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SUMMARY
Adoptive transfer of T cells expressing a transgenic T cell receptor (TCR) has the potential to revolutionize
immunotherapy of infectious diseases and cancer. However, the generation of defined TCR-transgenic
T cell medicinal products with predictable in vivo function still poses a major challenge and limits broader
andmore successful application of this ‘‘living drug.’’ Here, by studying 51 different TCRs, we show that con-
ventional genetic engineering by viral transduction leads to variable TCR expression and functionality as a
result of variable transgene copy numbers and untargeted transgene integration. In contrast, CRISPR/
Cas9-mediated TCR replacement enables defined, targeted TCR transgene insertion into the TCR gene
locus. Thereby, T cell products display more homogeneous TCR expression similar to physiological
T cells. Importantly, increased T cell product homogeneity after targeted TCR gene editing correlates with
predictable in vivo T cell responses, which represents a crucial aspect for clinical application in adoptive
T cell immunotherapy.
INTRODUCTION

Adoptive T cell therapy (ACT) can specifically restore T cell-

mediated immunity to fight infectious diseases or cancer.1,2

The administration of autologous tumor-infiltrating lymphocytes3

or transfer of pathogen-specific T cells that were ex vivo isolated

from an HLA-matched donor4 represent particularly successful

approaches. However, while these approaches have proven

their efficacy and safety, they are also largely restricted by the

often limited availability and accessibility of antigen-specific,

HLA-matched T cells from patient- or healthy donor-reper-

toires5–7. This problem could be solved by genetically engineer-

ing TCR-transgenic T cells for clinical application since the

desired TCR and the HLA-matched T cell can be taken from

different sources. Furthermore, through combining optimal

T cell phenotype,8–11 highest degree of HLA-matching,12 and

TCR-intrinsic features such as antigen specificity or avidity,13,14

TCR-engineered T cells provide unique therapeutic opportu-
Cell Re
This is an open access article under the CC BY-N
nities. Thousands of patients have so far been safely treated

with antigen-specific receptor transgenic T cell products. The

clinical success, however, is until now rather limited.15–17

One aggravating factor is the complexity of TCR engineering.

Interactions between the endogenous and the introduced trans-

genic receptor can result in T cell products with inferior function-

ality.18,19 The transgenic TCR competes with the endogenous

TCR for a limited amount of CD3molecules, which can decrease

the surface expression of both.20 Furthermore, because of the

TCR’s heterodimeric structure, chains of the transgenic and

the endogenous receptor can form mispaired TCR variants,

which again decreases surface expression of the desired trans-

genic TCR and also poses a safety hazard, because mispaired

TCRs can exert off-target toxicity.21–24 In the past, these prob-

lems in TCR engineering were tackled through many different

approaches. Conventional lenti- or retroviral systems that

enable high transgene integration efficiency are widely used for

TCR editing in basic research18–20 and clinical studies.15–17
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Furthermore, increased transgenic TCR surface expression and

decreased levels of mispairing were achieved with TCR con-

structs consisting of murine constant regions25,26 with an addi-

tional disulfide bond27,28 or other stabilizing modifications of

the TCR chains.29–31 However, complete elimination of mispair-

ing and undisturbed expression of the transgenic TCR was only

achieved via the full KO of the endogenous TCR.22,32–34

While interference through the endogenous TCR can be elim-

inated, conventional editing still largely lacks control over the

quantity and site of transgenic TCR integration events. Such un-

targeted editing might affect T cell product safety and function-

ality. Upon conventional editing, advanced analysis of single-cell

vector copy numbers (VCN) revealed up to 44 transgene integra-

tions in a primary T cell.35 Both the US Food and Drug Adminis-

tration (FDA) as well as the European Medicines Agency (EMA)

highlight that the risk of gene-modified cell therapies via inser-

tional oncogenesis36 should be reduced through the limitation

of VCN.37 Accordingly, clinical studies that reported VCN for

antigen-specific receptor transgenic T cells documented an

average copy number between 1 and 2.38–40 However, even

with low VCN, viral transduction results in close-to-random

transgene integration41 and requires constitutively active

extrinsic gene promoters for transgene expression. While a low

copy number may be desired for safety reasons, it may also limit

TCR transcription levels and protein surface expression, which

could ultimately compromise the functionality of conventionally

engineered T cell products.19,42,43 Today, novel advancements

in the field of genetic engineering enable controlled TCR gene

editing through targeted knockin (KI) of a transgenic receptor

into the TCR locus.32,44,45 So-called orthotopic TCR replace-

ment (OTR) simultaneously results in the removal of endogenous

TCR chains and transgenic TCR transcription under the control

of the endogenous TCR promoter.

In this report, we systematically compare targeted OTR tech-

nology to untargeted conventional TCR editing (both in absence

of the endogenous TCR) in order to investigate differential con-

sequences on the magnitude, variability, and interrelatedness

of transgenic TCR surface expression and functionality. Because

TCR-intrinsic characteristics such as epitope-ligand specificity

and avidity can bias general conclusions, we built up and used

a library of 51 unique antigen-specific TCRs for this study. First,

we performed TLA and single-cell RNA sequencing (scRNAseq)

to investigate TCR transgene integration and transcription. After

conventional editing, TCR transgenes were dispersed over the

whole genome, including exonic regions and cancer genes,

thereby representing not only a safety hazard but also a source

for T cell product variability. Accordingly, scRNAseq data re-

vealed highly heterogenous TCR transcription that was also in

correlation to VCN. In sharp contrast, OTR resulted in targeted

TCR transgene insertion into the TCR locus as well as homoge-

neous TCR transcription. Next, we demonstrate that the hetero-

geneity in TCR transcription directly translates into variable TCR

surface expression with consequences for functionality. First, we

performed a functional comparison between OTR and conven-

tional editing with a clinically relevant low TCR copy number

and observed that OTR T cells have consistently higher TCR sur-

face expression and slightly enhanced T cell functionality in vitro

and in vivo. Second, the increased homogeneity of transgenic
2 Cell Reports Medicine 2, 100374, August 17, 2021
TCR transcription and surface expression after OTR led to

more predictable in vivo functionality of T cell products

compared to conventionally edited, heterogeneous TCR-trans-

genic T cells. These findings demonstrate that the method of

TCR engineering can significantly shape T cell product function-

ality. Targeted TCR gene editing via OTR offers a high genetic

safety profile and also produces defined T cell products with

more predictable functionality compared to conventional editing.

Thereby, OTR T cell products align well with the usual require-

ments of clinically approved medicinal products.

RESULTS

Targeted TCR editing results in homogeneous TCR
transcription
Conventional editing, such as through lenti-/retroviral transduc-

tion or transposon systems, is a rather uncontrolled process dur-

ing which one or multiple transgene copies integrate at least

semi-randomly into the genome.46,47 In contrast, OTR enables

tightly controlled replacement of the endogenous TCR with

transgenic TCR expression under the endogenous TCR pro-

moter32,45 (Figure 1A). To investigate these aspects of TCR engi-

neering and dissect their individual effects on T cell biology, we

first established a platform for reliable TCR sequence identifica-

tion (Figure S1) to generate a comprehensive library of CMV-

specific TCRs. Performing experiments with more than one

TCR decreases the risk of bias through individual TCR-intrinsic

characteristics. OTR was performed via homology-directed

repair (HDR) of a full TCR ab construct into the first exon of the

TCR a constant region (TRAC) and additional TCR b-chain KO

(Figure S2). Conventional editing was performed via retroviral

transduction with the commonly used MP71 vector that enables

high TCR transgene expression.48 Full TCR ab KO was also per-

formed after conventional editing to exclude bias originating

from endogenous TCR expression (see Figure S3 for how vari-

ability of TCR engineered T cells through competition and mis-

pairing is removed through full TCR ab KO, as shown for 19

different A1/pp50-specific TCRs). Furthermore, two different

levels of virus multiplicity of infection (MOI) were used to achieve

either integration of only one TCR copy according to Poisson-

statistics42 (Tx MOIlo) or a high copy number (Tx MOIhi). In a first

step, we investigated TCR transgene integration sites via TLA49

with two different A2/pp65-specific TCRs. For OTR samples, we

detected two integration sites (Figure 1B; Figure S4). Primarily,

the full TCR transgene was inserted at the intended target site

in the first exon of TRAC through HDR. In addition, homology-in-

dependent partial transgene integration occurred at the intended

double-strand break in the TCR b constant region (TRBC1/2)

locus, as observed before32. In sharp contrast to that, conven-

tional editing resulted in a large number of integration sites

dispersed over the whole genome.We detected 37 and 465 inte-

gration sites for TCR 1-4 Tx MOIlo (Figure 1B) and TCR 6-2 Tx

MOIlo (Figure S4), respectively. TLA indicated a high heterogene-

ity of the investigated T cell products so that many integration

sites were below the detection limit. Hence, the detected num-

ber of integration sites most certainly represent underestimates.

Bioinformatic analysis revealed that 27 (TCR 1-4 Tx MOIlo) and

196 gene regions (TCR 6-2 Tx MOIlo) were hit by transgene
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Figure 1. Targeted TCR editing results in homogeneous TCR transcription

(A) Schematic illustration of conventional and targeted TCR editing (both with full endogenous TCR KO) and their differential transgene integration profiles in

comparison to a non-engineered, physiological T cell. Conventionally edited T cells might differ in TCR copy number and TCR transgene integration site. For the

sake of clarity, individual TCR a and b gene loci are not shown.

(B) TLA coverage across the human genome for integration of TCR 1–4. Circles indicate more abundant and arrows indicate examples of less abundant

integration sites. TRAC locus is located in chromosome 14; TRBC locus in chromosome 7. Similar results were obtained with an independent primer set.

(C) Usage of fluorochrome barcodes for demultiplexing of samples. Visualization via uniform manifold approximation and projection (UMAP), n = 482 cells per

barcode.

(D) UMAP on whole transcriptome data compared by editing method for two A2/pp65-specific TCRs, n = 450 cells per editing method.

(E) Quantification of transgenic TCR transcription at day 5 post editing. Violin plots indicate frequency distribution; median and quartiles are shown with dashed

lines. Statistical testing by two-way ANOVA (****p < 0.001 for editingmethod, ****p < 0.001 for TCR, n = 256 cells per editing method) followed by Tukey’s multiple

comparisons test, ****p < 0.0001.

(F) TCR protein surface expression of cells in (B–E) via antibody staining of the murine constant TCR b-chain (mTRBC) within transgenic TCRs.
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insertion (mostly intronic). Three (TCR 1-4 Tx MOIlo) and 35 (TCR

6-2 Tx MOIlo) integrations occurred in ‘‘cancer genes.’’ Interest-

ingly, both Tx MOIlo samples showed integrations into introns of

the cancer genes CHST11 and RUNX1. In addition, we also per-

formed whole genome sequencing for untargeted determination

of off-target events, representing an important quality control for

regulatory authorities when producing GMP-conform OTR T cell

products for clinical use. Variant analyses of these data did not

reveal relevant off-target events in two separate donors and

with both TRAC and TRBC guide RNAs (unpublished data).

Next, we investigated individual impacts of low versus high

copy number and untargeted versus targeted TCR integration

on the transcriptome of edited T cells via scRNAseq. Tominimize

biases through batch effects, we additionally performed multi-

plexing through a co-transduction of three different fluoro-

chromes (blue, cyan, and green fluorescent protein [BFP, CFP,

and GFP]), which served as barcodes for the three different edit-

ing approaches. Fluorochrome barcodes were successfully

retrieved from sequencing data for both TCR pools and could

be used for demultiplexing (Figure 1C). In terms of the global

transcriptome, we could not observe any substantial differences

between editing methods (Figure 1D) or between TCRs (Fig-

ure S5A). However, editing methods resulted in significantly

different transgenic TCR transcription (Figure 1E) and surface

expression (Figure 1F and Figure S6). Remaining endogenous

TCR transcription levels, potentially including frameshifted tran-

scripts that might be subject of quick mRNA-degradation, were

consistent between editing groups and slightly lower than levels

observed after OTR (Figure S5B). In comparison to conventional

editing, OTR resulted in a more homogeneous TCR transcription

at a level that closely paralleled remaining endogenous TCR

mRNA content. Within the two conventionally edited samples,

higher virus MOI resulted in higher transgenic TCR mRNA (Fig-

ure 1E) and protein (Figure 1F; Figure S6) levels, but both sam-

ples showed increased heterogeneity compared to OTR T cells

(Figure 1e; Figure S5C). House-keeping genes such as GAPDH,

VIM, andMALAT1 were expressed uniformly irrespective of edit-

ing methods (Figure S5d). The frequency distribution (as visual-

ized by changing widths of violin plots in Figure 1E) of transgenic

TCR expression after Tx MOIlo indicates that a fraction of cells

might have received more than one transgene copy, which

would be in linewith previously reported single-cell VCNdistribu-

tions and Poisson-statistics.35 Another potential source of trans-

gene expression variability is the observed heterogeneity of

insertion sites (Figure 1B), since different loci have different chro-

matin accessibility which affects gene transcription.50

In summary, conventional editing generates a certain risk of

mutagenesis and results in variable TCR transcription levels

through random genomic integration of an undefined transgene

copy number per cell. In contrast to that, targeted TCR editing

viaOTRoffersahighersafetyprofile throughdefinedTCRgenomic

integration that also results in homogeneous TCR expression.

Uncontrolled TCR editing impacts TCR surface
expression and functionality
Having observed variable TCR integration and transcription after

conventional editing, we speculated that this could also impact

the functionality of TCR redirected T cell products.19,43 To test
4 Cell Reports Medicine 2, 100374, August 17, 2021
this hypothesis, we titrated virus MOIs for transduction of two

A2/pp65-specific TCRs into endogenous TCR-KO primary

T cells in order to simulate variable transgene integration

numbers. Editing efficiency and TCR surface expression posi-

tively correlated with virus MOI (Figures 2A and 2b; Figures

S7A and S7B). We then sorted equal numbers of TCR-transgenic

Tx MOIlo (0.013 virus) and Tx MOIhi (1.03 virus) CD8+ T cells by

flow cytometry and tested their functionality after a short time of

in vitro culture. We could observe that increased transgenic TCR

surface expression of TxMOIhi T cells resulted in distinctly higher

cytotoxic capacity (Figures 2C and 2D) and peptide sensitivity

measured via intracellular cytokine staining (ICCS) (Figure S7C).

Additional experiments with a clinically used lentiviral vector

(pCDH-EF1) confirmed the described correlation of copy num-

ber, editing efficiency, TCR surface expression and functionality

(Figures S8A–8C). Furthermore, we could not identify different

phenotypic signatures between MOIlo versus MOIhi, as well as

retro- versus lentiviral transduction (Figures S8D and S8E). To

exclude potential TCR-intrinsic biases, we introduced 32 A2/

pp65-specific TCRs each into an endogenous TCR-negative

Jurkat triple-parameter reporter cell line (TPRKO) that allows for

high throughput functional screening of TCR signaling.51,52 We

observed that cells with high TCR surface expression (TCRhi)

also showed increased levels of nuclear factor-kappa B (NFkB)

reporter activity upon antigen-specific stimulation (five represen-

tative TCRs shown in Figures 2E and 2F). Maximum NFkB re-

porter activity in response to antigen (Emax) of 32 TCRs was

significantly increased in TCRhi cells compared to TCRlo cells

(Figures 2G and 2H), as was peptide sensitivity (Figure S9). In

summary, uncontrolled conventional TCR editing—through var-

iable VCN and undefined genomic integration—produces T cells

with heterogeneous transgenic TCR surface expression that

directly translates into variable functionality.

Targeted TCR editing enables homogeneous TCR
surface expression and increased functionality
Antigen-specific receptor redirected T cell products in past and

present clinical trials have so far been generated via conventional

editing with low virus MOIs38–40 in order to minimize risks origi-

nating from multiple (random) transgene integrations. We there-

fore set out to perform VCN-standardizedmeasurements of func-

tional capacity by comparing T cell products that were either

generated via OTR or conventional editing with statistically one

TCR integration. For this, we sorted CD8+ A2/pp65-specific

TCR-transgenic T cells by flow cytometry and cultivated them in

an antigen-free manner. While TCR RNA levels were generally

lower upon OTR a few days after editing (Figures 1E and 1F),

we observed in several independent experiments and donor

T cells that TCR surface expression and pMHC stainability was

higher after OTR compared to transduction with low virus MOIs

when cells were cultured for more than a week (Figures 3A and

3B; Figures S10A and S10B). This possibly reflects a delayed

accumulation of TCR surface protein after OTR, which is from

then on maintained at a consistent level. Corresponding to

more homogeneous TCR RNA expression, TCR surface expres-

sion was significantly less variable in OTR T cell products, as indi-

cated by a lower cell-to-cell surface expression variability (Fig-

ure S10C). We then used these cells to study antigen-specific
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Figure 2. Uncontrolled TCR editing impacts TCR surface expression and functionality

(A) Transgenic TCR surface expression of the A2/pp65-specific TCR 1-4. Editing was performed in human T cells via retroviral transduction with a titration of virus

dose and additional elimination of the endogenous TCR. Numbers indicate percentages of CD8+.

(B) Correlation of editing efficiency to transgenic TCR surface expression (mTRBC MFI). Each dot represents one of two indicated TCRs. Fitting by non-linear

regression.

(C) Killing of peptide-pulsed target cells over time by two A2/pp65-specific TCR-transgenic flow cytometry-sorted T cell products that were generated with a low

(gray) or high (orange) virus MOI (0.013 virus and 1.03 virus, respectively; cell products depicted in A and B and Figure S7A). Lines illustrate the mean of three

replicates ± SD.

(D) Quantification of killing capacity (as percentage of maximum killing, area under the curve normalized to mock control) measured in (C) for both TCRs and

editing methods. Statistical testing by Mann-Whitney test. Depicted are replicates and mean ± SD.

(E) Flow cytometry plots of TCR surface expression and NFkB reporter activity of five representative A2/pp65-specific TCRs in the TPRKO cell line52 after antigen-

specific stimulation. Editing was performed via retroviral transduction.

(F) NFkB mean fluorescence intensity (MFI) of data shown in (E).

(G) NFkB Emax of 32 A2/pp65-specific TCRs corresponding to data in (E). Bars represent mean of three replicates.

(H) Direct comparison between cells with low and high TCR surface of data shown in (G). Statistical testing by Wilcoxon matched-pairs signed rank test, ****p <

0.0001. Data are representative of two independent experiments.
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cytokine release and cytotoxicity. OTR T cells showed a distinct

expression pattern of interferon-g (IFNg) and interleukin-2 (IL-2)

measured via ICCS and a consistently enhanced peptide sensi-

tivity for all tested TCRs (Figures 3C and 3D). We also observed

consistently higher cytotoxic capacities of OTR T cells (Figures
3E and 3F). Additional experiments with another donor confirmed

these results (Figure S11). In summary, in a clinically relevant,

VCN-standardized comparison of OTR to conventional editing,

OTR T cell products consistently showed higher TCR surface

expression and functional capacity.
Cell Reports Medicine 2, 100374, August 17, 2021 5
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Figure 3. Targeted TCR editing enables homogeneous TCR surface expression and increased functionality

(A) TCR surface expression of four A2/pp65-specific TCRs after flow cytometry-sorting and two weeks of in vitro culture. Editing was performed in human T cells

via OTR (blue) or retroviral transduction with a low virus MOI (gray) and in both cases additional elimination of the endogenous TCR.

(B) Quantification of TCR surface expression levels for each TCR individually and pooled for comparison of editing groups. Each dot represents measurement of

one TCR at one of two time points (day 10 after sort indicated by open circles, day 14 after sort indicated by filled circles). Statistical testing by two-tailed paired

Student’s t test, ***p < 0.001.

(C) Functional cytokine response of T cell products shown in (A). Dose-dependent release of IFNg (top left) and IL-2 (bottom left) after antigen-specific stimulation

for one representative TCR. Corresponding half-maximum effective concentration (EC50) curves (right).

(D) Quantification of IFNg (top left) and IL-2 (bottom left) EC50 values of four individual A2/pp65-specific TCRs. Depicted are replicates andmean ± SD. Statistical

testing by Mann-Whitney tests. Direct comparison of IFNg and IL-2 EC50 between editing groups (right). Here, each dot represents the mean EC50 of three

replicates for one TCR. Statistical testing by Wilcoxon matched-pairs signed rank test.

(E) Killing of peptide-pulsed target cells over time of one representative A2/pp65-specific TCR-transgenic T cell product (shown in A, B, C, and D). Lines illustrate

the mean of three replicates ± SD.

(F) Quantification of killing capacity (as percentage of maximum killing, area under the curve normalized to mock control) for all four TCRs and editing methods.

Depicted are replicates and mean ± SD. Statistical testing by Mann-Whitney tests. Direct comparison between editing groups. Here, each dot represents the

mean of three replicates for each TCR. Statistical testing by Wilcoxon matched-pairs signed rank test.
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Targeted TCR gene editing results in more predictable
in vivo T cell function
We observed in multiple experiments and a large set of different

TCRs and donors (Figure 1; Figures S10C, S11B, and S12) that
6 Cell Reports Medicine 2, 100374, August 17, 2021
OTR generates more homogeneous TCR-transgenic T cell prod-

ucts in comparison to conventional editing. As we also collected

evidence for a direct relationship between surface expression

and in vitro functionality (see Figures 2 and 3), we wondered
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Figure 4. Targeted TCR gene editing results in more predictable in vivo T cell function

(A) Heterogeneous TCR expression within a TCR-transgenic T cell product in combination with T cell recruitment after adoptive T cell transfer may cause dif-

ferential in vivo T cell product functionality in different patients.

(B) Experimental setup.

(C) pMHC-multimer FI of four fully human A2/pp65-specific TCRs. Editing was performed either via OTR (blue) or retroviral transduction (gray) and additional

elimination of the endogenous TCR (accounts for both methods). Each dot represents one single cell. For each TCR and editing method, 100 randomly drawn

cells derived from a larger population are displayed (left). Quantification of the corresponding cell-to-cell pMHC-multimer FI variability (right). Statistical testing by

Wilcoxon matched-pairs signed rank test.

(D) Analysis of TCR-transgenic T cell responses at day 8 in the liver of sacrificed animals. Depicted are representative responses in two mice per editing group.

Numbers denote percentages of human CD8+pMHC+ cells.

(E) Quantification of TCR-transgenic T cell response variability between individual mice. For each TCR and editing method, the percentage deviation of total T cell

recruitment in one mouse compared to the mean recruitment in all mice is depicted as one dot (left). Bars indicate minimal to maximal deviation from mean.

(legend continued on next page)
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whether OTR would result in more predictable in vivo function-

ality and thereby ultimately enable the generation of more stan-

dardized T cell products for immunotherapy.

Upon adoptive T cell transfer, not all transferred T cells are

recovered and recruited into the immune response, as reflected

by the recovery rate in single-cell transfer experiments.53 The

transferred cells that ultimately form the immune response are

therefore a subpopulation of the initially transferred T cell prod-

uct. Accordingly, we hypothesized that the variable TCR expres-

sion between single cells of a transferred T cell product should

also lead to functional variability between recruited cell popula-

tions in different hosts (Figure 4A). To investigate this, we intro-

duced four different fully human A2/pp65-specific TCRs into

T cells either via OTR or conventional editing. In addition to

TCR editing, we further introduced four different fluorochrome

transgenes by retroviral transduction in order to color barcode

each TCR.54 This allowed us to perform polyclonal adoptive

transfer experiments, thereby reducing technical mouse-to-

mouse variability for comparisons between TCRs.55 Five days

post editing, we pooled defined numbers of all four TCR-trans-

genic fluorochrome-positive T cell products (1 3 105 cells per

TCR) that were either generated via OTR or conventional editing

and transferred the cells together with human IL-2 via intraperi-

toneal injection (i.p.) into irradiated human HLA-A*02 transgenic

NOD.Cg-PrkdcscidIl2rgtm1WjlTg(HLA-A/H2-D/B2M)1Dvs/SzJ

(NSG/HHD) mice56 that were subsequently infected with a trans-

genic murine CMV (mCMV) strain that presents the human CMV

(hCMV) HLA-A*02-restricted pp65 epitope (NLV) (mCMV-ie2-

ANLV) (Figure 4B). This model allows for in vivo investigation of

human TCR-transgenic T cells in a system with natural CMV

tropism.57 Again, fluorescence intensity (FI) of individual cells af-

ter pMHC-multimer staining was consistently less variable in

OTR T cells (Figure 4C). Eight days after adoptive T cell transfer,

we isolated livers of infectedmice and analyzed T cell responses.

The additional fluorochrome color barcode enabled us to differ-

entiate between TCRs so that we could compare individual TCR

population sizes between different mice (Figure 4D; for gating

strategy see Figure S13A). Of note, TCR-transgenic T cells

derived of the same T cell product contributed to the overall pop-

ulation in different mice in a variable manner when generated via

conventional editing, but not when generated by OTR, as quan-

tified by inter-host recruitment variability (Figure 4E; Fig-

ure S13B). To corroborate this finding and exclude a potential

bias through specialties of fully human TCR constructs, we

further performed a second experiment with four A2/pp65-spe-

cific murinized TCR constructs (i.e., murine constant regions)

and again observed significantly reduced inter-host recruitment

variability of OTR T cells compared to conventionally engineered

T cells (Figure 4F; Figure S13C). Having observed these func-

tional in vivo effects originating from heterogeneity within a

T cell product, we further investigated the variability between

different T cell infusion products. For this, we transgenically ex-
Quantification of inter-host variability of T cell responses by editing group (right).

signed rank test; n = 4-5 mice per group.

(F) Repetition of the experiment shown in (E) with four murinized A2/pp65-specific

Wilcoxon matched-pairs signed rank test; n = 5 mice per group.
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pressed five A2/pp65-specific TCRs either via OTR or via MOIlo

retroviral transduction into endogenous TCR-KO T cells derived

from three different donors. This revealed distinctly increased in-

ter-donor variability after conventional editing (Figure S14). To

determine the effect of different editing methods on in vivo

recruitment side-by-side, we again performed co-transfer ex-

periments (1 3 105 cells per TCR) in the NSG/HHD model, but

now with fluorochromes serving as barcodes for the editing

method (Figure S15A). Seven days after infection, OTR T cells

showed consistently higher recruitment compared to conven-

tionally MOIlo edited T cells (Figure S15B and S15C). Finally,

we also assessed in vivo protectivity of differentially edited

T cells transferred into individual mice (2 3 106 sorted CD8+

transgenic TCR+ T cells) (Figure S16A). In the NSG-HHD model

system, OTR T cells showed a slightly increased protective ca-

pacity compared to conventionally edited T cells (Figures

S16B–S16D). More noteworthy, however, variability between

different recipients was again decreased in the OTR group (Fig-

ure S16E) as observed before (Figures 4E and 4F). We conclude

that in contrast to uncontrolled conventional editing, targeted

TCR insertion facilitates the production of highly defined, homo-

geneous T cell products with predictable in vivo functionality.

DISCUSSION

First reports on CRISPR/Cas9-mediated replacement of the

endogenous TCR with either a chimeric antigen receptor

(CAR)44 or a TCR45wereperceived as important proof-of-concept

studies in the fields of T cell engineering and ACT. Targeted trans-

gene integration not only promised to offer an increased safety

profile but is also highly appealing as OTR T cell products should

closely resemble physiological, unedited T cells. Indeed, placing

an antigen-specific receptor under endogenous TCR transcrip-

tional control facilitates near-physiological TCR regulation32.

Despite these advancements, many questions on how OTR

T cell products differ from conventionally edited T cells have re-

mained unresolved. This comparison is of fundamental impor-

tance because conventional editing via viral transduction is

currently the most widely used method in basic research and

for the production of clinically applied T cell products.

In this study, we re-expressed 51 CMV-specific TCRs via OTR

and conventional editing and investigated the consequences of

differential genetic TCR integration profiles on the magnitude,

variability, and interrelatedness of transgenic TCR surface

expression and functionality. We measured TCR transgene inte-

gration site, transcription, surface expression, and T cell product

functionality after conventional editing as well as after OTR.

Thereby, we could directly relate defined transgene integration

via OTR to a more homogeneous, physiological TCR transcrip-

tion as well as to a less variable surface expression and function-

ality. In case of conventional editing, both variable VCN and

random transgene integration independently increase the
Each dot represents one TCR. Statistical testing by Wilcoxon matched-pairs

TCRs in T cells of different donor origin than shown in (E). Statistical testing by
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variability of TCR transcription, surface expression, and func-

tionality. In fact, it is well known that copy number affects editing

efficiency and transgene expression19,42 and that differential

accessibility of a transgene at a specific genomic locus should

have an impact on transgene transcription.50 Conventionally edi-

ted TCR redirected T cell products (without additional endoge-

nous TCR-KO) have shown to be safe in many clinical trials.15–

17 However, there are also reports of insertional mutations

upon conventional editing in stem cells58 and CAR-T cells59

highlighting a certain need for caution. These might be unfortu-

nate exceptions, andmost clinical trials delivered very promising

results. However, overall functionality of conventionally edited,

clinically applied TCR-transgenic T cell products seems to be

rather variable.15–17 Conventional editing in combination with

an additional KO of the endogenous TCR is one option to

decrease variability through diminishing the formation of mis-

paired TCR variants and ultimately enabling unbiased transgenic

TCR surface expression,22,33,34 but does not enable controlled

transgenic TCR integration and transcriptional regulation under

the endogenous TCR promoter.

Here, we performed a standardized functional comparison be-

tween conventionally edited T cells with statistically one TCR

integration and OTR (both in absence of the endogenous TCR).

The aspect of variable VCN after conventional editing has not

been taken into account by previous studies. Accordingly, these

studies reported that OTR T cells exhibit similar functionality

in vitro32,45,60 and similar or enhanced functionality in vivo.45,60

Here, we show with a set of different A2/pp65-specific TCRs

that OTR consistently increased TCR surface expression as

well as in vitro and in vivo functionality in comparison to conven-

tional editing with a low virus MOI. In the future, more long-term

in vivo protection experiments are needed to test whether OTR

T cells show prolonged maintenance and enhanced effector

function, as proposed by more physiological TCR regulation32

and OTR CAR-T cell data.44

We observed by scRNAseq aswell as flow cytometry that OTR

decreases cell-to-cell TCR expression variability. In contrast,

conventional editing results in variable TCR surface expression

that directly affects functionality and hence might be—at least

to some extent—attributable to largely variable clinical results.

Using a polyclonal transfer system to study different color bar-

coded TCRs side by side in vivo, we could show that this

observed heterogeneity within the T cell product indeed intro-

duces substantial T cell response variability. For clinical applica-

tion, a highly defined and homogeneous T cell product that pro-

vides predictable in vivo function is of utmost importance.

Targeted TCR gene editing via OTR facilitates the production

of highly defined T cell products with an enhanced safety profile

as well as increased and predictable functionality.

Limitations of the study
Weemployed state-of-the-art technologies to characterize over-

all 51 TCRs without bias from the endogenous TCR, investigate

RNA expression of endogenous and transgenic TCRs after OTR

or viral transduction on the single-cell level, analyze whole-

genome integration sites of CRISPR/Cas9-mediated targeted

integration and viral transduction, and monitor a polyclonal hu-

man T cell repertoire by color barcoding in an in vivo model.
However, our study is not without limitations that should be

mentioned. TLA analysis of TCR transgene integration after con-

ventional editing and OTR did not provide information on the sin-

gle-cell level. Furthermore, the frequency of integration events at

a specific locus could only be determined qualitatively. For more

detailed and long-term investigation of human TCR-transgenic

T cell products, suitable in vivo models are currently missing.

The here-applied immunodeficient mouse model does allow

determination of human T cell recruitment and short- but not

long-term T cell responses to CMV infection. Performing such

experiments in syngeneic mouse models would be a promising

alternative; however, protocols for OTR in primary murine

T cells are currently not available.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human TCR a/b FITC BioLegend #306706

anti-human CD3 PC7 Beckman Coulter #737657

anti-human CD8 PE Invitrogen #MHCD0804

anti-murine TCR b-chain APC/Fire750 BioLegend #109246

Streptavidin-BV421 BioLegend #405225

Bacterial and virus strains

mCMV-ie2-ANLV 61 N/A

Chemicals, peptides, and recombinant proteins

Alt-R S.p. HiFi Cas9 Nuclease V3 IDT DNA https://eu.idtdna.com

Alt-R CRISPR-Cas9 crRNA IDT DNA https://eu.idtdna.com

Alt-R CRISPR-Cas9 tracrRNA IDT DNA https://eu.idtdna.com

Alt-R Cas9 Electroporation Enhancer IDT DNA https://eu.idtdna.com

P3 Primary Cell 24 cuvettes NucleofectorTM Kit Lonza V4XP-3024

Critical commercial assays

Targeted locus amplification Cergentis https://www.cergentis.com

Chromium next GEM Single Cell VDJ V1.1. 10X Genomics Rev D

Deposited data

scRNA-seq This paper https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE179566

Experimental models: cell lines

TPRKO 52 N/A

Experimental models: organisms/strains

NOD.Cg-PrkdcscidIl2rgtm1WjlTg(HLA-A/H2-

D/B2M)1Dvs/SzJ (NSG/HHD)

56 JAX stock #014570

Oligonucleotides

See Table S2 This paper N/A

Recombinant DNA

See Table S1 This paper N/A

pMP71 Addgene #108214

pCDH-EF1 Addgene #72266

Software and algorithms

FlowJo v10 FlowJo, LLC https://www.flowjo.com/

GraphPad Prism Graphpad https://www.graphpad.com/

SCANPY 62 https://scanpy.readthedocs.io/en/stable/

Cell Ranger (V3.0.2) 10X Genomics https://support.10xgenomics.com/single-cell-gene-expression/

software/pipelines/latest/installation

Other

Script for analysis of scRNA-seq data This paper https://github.com/SebastianJarosch/2021_Mueller_scRNA-OTR-vs-Tx
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dirk H.

Busch (dirk.busch@tum.de).
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Materials availability
TCR constructs generated in this study can be made available under appropriate materials transfer agreement. No other unique re-

agents were generated.

Data and code availability
Single-cell RNA sequencing data are available: GEO Series accession number GSE179566 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE179566)

Scripts for analysis of scRNA sequencing data are provided here: https://github.com/SebastianJarosch/2021_Mueller_

scRNA-OTR-vs-Tx

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary T cells from whole blood and cell culture
T cells for editing were isolated from whole blood via density gradient centrifugation using Biocoll (Biochrom, reference #L6115).

Generally, T cells were cultured in RPMI 1640 (LifeTechnologies, reference #31870074) supplemented with 10% FCS (Sigma, refer-

ence #F7524), 50 mM2-mercaptoethanol (Invitrogen, reference #31350-010), 1.34mML-glutamine (Sigma, reference #G8540), 5mM

HEPES (Roth, reference #HN77.4), 25 mg gentamycin (LifeTechnologies, reference #15750-037) and 1x penicillin/streptomycin

(LifeTechnologies, reference #10378-016) and 180 IUml-1 recombinant human IL-2 (Peprotech, reference #200-02) (‘RPMI’ hereafter)

unless indicated otherwise. Sorted cells were cultured with 1x106 ml-1 irradiated (30 Gy) allogeneic feeder peripheral blood mono-

nuclear cells (PBMC), 1 mg ml-1 PHA (ThermoFisher, reference #R30852801) and 180 IU ml-1 recombinant human IL-2.

Written informed consent was obtained from the donors, and usage of the blood samples was approved according to national law

by the local Institutional Review Board (Ethikkommission der Medizinischen Fakultät der Technischen Universität M€unchen).

Information about age and gender of donors is not available. The study conforms to the standards of the Declaration of Helsinki.

Human T cell reporter TPRKO cell line culture
TPRKO cell lines52 were cultured in RPMI 1640 (GIBCO, Thermo Fisher Scientific; Waltham, Massachusetts) supplemented with 10%

FCS, 0.025% L-glutamine, 0.1% HEPES, 0.001% gentamycin, and 0.002% streptomycin (‘RPMI’ hereafter).

Mouse model
In vivo experiments were performed with human HLA-A*0201 transgenic NOD.Cg-PrkdcscidIl2rgtm1WjlTg(HLA-A/H2-D/B2M)1Dvs/

SzJ (NSG/HHD) mice56 and a chimeric murine CMV engineered to express the human CMV A2/pp65495-503 (NLV) peptide

(mCMV-ie2-ANLV)57. Both, female and male individuals in the age of 15 to 22 weeks were used for experiments and evenly distrib-

uted over experimental groups. First, mice were irradiated (2 Gy) and subsequently TCR-transgenic T cell product (cell numbers as

mentioned in main text) was injected intraperitoneally. About 24 h after infection, mice were infected with 5x103 PFU of mCMV-ie2-

ANLV. Mice were sacrificed at day 9 after T cell transfer and their liver harvested. Intra-hepatic lymphocytes were subsequently

stained with pMHC-multimer BV421, anti-human CD45 PC7 (eBiosciences, reference #25-9459-42), anti-human CD8 PE, anti-

murine TCR b-chain APC/Fire750 and propidium iodide.

All animal experiments were approved by the district government of upper Bavaria (Department 5 – Environment, Health and Con-

sumer Protection; ROB 55.2-2532.Vet_02-18-162).

METHOD DETAILS

TCR identification
CMV-seropositive donor PBMCs were stained with respective pMHC-multimer that was individually conjugated with two different

fluorophores to achieve reliable double pMHC-multimer staining. Single cells positive for CD8, CD62L, CD45RO and pMHC-multimer

were sorted in a 384 well plate and stimulated with 10 mg ml-1 plate bound anti-CD3 (Biolegend, reference #317302) and anti-CD28

(BD PharMingen, reference #348040) each. RPMImediumwas supplemented with 200 IUml-1 recombinant human IL-2 and 5 ngml-1

recombinant human IL-15 (Peprotech, reference #200-15). Single cell derived clones were harvested between day 7 and 14 after sort

for TCR amplification via TCR-SCAN RACE PCR63. Cells were resuspended in 2 ml reaction mix comprising 1.6 mM dNTPs (Agilent,

reference #200415), 10 mM DTT (Sigma, reference #D9779-10G), 0.1 mg/mL BSA, 0.1 mg/mL tRNA (LifeTechnologies, reference

#FD0596), 0.25% Igepal CA-630 (Sigma-Aldrich, reference #238570-100G), 0.8 U/ml RNAsin Plus (Promega, reference #N2611),

1 mM reverse transcription primers each (for sequences see Table S2) and 0.05 reactions/ml (rxn/ml) Affinityscript reverse transcriptase

(Agilent, reference #600107) and 1x Affinityscript buffer. Reverse transcription was performed for 20 min at 51�C followed by

30 min at 70�C on a Biometra TAdvanced thermal cycler. For primer exonuclease I digest, 0.51 ml reaction mix comprising 1 U/ml

Exonuclease I (LifeTechnologies, EN0581) and 1x Exonuclease I buffer was added. Exonuclease-I digest was performed for

30 min at 37�C and enzyme was inactivated for 20 min at 70�C on a Biometra TAdvanced thermal cycler. Oligo-dG tailing was per-

formed by adding 7 ml reaction mix comprising 100 mMMgCl2, 10 mM DTT, 100 mM Tris (pH 7.5) and 20 mM dGTP (Sigma-Aldrich,

reference #11934538001) and 0.75 U/ml terminal dNTP transferase (Promega, reference #M1875). Tailing reaction was performed for
e2 Cell Reports Medicine 2, 100374, August 17, 2021
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45 min at 37�C and enzyme was inactivated for 20 min at 37�C on a Biometra TAdvanced thermal cycler. For anchor PCR, 40 ml of

reaction mix comprising 1x HerculaseII reaction buffer, 0.20 mM dNTPs, 3% formamide, 0.02 rxn/ml HerculaseII DNA polymerase

(Agilent, reference #600679) and 0.5 mM of each primer (for sequences see Table S2) was added. PCR was performed as follows:

94�C and 3 min for initial denaturation followed by 24 cycles of 94�C for 15 s, 60�C for 30 s, 72�C for 45 s and 72�C for 5 min as final

extension step. 1 ml of product was transferred to nested PCR amplification in separate reactions for a- and b-chain. PCR conditions

for nested PCR round I and II were identical to anchor PCR except for primers (for sequences see Table S2). PCR amplificates were

subsequently sequenced on the Illumina MiSeq platform.

TCR DNA template design
DNA templates were designed in silico and synthesized byGeneArt (Life Technologies, Thermo Fisher Scientific) or Twist Bioscience.

DNA constructs for retro-/lentiviral transduction had the following structure: Human Kozac sequence64 followed by TCR b (including

as indicated either human TRBC or murine TRBC with additional cysteine bridge25,27,28), followed by P2A, followed by TCR a

(including as indicated either human TRAC or murine TRAC with additional cysteine bridge25,27,28), cloned into the pMP71 vector

(kindly provided by Wolfgang Uckert, Berlin, Addgene plasmid backbone #108214) or into the pCDH-EF1 vector (Addgene plasmid

#72266). DNA constructs for CRISPR/Cas9-mediated homology-directed repair (HDR) had the following structure: 5¿ homology arm

(300-400 bp), P2A, TCR b (as above), T2A, TCR a (as above), bGHpA tail, 3¿ homology arm (300-400 bp). The homology arm se-

quences of the TRBC locus were derived from TRBC1 and are highly homologous to TRBC2. All TCR constructs for retro-/lentiviral

transduction and OTR are listed in Table S1.

Cas9 RNPs
crRNA sequences for gRNAs were 50-GGAGAATGACGAGTGGACCC-30 for TRBC65 (targeting both TRBC1 and TRBC2) and

50-AGAGTCTCTCAGCTGGTACA-30 for TRAC65.

80 mM tracrRNA (IDT DNA) and 80 mM crRNA (IDT DNA) were incubated at 95�C for 5 min, then cooled to RT on the bench top.

24 mM high fidelity Cas9 (IDT DNA) was added slowly to gRNA solution to yield RNPs with 12 mM Cas9 and 20 mM gRNA, as well

as 20 mM electroporation enhancer (IDT DNA). RNPs were incubated for 15 min at RT and directly used for electroporation.

Double-stranded DNA production for HDR
Double-stranded DNA PCR products were used for electroporation and HDR. Vector DNA was amplified by PCR according to the

following protocol: reactionmix contained 1xHerculase buffer, 0.5mMdNTPs, 0.4 mMprimer forward and reverse (for sequences see

Table S2), 0.01 rxn/ml Herculase (Agilent, reference #600679) and 60 ng template DNA. Thermal cycling was performed as following:

95�C and 3 min for initial denaturation followed by 34 cycles of 95�C for 30 s, 62�C for 30 s, 72�C for 3 min and 72�C for 3 min as final

extension step. PCR products were purified by Ampure XP beads (Beckman Coulter, reference #A63881) in a 1:1 ratio. All TCR DNA

templates were titrated but generally electroporation of 1 mg DNA per 1x106 cells yielded best KI efficiencies.

CRISPR/Cas9-mediated KO and KI
Either column selected CD4+ and CD8+ T cells mixed in a 1:1 ratio or bulk PBMCs were activated for two days in RPMI with CD3/

CD28 Expamer (provided by Juno Therapeutics, activation with plate-bound aCD3/aCD28 as described above is also possible

and gives similar results), 300 IU ml-1 recombinant human IL-2, 5 ng ml-1 recombinant human IL-7 (Peprotech, reference #200-07)

and 5 ng ml-1 IL-15. Expamer stimulus was removed by incubation with 1 mM D-biotin (Sigma, reference #D1411-1G). 1x106 cells

were electroporated (pulse code EH100) with Cas9 ribonucleoprotein and DNA templates in 20 ml Nucleofector Solution P3 (Lonza,

reference #V4SP-3096) with a 4D Nucleofector X unit (Lonza). After electroporation, cells were cultured in RPMI supplemented with

180 IU ml-1 IL-2 until a first FACS analysis on day five after editing.

Retroviral transduction
Virus packaging cell line RD114 was cultured in DMEM (LifeTechnologies, reference #10938025) supplemented with 10% FCS

(Sigma, reference #F7524), 50 mM 2-mercaptoethanol (Invitrogen, reference #31350-010), 1.34 mM L-glutamine (Sigma, reference

#G8540), 5 mM HEPES (Roth, reference #HN77.4), 25 mg gentamycin (LifeTechnologies, reference #15750-037) and 1x penicillin/

streptomycin (LifeTechnologies, reference #10378-016). For the production of retroviral particles, RD114 were transfected with

pMP71 expression vector (containing a TCR or fluorochrome) by calcium phosphate precipitation. For this, 15 ml of a 3.31 M

MgCl2 was mixed with 18 mg vector DNA and filled up to a total of 150 ml with ddH2O. This mix was slowly added under vortexing

to 150ml transfection buffer containing 274 mM NaCl, 9.9 mM KCl, 3.5 mM Na2HPO4 and 41.9 mM HEPES. Subsequently, transfec-

tion mix was added to RD114 cells and incubated for 6 h at 37�C, 5% CO2 followed by a complete medium exchange. Virus super-

natant was harvested three days later and coated on retronectin (TaKaRa, reference # T100B) treated well plates via centrifugation at

2000 g, for 2 h at 32�C. Either column selected CD4+ and CD8+ T cells mixed in a 1:1 ratio or bulk PBMCswere activated for two days

in RPMI with CD3/CD28 Expamer (as above described for CRISPR/Cas9-mediated KO and KI), 300 IU ml-1 IL-2, 5 ng ml-1 IL-7 and

5 ng ml-1 IL-15. Expamer stimulus was removed by incubation with 1 mM D-biotin. Activated T cells were transduced via

spinoculation (1000 g, 10 min, 32�C) on virus-coated plates. TCR and/or fluorochrome transduction occurred 15 min after

CRISPR/Cas9-mediated TCR KO editing.
Cell Reports Medicine 2, 100374, August 17, 2021 e3
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Lentiviral Transduction
Virus packaging cell line HEK293T-lentiX was cultured in DMEMwith 10% FCS and 1% penicillin/streptomycin/L-glutamine. For the

production of lentiviral particles, HEK293T-lenitX cells were transfected with 550 ng pCDH-EF1 expression vector (containing a TCR)

and the packaging plasmids pMD2.G (275 ng) and psPAX2 (550 ng) (Addgene #12259 and #12260). The DNA mix was slowly added

to 4.25 ml FuGENE�HD (Promega, reference #E2311) in Opti-MEM I Reduced SerumMedium (ThermoFisher, reference #31985062).

Subsequently, the transfection mix was applied to HEK293T-lentiX cells and incubated at 37�C, 5%CO2. Virus supernatant was har-

vested 48 h and 72 h later. The virus supernatant was combined and precipitated in 8.5% PEG-6000 and 0.3 M NaCl for 4 h at 4�C.
Afterward, the virions were pelleted at 3500 rpm for 20 min at 4�C. The supernatant was decanted and the concentrated virus was

used for T cell transduction. Either column selected CD4+ and CD8+ T cells mixed in a 1:1 ratio or bulk PBMCs were activated for two

days in RPMI with CD3/CD28 Expamer (as above described for CRISPR/Cas9-mediated KO and KI), 300 IU ml-1 IL-2, 5 ng ml-1 IL-7

and 5 ng ml-1 IL-15. Expamer stimulus was removed by incubation with 1 mMD-biotin. Activated T cells were transduced using Len-

tiBoostTM (Sirion Biotech). TCR and/or fluorochrome transduction occurred 15 min after CRISPR/Cas9-mediated TCR KO editing.

pMHC multimer and surface antibody staining
pMHC monomers were generated as previously described66. All pMHC-multimer reagents were generated by 45 min incubation of

4 mg biotinylated pMHC monomer with 1 mg streptavidin-BV421 (Biolegend, reference #405225) or Streptavidin-APC (eBioscience,

reference #17-4317-82) in a total volume of 100 ml FACS buffer for staining of up to 1x107 cells. pMHC-multimer staining was

performed separately from surface antibody staining for 45 min on ice. Surface antibody staining was performed for 25 min on ice

subsequent to pMHC-multimer staining. Depending on the respective experiments, a subset of the following antibodies were

used: anti-human TCR a/b FITC (BioLegend, reference #306706), CD3 PC7 (Beckman Coulter, reference #737657), CD8 PE (Invitro-

gen, reference #MHCD0804), anti-murine TCR b-chain APC (BioLegend, reference #109212), anti-murine TCR b-chain APC/Fire750

(BioLegend, reference #109246), CD62L FITC (Biolegend, reference #304804), CD45-ROPC7 (BioLegend, reference #304230), Lag3

FITC (Biolegend, reference #369308) and PD-1 APC (Invitrogen, reference #17-2799-42). Live/dead discrimination was performed

with propidium iodide (LifeTechnologies, reference #P1304MP).

Antigen-specific activation and intracellular cytokine staining
One day before co-culture with T cells, K562 cells (retrovirally transduced to express the human MHC class-I molecule of interest)

were irradiated (80 Gy) and loaded with peptide (10�12 M, 10�10 M, 10�9 M, 10�8 M, 10�7 M, 10�6 M, 10�5 M, 10�4 M) overnight

at 37�C, 5%CO2. T cells were co-cultured in a 1:1 ratio with peptide-loaded K562 cells and 1x Golgi plug (BD PharMingen, reference

#555029) for 4 h at 37�C. 25 ng ml-1 Phorbol-12-myristat-13-acetat (PMA) (Sigma, reference #P1585-1mg) and 1mg ml-1 ionomycin

(Sigma, reference #I9657-1mg) were used for positive control. After co-culture, staining for live/dead discrimination was performed

with ethidium-monoazide-bromide (LifeTechnologies, reference #E1374). Subsequently, surface marker antibody staining for CD8

(PE, Invitrogen) and anti-murine TCR b-chain APC/Fire750 (BioLegend, reference #109246) was performed and followed by perme-

abilization using Cytofix/Cytoperm (BD Biosciences, reference #554714), and intracellular staining of IFNg FITC (BD PharMingen,

reference #340449), TNFa PC7 (eBioscience, reference #25-7349-82) and IL-2 APC (BD PharMingen, reference #341116).

Generation and analysis of TCR-edited human T cell reporter lines
TCRs were introduced into the JE6.1 triple parameter reporter cell line (J-TPR)51,52 via retroviral transduction. Antigen-specific stim-

ulation was performed using irradiated (80 Gy) and peptide pulsed (10�9 M, 10�8 M, 10�7 M, 10�6 M, 10�5 M, 10�4 M) K562 cells

(retrovirally transduced to express the human MHC class-I molecule of interest). Effector and target cells were co-cultured in a

1:5 ratio for 18 h, at 37�C and 5%CO2. Subsequently, NFkB-eCFP reporter activity of J-TPR cells was analyzed on a flow cytometer.

Cytotoxic T lymphocyte assay
HLA-A*0201 positive HepG2 cells were loaded with 10�10 M of A2/pp65495-503 (NLV) peptide (peptide&elephants, reference

#EP04509_1). 4x104 peptide-pulsed HepG2 cells were plated per well in a collagen-coated 96well E-Plate (ACEA Biosciences, refer-

ence #2801035). The plate was subsequently placed into a xCELLigence RTCAMP Real Time Cell Analyzer (ACEA Biosciences) and

HepG2 cell growth was monitored every 15 min. After 18 h, 4x104 rested T cells were added per well containing HepG2 target cells.

Mock edited (TCR transgene negative) T cells derived of the same donor were used as negative control. Effector and target cells were

co-incubated for 48 h and cell growth/death was monitored every 15 min.

Flow cytometry
Acquisition of FACS samples was done on a Cytoflex (S) flow cytometer (Beckman Coulter). Flow sorting was conducted on a

FACSAria III (BD Bioscience) or MoFlo Astrios EG (Beckman Coulter).

scRNA sequencing
TCRswere introduced either via CRISPR/Cas9-mediated KI or via retroviral transduction into endogenous TCR-KOprimary T cells as

described. T cells that underwent different TCR editing approaches (OTR, MOIlo, MOIhi) were barcoded via retroviral co-transduction

with three different fluorochromes (BFP, CFP, GFP). Five days after editing, FACS sorted CD8+TCR+fluorochrome+ cells (8000 cells
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per editingmethod for each TCR)were centrifuged and the supernatantwas carefully removed.Cellswere resuspended in themaster-

mix plus 37.8 ml of water before 70 ml of the cell suspension was transferred to the chip. After each step, the integrity of the pellet was

checked under themicroscope to ensure that all cells are loaded onto the chip. From here on, the experiment was performed accord-

ing to the manufacturer’s protocol (10x Genomics, Chromium next GEM Single Cell VDJ V1.1, Rev D). QC has been performed with a

High sensitivity DNA Kit (Agilent, reference #5067-4626) on a Bioanalyzer 2100 as recommended in the protocol and libraries were

quantified with the Qubit dsDNA HS assay kit (LifeTechnologies, reference #Q32851). All steps have been performed using RPT filter

tips (Starlab, reference #S1183-1710, #SS1180-8710, #S1182-1730) and DNA LoBind tubes (Sigma, reference #EP0030108051,

#EP0030108078, #EP0030124359). In order to amplify transgenic TCR sequences, the cDNA was amplified in two steps in parallel

to the VDJ enrichment by using the 10x forward outer and inner primers as well as TCR- and/or editing method-specific reverse

primers (see Table S2). In target enrichment 1 and 2 (protocol step 4.1 and 4.3) the elongation timewas increased to 90 s in adaptation

to the longer transduction products. In addition, the second amplification of the KI constructs was performed for 15 cycles instead of

10 in order to compensate for lower integration frequencies. The double-sided size selection (Step 4.4 of the 10x protocol) was

adjusted to 0.4X and 0.8X for the transduction constructs and was kept at 0.5X and 0.8X for the KI constructs.

scRNA sequencing – Data processing
Combined fastq-files (transcriptome and transgenic TCR library) for each TCRwere annotated against a custom reference containing

all genes of the human genome (GRCh38), the fluorochromes (BFP, CFP, GFP) used for multiplexing and the respective TCR con-

structs using Cell Ranger (V3.0.2). Data analysis of the annotated count matrix was performed in SCANPY62. Cells were filtered to

contain at least 200 genes and genes being present in less than 3 cells were excluded. 20% mitochondrial gene expression was al-

lowed. Counts were normalized to 10.000 counts per cell and expression was log transformed. The number of counts, percent of

mitochondrial genes, S and G2M phase scores were regressed out. In order to demultiplex subsamples according to fluorochrome

expression, cells were filtered to express only one of the three fluorochromes and resulting leiden-clusters67 of the neighborhood

graph were annotated according to fluorochrome expression. Highly variable genes (HVGs) were identified with mean values be-

tween 0.0125 and 3 and aminimal dispersion of 0.5. Expression values exceeding a standard deviation of 10were clipped. The neigh-

borhood graph was calculated for the 10 nearest neighbors and the first 7 components of the principal component analysis (PCA) for

the HVGs. Fluorochromes and constructs have been excluded for the neighborhood embedding. Violin plots show the normalized

raw gene expression. Scripts for analysis of scRNA sequencing data are provided here: https://github.com/SebastianJarosch/

2021_Mueller_scRNA-OTR-vs-Tx.

Targeted locus amplification
TLA including sequencing was performed by Cergentis as previously described49. Two primer sets (provided in Table S2) were de-

signed to target each transgene. Primer sets were used in individual TLA amplifications. PCR products were purified and library prep-

ped using the Illumina Nextera flex protocol and sequenced on an Illumina sequencer. NGS reads were aligned to the transgene

sequence and host genome (human hg19 reference sequence). Bioinformatic analysis of integration sites and detection of hit cancer

genes via Enhort (unpublished, https://enhort.mni.thm.de/), Cosmic68 and Network of Cancer Genes69.

mCMV mutagenesis and virus stock production
mCMV-ie2-ANLV was generated by fusing AANLVPMVATV peptide at the C terminus of the ie2 protein. HCMV pp65495-503 epitope

(NLVPMVATV) was preceded by two alanine residues that enhance peptide processing and presentation61. The recombinant virus is

based on mCMV smith strain (pSM3fr-MCK-2fl clone 3.3)70. The peptide was inserted at the ie2 C terminus position 187,296 (NCBI

accession: NC_004065) using en passant mutagenesis as described before71,72. Briefly, we generated the en passant mutagenesis

cassette using pGP704 I-SceI-Kan plasmid and primers (ie2-pp65-fw and ie2-pp65-rv, see Table S2) that contain homology to the

insertion site in the mCMV genome and pp65495-503 epitope sequence. The amplified cassette was transformed into electro-compe-

tent GS1783 bacteria that harbor mCMV BAC. After successful insertion of the cassette, the positive selection marker (kanamycin)

was excised from the BAC by I-SceI restriction and homology mediated recombination. The resulting clones were screened with col-

ony PCR and confirmed by Sanger sequencing of the target region. Virus was recovered by transfecting mouse embryo fibroblast

(MEF) cells with virus BAC, and after reconstitution, mCMV-ie2-ANLV was propagated on M2-10B4 cells. mCMV virus stocks

were prepared by pelleting supernatants of infected M2-10B4 cells (26,000 g for 3.5 h). Subsequently, the pellet was re-suspended

in VSB buffer (0.05 M Tris-HCl, 0.012 M KCl, and 0.005 M EDTA, adjusted to pH 7.8) and purified by centrifugation through a 15%

sucrose cushion in VSB buffer (53,000 g), and a subsequent slow centrifugation step (3000 g, 5 min) to remove cellular debris. The

mCMV virus stocks were titrated on MEF cells and in vivo virus growth was compared to mCMVWT to ensure virus genome stability

and rule out off target effects.

QUANTIFICATION AND STATISTICAL ANALYSIS

All flow cytometric data were analyzed with FlowJo v10. All statistical analyses were performed using GraphPad Prism and are rep-

resented as indicated in figure legends. Statistical tests were selected based on the dataset and are accordingly indicated in figure

legends. A P value of < 0.05 was considered statistically significant.
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