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Abstract 
More than one third of patients experience Epstein-Barr Virus (EBV) reactivation after 

allogeneic stem cell transplantation (alloSCT) and up to 3% of transplanted patients de-

velop post-transplant lymphoproliferative disorders (PTLD). In healthy individuals, virus 

epitope-specific T cells are critical for EBV control; however, post-transplant cytopenia 

and immunosuppression leaves patients vulnerable to virus reactivation and associated 

malignancies. Antibody-mediated depletion of B cells, which are natural targets and res-

ervoirs for EBV, delays the reconstitution of cellular immunity and comes with considera-

ble short- and long-term side effects. 

The goal of this work is to identify EBV-specific T cell receptors (TCR) and transduce 

them into T cells for adoptive transfer. Stimulation of stem cell grafts or peripheral blood 

cells with EBV plasmid-recombinant antigen-presenting cells (APC) or EBV-derived pep-

tides leads to a substantial expansion of EBV-specific T cells; however, the degree of 

expansion is dependent on an antigen-experienced memory compartment non-existing 

in EBV seronegative donors. I present three articles that, combined, describe the identi-

fication and characterization of 16 different EBV-specific TCRs for TCR-based immuno-

therapy. 

In the first article, we established efficient single cell immune phenotyping and TCR se-

quencing using rectal cancer infiltrating T cells as an example. In the second article, we 

applied this technology to identify EBV peptide-specific TCRs which can be transduced 

into peripheral blood T cells and recognize EBV-infected B cells. In the third article, we 

tracked adoptively transferred virus-specific T cells in an alloSCT patient during EBV re-

activation. 

We were able to establish a robust, GMP-compliant pipeline for the discovery of EBV-

specific TCRs with prophylactic and therapeutic potential. The use of single EBV-peptides 

for stimulation facilitated targeting of different antigens, HLA-restrictions, and potentially 

other viruses. Identified TCRs for selected HLA restrictions can be stored as TCR libraries 

to prepare readily available off-the-shelf products. 

Reconstitution of cellular immunity against EBV can offer protection against associated 

complications and potentially contributes to a better outcome post-transplant. We pro-

pose adoptive transfer of virus-specific T cells transduced with carefully selected TCRs 

as a prophylactic and therapeutic approach to prevent EBV-infection, reactivation, and 

associated complications. 



Zusammenfassung 2 

Zusammenfassung 
Bei mehr als einem Drittel der Patienten kommt es nach allogener Stammzelltransplan-

tation (AlloSZT) zur Reaktivierung des Epstein-Barr-Virus (EBV) und bis zu 3% der Pati-

enten entwickeln eine lymphoproliferative Erkrankung nach Transplantation (PTLD). 

EBV-spezifische T-Zellen spielen eine entscheidende Rolle bei der Virus-Kontrolle, je-

doch erhöht die Zytopenie und immunsuppressive Therapie nach AlloSZT das Risiko für 

eine EBV-Reaktivierung. Die Depletion von B-Zellen, den primären Wirtszellen von EBV, 

durch monoklonale Antikörper verzögert die Wiederherstellung der zellulären Immunität 

und ist von schwerwiegenden Nebenwirkungen begleitet. 

Ziel dieser Arbeit ist die Identifizierung EBV-spezifischer T-Zell-Rezeptoren (TCR) und 

ihre Transduktion in T-Zellen für den adoptiven Transfer. EBV-spezifische T-Zellen kön-

nen ausgehend von unterschiedlichen Spenderzellen, mit rekombinanten antigen-prä-

sentierenden Zellen oder EBV-Peptiden in vitro expandiert werden. Das Ausmaß der Ex-

pansion ist spenderabhängig und insbesondere bei seronegativen Spendern ohne EBV-

spezifische Gedächtniszellen nicht erfolgreich. In drei Publikationen wird die Identifizie-

rung und Charakterisierung von insgesamt 16 verschiedenen EBV-spezifischen TCR be-

schrieben, die sich für TCR-basierte Immuntherapien eignen. 

In der ersten Veröffentlichung wird eine Einzelzell-Technik zur Immunphänotypisierung 

und TCR-Sequenzierung am Beispiel Tumor-infiltrierender T-Zellen beim Rektumkarzi-

nom entwickelt. In der zweiten Veröffentlichung nutzen wir diese Technik zur Identifizie-

rung EBV-peptid-spezifischer TCRs, die, transduziert in T-Zellen, EBV-infizierte Zellen 

erkennen. In der dritten Veröffentlichung verfolgen wir adoptiv-transferierte T-Zellen in 

einem Patienten mit EBV-Reaktivierung nach AlloSZT. 

Wir haben eine effiziente Methodik zur Identifizierung EBV-spezifischer TCRs mit pro-

phylaktischem und therapeutischem Potenzial etabliert. Die Verwendung einzelner Pep-

tide zur Stimulation erlaubt die Auswahl definierter Zielantigene bei bekannter HLA-Rest-

riktion und kann perspektivisch auch für die Identifizierung von TCRs gegen andere Viren 

genutzt werden. Die Arbeiten ermöglichen potentiell den Aufbau von TCR Bibliotheken 

mit exakt definierten Spezifitäten zur Herstellung gezielter Zelltherapeutika. 

Die Wiederherstellung der zellulären Immunität gegen EBV schützt Patienten vor EBV-

assoziierten Komplikationen. Wir schlagen den adoptiven Transfer TCR-rekombinanter 

Zellen mit sorgfältig ausgewählten Spezifitäten als prophylaktischen und therapeutischen 

Ansatz gegen EBV-Infektion, Reaktivierung und assoziierte Komplikationen vor. 
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  1. Introduction 
Allogeneic stem cell transplantation (alloSCT) is a treatment option for several malignant 

and non-malignant hematological disorders, in which patients receive stem cells from an 

HLA-matched or mismatched donor after chemo-, radiotherapy, and/or antithymocyte 

globulin (ATG) conditioning. Along with increasing numbers of alloSCT procedures per 

year [1], transplant-related mortality has significantly decreased over time [2]. 

Nevertheless, malignant relapse, Graft-versus-Host Disease (GvHD), and viral infections 

severely compromise alloSCT success rates and the patients’ quality of life. Post-trans-

plant immunosuppression and lymphopenia also leave patients vulnerable to virus reac-

tivation and associated malignancies [3]. More than one third of immunocompromised 

patients experience an Epstein-Barr Virus (EBV) infection and 3% (range 1-11%) of trans-

planted patients develop a post-transplant lymphoproliferative disorder (PTLD) in the first 

year post-transplant [4–6]. 

EBV is an oncogenic, DNA double-stranded gamma-herpesvirus (HHV-4) with a preva-

lence above 90% in adults [7]. After initial infection, EBV remains in an asymptomatic 

latent state in memory B cells. Disruption of latency, if not controlled by T cells, is asso-

ciated with lymphoid and epithelial malignancies such as Burkitt lymphoma (BL), Hodgkin 

lymphoma (HL), nasopharyngeal carcinoma (NPC), and gastric cancer (GC). 17% of 

deaths in these four cancer types were caused by the EBV-attributed fraction [8].  

Transition between EBV lytic and latent phases is controlled by humoral and cellular im-

munity [9,10]. In the cellular response, EBV-specific T cells mediate killing of virus-pro-

ducing B cells and control EBV at its latent, less immunogenic stages [11]. In vitro studies 

contributed to the isolation of CD8+ T cells that recognize EBV-infected lymphoblastoid 

cell lines (LCL) [12] and led to the identification of EBV-derived immunodominant epitopes 

[13–19]. 

T cell depletion of donor grafts and conditioning regimes with ATG, while aimed to prevent 

graft rejection and GvHD, hinders T cell-mediated responses against EBV and increase 

the risk of EBV infection, reactivation, and development of EBV-associated lymphomas 

[20,21]. Most cases of post-transplant EBV reactivation and EBV-associated PTLD take 

place in the early post-engraftment period, when T cell immunity has not been reconsti-

tuted [22] (Fig. 1). Antibody-mediated depletion of B cells, which are natural targets and 

reservoirs for EBV, further delays the reconstitution of cellular immunity and comes with 

considerable short- and long-term side effects, such as opportunistic infections [23]. 
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Figure 1: Allogeneic stem cell transplantation (alloSCT) and the window susceptibility to 
EBV infection 
A typical regimen for alloSCT is shown. Starting with chemo- and/or radiotherapy conditioning 

regimens, anti-thymocyte globulin (ATG) and cyclosporine A (CsA) as T cell-targeting immuno-

suppressants are used to avoid graft rejection and Graft versus Host Disease (GvHD) [24,25]. 

During early post-engraftment (day 20-100), lymphopenia leaves patients vulnerable to EBV in-

fection, reactivation, or PTLD development. CD8+ and CD4+ T cell immunity, critical for EBV con-

trol, is typically reconstituted from 6 months to one year (CD8+) and up to two years post-trans-

plant (CD4+) [26].  Tx= transplantation. Own representation: Lammoglia Cobo 

 

Adoptive transfer of EBV-specific T cells offers a curative treatment option for EBV-asso-

ciated complications and reinstalls T cell immunity. Since the first successful use of EBV-

specific T cell therapy to treat PTLD in 1995 [27], several strategies to produce virus-

specific T cells have been established. Repeated stimulation of donor cells with EBV-

infected lymphoblastoid cells [27,28] or recombinant antigen-presenting cells (APC) [29] 

lead to cytotoxic T cell expansion; however, serial stimulations are time consuming and 

additional product safety testing is required when working with virus-infected cells. As an 

alternative, stimulation of donor cells with EBV-derived peptides leads to rapid epitope-

specific T cell expansion without additional APCs [19,30].  These strategies can be 

adapted to target multiple epitopes from either a single or several viruses (such as Cyto-

megalovirus (CMV)) for adoptive transfer of virus-specific T cells [31,32]. 

These strategies to produce EBV-specific T cells have one limitation in common: The 

degree of expansion is dependent on the antigen-experienced memory compartment 

non-existing in EBV seronegative donors. EBV seropositivity varies across age and geo-

graphical locations, with younger populations in North America and Europe developing 

90% of seropositivity until early adulthood  [33,34]. Delayed seroconversion in Western 



Introduction 5 

countries and the use of stem cell grafts from children or younger adults in haploidentical 

transplantation increase the likelihood of donor EBV seronegativity and, therefore, the 

risk of EBV infection and PTLD [35]. 

T cell receptor (TCR)-based immunotherapies circumvent this constrain, as re-expression 

of carefully selected, peptide-specific TCRs in donor T cells can direct T cell immunity 

against clinically-relevant targets [36]. Methodologies to identify EBV-specific TCRs [37–

40] face the challenge to optimize times and workload to simultaneously characterize 

TCRs with different HLA restrictions and epitope specificities. 

The goal of this work is the efficient identification and transduction of EBV-specific TCRs 

for adoptive transfer in the context of two different HLA types. My hypothesis was that the 

re-expression of carefully selected TCRs (from in vitro expanded CD8+ T cell clones) in 

third-party T cells leads to recognition of EBV-infected LCLs. Throughout the work, I de-

scribe the identification and characterization of 16 EBV-specific TCRs with prophylactic 

and therapeutic potential for TCR-based immunotherapy. 

In the first article, “Localization-associated immune phenotypes of clonally expanded tu-

mor-infiltrating T cells and distribution of their target antigens in rectal cancer” (Article 1) 

[41], we established efficient single cell immune phenotyping and TCR sequencing using 

rectal cancer infiltrating T cells as an example. We then applied this technology to identify 

EBV peptide-specific TCRs which can be transduced into peripheral blood T cells and 

recognize EBV-infected B cells. These results were published in the second article, 

“Rapid single cell identification of Epstein-Barr virus-specific T cell receptors for cellular 

therapy” (Article 2) [42]. In parallel to my main project, we tracked adoptively transferred 

virus-specific T cells in an alloSCT patient after EBV reactivation and published the results 

in the article “Reconstitution of EBV-directed T cell immunity by adoptive transfer of pep-

tide-stimulated T cells in a patient after allogeneic stem cell transplantation for AITL” (Ar-

ticle 3) [43]. 
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2. Methods 
2.1 Article 1 [41] 
 Patient samples 

Use of patient material was approved by the Charité University Hospital ethics com-

mittee (Num. EA1/007/16). Samples of colorectal tumors, unaffected mucosa, and 

peripheral blood (PB) were obtained from five patients during surgery and PB was 

additionally obtained at one follow-up visit. To collect tumor infiltrating T cells (TIL) 

and T cells from unaffected mucosa (TUM), the tissue was cut into 2-4 mm3 pieces 

and incubated 30 min in PBS with 10mM ethylenediaminetetraacetic acid (EDTA). 

While cells in suspension were passed through a 100 μm cell strainer, the tissue was 

incubated 30 min in RPMI1640 with 5% fetal bovine serum (FBS) and 0.5 mg/ml col-

lagenase NB 4. Tissue cells were then recovered through Percoll gradient centrifuga-

tion; peripheral blood mononuclear cells (PBMC), through Ficoll density gradient cen-

trifugation  [44]. All cells were cryopreserved in RPMI 1640 with 50% FBS and 10% 

DMSO.  

 Single cell sequencing 
Barcoding, PCR amplification, library preparation, MiSeq Illumina sequencing, and in-

dex sorting were carried out as previously described [45]. Clones were defined when 

two or more cells shared the same TCRα and TCRβ amino acid sequences and a 10-

reads cutoff was set for cytokine and transcription factors expression. For each clone, 

markers were considered either positive or negative based on the expression of more 

than half of the clone’s single cells.  

 TCRβ sequencing 
Bulk TCRβ sequencing was carried out as previously described with a frequency cut-

off of 10-4 reads [46]. 

 TCR re-expression in 58α-β- cell line 
TCRs were manually selected, reconstructed, and synthetized for transfection in a 

58α-β- hybridoma T cell line with recombinant human CD8 expression and a GFP re-

porter controlled by the nuclear factor of activated T cells (NFAT) [47]. TCR re-expres-

sion was confirmed with CD3 (clone UCHT1) staining and flow cytometry. 

 Coculture of TCR-recombinant 58α-β- cell lines with target cells 
Co-culture of TCR-recombinant 58α-β- cell lines and target cells (tumor, unaffected 

mucosa, or HLA-mismatched tissue) were carried out for 16h. Target cell numbers 
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varied due to available patient material. NFAT-driven GFP expression was measured 

with flow cytometry and fluorescence microscopy; supernatant IL-2 concentrations 

were assessed using enzyme-linked immunosorbent assay (ELISA). 

 

2.2  Article 2 [42] 
 Recovery of mononuclear cells from stem cell grafts 

After transplantation of granulocyte colony stimulating factor (G-CSF)-mobilized pe-

ripheral blood stem cell grafts, remaining cells from five HLA-B*35:01+ and one HLA-

A*02:01+ EBV-seropositive adult donors were washed out of the stem cell bags with 

0.9% sodium chloride solution. Mononuclear cells were recovered through Ficoll den-

sity gradient separation and frozen at 1-107 cells per vial. Use of patient material was 

approved by the Charité University Hospital ethics committee (Num. EA2/197/18). 

 Peptide stimulation 
Thawed mononuclear cells from stem cell grafts were cultured overnight and incu-

bated the next day with EBV-derived synthetic peptides (Table 1, final concentration: 

1μg/ml) for 2 hours.  Cells were washed twice and cultured for 9 days in CellGro DC 

Medium with 50 IU/ml IL-2, 1% GlutaMAX, and 1% donor serum before freezing. Ad-

ditional medium (50 IU/ml IL-2, 1% GlutaMAX, and 1% donor serum) was supple-

mented on day 5. To measure peptide-specific T cell expansion, cells before and after 

peptide stimulation were analyzed with flow cytometry using CD3 (clone UCHT1) and 

CD8 (clone RPA-T8) antibodies and EBV peptide-MHC (pMHC) tetramers. 

 
Table 1: Peptides used for graft stimulation 

Label Sequence Antigen Latent / Lytic 
HLA-re-
striction 

HPV HPVGEADYFEY EBNA1 Latent B*35:01 

YPL YPLHEQHGM EBNA3A Latent B*35:01 

EPL EPLPQGQLTAY BZLF1 Lytic B*35:01 

GLC GLCTLVAML BMLF1 Lytic A*02:01 

CLG CLGGLLTMV LMP2A Latent A*02:01 

FLY FLYALALLL LMP2A Latent A*02:01 

YVL YVLDHLIVV BRLF1 Lytic A*02:01 
Modified from Table 1, Lammoglia Cobo et al. 2022  
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 Flow cytometric single cell sort and TCR sequencing 
Single pMHC+CD3+CD8+ T cells were index-sorted into 96 well plates. Barcoding, 

PCR amplification, and TCRαβ sequencing was carried out as previously described 

[41,45]. Clones were defined as two or more cells with identical TCRα and β amino 

acid sequences. 

 TCR transfection in 58α-β- hybridoma cell line 
Transfection of plasmids encoding selected TCRαβ chains in CD8+ 58α-β- hybridoma 

cells was carried out as previously described [41,47].  

 Coculture of TCR-recombinant 58α-β- hybridoma cell line with target cell lines 
To test TCRs for their (assumed) target peptide specificity, miniLCLs [48] were artifi-

cially loaded with target or non-target peptides and co-cultured with TCR-recombinant 

58α-β- cells at a 10:6 ratio for 16h. For recognition of EBV-infected lymphoblastoid 

(LCL) and lymphoma cell lines, target cell lines were co-cultured with the TCR-recom-

binant 58α-β- cells at a 10:6 ratio for 16h. 

NFAT-driven GFP was detected by flow cytometry and fluorescence microscopy; IL-

2 was measured from culture supernatant using ELISA. 58α-β- cells were stained with 

anti-human CD8 (clone RPA-T8), anti-mouse CD3 (clone 17A2), and Zombie Red 

live/dead staining for flow cytometry analysis. 

 TCR transduction in human lymphocytes 
Part of the TCRβ constant region was exchanged with its murine counterpart to reduce 

probability of TCR mispairing with endogenous TCR. Furthermore, the murine con-

stant region expressed on transduced T cells allowed to measure TCR transduction 

efficiency with an anti-mouse TCRβ (clone H57-597) antibody [49]. 

293Vec-RD114 packaging cells were transfected with 18 μg of MP71-TCR vector. For 

transduction, 1.5 million peripheral blood lymphocytes (PBL) from a third-party, HLA-

A*02:01+ and HLA-B*35:01+ donor were stimulated with 300 IU/ml IL-2 on anti-CD3- 

and anti-CD28-coated plates for 2 days. PBLs were transduced with 1 ml of viral su-

pernatant, 400 IU/ml IL-2, and 8 μg/ml protamine sulfate and spinoculated on two 

consecutive days. Cells were then kept 10 days in culture in fresh medium with 10% 

FBS and 400 IU/ml IL-2 and rested 2 days with 40 IU/ml IL-2 before freezing. Before 

freezing, TCR expression was confirmed with flow cytometry using anti-mouse TCRβ 

(clone H57-597) and anti-human CD8 (clone RPA-T8) antibodies. 

 Co-culture of TCR-recombinant T cells with EBV+ LCLs 



Methods 9 

TCR-recombinant human T cells were cocultured at a ratio of 50,000 T cells (average 

transduction efficiency: 34%) with 10,000 EBV+ LCLs for 16-20 h; exact effector-to-

target ratio depended on the respective TCR transduction efficiency. CD137 expres-

sion and IFN-γ in the supernatant were measured as readouts with flow cytometry and 

ELISA, respectively. As an additional control to estimate the cytotoxic potential for one 

specific TCR-recombinant T cell and target coculture, CD107a expression and TNF-

α and Granzyme B in the supernatant were also measured with flow cytometry and 

ELISA, respectively. 

 
2.3 Article 3 [43] 
 Patient clinical information 

A patient with chemotherapy-refractory angioimmunoblastic T cell lymphoma (AITL) 

received a G-CSF-mobilized stem cell graft from an HLA 10/10 match donor. 42 days 

after transplantation (day 42), the patient relapsed for AITL and eventually developed 

an EBV infection on day 66, which reached a peak in DNA copy levels in PB on day 

89. For this reason, he received a donor lymphocyte infusion (day 76) and 4 weekly 

Rituximab doses (starting on day 68). As major symptoms persisted, he received an 

adoptive transfer of in vitro expanded, EBV-specific T cells (day 105). No EBV reacti-

vation was detectable after day 111. The patient died from treatment resistant HSV-1 

reactivation on day 352. 

 Production of EBV-specific T cells 
EBV-specific T cells were expanded by peptide stimulation from donor lymphocytes 

[19]. Approximately 600 million PBMC were stimulated with synthetic, EBV-derived 

peptides (Table 2) for 2 hours, washed, and cultured for 9 days before freezing. Addi-

tional medium was supplied on day 5. Use of patient PBMC was approved by the 

University of Erlangen ethics committee (Ref. 4388). 

 
Table 2: EBV-derived peptides for T cell product 
Abb. Sequence Antigen  Abb. Sequence Antigen 

CLG CLGGLLTMV LMP2  YPL YPLHEQHGM EBNA3A 

GLC GLCTLVAML BMLF1  HPV HPVGEADYFEY EBNA1 

YVL YVLDHLIVV BRLF1  EPL EPLPQGQLTAY BZLF1 

FLY FLYALALLL LMP2  PYY PYYVVDLSVRGM BHRF1 

RLR RLRAEAQVK EBNA3A  VVRM VVRMFMRERQLPQS EBNA3C 
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RPP RPPIFIRRL EBNA3A  FGQL FGQLTPHTKAVYQPR BLLF1 

QAK QAKWRLQTL EBNA3A  IPQC IPQCRLTPLSRLPFG EBNA1 

RAK RAKFKQLL BZLF1  TDAW TDAWRFAMNYPRNPT BNRF1 
Abb.= abbreviation. Modified from Table 1, Lammoglia Cobo & Ritter et al. 2022 

 

 Flow cytometry and cell sort 
50μl of patient’s PB were stained in Trucount tubes with a CD8 (clone SK1), CD25 

(clone 2A3), CD14 (clone MφP9), CD56 (clone B159), CD19 (clone SJ25C1), CD4 

(clone RPA-T4), CD3 (clone UCHT1), and CD45 (clone HI30) antibody panel and 

measured with flow cytometry to obtain an absolute cell count of leukocytes (CD45+), 

lymphocytes (CD45highCD14-), and lymphocyte-gated T cells (CD3+), B cells (CD19+), 

and NK cells (CD56+). T cells were further subdivided into CD4+ and CD8+ T cells. 

For multimer staining, one million cells from the cellular product were stained with 

pMHC pentamers; PE-Fluorotag; and CCR7 (clone 150503), CD8 (clone SK1), CD62 

(clone DREG-56), CD45RA (clone HI100), CD4 (clone RPA-T4), and CD3 (clone 

UCHT1) antibodies and measured with flow cytometry. 

 TCRβ bulk sequencing 
DNA isolation was carried with the Qiagen AllPrep DNA/RNA Mini Kit. The TCR β-

chains (TCRβ) from 100 ng of cellular DNA, equivalent to approximately 14,500 T 

cells, were amplified through multiplex PCR and sequenced with an Illumina 

HiSeq2000 system [46].   

 Definition of clones and peptide-specific T cells 
We defined clones as cells with TCRβ rearrangements above a 0.01% percentage-

of-reads cutoff. To classify T cell clones as peptide-specific, we used (i) a frequency 

cutoff of 0.1% before and after multimer sort to reduce noise and (ii) a ternary exclu-

sion criterion with an enrichment ratio (frequency after / frequency before multimer 

sort): Clones with an enrichment ratio 10 times stronger in EPL-, RAK-, or HPV-multi-

mer-sorted populations as compared to the other two were designated as peptide-

specific. 
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3. Results 
3.1  Article 1 [41] 
 Tumor-infiltrating T cells (TILs) and T cells from unaffected mucosa (TUMs) show dis-

tinct immune phenotypes 
Our first question in this project was whether there is a phenotypic difference between 

TILs in the rectal tumor and TUMs. Multi-parameter flow cytometry with 13 different 

differentiation and checkpoint molecule antibodies showed that phenotypes could be 

compartmentalized as TIL, TUM, or overlapping (Fig. 2).  
 

 
Figure 2: Distinct phenotype compartments of TILs and TUMs 
t-Distributed Stochastic Neighbor Embedding (t-SNE) visualization. Modified from Fig. 2, Pen-

ter et al. 2019 
 

 Differential T cell presence in tumor, adjacent tissue, and PB 
Using single cell index sorting, single TILs and TUMs were analyzed for clonality 

(based on TCRαβ sequencing), immune phenotypes, and cytokine expression. Clon-

ally expanded TILs could be phenotypically distinguished from clonally expanded 

TUMs by characteristic TIM3 and PD1 expression. 

While single cell sequencing is useful for the identification of clone-associated immune 

phenotypes, TCRβ bulk sequencing allows the search of TCR sequences in a larger 

cellular cohort. We performed TCRβ bulk sequencing of CD8+ peripheral blood T cells 

to search for TIL clonotypes previously identified by single cell sequencing.  

From 149 expanded TIL clones, 61.7% were exclusively found in the tumor, 19.5% 

were also detectable in unaffected mucosa, and 32.9% could be found circulating in 

peripheral blood (Fig.3). Clones with the previously characterized TIM3+ PD1+ pheno-

type rarely appeared in PB and unaffected mucosa but were enriched in the tumor. 

No TCR clonotype was found shared among patients. 
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Figure 3: Clonal overlap among TIL, TUM, and peripheral blood T cells 
Data from patient no. 3 are shown as an example. Single vertical and colored lines on the 

outer ring represent expanded T cell clones. Gray area corresponds to non-expanded T cells. 

Blue lines in the inner circle indicate clones that appeared in PB. Black connectors show 

overlap of expanded TIL clones with TUM; gray connectors, of expanded TUM clones with 

TIL. Modified from Fig. 4, Penter et al. 2019 

   
 Clonally expanded TILs recognize antigens on tumor and unaffected mucosa 

cells 
Four tumor-exclusive and three overlapping TCRs were chosen to determine whether 

their target antigens were expressed solely on tumor tissue. Selected TCRs were ex-

pressed on 58α-β- hybridoma cell lines carrying an NFAT-GFP reporter and were then 

co-cultured with tumor and unaffected mucosa cells. 

Rare cell aggregates with GFP expression were visible with fluorescent microscopy 

indicating T cell antigen recognition. From four TIL-exclusive TCRs, one recognized 

an antigen solely from the tumor, one solely from unaffected mucosa, and two from 

both (one example of a TIL-exclusive TCR recognizing both tumor and unaffected 

mucosa cells is shown in Fig. 4). From the three overlapping TCRs, two were activated 

by both tumor and unaffected mucosa cells; one, only by unaffected mucosa. There-

fore, TIL target-antigens were not found exclusively on tumor cells. 
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Figure 4: Presence of TCR target antigen in tumor and unaffected mucosa tissue 
Fluorescence microscopy of 1C10-recombinant 58α-β- hybridoma reporter cells (58-1C10) 

stimulated with plate-bound anti-mouse CD3 antibody (as positive control) or co-cultured with 

tumor, unaffected mucosa, or HLA-mismatched unaffected mucosa (as negative control). 

GFP was measured as a readout of TCR-driven activation. 1C10 TCR is shown as an exam-

ple of two TIL-restricted TCRs that were tested. Numbers in parenthesis indicate number of 

cells in each co-culture. Modified from Fig. 5, Penter et al. 2019 

 

3.2  Article 2 [42] 
 Epitope-specific CD8+ T cells expand after peptide stimulation 

We stimulated mononuclear cells from 5 allogeneic stem cell grafts with three syn-

thetic peptides presented on HLA-B*35:01 (HPV, YPL, and EPL) and one graft with 

four peptides presented on HLA-A*02:01 (GLC, CLG, FLY, and YVL) (Table 1). While 

absolute leukocyte counts decreased, CD8+ T cells expanded. Peptide-specific T cell 

frequencies increased on average 42-fold (range: 1-228, median: 27) (Fig. 5) and ex-

pansion degree varied among donors and peptides. 
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Figure 5: Peptide-specific expansion of CD8+ T cells 
Data from one stem cell graft expansion driven by GLC peptide presented on HLA-A*02:01 

are shown as an example. Plots were pre-gated on live, CD45+, CD3+ lymphocytes.  Modified 

from Fig. 1, Lammoglia Cobo et al. 2022 
 

 Clonal T cell expansion patterns are donor- and peptide-dependent 
We single cell index-sorted tetramer-binding CD8+ T cells from in vitro stimulated cells 

and sequenced their TCRα- and β chains. We observed two different patterns regard-

ing the number and frequency of expanded T cell clones: i) expansions with a single 

dominant clone of frequency above 40% in clonally expanded cells (example from 5 

of 13 expansions in Fig. 6A, left pie chart) and ii) oligoclonal expansion (example from 

8 of 13 expansions in Fig. 6A, right pie chart). Numbers and sizes of expanded T cell 

clones varied among donors and peptides used for stimulation (Fig. 6B). 

 

 
Figure 6: Clonal expansion after peptide stimulation 
(A) Example of an expansion with a single dominant clone (YPL) and an oligoclonal expansion 

with a variety of less dominant clones (EPL). n= number of clones per graft after peptide 

stimulation. Percentage indicates frequency of the most dominant clone. (B) Frequencies of 
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individual clones among total identified clones per expansion per sample. G= graft number. 

Modified from Fig. 2, Lammoglia Cobo et al. 2022 

 

 Dominant T cell clones are target peptide-specific 
To test TCR peptide specificity, we re-expressed TCRs of 17 dominant T cells cover-

ing specificities for EBV latent and lytic antigens on 58α-β- hybridoma cells with NFAT-

driven GFP. Sixteen out of seventeen TCR-recombinant cell lines were activated 

when co-incubated with target peptide-loaded miniLCLs expressing the required HLA-

molecule (Fig. 7). No signal was detected with non-target peptides or when HLA-mis-

matched miniLCLs were used as antigen-presenting cells. 

 

 
Figure 7: Selected TCRs are target-peptide specific 
TCR-recombinant 58α-β- hybridoma cells were co-cultured with miniLCLs loaded with target 

or non-target peptide. Plate-bound anti-mouse CD3 stimulation was used as positive control. 

GFP expression indicated TCR-dependent T cell activation. Modified from Fig. 3, Lammoglia 

Cobo et al. 2022  

 

 TCR-recombinant lymphocytes recognize EBV+ LCLs 
Once we confirmed target peptide specificity, we tested whether TCR-recombinant T 

cells recognized EBV-infected cell lines. To strengthen the translational approach, we 

selected 7 TCRs for re-expression in third-party human PBLs. 

Three HLA-B*35:01- and four HLA-A*02:01-restricted TCRs were transduced in hu-

man PBLs with an average 34% (range 17.9% - 55.6%) of recombinant TCR expres-

sion in CD8+ T cells. TCR-recombinant T cells were activated by HLA-B*35:01+ (B01-

LCL and DJS-LCL) or HLA-A*02:01+ (B03-LCL, DJS-LCL, and JY-LCL) LCLs, as 

measured by CD137 expression and IFN-γ production. Non-transduced T cells were 

used as a negative control (Fig. 8). One recombinant TCR was used to characterize 

T cell activation in more detail by using HLA-mismatched LCLs, target peptide-loaded 
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LCLs, and additional readouts (CD107a expression and TNF-α and Granzyme B se-

cretion in cell culture supernatant). This analysis confirmed specific activation of T 

cells transduced with EBV peptide-specific TCRs by LCLs (Fig. 9). 

 

 
Figure 8: TCR-recombinant PBLs recognize EBV-infected cell lines 
PBLs were transduced with three HLA-B*35:01- and four HLA-A*02:01-restricted TCRs and 

co-cultured with LCLs. CD137 expression and IFN-γ production were measured as readouts 

of T cell activation. Co-incubation of HLA-B*35:01-restricted, EPL-specific TCR is shown as 

an example for 3 independent experiments. Bars show mean ± standard error. * p<0.05 by 

Welch two sample t-test.  Modified from Fig. 4, Lammoglia Cobo et al. 2022 

 

 
Figure 9: T cell activation by EBV+ LCLs is peptide- and HLA-dependent 
hL-EPL11A7 and non-transduced T cells were co-cultured with HLA*35:01+ B01-LCLs or 

HLA-mismatched JY-LCLs alone or loaded with 5μM EPL (target peptide). CD137 and 

CD107a expression and IFN-γ, Granzyme B, and TNF-α secretion in cell culture supernatant 
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were measured as readouts. Bars show mean ± standard error of triplicates. Modified from 

Supp. Fig. 7, Lammoglia Cobo et al. 2022  

 

3.3  Article 3 [43] 
 Multimer-binding CD8+ T cells expand after peptide-stimulation 

After stimulation of 600 million PBMCs with immunogenic EBV-derived peptides, ab-

solute T cell numbers doubled from 315 million to 631 million with a relative frequency 

increase from 53% to 83% of all leukocytes. Of note, CD8+ T cells increased 5.7-fold, 

from 87.6 to 500 million cells (Fig. 10A).  

Within the CD3+CD8+ T cell compartment, cells that bound multimers loaded with 

EBV-derived peptides RAK, EPL, and HPV increased 37.8-, 21.9-, and 17.3-fold, re-

spectively (Fig. 10B). After peptide stimulation, CD8+ T cells shifted towards an effec-

tor memory phenotype (CCR7-CD45RA-). 

  

 
Figure 10: T cell expansion after peptide stimulation in the cellular product 
(A) Relative frequency of subpopulations in Leukocytes, T cells, and CD8+ T cells. (B) RAK, 

EPL, and HPV multimer staining before (day 0) and after (day 9) peptide stimulation. Modified 

from Fig. 1, Lammoglia Cobo & Ritter et al. 2022 

 

 EBV peptide-specific clones dominate the TCR repertoire 
Sequencing of 100 ng DNA (approximately 14,500 T cells) from the T cell product 

before (day 0) and after peptide stimulation (day 9) revealed a strong expansion of Vβ 

segments Vβ6 and Vβ7 after peptide stimulation. Vβ6 was the most dominant rear-

rangement in EPL and HPV multimer-sorted populations, while Vβ4 and Vβ7 were the 

most frequent ones in RAK-sorted cells. While the most dominant clonotype on day 0 
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had a relative frequency of 1.4%, the most dominant one on day 9 had 14.5%, indi-

cating a strong selection process in the T cell product. 

We found 327 EPL, 341 RAK, and 313 HPV multimer-binding clonotypes in the cellu-

lar product on day 9. Gating for multimer sort was stringent enough to achieve a purity 

above 98%; however, contaminant and overlapping clonotypes with minor frequencies 

still appeared. To remove unspecific multimer binding and characterize clones as pep-

tide-specific, we used additional frequency and ternary exclusion criteria of the enrich-

ment ratio for all three multimers. From 471 TCRs identified in the cellular product, 

these criteria led to the identification and characterization of 40 EPL-, 28 RAK-, and 9 

HPV-specific T cell clonotypes, which covered 15.1%, 30.3%, and 29.5% of total 

reads, respectively (Fig. 11). 

 

 
Figure 11: Identification of peptide-specific TCR clonotypes in the cellular product 
Modified from Fig.2, Lammoglia Cobo & Ritter et al. 2022 

 

 EBV-specific T cell clones survive long-term in vivo after adoptive transfer 
Before adoptive transfer, the patient had an EBV infection that reached a peak of 

140,000 DNA copies/μl in blood on day 89 post-transplant. As major symptoms per-

sisted despite treatment of EBV viremia with DLI and Rituximab, the patient received 

the adoptive transfer of EBV-specific cells on day 105 post-transplant. Along with an 

initial peak of CD8+ T cells on day 113, there was no further EBV reactivation after 

transfer (Fig. 12). 
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Figure 12: Patient EBV viremia and CD8+ T cell levels post-engraftment 
Modified from Fig. 3, Lammoglia Cobo & Ritter et al. 2022 

 

TCRβ bulk sequencing of PB on days 60, 120, 180, and 232 post-transplant were 

used to monitor the fate of adoptively transferred, EBV-specific T cells. On day 60, 

prior to T cell transfer, number of EBV-specific T cells remained low. After adoptive 

transfer on day 105, we observed a substantial expansion of EBV-specific T cells on 

day 120. The frequency of EBV-specific cells slowly decreased after this point (Table 

3, Fig. 13). As no further EBV reactivation was detected after day 110, we conclude 

only few T cell specificities survive long term and contribute to EBV control. 

 
Table 3: Follow-up of EBV-specific T cells after adoptive transfer 

days 
post-

Tx 

EPL-specific T cells RAK-specific T cells HPV-specific T cells 
No. TCR 
clono-
types 

frequency 
of reads 

(%) 

No. TCR 
clono-
types 

frequency 
of reads 

(%) 

No. TCR 
clono-
types 

frequency 
of reads 

(%) 
60 2 3.67 4 4.78 0 0.00 

120 34 15.43 21 5.06 6 2.37 

180 33 11.05 21 3.92 5 2.45 

232 34 7.09 18 1.21 3 0.19 
Number of peptide-specific clonotypes and percentage of reads from CD8+ T cell samples. Adoptive 

transfer of EBV-specific T cells took place on day 105 post-transplantation (post-Tx). Modified from 

Supp. Table 5, Lammoglia Cobo & Ritter et al. 2022 
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Figure 13: Frequency of peptide-specific T cells before and after adoptive transfer 
Heatmap shows the frequency of reads from single peptide-specific T cell clonotypes in total 

CD8+ T cells. Each horizontal line represents a single clone. Clones identified as D indicate 

the peptide-specific clone with the highest frequency in the cellular product. Modified from Fig. 

4, Lammoglia Cobo & Ritter et al. 2022 
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4. Discussion 
4.1  Short summary of results 
In this work, my goal was to identify EBV peptide-specific TCRs for adoptive transfer of 

TCR-transduced T cells after alloSCT. It was therefore necessary to i) establish a meth-

odology to determine TCRα- and β sequences at single cell resolution, ii) identify and test 

re-expressed EBV-specific TCRs for clinical potential, and iii) understand long-term sur-

vival and associated viral control of adoptively transferred, EBV-specific T cells. 

In Article 1 [41], I learned a methodology previously established in our lab to determine 

immune phenotype and TCR sequences at the single cell level [44]. In Article 2 [42], 

single cell TCR sequencing and TCR re-expression were used to identify 16 EBV peptide-

specific TCRs. Seven of these TCRs were transduced in third-party T cells and TCR-

recombinant T cells recognized EBV-infected LCL. In Article 3 [43], we tracked in vitro 

expanded, EBV-specific T cells in an alloSCT patient after EBV reactivation. Long-term 

survival of few EBV peptide-specific T cell clonotypes was associated with reconstitution 

of EBV-specific immunity and protection against the virus. The patient died of systemic 

HSV-1 reactivation (an EBV-unrelated cause), thus emphasizing the importance of 

prophylactic strategies for viral control in a post-transplant context. 
 

4.2  Interpretation of results 
We had two starting materials available for EBV peptide-specific T cell expansion: G-

CSF-mobilized stem cell grafts (Article 2 [42]) and non-mobilized PBMC (Article 3 [43]). 

Stem cell grafts had several advantages: There are plenty of CD8+ T cells; no further 

collection of donor samples is required (especially to avoid a second apheresis); and HLA 

haplotyping and EBV serostatus are readily available. However, when unavailable, PBMC 

proved to be an equally good source of EBV-specific CD8+ T cells [30]. 

Peptide stimulation of donor material led to a strong expansion of pMHC multimer-bind-

ing, CD8+ T cells (up to 74.8% of all TCR reads in the cellular product of Article 3 [43]) 

without the need of antigen-recombinant APC. These peptide-stimulated cells served as 

either cellular product for adoptive transfer (Article 3 [43] and clinical study EudraCT 

2012-004240-30) or as a source to identify EBV-specific TCRs (Article 2 [42]).  

Despite the high level of purity in pMHC multimer+ cell sorting, non-target clones appear 

probably either due to unspecific multimer binding or contamination. To exclude them, we 

used two different approaches: In Article 3 [43], we applied (i) stringent gating for a pMHC 

multimer sort purity above 98%, (ii) a higher frequency cutoff before and after multimer 
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sort, and (iii) a ternary exclusion criterion with an enrichment ratio at least 10 times higher 

for one of the multimers to exclude multimer unspecific bindings. While this approach 

removed most contaminants and cells with unspecific pMHC binding, an additional 

method was required to test selected TCRs for functionality and peptide specificity. 

Hence, in Articles 1 [41] and 2 [42], we sorted and sequenced T cells at the single cell 

level and then re-expressed selected TCRs in the CD8+ 58α-β- reporter cell line. Single 

cell sequencing has the advantage of yielding naturally occurring paired TCRα- and β 

sequences for clonal characterization and TCR re-expression. Using this method, we 

identified EBV peptide-specific TCRs for adoptive transfer. 

We developed two strategies to monitor EBV-specific T cells: In Article 3 [43], bulk se-

quencing of TCRβ variable and joining segments from 14,500 T cells was used to track 

expanded clonotypes from the cellular product in patient’s PB samples. In Article 2 [42], 

the TCR constructs contained a chimeric mouse constant to monitor TCR-recombinant T 

cells using an anti-mouse TCRβ antibody. These two methodologies give us the possibil-

ity to track adoptively transferred, EBV-specific T cells in patient’s PB samples. 

 
4.3  Embedding the results into the current state of research 
There is a strong correlation between the presence of adoptively-transferred EBV-specific 

T cells and the absence of EBV-associated lymphomas [50], EBV reactivation [51], and 

the control of active infections [52,53]. For this reason, survival of either in vitro expanded 

or TCR-recombinant, EBV-specific T cells and absence or control of EBV-associated 

complications indicate prophylactic or therapeutic success after adoptive transfer.    

To identify EBV-specific TCRs, sequencing methodologies can use donor T cell samples 

without prior in vitro stimulation [54,55] or stimulated with either EBV-antigen-recombinant 

APC [29,40] or EBV-infected cell lines [28] as starting material. We decided to stimulate 

T cells in vitro with synthetic peptides to specifically expand low frequency EBV-specific 

T cell clones and to increase single cell sort and sequencing efficiency with an enriched 

target population. Despite using peptide-loaded target cells, TCR-recombinant T cells 

were able to recognize EBV-infected LCLs and, therefore, naturally processed and pre-

sented peptides.  

In our articles, pMHC multimer usage was restricted for analytic purposes and pMHC 

tetramers were used as part of the TCR discovery platform. Previous studies used a mul-

timer-based approach to generate virus-specific T cell products [56–59]; however, our 
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cellular product in Article 3 [43] was adoptively transferred without preselection of multi-

mer-binding cells [30] on two premises: 1) It is currently debated whether multimer-bind-

ing requires a higher affinity than T cell activation [60] and would therefore introduce a 

bias and 2) multimer-binding may lead to prolonged T cell activation or altered function-

ality [56,61]. Still, pMHC multimers were essential to characterize epitope-specific com-

partments in detail in Article 3 [43] and to sort epitope-specific T cells for TCR identifica-

tion in Article 2 [42]. 

 

4.4  Strengths and weaknesses of the studies 
To select TCRs for potential clinical application, we focused on TCRs targeting immu-

nodominant EBV-derived epitopes presented on selected HLAs. However, we were sur-

prised by the large TCR diversity and minimal TCR overlap among different donors for 

TCRs with the same peptide specificity and HLA restriction. In Article 2 [42], we observed 

T cell clonotype selection and clonal expansion patterns after peptide stimulation to be 

donor specific, with only a few shared TCRs among donors. Due to this high diversity of 

EBV-specific T cell clones, readily available TCRs with known specificity and which have 

been tested for EBV+ cell line recognition may offer a more consistent therapeutic ap-

proach for TCR re-expression and adoptive T cell transfer. This potentially curative ap-

proach is of particular importance in the case of EBV-seronegative donors with no EBV-

specific memory compartment available. 

The mains strengths of our strategies are: 

 Identification of EBV-specific TCRs with clinical potential 

o Epitope specificity is demonstrated by activation of recombinant reporter 

cell lines in co-culture with target peptide-loaded cells.  

o Selected TCRs are not alloreactive. 

o TCR-transduced PBLs recognize EBV+ LCLs. 

 TCR clonotype identification through: 

o molecular characterization of the cellular product and TCRβ bulk sequenc-

ing (Article 3 [43]), 

o single cell index sorting and sequencing (Articles 1 [41] and 2 [42]), and  

o mTCRβ FACS staining (Article 2 [42]). 

 Flexibility of the manufacturing protocol to incorporate peptides from different an-

tigens, viruses, or presented on different HLA-types 
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 Clinical translation of TCR-recombinant T cells available for patients with EBV in-

fection, EBV-reactivation, or EBV-associated malignancies, not restricted to a 

post-alloSCT context 

The main limitation of our approach is dependency on available data concerning immu-

nodominant epitopes. For example, information on HLA restrictions is mostly derived from 

studies on populations of European descent. Despite this, EBV is a well-characterized 

virus for which several immunodominant peptides have been identified and for which we 

expect scientific knowledge, including from less-well represented population cohorts, to 

keep expanding in the future. 

While stimulation with high peptide concentrations may result in the expansion of irrele-

vant TCR clonotypes, we incorporated TCR re-expression in reporter cell lines and co-

culture of TCR-recombinant T cells with LCLs to validate peptide specificity and possible 

clinical relevance. Our methodology proved to be highly selective, as 16 of 17 tested 

TCRs were peptide-specific and T cells transduced with seven selected TCR were acti-

vated when co-cultured with EBV-infected cell lines. 

 

4.5  Implications for practice and/or future research 
The question remains as to which is the optimal TCR candidate for re-expression and 

adoptive transfer. A combination rather than a single TCR will be the best approach for 

clinical translation and, for improved survival, T cell transfers may even have to include 

CD4+ helper T cells. The complex pathogenesis of EBV-associated diseases involves 

progression through several latency and lytic phases, with different antigen expression 

patterns appearing in EBV-associated malignancies [62–64]. Considering EBV has co-

evolved with humans over thousands of years and produces a life-long infection in hu-

mans, a combination of T cell clones with different avidities, specificities, and phenotypes 

remains in the T cell memory compartment and controls EBV in its different stages [65]. 

Polyclonal T cell expansion specific for a single epitope indicates in vivo selection of TCRs 

with different affinities for one single specificity. Therefore, future studies can help clarify 

the role of single EBV-specific T cells and their combined dynamics during EBV latency, 

EBV lytic infection, and development of EBV-associated malignancies. 

As we tracked adoptively transferred cells in the patient from Article 3 [43], we noticed 

that only few peptide-specific T cell clonotypes survived long-term and mediated EBV 

control. This points to the importance of carefully selecting several TCRs for re-expres-

sion and possible need for repeated adoptive T cell transfer. 
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GMP-compliant protocols for a retroviral TCR transduction into human T cells have al-

ready been established [66,67] and will facilitate clinical translation as a gene therapy 

according to the Advanced Therapeutic Medicinal Products (ATMP) of the European 

Medicines Agency (EMA). Identified TCRs can therefore be compiled into an HLA-re-

stricted TCR library for transduction into third-party donor cells to produce readily availa-

ble, off-the-shelf products with a manufacturing and clinical license. 

In this project, we selected four HLA-A*02:01 and three HLA-B*35:01-presented EBV-

derived peptides to establish an efficient platform for the identification of EBV-specific T 

cells. Our methodology proved to be very robust, as 16 out of 17 reconstructed TCRs 

were target peptide-specific. With this information, the flexibility of the manufacturing 

pipeline easily allows us to expand our peptide library for additional EBV antigens, HLA-

restrictions, and transplant-relevant viruses such as CMV, Adenovirus, and Human Her-

pesvirus 6 (HHV-6). Finally, as PTLD is not limited to alloSCT but also present in adult 

solid organ transplantation [68],  our cellular products can be used in different post-trans-

plantation or immunocompromised scenarios as required. 
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5. Conclusions  
Adoptive transfer of EBV-specific T cells offers the possibility to reconstitute cellular im-

munity against EBV, protect patients against EBV-related complications without compris-

ing B cell immunity, and therefore contribute to a better outcome post-transplant. In this 

project, we were able to establish a robust pipeline for the discovery of EBV-specific TCRs 

of clinical potential. The ability to easily exchange peptides in the process allows targeting 

of different antigens, HLA-restrictions, and potentially other viruses. TCRs of defined pep-

tide specificity and HLA restriction can then be stored in TCR libraries to prepare readily 

available off-the-shelf products. 

Using single cell sorting and sequencing of in vitro peptide-stimulated cells, we identified 

EBV peptide-specific TCRs which, transduced in third party T cells, recognize EBV-in-

fected cell lines. Simultaneously, we observed the long-term in vivo survival of adoptively 

transferred EBV-specific T cells and the associated immune control of EBV in a case 

study. Based on these finding, we propose adoptive transfer of virus-specific T cells trans-

duced with carefully selected TCRs as a prophylactic and therapeutic approach to prevent 

EBV-associated complications.
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