Figure 4A). However, TAPBPR-GFPNB levels in these two 143 

organs reduced rapidly with approximately 8% and 4%, respectively, remaining at 360 min 144 

post-infusion (predicted half-lives: kidney = 58 min, liver = 22 min)(Figure 4A & 4B).  145 

TAPBPR-GFPNB detection in liver and kidney is likely due to liver metabolism and renal 146 
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clearance of unbound protein. Indeed, evidence of cleaved TAPBPR is clearly observed using 147 

western blot analysis in the kidney samples (Figure 4A).  148 

 149 

Ex vivo peptide exchange assays revealed tumoral TAPBPR-GFPNB promoted peptide loading 150 

onto nanobody target-positive tumour cells (Green bars, Figure 4C), but not on nanobody 151 

target-negative cells found in the tumours i.e. infiltrating immune cells and stroma (Black 152 

bars, Figure 4C). This suggests that TAPBPR is tethered to the tumour cells in a nanobody 153 

target-mediated manner and maintains its MHC-I peptide exchange catalyst functionality in 154 

vivo.  There was no evidence of TAPBPR-GFPNB-mediated peptide exchange in any of the 155 

organs tested (Supplementary Figure 6A), suggesting that TAPBPR-GFPNB detected in the 156 

liver and kidney was not functional. 157 

 158 

T cell recognition of peptides loaded by tethered TAPBPR   159 

While sTAPBPR is released upon facilitating MHC-I peptide loading, resulting in 160 

peptide:MHC-I complexes being available for T cell recognition [7], tethered TAPBPR 161 

remains plasma membrane-bound following MHC-I release. Thus, we explored whether 162 

peptides loaded onto MHC-I by tethered TAPBPR were available for T cell detection. 163 

SIINFEKL-specific, H2-Kb-restricted OT-1 T cell activation (CD69 expression), IFN-γ-expression 164 

and degranulation (CD107a expression) were all significantly enhanced in response to GFP+ 165 

target cells treated with TAPBPR-GFPNB prior to incubation with SIINFEKL peptide, compared 166 

to GFP- target cells treated with TAPBPR-GFPNB and peptide or peptide-pulsed EL4 cells in 167 

the absence of TAPBPR-GFPNB pretreatment (Figure 4 D-F, Supplementary Figure 6 B-D). 168 
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Thus, peptides loaded onto MHC-I by tethered TAPBPR are available for CD8+ T cell 169 

recognition, and capable of triggering T cell activation, cytokine production and release of 170 

lytic granules to target-positive tumour cells.  171 

 172 

Induction of virus-specific T cells responses and killing target cells in a directed manner 173 

Virus-specific CD8+ T cells, including HCMV and EBV-specific T cells, are known to patrol 174 

tumours [17-22], opening up the potential of using these cells in cancer immunotherapy. 175 

Thus, we explored whether tethered TAPBPR induced human virus-specific T cells to 176 

respond to human cells in a targeted manner. Using HCMV-specific T cells that recognize the 177 

pp65-derived peptide NLVPMVATV in the context of HLA-A2 [23], a significant enhancement 178 

in IFN-y secretion from T cells was observed when surface GFP+ tumour cells were 179 

pretreated with TAPBPR-GFPNB before incubation with NLVPMVATV peptide (green bars, 180 

Figure 5A) compared to surface GFP+ tumour cells treated with the peptide alone (grey 181 

bars, Figure 5A) (~22-fold increase in the presence of tethered TAPBPR) or when peptide 182 

was loaded by sTAPBPR (blue bars, Figure 5A). Furthermore, it was comparable to the 183 

responses observed when the pp65 antigen was processed naturally by the target cells 184 

(yellow bar, Figure 5A). Moreover, a significant increase in T cell activation was observed 185 

when primary CD8+ T cells, isolated from blood of a HCMV+ HLA-A2+ individual, were 186 

incubated with tumour cells treated with tethered TAPBPR and NLVPMVATV peptide 187 

compared to tumour cells treated with peptide alone (Figure 5B). 188 

 189 
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For a more physiologically relevant system, we explored tethered TAPBPR’s ability to induce 190 

virus-specific T cells to respond to autologous fibroblasts with matched MHC expressed at 191 

natural levels. Surface GFP was introduced into the fibroblasts to permit TAPBPR-GFPNB 192 

tethering and NLVPMVATV peptide binding in a target-dependent manner (Supplementary 193 

Figure 7A-D). Autologous NLVPMVATV-specific, HLA-A2 restricted CD8+ T cells showed a 194 

significant increase in IFN-γ production and release of lytic granules (as measured by 195 

CD107a surface expression) to GFP+ fibroblasts treated with TAPBPR-GFPNB and low dose 196 

peptide (10 or 100 nM), compared to GFP+ fibroblasts treated with low dose peptide alone, 197 

or GFP- fibroblasts treated with TAPBPR-GFPNB fusion protein and low dose peptide (Figure 198 

5C-E, Supplementary Figure 7E). 199 

Using co-culture assays with a mixture of GFP+ and GFP- fibroblasts, the ability of TAPBPR-200 

GFPNB to facilitate virus-specific T cell-mediated killing of the fibroblasts was tested. In the 201 

absence of peptide or presence of 10 nM NLVPMVATV alone the ratio of live GFP+:GFP- 202 

fibroblasts remained unchanged following incubation with T cells (Figure 5F, black and grey 203 

bars). In contrast, when the mixed fibroblasts were treated with TAPBPR-GFPNB and 10 nM 204 

peptide in the presence of T cells there was significant depletion of the GFP+ fibroblasts 205 

compared to the GFP- fibroblasts (Figure 5F, green bar), which was comparable to the 206 

positive control in which the GFP+, but not the GFP- fibroblasts, were pulsed with 10 μM 207 

NLVPMVATV prior to T cell incubation (Figure 5F, yellow bar). Therefore, from a T cell 208 

perspective, tethered TAPBPR can make target cells resemble a virus-infected cell in the 209 

presence of low concentrations of exogenous virus-derived peptide, inducing virus-specific 210 

CD8+ T cells to respond and kill cells in a targeted manner.  211 

 212 
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Tethering functional TAPBPR to HER2 213 

Having achieved proof-of-concept using GFP as a model target protein and TAPBPR-GFPNB 214 

protein as a tool compound (Figures 2-5), we next determined whether similar results could 215 

be achieved by targeting TAPBPR to a bona fide tumour-specific marker. Human epidermal 216 

growth factor receptor 2 (HER2), a marker commonly overexpressed on breast cancer cells 217 

and the therapeutic antibody trastuzumab target [24], was selected as a tumour marker. A 218 

TAPBPR-anti-HER2 fusion protein was produced by cloning a HER2-specific single chain 219 

variable fragment downstream of soluble TAPBPR (TAPBPR-HER2-scFv) (Figure 6A, 220 

Supplementary Text 1 for sequence). To test whether TAPBPR binding to tumour cells could 221 

be achieved in a HER2-specific manner, we either knocked-out or overexpressed HER2 in 222 

HeLaM cells (Supplementary Figure 8A). When HeLaM cells were incubated with TAPBPR-223 

HER2-scFv, TAPBPR binding occurred in a HER2-dependent manner (Figure 6B, 224 

Supplementary Figure 8B & 8C). HER2-tethered TAPBPR retained its peptide exchange 225 

functionality and loaded peptide onto MHC-I in a HER2-dependent manner (Figure 6C, 226 

Supplementary Figure 8D-8H). Similar results were observed with fusion proteins containing 227 

alternative linker sequences between the sTAPBPR and HER2-scFv domain (Supplementary 228 

Figure 9A-D, Supplementary Table 1). 229 

 230 

HER2-tethered TAPBPR makes tumours look like virus-infected cells 231 

Finally, we tested TAPBPR-HER2-scFv’s ability to load immunogenic peptide on the breast 232 

cancer cell line SKBR3, which has high HER2 but low HLA-A2 expression (Supplementary 233 

Figure 9E). TAPBPR-HER2-scFv bound to SKBR3 cells (Figure 6D, Supplementary Figure 9F) 234 

and promoted the loading of fluorescent derivatives of the EBV-derived peptide YLLEMLWRL 235 
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and the HCMV-derived peptide NLVPMVATV onto the breast cancer line (Figure 6E, 236 

Supplementary Figure 9G). Staining with a T cell receptor (TCR)-like mAb specific for 237 

YLLEMLWRL:HLA-A2 complexes confirmed the significant increase in viral peptide:MHC-I 238 

complexes on the plasma membrane of SKBR3 cells upon treatment with TAPBPR-HER2-scFv 239 

(Figure 6F, Supplementary Figure 9H). The virus-derived peptides loaded onto SKBR3 by 240 

TAPBPR-HER2-scFv were recognized directly by virus-specific CD8+ T cells (Figure 6G). 241 

Together, these data demonstrate that TAPBPR can be tethered to HER2 to make tumour 242 

cells look like virus-infected cells triggering a CD8+ T cell response.  243 

 244 

  245 
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Discussion 246 

Low immunogenicity of tumours is a key issue to overcome to widen the application of 247 

cancer immunotherapy. While this is often due to low mutational burden of tumours [25], it 248 

also arises when tumours develop mechanisms to limit antigen presentation [26,27]. A 249 

further hurdle for immunotherapy is the variability in peptide presentation from patient to 250 

patient and tumour to tumour [28,29]. While current attempts to turn immunologically 251 

“cold” tumours “hot” include combining immunotherapy with radiotherapy [30], using 252 

oncolytic viruses to induce adjuvanticity [31] and epigenetic modulation to increase 253 

immunogenicity [32], new approaches to increase tumour immunogenicity are desperately 254 

needed.  255 

 256 

Here, we reveal a novel way to override MHC-I peptide presentation in a targeted manner. 257 

Physiologically, TAPBPR functions intracellularly as an MHC-I peptide exchange catalyst 258 

[9,10] and chaperone [33], widening the MHC-I peptide binding groove at the α2-1 helix 259 

[34,35] to promote sub-optimal peptide release. TAPBPR release from MHC-I is triggered 260 

upon high affinity peptide binding onto MHC-I [7,16]. Here, by creating TAPBPR-antibody 261 

fragment fusion proteins, we can tether TAPBPR to plasma membrane-expressed target 262 

proteins. We show that tethered TAPBPR retains its ability to function as an MHC-I peptide 263 

editor. Compared to soluble TAPBPR, tethered TAPBPR is significantly more efficient at 264 

loading immunogenic peptides onto plasma membrane MHC-I molecules due to its ability to 265 

remain bound to the cell surface, thus enabling sequential binding to multiple MHC-I 266 

molecules. Peptides loaded onto MHC-I by TAPBPR-antibody fusions are accessible to 267 

antigen-specific CD8+ T lymphocytes. Serendipitously, TAPBPR-antibody fusion protein 268 
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design resulted in masking of the MHC-I binding site on TAPBPR in the non-bound state. 269 

Consequently, the TAPBPR-antibody fusions do not bind to cells lacking the target, 270 

suggesting limited off-target effects on healthy cells that express MHC-I but lack the 271 

antibody target. Furthermore, our work suggests the ability to deliver functional TAPBPR-272 

antibody fusions specifically to target-positive tumours in vivo.  273 

 274 

While loading antigenic peptide onto plasma membrane-expressed MHC-I can be achieved 275 

experimentally via peptide pulsing, it’s a very inefficient process typically requiring high 276 

concentrations of peptide for a prolonged period limiting its broad clinical application. Our 277 

innovation enhances dissociation of endogenous peptide from plasma membrane-expressed 278 

MHC-I and stabilises MHC-I in a peptide-receptive conformation. Subsequent addition of 279 

exogenous MHC-I binding peptides results in target cell decoration extremely quickly and 280 

even with picomolar concentrations of peptides. While here we have demonstrated  281 

functional TAPBPR directed to GFP and HER2 expressing tumours, the platform nature of 282 

our technology opens the possibility to target different tumour types via specificity of the 283 

antibody domain.  284 

 285 

This technology could have significant potential in cancer treatment to directly decorate 286 

tumours with a broad range of immunogenic tumour-specific and/or tumour-associated 287 

antigens to trigger tumour antigen-specific T cell responses. Excitingly, it also gives rise to 288 

the opportunity to make tumours look like virus-infected cells to turn virus-specific T cells 289 

against tumours in the fight against cancer. T cells induced by previously encountered 290 

common virus infections including influenza virus, HCMV and EBV patrol tumours [17-22]. 291 
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While some of these virus-specific T cells may exhibit cross-reactivity to tumour antigens 292 

[20], they are generally considered to be bystander cells. Their abundance in tumours 293 

highlights that many tumour-infiltrating lymphocytes are not tumour specific. Intratumoral 294 

injection of high concentrations of peptide has demonstrated that antiviral memory T cells 295 

can be repurposed to limit tumour growth [17]. Furthermore, using antibody-conjugates to 296 

deliver peptide to tumours redirected HCMV-specific T cell responses towards tumours [36]. 297 

Through its catalytic peptide exchange action directly on plasma membrane MHC-I 298 

molecules, TAPBPR-based technologies offer an attractive means to bring peptide-based 299 

therapeutic approaches closer to the clinic.  300 

  301 



 17 

Methods 302 

Cell lines 303 

The following human and mouse cell lines were used: HEK-293T cells, HeLaM cells [37] (both 304 

gifts from Paul Lehner, University of Cambridge, UK), the human breast cancer cell line MCF-305 

7 (a kind gift from Sanjeev Kumar, CRUK Cambridge Institute), the HER2 overexpressing 306 

mammary breast adenocarcinoma cell line SKBR3 (a kind gift from Masashi Narita, CRUK 307 

Cambridge Institute) and the mouse lymphoma cell line EL4 (TB-39, ATCC). In addition, 308 

HeLaM in which HLA-A, -B and -C had been knocked-out [38], their HLA-A2 transduced 309 

counterparts [38] and HLA-A2+ HeLaM cells transduced with pp65 [7] were also used. Cell 310 

lines were maintained in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Gibco, 311 

Thermo Fisher Scientific), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco, Thermo 312 

Fisher Scientific) at 37 °C with 5% CO2.  313 

Dermal fibroblasts, obtained from a healthy, HCMV positive, HLA-A2 positive donor using 314 

the method described in [39], were TERT-transformed [40] then maintained in DMEM 315 

(Sigma-Aldrich) supplemented with 20% FBS (Gibco, Thermo Fisher Scientific), 100 U/mL 316 

penicillin, and 100 µg/mL streptomycin (Gibco, Thermo Fisher Scientific) at 37 °C with 5% 317 

CO2. 318 

 319 

Constructs containing target protein sequences  320 

eGFP was amplified from the lentiviral vector pHRSIN-C56W-UbEM [8] then cloned into 321 

pDisplayTM Mammalian Expression Vector (InvitrogenTM) which targets and anchors proteins 322 

of interest to the cell surface using a N-terminal secretion signal (IgK leader sequence) and 323 
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the C-terminal transmembrane anchoring domain of platelet-derived growth factor receptor 324 

(PDGFR) (See Supplementary Text 1 for the sequence of the eGFP-pDisplay protein). 325 

Subsequently, the coding region of eGFP-pDisplay was cloned into the lentiviral vector 326 

pHRSINcPPT-SGW. Human HER2 WT was amplified from Addgene plasmid # 16257 327 

(http://n2t.net/addgene:16257 ; RRID:Addgene_16257) a gift from Mien-Chie Hung [41], 328 

and cloned into the lentiviral vector pHRSIN-C56W-UbEM (see Supplementary Text 1 for 329 

sequence of HER2 WT). 330 

 331 

To produce cells expressing GFP or HER2 on their plasma membrane, the lentiviral vector 332 

eGFP-pDisplay-pHRSINcPPT-SGW or HER2-pHRSIN-C56W-UbEM were transfected into HEK-333 

293T cells along with the packaging vector pCMVΔR8.91 and the envelope vector pMD.G 334 

using Fugene (Promega). Supernatants containing lentiviral particles were collected at 48 h 335 

and were used to transduce target cells. 336 

 337 

 338 

Constructs to generate TAPBPR-antibody fusion proteins  339 

Vectors to produce sTAPBPR in the piggyBac system have previously been described [7]. To 340 

create the TAPBPR-GFPNB fusion proteins, a GFP nanobody sequence was amplified from 341 

pGEX6P1-GFP-Nanobody, a gift from Kazuhisa Nakayama (Addgene plasmid # 61838 ; 342 

http://n2t.net/addgene:61838 ; RRID:Addgene_61838)[42]. The forward primer used to 343 

amplify the GFP nanobody incorporated a PmlI restriction site, the nucleotide sequence 344 

encoding the short linker sequence, GGGGS, and a SpeI restriction site upstream of the GFP 345 

nanobody sequence, while the reverse primer used added a 6xHis tag downstream of the 346 
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nanobody. The resultant linker-GFPNB-6xHis nucleotide product was subsequent annealed to 347 

the nucleotides encoding the lumenal region of TAPBPR then cloned into a piggyBac 348 

transposon-based mammalian cell expression system [43]. To create TAPBPR fusion 349 

products with altered linkers, restriction digest was used to remove the GGGGS linker from 350 

the TAPBPR-GFPNB vector, then primers encoding amino acid sequence GGGGSx3 [14] or 351 

GSTVAAPSTVAAPSTVAAPSGS [13] were annealed into the cut vector (see Supplementary 352 

Text 1 for sequence of the three TAPBPR-GFPNB fusion proteins produced). 353 

 354 

To create the TAPBPR-HER2-scFv fusion proteins, a HER2-specific scFv sequence was 355 

amplified from pACgp67B-Her2, a gift from Judy Lieberman (Addgene plasmid # 10794 ; 356 

http://n2t.net/addgene:10794 ; RRID:Addgene_10794)[44]. The sequence encoding the 357 

HER2-scFv was subsequently cloned into the TAPBPR-GFPNB-piggyBac vectors in place of the 358 

GFPNB sequence (see Supplementary Text 1 for sequence of the three TAPBPR-HER2-scFv 359 

fusion proteins produced).  360 

 361 

Expression and purification of TAPBPR proteins 362 

To produce secreted form of either sTAPBPR, the TAPBPR-GFPNB or TAPBPR-HER2-scFv 363 

fusion proteins, 293T cells were cotransfected in six-well plates with 0.9 µg of the TAPBPR 364 

containing PB-T-PAF vector along with 0.15 µg of both PB-RN and PBase (at a ratio of 6:1:1) 365 

[43]. 48 h after transfection, cells were grown in selection media (DMEM supplemented 366 

with 10% FBS, 1% pen/strep, 3 µg/mL puromycin (Invivogen), and 700 µg/mL geneticin 367 

(Thermo Fisher Scientific)) for 5 days. To induce TAPBPR protein expression, cells were 368 
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grown in DMEM supplemented with 5% FBS, 1% pen/strep, and 2 µg/mL doxycycline 369 

(Sigma-Aldrich). After 7 d, the media was collected and the TAPBPR protein was purified 370 

using Ni-NTA affinity chromatography (HisTrapTM excel, Cytiva) on a Äkta Start system 371 

(Cytiva). After elution the buffer was exchanged to PBS and the protein was concentrated 372 

using a Vivaspin 20 30000 MWCO PES concentrator (Sartorius) and purified using a 373 

HiLoadR 16/600 SuperdexTM 75 pg size exclusion column (Cytiva). 374 

 375 

HER2 knockout in HeLaM cells 376 

Depletion of HER2 was achieved using the sgRNA sequence CACTTGGGTGCTCGCGGCTC 377 

cloned into pSpCas9 (BB)-2 A-puro [37]. To generate HER2 knockout cells, HeLaM were 378 

transfected with the HER2-CRISPR plasmid in the absence of serum using 379 

Lipofectamine2000 (Invitrogen, Thermo Fisher Scientific). 24 h after transfection, the 380 

medium was replaced with complete DMEM containing 2 µg/mL puromycin (Invivogen, San 381 

Diego, CA). After 48 h, the medium was replaced with complete DMEM without puromycin. 382 

 383 

Antibodies  384 

The following primary antibodies were used: ab290, a rabbit polyclonal specific for GFP 385 

(Abcam, UK); PeTe4, a mouse monoclonal antibody (mAb) specific for the native 386 

conformation of human TAPBPR [8] that does not cross-react with tapasin [45]); Anti-387 

TAPBPR antibody [OTI1C9] raised against recombinant full length protein corresponding to 388 

Human TAPBPR (ab236419, Abcam); 25D-1.16, which recognises H-2Kb complexed with 389 

OVA257–264 (SIINFEKL) peptide (Thermofisher); The rabbit anti-calnexin polyclonal (ADI-SPA-390 
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860, Enzo Life Sciences); the mouse IgG2a isotype control (X0943, Sigma-Aldrich); Alexa 391 

Fluor 488 anti-HER2 (CAT 324410, Biolegend); APC-anti-mouse CD107a (121614, Biolegend): 392 

APC-Cy7-anti-mouse CD69 (104526, Biolegend); PE-anti-mouse IFN-γ (505808, Biolegend); 393 

Alexa Fluor 647 anti-human CD107a (328611, Biolgend); TCR-like mAb L1, which recognises 394 

the EBV-derived peptide LMP1125–133 (YLLEMLWRL) in association with HLA-A*02:01 [46](a 395 

kind gift from Paul MacAry, National University of Singapore, Singapore). The following 396 

secondary antibodies were used: Goat anti-mouse Alexa Fluor 647 IgG (A21236, Invitrogen 397 

Molecular Probes, Thermo Fisher Scientific); Goat anti-rabbit Alexa Fluor 647 (A21244, 398 

Invitrogen Molecular Probes, Thermo Fisher Scientific); IgG Goat anti-mouse IRDye 880 cw 399 

(926-32219, LiCor); Goat anti-rabbit IRDye 680 rd (926-68071, LiCor).  400 

 401 

MHC-I-binding peptides 402 

The following MHC-I-specific peptides were used: a fluorescent derivative of the HLA-403 

A*68:02-binding peptide ETVSEQSNV (a neoepitope from the elongation factor 2 gene) [15], 404 

ETVSK*QSNV, where K* represents a lysine labelled with 5-carboxytetramethylrhodaime 405 

(TAMRA)]; The immunogenic HLA-A*02:01-binding peptide NLVPMVATV (derived from the 406 

human CMV protein pp65) [23], together with its fluorescently-labelled variant 407 

NLVPK*VATV; a fluorescent derivative of the CCR4-NOT transcription complex subunit 1 408 

YVVPFVAKV, YVVPFVAK*V, which binds to HLA-A*02:01 and HLA-A*68:02 [7,9]; The 409 

immunogenic HLA-A*02:01-binding peptide YLLEMLWRL (derived from the EBV protein 410 

latent membrane protein 1)[46] together with its TAMRA labelled equivalent YLLEK*LWRL; 411 

The OVA-derived peptide SIINFEKL which binds to H-2Kb and its TARMA-labelled variant 412 

SIINFEK*L. All peptides were purchased from Peptide Synthetics UK.  413 
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In vitro TAPBPR binding & peptide binding assays 414 

Cells were seeded on 12-well plate at 2.5-3.0 x 104 cells/well and treated with 200 U/mL 415 

IFN-γ (Peprotech) for 48-72 h to upregulate MHC class I expression. Cells were washed with 416 

1x PBS and then incubated in Opti-MEM (GIBCO, Thermo Fisher Scientific), at physiological 417 

pH, without or with the indicated concentration (1 pM- 100 nM) of sTAPBPR, TAPBPR-GFPNB 418 

or TAPBPR-HER2-scFv at 37°C for 15 min. Excess unbound TAPBPR was subsequently 419 

removed by washing 3 times in 1 x PBS. For TAPBPR binding assays, adherent cells were 420 

trypsinised, before bound TAPBPR was detected using the human TAPBPR-specific mAb, 421 

PeTe4, by flow cytometry. For peptide binding assays, fluorescently-labelled peptides were 422 

added to the cells at the indicated concentration (1 pM – 10 μM) for the indicated time (15 423 

– 60 min). Cells were then washed three times in 1x PBS to remove any excess of unbound 424 

peptide. After cells were harvested, the level of fluorescent peptide bound was measured 425 

by flow cytometry.  426 

 427 

Measurement of target protein expression, TAPBPR binding and peptide loading using 428 

flow cytometry  429 

Following trypsinization, cells were washed in 1% BSA, dissolved in 1× PBS at 4 °C. To detect 430 

fluorescent peptide bound to cells, samples were directly analysed by detecting TAMRA 431 

fluorescence. For the detection of surface target proteins (GFP, HER2), bound TAPBPR, 432 

YLLEMLWRL-loaded HLA-A*02:01 molecules or SIINFEKL-loaded H-2Kb, cells were stained for 433 

30 min at 4 °C in PBS+1% BSA containing anti-GFP, anti-HER2, PeTe4, the TCR-like mAb L1 or 434 

25-D1.16, respectively, or with an isotype control antibody. After washing the cells to 435 

remove excess unbound antibody, the primary antibodies bound to the cells were detected 436 
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by incubation at 4 °C for 30 min with Alexa-Fluor 647 goat anti-mouse or anti-rabbit IgG. 437 

After a subsequent round of washing, the fluorescence levels were detected using either a 438 

BD FACScan analyzer with Cytek modifications or using a BD Cytoflex S flow cytometer. 439 

Analysis was performed using FlowJo software (FlowJo). 440 

 441 

Animals 442 

C57BL/6 mice were bred and housed in accordance with United Kingdom Home Office 443 

regulations. All animal studies were ethically reviewed and carried out in accordance with 444 

the Animals (Scientific Procedures) Act 1986. Work was conducted under home office 445 

project licences by staff with a valid project licence. 446 

In vivo delivery of TAPBPR-antibody fusion proteins 447 

8–9-week-old C57BL/6 mice were subcutaneous injected 5x105 EL4 cells expressing surface 448 

GFP. At day 12, following tumour establishment, animals were infused i.v. with and 200 µg 449 

TAPBPR-GFPNB before tumours and organs were harvested 15-360 min post-infusion. As a 450 

control, mice were injected with PBS. Tumours were homogenised prepared using 451 

gentleMACS™ C Tubes (Miltenyi) and a gentleMACS™ Dissociator using the m-452 

impTumour01_01 programme. Homogenised tumours and whole organs were mashed 453 

through a 70-μm cell strainer (Greiner) with a 2 ml syringe plunger to prepare single cell 454 

suspensions, which were then washed with PNS after centrifugation. 455 

 456 

Detection of TAPBPR-GFPNB 457 
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To detect TAPBPR-GFPNB in organ and tumours, cells were lysed in 1% Triton X-100 (VWR, 458 

Radnor, PN) in Tris-buffered saline (TBS) (20 mM Tris-HCl, 150 mM NaCl, 2.5 mM CaCl2), 459 

supplemented with 10 mM NEM and protease inhibitor cocktail (cOmplete Mini, Roche, UK), 460 

for 30 min at 4°C. Nuclei and debris were removed by centrifugation at 20,000 x g for 15 461 

min. Samples were heated at 99°C for 10 min in sample buffer (125 mM Tris-HCl pH 6.8, 4% 462 

SDS, 20% glycerol, 0.04% bromophenol blue) supplemented with 100 mM β-463 

mercaptoethanol. Following separation by gel electrophoresis, proteins were transferred 464 

onto an nitrocellulose Amersham, Protran membrane (GE Healthcare). Membranes were 465 

blocked using 5% (w/v) dried milk and 0.1% (v/v) Tween 20 in PBS for 30 min, followed by 466 

incubation with the mouse anti-TAPBPR (OTI1C9) and rabbit anti-calnexin polyclonal (ADI-467 

SPA-860) antibodies in blocking buffer at 4°C overnight. After washing, membranes were 468 

probed with LI-COR secondary antibodies at room temperature followed by imaging using 469 

the LI-COR Odyssey imaging system, according to the manufacturer’s instructions. Protein 470 

bands from at least two independent immunoblots were quantified by using Odyssey 471 

software (LI-COR Biosciences). 472 

 473 

Ex vivo peptide exchange assays 474 

To determine if functional TAPBPR had been delivered to tumours or the organs in vivo, ex 475 

vivo peptide exchange assays were performed. Single cell suspensions from tumours, liver, 476 

spleen, lung or kidney were incubated with 1 nM SIINFEK*L for 15 min at 37˚C. Following 477 

washing cells were stained with Zombie Aqua Fixable Viability kit (Biolegend) according to 478 

manufacturer’s instructions. The samples were then fixed using 4% PFA and analysed on a 479 

BD Cytoflex S flow cytometer. During analysis, the GFP positive vs negative cells from 480 
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tumour samples were gated in order to differentiate EL4-GFP cells from stroma and immune 481 

cells, followed by analysis for TAMRA binding. The background autofluorescence of samples 482 

was subtracted from peptide treated samples. 483 

Isolation and stimulation of OT1 T cells 484 

Splenocytes were isolated from 8-12 week old C57BL/6 animals with OTI TcraTg(TcraTcrb)110Mjb 485 

and ubiquitous GFP Tg(UBC-GFP)30Scha/J transgenes and cultured in RPMI (Gibco) with 10% 486 

FBS (Gibco), 1% Penicillin/Streptomycin (Gibco), 2 mM L-glutamine (Gibco) and 50 μM beta-487 

mercaptoethanol (Millipore) supplemented with 10nM SIINFEKL. After 48h, CD8+ T cells 488 

were sorted using the MoJoSort Mouse CD8 T cell isolation kit (Biolegend) according to the 489 

manufacturer’s instructions and cultured for 6-8 days in culture medium supplemented with 490 

40 ng/mL interleukin-2 (Peprotech). 491 

OT1 T cell activation assay 492 

EL4 cells -/+ surface GFP expression were harvested, washed and stained with 100nM 493 

CellTrace Violet (Invitrogen) for 20 min, washed, and incubated with 10 nM TAPBPR-GFPNB 494 

in Opti-MEM (Gibco) for 15min at 37°C. Cells were washed once with PBS and incubated 495 

with 100 pM SIINFEKL peptide in 200 μL Opti-MEM for 15min at 37°C. After a final wash the 496 

EL4 cells were resuspended in complete RPMI and co-cultured with OT1 T cells for 18 h at an 497 

effector:target ratio of 10:1. After 12h, the media was exchanged for fresh media containing 498 

1:1500 GolgiStop (BD Biosciences) and 2μg/mL APC-anti-CD107a then incubated for another 499 

6h. Subsequently, cells were stained with 1:1000 Zombie Yellow viability dye (423104, 500 

Biolegend) and 2μg/mL APC-Cy7-anti-CD69. Cells were then fixed and permeabilised using 501 
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the BD Cytofix/Cytoperm kit (554715, BD Biosciences) and stained with 2 μg/mL PE-anti-IFN-502 

γ. Samples were acquired on a BD Cytoflex S flow cytometer and analysed using FlowJo.  503 

 504 

Human T cells 505 

Ethical approval was obtained from the Addenbrooke’s National Health Service Hospital 506 

Trust Institutional Review Board (Cambridge Research Ethics Committee) for this study. 507 

Informed written consent was obtained from all donors in accordance with the Declaration 508 

of Helsinki (LREC 97/092). The expansion of HLA-A2 restricted NLVPMVATV (HCMV pp65495–509 

504) specific CD8+ T cells was performed as previously described [7]. 510 

 511 

FluoroSpot T Cell Assays 512 

Target cells were stimulated with 200 U/mL IFN-γ for 48 h. Cells were then washed with PBS 513 

and incubated 100 nM sTAPBPR, TAPBPR-GFPNB, TAPBPR-HER2-scFv or without TAPBPR in 514 

Opti-MEM for 15 min at 37°C. Cells were washed in PBS to remove excess unbound TAPBPR, 515 

then incubated with the indicated concentrations of NLVPMVATV peptide in Opti-MEM for 516 

60 min at 37°C. F ollowing peptide treatment, target cells were washed in PBS and 517 

harvested, then resuspended in X-VIVO 15 (Lonza) or TexMACS (Miltenyi Biotech) media 518 

supplemented with 5% human serum at 1 × 106 cells/mL. Target cells were then irradiated 519 

for 20 min to cease proliferation throughout the experiment. 50,000 target cells were co-520 

cultured with 8,000 NLVPMVATV specific CD8+ T cells or 37,500 primary CD8+ T cells in 521 

triplicate wells in coated Fluorospot plates [human IFN-γ FLUOROSPOT (Mabtech AB)], at 37 522 

°C in a humidified CO2 atmosphere for 20-24 h. The cells and medium were decanted from 523 

the plate and the assay developed following the manufacturer’s instructions. Developed 524 
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plates were read using an AID iSpot reader (Autoimmun Diagnostika) and counted using 525 

EliSpot v7 software (Autoimmun Diagnostika). 526 

 527 

T cell degranulation assay 528 

Donor-matched TERT-transformed dermal fibroblasts and NLVPMVATV-specific CD8+ T cells 529 

were used to reduce background T cell activation. Target cells were stimulated with 200 530 

U/mL IFNg for 48-72 h to upregulate MHC-I expression. Target cells were harvested and 531 

washed in PBS, then incubated +/- 100 nM TAPBPR-GFPNB in Opti-MEM for 15 min at 37°C. 532 

After washing to remove excess unbound TAPBPR, targets were incubated with 0 nM, 10 533 

nM, or 10 µM NLVPMVATV for 60 min at 37°C as indicated. Target cells were then washed in 534 

PBS and resuspended in RPMI supplemented with 10% human serum. T cells were 535 

incubated with 2x105 target cells at an effector:target ratio of 1:1 in RPMI supplemented 536 

with 10% human serum in the presence of Alexa Fluor 647 anti-CD107a antibody and 537 

incubated at 37°C. After 1 h, Brefeldin A and monensin (1:1000, BD Biosciences) and the co-538 

culture was allowed to proceed for a further 5 h. Cells were washed in PBS and stained with 539 

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Invitrogen) for 20 min at 4°C. Samples were 540 

washed and fixed using Fluorofix Buffer (Biolegend) and acquired on an Attune NxT 541 

(ThermoFisher) flow cytometer.  542 

 543 

T cell killing assay 544 

Donor-matched TERT-transformed dermal fibroblasts and NLVPMVATV-specific CD8+ T cells 545 

were used to reduce background T cell activation. Target cells were stimulated with 200 546 
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U/mL IFNg for 48-72 h to upregulate MHC-I expression. Target cells were harvested, , 547 

washed in PBS, and GFP- and GFP+ were mixed. Mixed target cells incubated +/- 100 nM 548 

TAPBPR-GFPNB in Opti-MEM for 15 min at 37°C. After washing to remove excess unbound 549 

TAPBPR, targets were incubated +/- 10 nM, NLVPMVATV for 60 min at 37°C as indicated. As 550 

a positive control, GFP+ cells alone were incubated with 10 µM NLVPMVATV before being 551 

mixed with untreated GFP- cells. Target cells were then washed in PBS, resuspended in 552 

RPMI supplemented with 10% human serum, and incubated with or without T cells at an 553 

effector:target ratio of 2.5:1 for 24 h at 37°C. Cells in suspension were removed from the 554 

culture plate, and the remaining attached fibroblasts were washed and incubated with 555 

LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit (Invitrogen) for 20 min at 4°C. Attached cells 556 

were then trypsinised and fixed, and acquired using an Accuri C6 flow cytometer (BD). Live 557 

cells were gated based on GFP expression to determine the ratio of surviving GFP- and GFP+ 558 

fibroblasts.  559 

 560 

Graphs and statistical analysis  561 

Graphs were generated using GraphPad Prism version 9.1.1, GraphPad Software, San Diego, 562 

California USA (www.graphpad.com). Statical analysis was performed using On Two-way 563 

ANOVA followed by multiple comparisons corrected using method of Benjamini, Krieger ad 564 

Yekutieli or a Tukey test. P values on graphs: n/s not significant, * P =0.01 to 0.05, **P ≤ 565 

0.01, ***P ≤ 0.001, ****P ≤ 0.0001.566 
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Figure legends 567 

Figure 1 – Concept for TAPBPR-based therapeutics 568 

(A) Cartoon depicting previous findings published in Ilca et al., 2018 [7]. Recombinant 569 

human TAPBPR (sTAPBPR), consisting of the lumenal domain only, added exogenously to 570 

cells binds to plasma membrane-expressed MHC-I and catalyses peptide dissociation, 571 

rendering MHC-I molecules into a peptide-receptive state. Upon incubation with exogenous 572 

“foreign” peptide, cells are subsequently decorated with peptide and are recognised by 573 

antigen-specific cytotoxic T cells. (B) Cartoon depicting proof-of-concept tested in this study. 574 

To explore whether TAPBPR can be utilised therapeutically, we attempted to deliver human 575 

TAPBPR in a targeted manner to the plasma membrane of tumours. To this end, TAPBPR 576 

was conjugated at its C-terminus with antibody fragments with specificity to target proteins 577 

expressed on tumours. We hypothesised that selective delivery of TAPBPR to target 578 

expressing cells could be achieved, which would lead to targeted decoration of cells, and 579 

consequently T cell recognition and killing of the targeted population e.g. tumour cells in an 580 

antigen-dependent manner. 581 

 582 

Figure 2 – TAPBPR can be tethered to a target protein on the plasma membrane 583 

(A) Schematic of the construct to deliver GFP to the plasma membrane as a model antibody 584 

target protein. (B) Histogram showing surface expression of GFP on HeLaM cells -/+ 585 

transduction with eGFP-pDisplay. (C) Schematic of the TAPBPR-GFPNB fusion protein 586 

comprised of amino acids 1-391 of TAPBPR encoding the leader sequence and lumenal 587 

domain of human TAPBPR, followed by a linker region, a nanobody specific for GFP and a C-588 
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terminal 6xHIS tag. The linker region used for the majority of experiments was 589 

GGGGSGGGGSGGGGS. TAPBPR-GFPNB fusions with two other linkers were also created (see 590 

Supplementary Figure 1). (D) Histogram and (E) line graph showing the binding of TAPBPR-591 

GFPNB and sTAPBPR to HeLaM with and without surface expression of GFP following 592 

incubation with the indicated concentration of TAPBPR. (F) Bar chart showing TAPBPR 593 

binding to HeLaM cells depleted of HLA-ABC molecules using CRISPR (MHC-I -) and WT 594 

HeLaM cells expressing endogenous MHC-I (MHC-I +) both with and without surface GFP 595 

(GFP+/-). Cells were incubated with 100 nM sTAPBPR or TAPBPR-GFPNB.  Error bars show -/+ 596 

SD of the mean fluorescence intensity (MFI) from three independent experiments.  597 

 598 

Figure 3 –TAPBPR tethered to the plasma membrane is highly efficient at mediating 599 

peptide exchange on MHC-I molecules 600 

(A) Histogram and (B-D) graphs show the binding of ETVSK*QSNV (a fluorescent-derivative 601 

of ETVSEQSNV) to HLA-A*68:02 molecules on surface GFP-negative or GFP-positive HeLaM 602 

cells pretreated with either TAPBPR-GFPNB, sTAPBPR or without any TAPBPR pretreatment, 603 

as indicated. Panel C includes data on HeLaM HLA-ABCKO cells as a further control. Unless 604 

indicated otherwise, 100 nM TAPBPR protein and 10 nM peptide was used. In B, TAPBPR 605 

concentration was varied (1 pM–100 nM) while in D the concentration of ETVSK*QSNV 606 

peptide was varied (1 pM-10 µM). (E) Line graph shows the binding of NLVPK*VATV (a 607 

fluorescent derivative of the HCMV-derived peptide NLVPMVATV) to HLA-A2 molecules on 608 

surface GFP-negative or GFP-positive HeLa A2 cells, pretreated with either TAPBPR-GFPNB, 609 

sTAPBPR or without any TAPBPR pretreatment as indicated over a range of peptide 610 

concentrations (1 pM-10 μM).  Error bars show -/+ SD of the mean fluorescence intensity 611 
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(MFI) from three independent experiments. Altering the linker sequence did not 612 

significantly influence the ability of TAPBPR-GFPNB to promote exogenous peptide loading 613 

onto MHC-I (Supplementary Figure 1C). 614 

 615 

Figure 4 - Functional TAPBPR can be delivered to tumours in vivo and T cells respond to 616 

peptides loaded by tethered TAPBPR in vitro 617 

C57BL/6 mice bearing EL4 tumours expressing surface GFP were infused with a single i.v. 618 

infusion of 200 µg TAPBPR-GFPNB protein then culled at the indicated time-point (4 mice per 619 

time-point), followed by harvesting of tumours and organs. (A) Western blot showing 620 

representative images of TAPBPR-GFPNB detection in tumours and indicated organs using a 621 

TAPBPR-specific monoclonal antibody (clone OTI1C9). Calnexin is included as a loading 622 

control. (B) TAPBPR levels remaining in tumour, liver and kidney over time based 623 

quantification of western blot images. The level of TAPBPR-GFPNB at 15 min in each 624 

specimen was set to 100% and other time-points normalised accordingly. Error bars 625 

represent -/+ SD from at least 2 independently repeated blotting experiments. (C) Ex vivo 626 

peptide exchange on tumours following incubation of the single cell suspensions with 1 nM 627 

SIINFEK*L for 15 min at 37˚C. Each point on the bar chart represents the fluorescent peptide 628 

binding detected from an individual animal. In C the level of peptide loading on GFP+ and 629 

GFP- tumour cells is shown. Error bars show -/+ SD of the MFI from three independent 630 

experiments.  (D-F) EL4 target cells -/+ surface GFP were incubated -/+ 10 nM TAPBPR-GFPNB 631 

for 15 min, followed by incubation -/+ 100 pM SIINFEKL peptide for 15 min before culturing 632 

with OT1 T cells for 18 h at an E:T ratio of 10:1. (D) OT1 T cell activation (CD69 staining), (E) 633 

IFN-γ expression and (F) degranulation (CD107a staining) were determined using flow 634 
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cytometry. Graphs show the percentage of OT1 T cells positive for the indicated marker. The 635 

MFI of CD69, IFN-γ and CD107a staining of OT1 T cells can be found in Supplementary Figure 636 

6. The data is representative of two independent experiments performed in triplicate. 637 

 638 

Figure 5 – Tethered TAPBPR can load virus-derived peptides onto human tumour cells 639 

inducing T cell recognition and killing of tumours  640 

(A & B) HeLaM A2 cells expressing surface GFP or (C-F) fibroblast from an HCMV-positive, 641 

HLA-A2-positive donor -/+ surface GFP expression were treated with either no TAPBPR, 100 642 

nM sTAPBPR or 100 nM TAPBPR-GFPNB as indicated for 15 min, and then incubated with the 643 

indicated concentration of NLVPMVATV peptide for 60 min. In A-C, following washing and 644 

irradiation, the target cells were cultured with either (A) donor-derived HLA-A2-restricted 645 

CD8+ T cells specific for the HCMV-derived peptide NLVPMVATV, (B) primary CD8+ T cells 646 

from an HCMV-positive, HLA-A2-positive individual or (C) autologous HLA-A2-restricted, 647 

NLVPMVATV-specific CD8+ T cells for 20-24h. Fluorospot assays measuring IFN-γ secretion 648 

were used to determine T cell activity. In A, a positive control of HeLaM A2 cells transduced 649 

with the HCMV protein pp65 was included to show the ability of the T cells to respond to the 650 

naturally-processed peptide while in C target cells were pulsed with 10 µM NLVPMVATV 651 

prior to co-culture acts as a positive control (yellow bars). Error bars show -/+ SD from 652 

triplicate wells and the data is representative of at least two independent experiments. 653 

In D-F, following washing, the fibroblasts were co-cultured with autologous HLA-A2-654 

restricted, NLVPMVATV-specific CD8+ T cells. (D&E) T cell degranulation (E:T=1:1) was 655 

measured by CD107a staining after 6h. As a positive control, target cells were pulsed with 10 656 

µM NLVPMVATV prior to co-culture (yellow bars). The percentage of T cells which 657 
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degranulated was normalised to the positive control. D shows representative contour plots, 658 

and E shows means +/- SD of two independent experiments performed in duplicate. (F) After 659 

24 h co-culture (E:T=2.5:1), target cells were harvested, the ratio of live GFP+/GFP- cells was 660 

determined and normalised to the ratio observed for each condition in the absence of T 661 

cells. As a positive control, GFP+, but not GFP- cells, were pulsed with 10 µM NLVPMVATV 662 

prior to mixing and co-culture (yellow bars). Error bars show -/+ SD from duplicate wells and 663 

the data is representative of three independent experiments. 664 

 665 

Figure 6 - TAPBPR can be tethered to HER2 to make tumour cells looks like virally infected 666 

cells  667 

(A) Schematic of TAPBPR-HER2-scFv fusion protein. Bar graphs showing (B) TAPBPR binding 668 

on a HeLaM cell panel with a range of HER2 expression levels treated with 100 nM TAPBPR-669 

HER2-scFv for 15 min and (C) loading of peptide onto HLA-A*68:02 molecules when cells 670 

were subsequently incubated with 10 nM ETVSK*QSNV peptide. Representative histograms 671 

and binding of TAPBPR-HER2-scFv and ETVSK*QSNV at additional TAPBPR-HER2-scFv 672 

concentrations can be found in Supplementary Figure 8. (D-G) IFN-γ treated SKBR3 cells 673 

were incubated with or without 100 nM soluble TAPBPR or TAPBPR-HER2-scFv for 15 min at 674 

37˚C, followed by: (D) detection of surface bound TAPBPR; (E) measuring MHC-I peptide 675 

loading following incubation with 10 nM fluorescent YLLEK*LWRL or NLVPK*VATV peptide 676 

for 60 min; (F) TCR-like mAb LMP-1 detection of YLLEMLWRL/HLA-A*02:01 complexes on 677 

the plasma membrane following incubation -/+ 10 nM nonlabelled YLLEMLWRL peptide for 678 

60 min at 37˚C; (G) measuring IFN-γ from HLA-A2 restricted, NLVPMVATV-specific CD8+ T 679 

cells using Fluorospot assays following incubation -/+ 100 nM nonlabelled NLVPMVATV 680 
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peptide for 60 min. SKBR3 pulsed with 10 μM peptide is included as a positive control. Error 681 

bars show -/+ SD from triplicate wells. The data are representative of two independent 682 

experiments.   683 
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