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ABSTRACT 16 

 17 

Adoptive T cell therapy (ACT), the therapeutic transfer of defined T cell immunity to 18 

patients, offers great potential in the fight against different human diseases including 19 

difficult-to-treat viral infections but response rates are still suboptimal. Very early 20 

differentiated stem cell memory T cells (TSCM) have superior self-renewal, engraftment, 21 

persistence, and anti-cancer efficacy, but their potential for anti-viral ACT remains 22 

unknown. Here, we developed a clinically-scalable protocol for expanding Epstein-23 

Barr virus (EBV)-specific TSCM-enriched T cells with high proportions of CD4+ T cells 24 

and broad EBV antigen coverage. These cells showed tumor control in a xenograft 25 

model of post-transplant lymphoproliferative disorder (PTLD) and were superior to 26 

previous ACT protocols in terms of tumor infiltration, in vivo proliferation, persistence, 27 

proportion of functional CD4+ T cells, and diversity of EBV antigen specificity. Thus, 28 

our new protocol may pave the way for the next generation of potent unmodified 29 

antigen-specific cell therapies for EBV-associated diseases, including tumors, and 30 

other indications. 31 
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 32 

INTRODUCTION 33 

 34 

T cell therapies are promising for treatment of hemato-oncological diseases,1,2 difficult-35 

to-treat viral infections, and autoimmune diseases.3,4 The efficacy of these therapies 36 

depends on T cell activation by antigens and in-vivo persistence for sustained impact.5 37 

Activated T cells can differentiate to stem cell memory (TSCM), central memory (TCM), 38 

transitional memory (TTM) effector memory (TEM), and terminally differentiated, short-39 

lived effector T cells (TEMRA).6 During T cell differentiation, effector functions increase, 40 

but self-renewal capacity declines.7 The superior proliferation and persistence of TSCM 41 

has been demonstrated after adoptive transfer of genetically modified lymphocytes,8 42 

chimeric antigen receptor (CAR) T cells, engineered T-cell receptor (TCR)-T cells, and 43 

tumour-infiltrating lymphocytes (TILs).9,10,11 Long-lasting antigen-specific TSCM were 44 

also identified after yellow fever and bacillus Calmette–Guerin (BCG) vaccination.12,13 45 

CD8+ TSCM support T-cell responses to chronic LCMV infection14 and are associated 46 

with improved prognosis in chronic HIV-1 infection.15  47 

 48 

TSCM might also offer exciting avenues to improve adoptive therapy with virus-specific 49 

T cells (VST) against viral infections that are important causes of morbidity and 50 

mortality of immune-deficient transplant recipients. Adoptive transfer of VST can 51 

restore virus-specific immunity and prevent or cure such viral infections.16,17 This 52 

includes transfer of EBV-specific cytotoxic T-cell lines (CTLs) that prolongs overall 53 

survival in patients with EBV-driven post-transplant lymphoproliferative disease 54 

(PTLD), other EBV-associated lymphomas and possibly even immunopathologies due 55 

to inefficient EBV specific immune control. However, ~30% of patients show no 56 

response indicating a need for further improvements.18 Limited long-term response 57 

because of poor persistence and exhaustion of the transferred T cells might contribute 58 

to insufficient response rates. Most clinical studies used VST generated by long-term 59 

expansion with continuous re-stimulation with EBV-antigen expressing lymphoblastoid 60 

cell lines (LCLs),19 potentially driving the cells to late differentiation stages and 61 

exhaustion.20 Alternatively, VST can be generated by rapid expansion using a single 62 

stimulation with a viral peptide mixture, but the differentiation state and persistence for 63 

EBV lymphomas is unknown.21,22 64 

 65 
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Here, we established a novel facile, robust, and clinically applicable protocol for rapid 66 

expansion of EBV-CTLs with a high fraction of EBV-specific TSCM. These cells mediate 67 

EBV control in vitro and in vivo and are superior to previous VST protocols in terms of 68 

tumor infiltration, in vivo proliferation, persistence, proportion of functional CD4+ T 69 

cells, and diversity of EBV antigen specificity.  70 

 71 

RESULTS 72 

 73 

Rapid expansion in presence of IL-4 / IL-7 and TWS-119 yields high TSCM 74 

proportions 75 

To generate EBV-CTLs with high proportions of TSCM, we modified the rapid expansion 76 

approach.21 We stimulated PBMC of healthy EBV-seropositive donors with the EBV 77 

Consensus peptide pool (Figure 1A). We determined the impact of the cytokines IL-7, 78 

IL-15, and IL-21, which promote T cell growth but limit differentiation;21,23,24 potassium-79 

rich medium promoting T cell stemness preservation;25 and the glycogen synthase 80 

kinase-3β (GSK3β) inhibitor TWS119, which induces Wnt-beta-catenin signaling 81 

limiting cell differentiation and promoting TSCM generation.26 We determined the 82 

proportion of TSCM (CD45RA+ CD45RO- CD62L+ CD27+) using flow cytometry 83 

(Supplemental Figure 1A).  84 

 85 

IL-4 / IL-7 promoted TSCM, whereas IL-21 had limited impact (Figure 1B). Cytokine 86 

combinations with IL-15 enriched for NK and NKT cells, and the TSCM proportions were 87 

insufficient to consider NK cell depletion for the use in the clinical setting 88 

(Supplemental Figure 2A-C). Potassium-rich medium and TWS-119 also promoted 89 

TSCM. Overall,  IL-4 / IL-7 / TWS-119 yielded the highest TSCM proportion (~30%) with 90 

comparable CD4+ and CD8+ T cell subsets (Supplemental Figure 1B). This condition 91 

also showed the lowest levels of T cell exhaustion markers (Figure 1C). The different 92 

conditions had limited impact on overall and antigen-specific T cell expansion as 93 

measured by total cell counts, ELISpot assays, and MHC class I multimer staining 94 

(Figure 1D; Supplemental Figure 3A-C). The optimized protocol yielded EBV-CTLs 95 

with reduced short-term cytotoxicity against EBV-lymphoblastoid cell lines (LCLs) 96 

(possibly due to delayed activation of early differentiated T cells) but comparable long-97 

term LCL control (Figure 1D-E). Thus, rapid expansion in the presence of IL-4, IL-7 98 

and TWS119 yielded EBV-specific CTLs with favorable properties for virus-specific T-99 
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cell therapy including high proportion of TSCM, low exhaustion, and efficient long-term 100 

in-vitro cytotoxicity.  101 

 102 

 103 

Figure 1. Establishing rapid TSCM-enriched EBV-CTL ex vivo expansion protocol. (A) Adapted 104 

rapid expansion approach. Isolated PBMCs were stimulated with EBV Consensus pepmix in complete 105 

media. After overnight pulsing, pepmix was diluted 5x with complete media following 10-day incubation. 106 

(B) TSCM proportions after culturing EBV-CTLs in the presence of different conditions (different cytokine 107 

combinations, in elevated potassium concentration (K+) or with the edition of TWS-119) as detected by 108 
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flow cytometry; n=5, medians with range. (C) PD-1, LAG-3, TIGIT and TIM-3, exhaustion marker 109 

expression of expanded CTLs; n=5, medians with range. (D) Expansion folds (PBMCs vs. after rapid 110 

expansion) of spot-forming cells after culturing in different conditions; IFN ELISpot with EBV pepmix 111 

stimulation, n=5, medians with range. (E) Short-term cytotoxicity against autologous EBV-LCLs, 112 

medians with range. (F) Long-term cytotoxicity: 4-week EBV-LCL outgrowth control by expanded T 113 

cells; n=5; medians of controlling  E : T were shown. B-F were analyzed by Friedman test, =0.05, non-114 

significant p-values (ns) not shown, *p < 0.05, **p < 0.005. 115 

 116 

Expanded TSCM are EBV-specific and proliferate in response to restimulation 117 

 118 

To determine the antigen-specificity of various memory T cell subsets within the 119 

expanded CTLs, we sorted these subsets (Figure 2A) and co-cultured them with 120 

irradiated autologous EBV-transformed LCLs. All memory populations showed 121 

proliferation of CD4+ and particularly CD8+ T cells in these co-cultures (Figure 2B). 122 

IFNγ production upon restimulation with EBV peptides confirmed the specificity of  123 

proliferating TSCM cells (Figure 2B). This was also consistent with MHC class I multimer 124 

staining (Figure 2C). 125 

 126 
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 127 

Figure 2. EBV-specific T cells among TSCM. (A) Sorting of different memory population: gating 128 

strategy and representative plots of sort purity. (B) Proliferation of sorted and CTV-stained CD4+ and 129 

CD8+ T cell populations after 7-day co-culture of the sorted populations with EBV-LCLs (flow cytometry, 130 

n=4, medians with range) and specificity of proliferating TSCM cells (IFN expression upon re-stimulation 131 

with EBV pepmix, representative plot). (C) Proliferation of specific TSCM (stained with a respective MHC 132 

class I multimer, representative plot. Proliferating cells in B-C are cells that proliferated at least once or 133 

more. SCM – stem cell memory, CM – central memory, TM – transitional memory, EM – effector 134 

memory, n/c – no co-culture. 135 

 136 

TSCM-enriched EBV-CTLs have a favorable phenotype and broad specificity  137 

The most widely used clinical protocol employs EBV-transformed LCLs as antigen-138 

presenting cells (APCs) for expanding EBV CTLs in 4-5 week-long co-cultures18,19 139 

(CTL-L) (Figure 3A). We compared the established protocol and the newly developed  140 
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TSCM-enriching protocol (CTL-R) to evaluate the differences regarding specificity and 141 

phenotypes. 142 

CTL-L showed a higher T cell expansion with a lower proportion of CD4+ T cells than 143 

CTL-R (Figure 3B-C). Overall, EBV specificity was comparable (Figure 3D-E), but 144 

CTL-R had broader antigen specificity for both latent and lytic peptides (Figure 3F).  145 

Memory phenotypes differed substantially with higher proportions of earlier 146 

differentiation stages (TSCM, TCM) in CTL-R and later differentiation stages (TTM, TEM) 147 

in CTL-L (Figure 3G) and lower levels of exhaustion markers in CTL-R (Figure 3H). 148 

Thus, the standard protocol yields more cells, but the novel protocol yields a broader 149 

antigen specificity and more favorable memory and exhaustion phenotypes. 150 

 151 
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 152 

Figure 3. Comparison of rapidly expanded (CTL-R) and long-term conventionally expanded 153 

(CTL-L) EBV-CTLs. (A) Schematic of two expansion methods. (B) Expansion rates of total cells. n=7, 154 

medians with range. (C) CD4+ and CD8+ T cell proportions in expanded cells. 2way ANOVA, n=6, 155 

means with standard deviation (SD). (D) Frequencies of EBV-specific T cells in the expanded products, 156 

IFN ELISpot after re-stimulation with EBV pepmix; n=6, medians with range, Wilcoxon matched pairs 157 

signed-rank test. (E) Pair-wise comparisons of proportions of different single EBV antigen-specific T 158 

cells measured by respective MHC class I-multimer staining, flow cytometry. n=11, Wilcoxon matched 159 
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pairs signed-rank test. (F) Frequencies of single protein-specific T cells in the expanded products (latent 160 

– left graph, lytic – right graph), IFN ELISpot after re-stimulation with peptide pools derived from single 161 

EBV proteins, the dotted line indicates the threshold (spot calculations below the line were considered 162 

not significantly different from control). n=6, medians with range, Wilcoxon matched pairs signed-rank 163 

test. (G) Memory phenotypes and (H) exhaustion marker expression, flow cytometry. n=6, means with 164 

SD, 2way ANOVA. For C-H: =0.05, non-significant p-values (ns) not shown, p < 0.05, **p < 0.005, ***p 165 

< 0.001, ****p < 0.0001. 166 

 167 

TSCM-enriched EBV-CTLs control tumor growth, proliferate, persist and release 168 

pro-inflammatory cytokines in vivo 169 

To test the in-vivo function of TSCM-enriched EBV-CTL, we used a well-characterized 170 

mouse model of EBV-driven post-transplant lymphoproliferative disease (PTLD).27,28 171 

2x106 luciferase-expressing EBV-LCLs were injected subcutaneously followed by 172 

adoptive transfer of 1x107 autologous CTL-L or CTL-R three days later i.v. into NOD-173 

scid gammac
-/- (NSG) mice supplemented with high doses of human IL-2 to support T 174 

cells in the NSG system (Figure 4A). Tumor growth dynamics revealed that both CTL-175 

L and CTL-R controlled tumor growth equally well over four weeks (Figure 4B-C). 176 

Three out of 13 mice (23%) receiving CTL-R but no mice receiving CTL-L lost weight 177 

at late time points (supplemental Figure 5) together with increased levels of white 178 

blood cells (WBCs) and higher serum IFN and TNF levels in the CTL-R group 179 

(Figure 4D,G). Spleen weights and splenocyte counts were also higher for CTL-R than 180 

CTL-L and tumor-only groups (Figure 4E, supplemental Figure 4A) and spleen, 181 

peripheral blood and bone marrow contained more human CD45+ (hCD45+) cells. 182 

Most of these cells were CD3+ indicating substantial in-vivo expansion of T cells 183 

(Figure 4F, supplemental Figure 4B). CD8+ T cells expanded initially more in mice 184 

receiving CTL-R but CD8+/CD4+ T cell ratios returned to pre-infusion levels at later 185 

time points, whereas CD8+ T cells dominated throughout in mice receiving CTL-L 186 

group (Figure 4F, supplemental Figure 4C).  187 

 188 

Thus, both long-term and rapidly expanded EBV CTLs efficiently control tumor growth, 189 

but TSCM-enriched CTLs generate more CD4+ and CD8+ T cells and persist better in 190 

vivo. 191 

 192 
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 193 

Figure 4. Expansion of CTL-R in vivo. (A) Schematic of the in vivo experiments. 2x106 tumor cells 194 

(luciferase-expressing EBV-LCLs) / mouse were injected into NSG mice subcutaneously, and on day 3 195 
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1x107 autologous long-term or rapidly expanded EBV-CTLs per mouse were infused intravenously. 196 

Groups of tumor-only mice were kept as a negative control. All mice were supplemented with 1x105 U 197 

/ hIL-2 3x / week. Mice were sacrificed after ~4 weeks and organs were collected. Pooled data from 198 

three independent experiments with 3 different donors (n = 13 mice/group) is shown in further plots 199 

unless there was no sample available. Data from CTL-L-injected mice marked in black circles, CTL-R 200 

– in pink squares, and tumor-only mice – in green-blue triangles. Tumor growth dynamic measured by 201 

calipering ~3x / week (B) and tumor luminescence measured 1-2x / week (C).  (D) In vivo white blood 202 

cell (WBC) expansion dynamic, flow cytometry of weekly bleedings. (E) Splenocyte total counts after 203 

sacrifice. (F) Proportions of human CD45+ cells, CD3+ and CD19+ among human CD45+ cells, and CD4+ 204 

and CD8+ among human CD3+ in peripheral blood (PBMC) and spleen, flow cytometry. (G) Multiplex 205 

analysis of human cytokines in the murine sera collected after sacrifice. For B-F, means with SD; mixed-206 

effects analysis (B-D, G), 1-way ANOVA and Tukey’s multiple comparrisos test (E) and multiple 207 

unpaired t test (F), =0.05, non-significant p-values not shown, p < 0.05, **p < 0.005, ***p < 0.001, ****p 208 

< 0.0001. 209 

 210 

TSCM-enriched EBV CTLs infiltrate tumors and have broad antigen specificity 211 

To determine the specificity of EBV-CTLs expanded in vivo, we measured tumor 212 

infiltration of CD8+ T cells by immunohistochemistry (Figure 5A-B). However, flow 213 

cytometry revealed a significantly higher CD3+ T cell infiltration and particularly a 214 

higher infiltration of CD4+ T cells into tumors of mice receiving transfer of CTL-R 215 

compared to CTL-L (Figure 5C-D).  216 

 217 

CTL-R-derived tumor-infiltrating lymphocytes (TILs) showed a less differentiated 218 

phenotype with more TCM compared to CTL-L (Figure 5E), although TSCM TILs were 219 

rare in both groups. Tumor-infiltrating T cells of both groups were more differentiated 220 

with a predominance of TEM compared to T cells not derived from tumors, with high 221 

proportions of TTM in spleen and other organs (Figure 5E, Supplemental Figure 6A-C). 222 

A higher proportion of CTL-R-derived antigen-specific TILs was detected via specific 223 

EBV peptide loaded MHC class I multimers compared to the CTL-L group and CD8+ 224 

T cells in spleen from both groups (Figure 5F). 225 

 226 

Both CD4+ and CD8+ splenocytes derived from CTL-R showed short-term in-vitro 227 

cytotoxicity against EBV-LCLs (there was insufficient expansion in the CTL-L group to 228 

perform similar experiments) (Figure 5G). ELISpot assays with peptides from 14 229 

different EBV proteins revealed a remarkable increase of antigen coverage in CTL-R 230 

derived splenocytes and particularly CD4+ T cells (Figure 5H). Thus, transferred EBV-231 
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specific TSCM-enriched CTLs (CTL-R) showed robust proliferation and longevity, and 232 

reconstituted a wide antigen diversity of different T cell compartments. 233 

 234 

 235 
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Figure 5. Specificity of expanding EBV-CTLs in vivo. Immunohistochemistry analysis of CD8+ tumor 236 

infiltrating lymphocytes: (A) representative pictures of samples with low and high CD8+ T cell infiltration 237 

as well as tumor only, CD8+ cells are stained in brown, nuclei – in blue; (B) proportions of tumor 238 

infiltrating CD8+ lymphocytes by treatment group (pooled data from available samples from two 239 

experiments, 10 mice / group). (C) Proportions of CD3+ vs. CD19+ among human CD45+ cells in TILs, 240 

and (D) proportions of CD4+ vs. CD8+ among CD3+ T cells, measured by flow cytometry. (E) A shift of 241 

CD8+ and CD4+ T cell memory phenotypes in TILs vs. spleen (pooled data of available samples). (F) 242 

Proportions of EBV-specific MHC class I-multimer-stained CD8+ T cells. (G) in vitro short-term 243 

cytotoxicity of bulk, separated CD4+ and CD8+ splenocytes against autologous LCLs (pooled data from 244 

all available samples). (H) Presence of specific response of bulk CTL-L and CTL-R cultures before 245 

injection vs CTL-R bulk, CD4+ and CD8+ splenocytes after sacrifice to stimulation with single-EBV 246 

protein antigen pools measured by ELISpot (based on mean data from all available samples collected 247 

from one experiment / one donor). For B-G, means with SD; 1-way ANOVA and Tukey’s multiple 248 

comparrisos test (B, G); multiple unpaired t test (C-E) and 2way ANOVA (F) were used. 249 

 250 

DISCUSSION 251 

 252 

Adoptive T cell therapy (ACT) therapeutically transfers specifc T cell immunity to 253 

patients. Persistence of memory T cell subsets in the recipients is often critical for 254 

long-term efficacy, but difficult to attain. Very early differentiated TSCM cells, 255 

characterized by high self-renewal, engraftment and persistence, can reconstitute all 256 

types of effector and memory T cell subsets29 and show encouraging results in T cell 257 

therapy.8,10,11  258 

 259 

TSCM might be also a promising avenue for treatment of viral infections such as EBV 260 

in transplant patients. Anti-viral ACT is an active field with several ongoing phase III 261 

trials (clinicaltrials.gov: NCT03394365, NCT04832607, NCT04832607, 262 

NCT04832607). However, current strategies are still suboptimal with response rates 263 

of only around 70% for most viruses.18 To test TSCM for ACT against EBV infections, T 264 

cell priming and several steps of cell sorting can be used, but the complexity of this 265 

method makes it difficult to translate to the clinical setting.30 Moreover, CD4+ T cells 266 

are depleted which might impair sustaining adoptive immunity.31   267 

 268 

Here, we developed a novel method to enrich both CD4+ and CD8+ TSCM EBV-CTL 269 

from PBMCs with minimal cell handling steps. We did not use the common stimulation 270 

with autologous EBV-LCLs,32 which requires 4 to 8 weeks and yields predominantly 271 
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late-stage TEM.33,34 Continuous re-stimulation of T cells can promote T cell 272 

exhaustion20 defined as a reduced functional capacity.35 Instead, we adapted a rapid 273 

expansion protocol that is safe and effective in transplant patients36 and yields a higher 274 

proportion of TCM
21, which are superior to TEM in antiviral activity and persistence.37,38 275 

Due to its minimal cell handling steps, this protocol can be easily transferred to the 276 

clinic. The overall yield is lower than for long-term stimulation, but this is not a limiting 277 

factor because sufficient starting numbers of PBMCs can be obtained with standard 278 

blood donations. 279 

 280 

We systematically tested various cytokines and other conditions to maximize the 281 

proportion of TSCM and discovered that a combination of IL-4 and IL-7 with induction 282 

of the Wnt/-catenin pathway using TWS119 triggered efficient enrichment or EBV-283 

specific TSCM with broad coverage of antigens including lytic antigens. T cells specific 284 

for lytic antigens can be relevant for treatment of diseases like nasopharyngeal 285 

carcinoma (NPC) in a therapeutic setting39, 40 as well as prophylaxis of EBV-associated 286 

B cell malignancies and NPC, as the lytic phase of EBV contributes to oncogenesis.41-287 

43 T cells specific for lytic antigens are difficult to obtain with long-term stimulation 288 

using EBV-LCLs which exhibit latency III and express predominantly latent EBV 289 

antigens.44 A wide diversity of antigen specificity also broadens the scope of cell 290 

therapy and reduces the risk of relapse due to antigen escape.45 Moreover, lytic EBV 291 

antigen-specific CD8+ T cells require early memory differentiation with maintained 292 

CD27 expression for their protective function,46 and this is ensured by our rapid 293 

expansion protocol.  294 

 295 

A key aspect of an ACT product is the balance between CD4+ and CD8+ T cell 296 

populations,47,48 and a high CD4+ T cell proportion is associated with better responses 297 

to anti-EBV ACT for treatment of PTLD.49 In contrast to the widely used long-term 298 

stimulation with low yields of CD4+ T cells, our novel protocol enriched CD4+ and CD8+ 299 

EBV-specific T cells in all memory populations. The high CD4+ T cell proportion was 300 

maintained after adoptive transfer and was reflected in tumor infiltration, and CD4+ T 301 

cells recovered a broad antigen-specific profile in vivo. These EBV-specific CD4+ T 302 

cells may contribute to control of various EBV diseases.  303 

 304 
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Limitations of this study include lack of long-term data beyond 4 weeks in mice. High 305 

human T-cell engraftment in murine organs may lead to xeno-GVHD,50 signs of which 306 

(e.g., weight loss) were observed in some mice in the CTL-R group. Nevertheless, the 307 

efficient CTL-R infiltration into tumors, the in vitro cytotoxicity and the specific 308 

responses of splenocytes indicated high specificity of the expanded T cells. Moreover, 309 

this mouse model-related aspect may not be indicative of potential issues in a clinical 310 

application because rapidly expanded virus-specific T cells are safe upon the adoptive 311 

transfer into patients.22 312 

 313 

In conclusion, we demonstrate that our novel protocol yields promising EBV-specific 314 

TSCM-enriched CTLs with favorable properties for VST production, such as early 315 

differentiated memory composition, low exhaustion, high tumor infiltration, efficient 316 

CD4+ and CD8+ T cell mediated cytotoxicity, long-term persistence, and broad antigen 317 

specificity. This may pave the way for the next generation of unmodified antigen-318 

specific cell therapies against viral infections. The safety and efficacy as well as the 319 

clonal diversity of these VST remain to be investigated in an upcoming clinical trial. 320 

 321 

METHODS 322 

 323 

Peptides 324 

The PepTivator EBV Consensus peptide pool (Miltenyi Biotec), and single peptide 325 

pools from various EBV antigens (latent: EBNA-LP, EBNA2, EBNA3a, EBNA3b, 326 

EBNA3c, LMP1; lytic: BARF1, BMLF1, BMRF1, BRLF1, BZLF1, GP350/GP340) (JPT 327 

Peptide Technologies) were used for T cell stimulation. 328 

 329 

Blood donors, cell culture and generation and expansion of EBV-specific T-cell lines 330 

Blood was obtained after informed consent from healthy donors in accordance with 331 

the Declaration of Helsinki. The study was approved by the local ethic committee 332 

(Ethikkommission Nordwest- und Zentralschweiz, Project ID PB_2018-00081). 333 

Donors were typed for HLA class I and class II alleles. Human peripheral blood 334 

mononuclear cells (PBMCs) were isolated from EDTA blood of healthy donors and 51 335 

EBV-transformed lymphoblastoid cell lines (LCL) were generated and cultured in 336 

LCM-10 media  according to previously published protocols52 (Supplemental 337 

Materials). Long-term EBV-CTL expansion with LCL re-stimulations and rapid 338 
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expansion protocols were adapted from previously described protocols.19 21 All T cells 339 

were expanded in CTL-M (Supplemental methods). For rapid expansion, PBMCs were 340 

cultured in a G-Rex bioreactor (Wilson&Wolf). 3x106 PBMCs / well of a 24-well G-Rex 341 

plate or 1.5x107 / well of a 6-well G-Rex plate were cultured. On day 0, cells were 342 

pulsed overnight in CTL-M (or CTL-M with high K+ when applicable) containing the 343 

EBV Consensus peptide pool (pepmix) and supplemented with cytokines (and TWS-344 

119 when applicable). Afterwards the pepmix (and TWS-119 if applicable) was diluted 345 

5x with CTL-M supplemented only with cytokines. Cell culture went on up to day 10-346 

12 without further supplementation. 347 

For long-term EBV-CTL expansion, PBMCs were stimulated with autologous EBV-348 

LCLs at effector : target (E:T) = 40:1 for 10 days (2x106 PBMCs/well of a 24-well cell 349 

culture plate) without cytokine supplementation. Afterwards T cells were re-stimulated 350 

weekly at E:T=4:1) and supplemented with 20 U/mL IL-2 3x / week until day 28-35.19 351 

LCL culture is described in Supplemental Methods.  352 

 353 

EBV-LCL generation and culture 354 

PBMCs were incubated with recombinant B95-8 or B95-8-fLuc EBV strains (both gifts 355 

from Dr. Wolfgang Hammerschmidt, Helmholtz Center Munich, Germany), cultured in 356 

LCM-10 media and were treated with 2 g/ml Cyclosporin A (Sigma Aldrich) and 2 357 

g/ml CpG ODN 2006 (InvivoGen) weekly until the transformation. Non-irradiated 358 

LCLs were always cultured in LCM-10 media (including cytotoxicity and outgrowth 359 

assays). 360 

 361 

Co-culture with autologous EBV-LCLs 362 

After fluorescence-assisted cell sorting (FACS) (staining described below), sorted 363 

cells were recovered for 3 days in CTL-M supplemented with IL-4 and IL-7. Afterwards, 364 

autologous LCLs were irradiated and T cells were stained with CellTrace Violet (CTV). 365 

Irradiated LCLs were cultured with T cells at a ratio 1:1 for one week. Then cells were 366 

harvested an analyzed by flow cytometry (see below). 367 

 368 

Short-term and long-term in-vitro cytotoxicity 369 

Short-term 6-hour killing assay and long-term 4-week outgrowth assay were adopted 370 

as previously published53. Briefly, for killing assay, EBV-CTLs were incubated with 371 
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target EBV-LCLs at an effector (E) to target (T) ratio = 30:1 for 6 h. Afterwards, cells 372 

were stained for viability (Zombie Aqua), apoptosis (CellEvent Blue), CD3 and CD19 373 

surface markers (see the panels below). Cytotoxicity was calculated according to the 374 

following formula: 100 – ([Vtest / Vcontrol] * 100) where V = % viable (CellEvent- Zombie 375 

Aqua-) CD19+ cells.  376 

For outgrowth assay (long-term cytotoxicity assay), T cells were incubated with EBV-377 

LCLs at different effector / target ratios in triplicates for 4 weeks. The readout was the 378 

lowest E/T ratio controlling the outgrowth of LCLs which was determined 379 

microscopically and confirmed by flow cytometry. 380 

 381 

IFNγ ELISpot, intracellular cytokine staining and V-PLEX  382 

EBV-responsive T cells were identified by stimulation with EBV peptides. Enzyme-383 

linked immunospot assay (ELISpot)53 and intracellular cytokine (ICC) staining for flow 384 

cytometry detection54 were done as previously published.  385 

Human cytokine presence in murine blood sera was analyzed using V-PLEX human 386 

pro-inflammatory panel-1 and detected by Mesoscale system according to 387 

manufacturer’s instructions. 388 

 389 

Immunomagnetic cell sorting 390 

CD4+ and CD8+ T cells were isolated using the MACS CD4+ / CD8+ isolation kit 391 

(Miltenyi Biotec) according to the manufacturer's instructions. 392 

 393 

Immunohistochemistry 394 

Tumors were fixed in a 4% paraformaldehyde solution; further sample preparation and 395 

immunohistochemistry staining were done commercially by the Pathology Department 396 

of the University Hospital of Basel. Slides were acquired on an automated slide 397 

scanning brightfield microscope (Vectra) and positive cells were quantified using 398 

inForm automated image analysis software (Akoya Biosciences). 399 

 400 

Flow cytometry and FACS-based cell sorting  401 

All flow cytometry panels are described in detail in the supplemental materials. 402 

If applicable, red blood cells were lysed using ACK (Ammonium-Chloride-Potassium) 403 

lysis buffer until the pellet appeared no longer red. If applicable, whole-cell staining for 404 

proliferation tracing and viability staining were performed in PBS according to 405 
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manufacturer’s instructions. Surface staining with antibodies and MHC class I-406 

multimers (if applicable) was performed in FACS buffer (5% FBS, 0.1% NaN3 in PBS). 407 

For intracellular staining, cells were fixed with fixation buffer (Biolegend, 420801) and 408 

stained for intracellular markers in the permeabilization buffer (Biolegend, 421002) 409 

according to manufacturer’s instructions. For combined intracellular/intranuclear 410 

staining, cells were fixed and permeabilized using Transcription-Factor Buffer Set (BD, 411 

#562574) according to the manufacturer’s instructions. 412 

Spectral flow cytometry was performed on Cytek Aurora. Fluorescence-assisted cell 413 

sorting was performed with BD FACSMelody. Weekly bleedings of mice were 414 

analysed with BD LSRFortessa. Data were analyzed using FlowJo software. 415 

FlowSOM algorithm was used to define memory T cell populations: stem cell memory 416 

(TSCM) as CD45RA+CD45RO-CD62L+CD27+, central memory (TCM) as CD45RA-417 

CD45RO+CD62L+CD27+, transitional memory TTM as CD45RA-CD45RO+CD62L-418 

CD27+, effector memory TEM as CD45RA-CD45RO+CD62L-CD27-, and terminally 419 

differentiated TEMRA as CD45RA+CD45RO-CD62L-CD27-. 420 

 421 

Procedures in vivo 422 

Animal experiments were conducted according to the licence approved by the 423 

veterinary office of the canton of Zurich, Switzerland (ZH049/20). NSG (NOD.Cg-424 

Prkdcscid Il2rgtm1Wjl/SzJ (#005557)) or NSG-A2 (NOD.Cg-Mcph1Tg(HLA-A2.1)1Enge Prkdcscid 425 

Il2rgtm1Wjl/SzJ (#009617)) mice were purchased from The Jackson Laboratory and 426 

bred and housed under specific pathogen-free conditions at the Laboratory Animal 427 

Services Center (LASC) of the University of Zurich. Experiments were initiated at 6-428 

12 weeks of age. The mouse models were adapted from previous studies 27,28. LCL 429 

tumor cells were injected subcutaneously into the left flank under isoflurane narcosis. 430 

2x106 tumor cells were resuspended in PBS and right before injection mixed in a 1:1 431 

V/V ratio with Corning® Matrigel® Growth Factor Reduced (GFR) Basement 432 

Membrane Matrix. Three days after tumor injection, 1x107 T cells were adoptively 433 

transferred by tail vein injection. T cell expansion was supported by i.p. injection of 105 434 

IU recombinant human IL-2 (3x/week, Peprotech), or as stated otherwise. Tumor size 435 

was monitored by calipering (3x/week) and bioluminescent imaging for tumor cells 436 

transformed with a luciferase encoding recombinant EBV strain (generous gift of Dr. 437 

Wolfgang Hammerschmidt, Helmholtz Institute Munich, Germany; 2x/week). General 438 

health was monitored by weighing and health parameter scoring 3x/week or daily, 439 
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according to the animal license. Peripheral blood composition and expansion of 440 

adoptively transferred T cells were monitored by weekly tail vein bleeding and flow 441 

cytometric analysis (Supplementary Materials) on BD Fortessa. White blood cell 442 

counts were determined from full blood with an automatic cell counter (DxH 500, 443 

Beckman Coulter). For bioluminescent imaging, mice were injected with 5l/g body 444 

weight of 15mg/ml VivoGlo™ Luciferin (Promega) and imaged 10 minutes after 445 

injection in an IVIS machine (PerkinElmer) under isoflurane narcosis. Animals were 446 

euthanized when they met pre-defined criteria stated in the animal license, or when 447 

the control group met the end-point criteria. 448 

 449 

Statistics 450 

Analyses were conducted using Prism software (GraphPad). Data of individual donors 451 

are shown as representative experiments or medians with standard deviations (SD). 452 

Combined data of different donors are given as median with range. 453 

 454 

Data Sharing Statement 455 

For original data, please contact nina.khanna@usb.ch. 456 

  457 
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