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Genetically modified T cells that express a transduced 
T  cell receptor (TCR) α/β heterodimer in addition to 
their endogenous TCR are used in clinical studies to treat 
cancer. These cells express two TCR-α and two TCR-β 
chains that do not only compete for CD3 proteins but 
also form potentially self-reactive mixed TCR dimers, 
composed of endogenous and transferred chains. To 
overcome these deficits, we developed an RNAi-TCR 
replacement vector that simultaneously silences the 
endogenous TCR and expresses an RNAi-resistant TCR. 
Transduction of the virus-specific P14 TCR without RNAi 
resulted in unequal P14 TCR-α and -β chain surface lev-
els, indicating heterodimerization with endogenous TCR 
chains. Such unequal expression was also observed fol-
lowing TCR gene optimization. Equal surface levels of 
the introduced TCR chains were however achieved by 
silencing the endogenous TCR. Importantly, all mice that 
received cells transduced with the native or optimized 
P14 TCR developed lethal TCR gene transfer-induced 
graft-versus-host-disease (TI-GVHD) due to formation 
of mixed TCR dimers. In contrast, TI-GVHD was almost 
completely prevented when using the RNAi-TCR replace-
ment vector. Our data demonstrate that RNAi-assisted 
TCR replacement reduces the formation of mixed TCR 
dimers, and thereby significantly reduces the risk of TI-
GVHD in TCR gene therapy.
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INTRODUCTION
Transduction of T cell receptor (TCR) genes into T cells is an 
attractive approach to generate large pools of antigen-specific T 
cells for the treatment of cancer and infectious diseases.1–4 The 
transfer of T cells targeting tumor-associated antigens can over-
come the tolerance mechanisms that usually prevent immune 
reactions against such self antigen-derived epitopes.5 Initial clini-
cal studies have proven the feasibility of TCR gene therapy6,7 and 

promising clinical responses have been observed.8 However T cell 
transfer also bears the risk of autoimmunity if antigens are recog-
nized on healthy tissue, either by cross reactivity of the introduced 
TCR with other epitopes (off-target toxicity), or by the expression 
of the targeted antigen in other tissues (on-target toxicity), with 
the latter already being observed in several clinical studies.7,9,10

Also, TCR gene transfer itself could induce off-target toxicity, 
because the expression of two pairs of TCR α/β genes allows the 
assembly of four different TCR α/β dimers: the endogenous TCR, 
the transferred TCR, and two mixed TCR dimers, composed of 
endogenous and transferred TCR chains. It has long been sus-
pected that mixed TCR dimers may by chance recognize self-anti-
gens as they are not subject to thymic selection.11 Recently, it was 
reported that in an in vitro system, virus-specific human T cell 
lines became allo- and self-reactive after being transduced with an 
antigen-specific TCR12 and that in an in vivo model of TCR gene 
therapy, mixed TCR dimers induced a lethal autoimmune pathol-
ogy, termed TCR gene transfer-induced graft-versus-host disease 
(TI-GVHD).13 Decreasing the amount of mixed TCR dimers 
expressed on gene-modified T cells by an advanced vector design 
and TCR gene optimization reduced TI-GVHD but did not com-
pletely prevent it in most cases.

In TCR gene-modified T cells, the TCR surface levels are 
the outcome of a competition between the endogenous and the 
transferred chains for heterodimerization and CD3 proteins. In 
this nonphysiological situation as yet undefined properties of the 
individual TCRs come into play and confer some TCRs an advan-
tage over others.14–16 As the outcome of the competition can be 
controlled by the TCR protein quantity, high-level TCR expres-
sion vectors have been developed using viral promoters,17 linkage 
of both chains by a 2A element18 and codon-optimized genes.19 
Another strategy is to engineer the TCR constant (C) regions to 
induce preferential pairing of transferred TCR chains.20–25 For 
most TCRs, these strategies result in improved MHC multimer 
binding often accompanied by improved functionality. However, 
these two characteristics alone are not sufficient to conclude that 
mixed TCR dimers have been sufficiently reduced to prevent 
autoreactivity.
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New strategies developed to minimize the risk of mixed TCR 
dimer-induced autoimmunity and maximize expression of the 
introduced TCR target the endogenous TCR directly. Artificial 
zinc-finger nucleases have been used to generate T cells with 
disrupted endogenous TCR genes26 and retroviral vectors have 
been developed that simultaneously silence the endogenous TCR 
using RNA interference (RNAi) and express new RNAi-resistant 
TCR.27–29 Whereas zinc-finger nucleases-mediated TCR gene edit-
ing is an appealing approach that completely shuts down TCR 
expression, the protocol requires ~40 days of in vitro T cell culture 
including multiple sorting steps. In contrast, RNAi-assisted TCR 
replacement uses a one-step transduction protocol, but may not 
completely deplete all TCR gene-modified T cells of endogenous 
TCR protein. Reduced endogenous TCR mRNA levels in human 
T cells have been successfully correlated with higher surface lev-
els of a second RNAi-resistant TCR, but neither the amount of 
remaining endogenous TCR protein was determined nor if the 
transferred TCR chains reached endogenous surface expression 
levels. Since even low level expression of a second TCR induces 
mixed TCR dimer formation,30 it remained unresolved whether 
the RNAi approach would reduce the formation of mixed TCR 
dimers, so that the generation of self-directed specificities in the 
population of transduced T cells is prevented. Therefore, we initi-
ated a study to investigate how the reduction of endogenous TCR 
in TCR gene-modified T cells affects the development of mixed 
TCR dimer-dependent autoimmunity.

Here, we report that silencing of the endogenous TCR dramati-
cally improved the survival of mice in a model of TCR gene ther-
apy. To show this, we developed a γ-retroviral novel RNAi-TCR 
replacement vector for mouse T cells and determined the silencing 
efficiency on the protein level. TCR replacement was assessed by 
analyzing the surface levels of both transferred TCR chains, which 
predicted the amount of mixed TCR dimers better than MHC mul-
timer binding. We present data indicating that the mitigation of 
the TCR competition by RNAi leads to equal surface levels of both 
transferred TCR chains and almost fully prevents otherwise lethal 
mixed TCR dimer-dependent autoimmunity in mice.

RESULTS
Intronic miRNA results in superior transgene 
expression compared with exonic miRNA
For two reasons, we employed a vector design that allows the 
expression of the RNAi triggers for the silencing of the endog-
enous TCR and of a therapeutic TCR by the same polymerase II 
promoter: first, both elements should be encoded by the same 
vector and, second, the expression of both elements should be 
firmly coupled. This vector design ensures that the TCR gene-
modified T cells can be generated in a single transduction step 
and that the transferred TCR cannot be expressed without 
simultaneous silencing of the endogenous TCR. For this pur-
pose, miRNAs are ideally suited as triggers of RNAi. We have 
generated a redirected mouse miRNA-155 (ref. 31) targeting the 
TCR Cα region and an artificial miRNA32 targeting the TCR 
Cβ region, termed miRα and miRβ. Then, we modified a green 
fluorescent protein (GFP)-encoding γ-retroviral MP71 vector 
by the introduction of the miRβ either at one of two exonic 
positions 5′ and 3′ of the GFP or at one intronic position within 

the 5′ untranslated region (Figure 1a). All positions allowed the 
generation of functional miRNA as the surface TCR levels of 
transduced T cells were reduced by more than 90% compared 
to the control (Figure 1b,c). Furthermore, a linear relationship 
of GFP expression and TCR silencing was observed when the 
miRNA was located either at the 5′ intronic or the 3′ exonic 
position. However, the relative GFP levels ranged from 32% for 
the 5′ intronic position to 2% and 15% for the 5′ and the 3′ 
exonic positions, respectively (Figure 1d). Based on these data, 
we decided to use intronic miRNA for the design of the RNAi-
TCR replacement vector. T cells stained for the CD3/TCR com-
plex and transduced with vectors harboring either the miRα 
or the miRβ or both miRNAs (miR cassette) at the 5′ intronic 
position showed comparable silencing efficiencies of 16, 19, and 
15%, respectively, and comparable relative GFP levels of 26, 34, 
and 28%, respectively (Figure 1e–g). These data demonstrate, 
that both miRNAs used for the silencing of the endogenous 
TCR chains were equally effective and that the introduction of 
a second miRNA did not lead to a further reduction of GFP 
expression.

Silencing of the endogenous TCR supports the 
expression of an RNAi-resistant second TCR
To analyze how the reduced transgene expression strength of the 
miRNA vectors influences their ability to express a second TCR in 
T cells and how the RNAi-mediated silencing of the endogenous 
TCR in turn supports the surface expression of a transferred TCR, 
we exchanged GFP for a P14 TCR cassette with silent mutations at 
the RNAi target sites (Figure 2a). This TCR recognizes the MHC 
class I-restricted GP33-41 epitope of lymphocytic choriomeningi-
tis virus glycoprotein.33 In T cells transduced with the miR cassette-
encoding vector (miR-P14), only the net result can be measured on 
the cell surface. However, in cells transduced with vectors encod-
ing a single miRNA, one of both P14 TCR chains is not supported 
by the RNAi effect. 62% of the cells expressed both P14 TCR chains 
(Vα2, Vβ8) at high levels after transduction with the miR-P14 vec-
tor, whereas the cells generated with similar transduction efficien-
cies using the single miRNA vectors expressed only one of the P14 
TCR chains at a high level (Figure 2b). Only the P14 TCR chain 
was preferentially expressed whose endogenous counterpart was 
silenced by miRNA. Specifically, miRα-P14 vector-transduced cells 
showed relative Vα2 and Vβ8 chain levels of 76 and 41%, whereas 
miRβ-P14 vector-transduced cells showed relative Vα2 and Vβ8 
chain levels of 16 and 117% (Figure 2c). Furthermore, we analyzed 
TCR-I transgenic T cells, which recognize the simian virus 40 large 
tumor antigen epitope I (SV40I) presented by MHC class I,34 that 
were transduced and stained for endogenous and transferred TCR 
using MHC multimers. Strikingly, transduction of the P14 vector 
without miR cassette resulted in cells that bound exclusively both 
MHC multimers, whereas transduction of the miR-P14 vector 
generated a high percentage of cells that stained only positive for 
the P14 TCR-specific multimer (Supplementary Figure S2). These 
data demonstrate, that the expression of the miR cassette resulted 
in simultaneous silencing of both endogenous TCR chains and that 
the low level of transgene expression of the miRNA vector could be 
compensated by the reduction of TCR competition in TCR gene-
modified T cells.
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RNAi-assisted TCR replacement results in equal 
surface levels of the transferred TCR chains
To analyze how TCR silencing and TCR gene optimization influ-
ence the expression of the P14 TCR, we introduced a second disul-
fide bond into the C regions of a codon-optimized P14 TCR cassette 
and generated the vectors P14opt and miR-P14opt. For analysis of 
the TCR-α and -β chain levels relative to each other, we compared 
transduced cells with nontransduced cells expressing endoge-
nously the Vα2 and Vβ8 chains at a stoichiometry of 1:1. Although 
we transduced T cells with similar efficiencies using supernatants 
equilibrated in virus titer (Supplementary Figure S3), the P14 
TCR-α and -β chain levels differed markedly between the samples 

(Figure 3a,b). Compared to the endogenous TCR expression, the 
P14 vector-transduced cells showed reduced and disparate TCR-α 
and -β chain levels of 24 and 64%. Notably, silencing of endog-
enous TCRs strongly reduced the difference between both TCR 
chain levels. For example, the TCR-α chain level increased from 
24 to 36%, whereas the TCR-β chain level decreased from 64 to 
42% if the miR cassette was coexpressed with the P14 TCR. This 
adjustment of the median fluorescence intensity (MFI) values was 
a unique effect of TCR silencing, because TCR gene optimization 
as employed in the P14opt vector did not change the difference 
between the MFI values similarly, but instead raised them indi-
vidually to 46 and 78% for the TCR-α and -β chain, respectively. 

Figure 1  Intronic miRNA results in superior transgene expression compared with exonic miRNA. (a) A miRNA targeting the T cell receptor 
(TCR)-β chain (miRβ) was introduced into GFP-encoding MP71 vectors at following positions: 5′ intronic (5′ int.), 5′ exonic (5′ ex.) and 3′ exonic (3′ 
ex.). LTR, long terminal repeat; PRE, post-transcriptional regulatory element; SA, splice acceptor; SD, splice donor; Ψ, packaging signal. (b) TCR sur-
face levels and GFP expression of transduced polyclonal splenocytes were determined by flow cytometry. The percentage of gated cells is indicated. 
(c,d) Median fluorescence intensity (MFIs) were compared to the parental control vector (contr.). Transduction (Td) efficiencies: contr. GFP (83%, 
78%), 5′ int. miRβ-GFP (66%, 68%), 5′ ex. miRβ-GFP (52%, 45%), 3′ ex. miRβ-GFP (62%, 63%). (e) GFP-encoding MP71 vectors expressing either 
each miRNA for the silencing of the TCR α (miRα) and β chain (miRβ) separately or both miRNAs together (miR). (f,g) TCR/CD3 complex surface 
levels and GFP expression were determined and compared to the parental vector (contr.). Td efficiencies: contr. (68%, 62%); miR-GFP (44%, 37%); 
miRα-GFP (51%, 50%); miRβ-GFP (47%, 42%). Plots show the mean of two independent experiments ± SD (n = 2).
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Overall, the expression of the transferred TCR chains on miR-
P14opt vector-transduced cells (TCR-α chain 81%, TCR-β chain 
86%) resembled most the endogenous TCR expression. Likewise, 
this sample showed the highest percentage of Db-GP33-positive 
cells with the highest MFI (Figure 3c,d). However, TCR gene opti-
mization improved the MHC multimer binding more effectively 
than TCR silencing. In particular, the ratio of P14 TCR expressing 
cells to Db-GP33-positive cells was improved from 0.41 to 0.50 if 
the miR cassette was coexpressed with the P14 TCR, but optimi-
zation of the P14 TCR improved this ratio to 0.65. Furthermore, 
compared to P14 vector-transduced cells the Db-GP33 MFI was 
1.14-fold improved by TCR silencing and 1.65-fold by TCR gene 
optimization. These data reveal that silencing the endogenous TCR 
and TCR gene optimization affected the P14 TCR-α and -β chain 
levels in different ways. The amount of P14 TCR was improved to 
a greater extent by TCR gene optimization but, in contrast to TCR 
silencing, this technique did not result in equal P14 TCR-α and -β 
chain levels, which implies that the amount of mixed TCR dimers 
was not concomitantly reduced.

miR-TCR gene-modified T cells show antitumor 
reactivity and increased antigen-specific proliferation
Having studied the specific RNAi effect, we next analyzed if the 
expression of the RNAi-resistant P14 TCR resulted in a func-
tional reconstitution of the T cells with silenced endogenous TCR. 
Hypothetically, the expression of the miRNA cassette could induce 
off-target effects, either in a sequence specific manner35 or by satu-
ration of the endogenous miRNA pathway,36 resulting in impaired 
cell survival, proliferation and effector function. Therefore, we 

compared transduced T cells expressing the native or optimized 
P14 TCR genes with and without silenced endogenous TCR in a 
tumor suppression model. We treated mice that were injected with 
GP33-expressing B16.F10 melanoma cells with transduced T cells 
and analyzed the engraftment and expansion of the transferred 
cells, as well as suppression of tumor growth. Enhanced on-target 
effects due to differences in the P14 TCR surface levels, however, 
might not be observable, as it was demonstrated that even P14 
TCR-transgenic T cells were hardly more effective than P14 vector-
transduced T cells in this model.37 Indeed, comparable suppression 
of tumor growth was achieved irrespective of the particular vector 
used for transduction as no significant differences in the number of 
pulmonary metastasis among the treatment groups were observed 
(Figure 4a,b and Supplementary Figure S5a). The average number 
of metastases was 27 for the P14 group and 25 for the P14opt group, 
showing that the increase of the P14 TCR level by TCR gene opti-
mization did not significantly alter the outcome. No negative effects 
of the miR cassette were detected either, as on average 30 and 22 
metastasis were found in the groups that received T cells express-
ing the miR cassette and either the native or optimized P14 TCR. 
Successful engraftment, proliferation, and stable TCR expression 
was confirmed by analyzing peripheral blood samples. Regardless of 
whether the miR cassette was expressed together with the native or 
optimized P14 TCR, the percentage and MFI of Db-GP33-positive 
cells were significantly increased (Figure 4c,d and Supplementary 
Figure S5b). After 1 week, on average 36 and 55% of the trans-
ferred CD8-positive T cells were stained by the Db-GP33 multi-
mer in the P14 group and the P14opt group, whereas 59 and 83% 
Db-GP33-positive cells were detected in the miR-P14 group and 

Figure 2 Silencing of the endogenous T cell receptor (TCR) supports the expression of an RNAi-resistant second TCR. (a) The miRNA vectors 
were used for the expression of an RNAi-resistant P14 TCR cassette. (b) The P14 TCR-α chain (TCR Vα2) and the P14 TCR-β chain (TCR Vβ8) surface 
levels of transduced polyclonal T cells were analyzed by flow cytometry. CD8 T cells are shown. Numbers indicate the percentage of cells in each 
the quadrant gate. Nontransduced T cells served as control (contr.). MFIs of the transduced cells were calculated using the gates R1 (miR-P14), R2 
(miRα-P14), and R3 (miRβ-P14). (c) MFIs of cells expressing only one miRNA were compared to cells expressing both miRNAs. Transduction efficien-
cies: miR-P14 (62%, 62%); miRα-P14 (73%, 65%); miRβ-P14 (72%, 70%). Plot shows the mean of two independent experiments ± SD (n = 2).
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the miR-P14opt group. In addition to these results, we found no 
differences in proliferation, INF-γ production or peptide sensitivity 
in in vitro experiments comparing T cells transduced with control 
and miRNA vectors (Supplementary Figure S4). These data pro-
vide no evidence for RNAi-related off-target effects. Our results also 
indicate that the increased amount of P14 TCR leads to enhanced 
antigen-driven proliferation of the T cells expressing either the miR 
cassette or the optimized P14 TCR, with the highest level of prolif-
eration being seen with the combination of both.

RNAi-assisted TCR replacement severely reduces TI-
GVHD caused by mixed TCR dimers
To analyze the effect of RNAi-assisted TCR replacement on the for-
mation of self-reactive mixed TCR dimers, we took advantage of a 

mouse model in which mixed TCR dimers induce TI-GVHD.13 In 
this model, the clinical protocol of TCR gene therapy is mimicked 
and unsorted TCR-transduced T cells were transferred into irradi-
ated mice that were treated afterwards with IL-2. We hypothesized 
that the P14 TCR would cause a high incidence of TI-GVHD, 
because expression of the P14 TCR-α and -β chain at the sur-
face of transduced T cells is highly unequal even when using a 
TCR cassette with a 2A element (Figure 3b). Indeed, all mice that 
received transduced T cells expressing the native P14 TCR devel-
oped lethal TI-GVHD within 30 days, whereas no autoimmunity 
was induced after transfer of P14 TCR-transgenic T cells or non-
transduced T cells (control) (Figure 5a). The observed symp-
toms and kinetics were similar to those described for other TCRs 
in this model, including the rapid weight loss (Figure 5b). The 

Figure 3 RNAi-assisted T cell receptor (TCR) replacement results in equal surface levels of the transferred TCR chains. (a) Polyclonal T cells were 
transduced with four P14 TCR vectors differing from each other by the presence of the intronic miR cassette (miR) and the usage of the optimized P14 
TCR cassette (opt). Cells were stained either for CD8 and for both P14 TCR chains (TCR Vα2, TCR Vβ8) or for CD8 and using a P14 TCR-specific MHC 
multimer (Db-GP33). CD8 T cells are shown and the percentages of the gated cells are indicated. Nontransduced T cells served as control (contr.). (b) 
Median fluorescence intensity (MFIs) of transduced CD8 T cells were compared to nontransduced CD8/Vα2Vβ8 T cells (end. TCR). (c) Plot shows the 
proportion of cells expressing both P14 TCR chains that bind the Db-GP33 multimer. (d) Plot shows the fold change of the Db-GP33 multimer MFI 
relative to the P14 vector-transduced sample. Horizontal bar (group mean, indicated on top). Vertical bar (SD). Combined data of six independent 
experiments are shown in b, c, and d (n = 6). Transduction efficiencies were comparable (Supplementary Figure S3b).
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disappearance of hematopoietic cells in the bone marrow and the 
massive reduction of the periarteriolar lymphatic sheaths in the 
spleen, two characteristic manifestations of TI-GVHD, were con-
firmed in recipients of P14 vector-transduced T cells. The same 
organs from recipients of P14 TCR-transgenic or nontransduced 
T cells did not show pathologic changes (Supplementary Figure 
S6). Notably, P14 TCR-transduced T cells induced the highest 
incidence of TI-GVHD compared to T cells modified with other 
TCRs.13 Next, we investigated whether the usage of codon-opti-
mized TCR genes which additionally harbor a second disulfide 
bond or the silencing of the endogenous TCR chains by miRNAs 
can prevent TI-GVHD. All mice that received transduced T cells 
expressing the native or the optimized P14 TCR developed lethal 
TI-GVHD (Figure 5c). In contrast, despite the unprecedented 
high incidence of TI-GVHD observed following gene transfer 
with the native P14 TCR, only three out of 16 mice that received 
P14 TCR-transduced T cells with silenced endogenous TCR 
developed TI-GVHD. Moreover, when RNAi-mediated knock-
down of the endogenous TCR was combined with the expres-
sion of the optimized P14 TCR genes, only one mouse out of 16 
developed TI-GVHD (Figure 5c). The body weights of the two 
groups that were treated with T cells just expressing the native or 
optimized P14 TCR differed significantly from those two groups 
that were treated with T cells expressing the same TCRs but in 
addition also the miR cassette (Figure 5d). Analysis of periph-
eral blood confirmed engraftment and expansion of transduced 
T cells. These data indicate that in case of the P14 TCR only the 
silencing of the endogenous TCR and not the use of optimized 
TCR genes efficiently reduces the amount of mixed TCR dimers 
on TCR-transduced T cells and the incidence of lethal TI-GVHD 
in mice receiving these cells.

DISCUSSION
In this study, we demonstrate in an in vivo model of TCR gene 
therapy that RNAi-mediated silencing of the endogenous TCR 
minimizes the expression of mixed TCR dimers on TCR gene-
modified T cells and severely reduces the risk of autoimmunity. 
Previously, it has been shown, that an additional disulfide bond 
in the TCR C regions and the linkage of both TCR chains by a 2A 
element avoided TI-GVHD in case of one TCR and greatly dimin-
ished TI-GVHD in case of another TCR.13 Here we provide evi-
dence, that these measures were not sufficient for TCRs such as the 
P14 TCR for which mixed TCR dimer formation is pronounced 
(Figure 5). The unequal surface levels of the P14 TCR-α and -β 
chain on transduced T cells indicate that they possess different 
abilities to compete with the endogenous TCR chains for surface 
expression (Figure 3). This difference between the two P14 TCR 
chains remained dominant even after the TCR genes were codon-
optimized and an additional disulfide bond was introduced. 
Silencing of the endogenous TCR on the contrary mitigated the 
TCR competition and resulted in equal surface expression levels 
of both P14 TCR chains.

In case of the P14 TCR, the measurement of the surface lev-
els of both TCR chains has proven to be a more useful indicator 
for the amount of mixed TCR dimers compared to either MHC 
multimer staining or the calculation of the ratio of T cells bind-
ing the MHC multimer to T cells expressing the P14 TCR chains 

(Figure 3). The reason is that the amount of correctly paired P14 
TCR per cell might reflect either a higher percentage of correctly 
paired TCR chains or the expression of more correctly paired 
TCR chains without a change of the ratio of correctly paired TCR 
chains to mixed TCR dimers. Therefore, the determination of the 
TCR chain surface levels might serve to identify TCRs that are 
prone to induce autoimmunity. Although the notion that unequal 
surface levels indicate the formation of mixed TCR dimers has 
already been made,2 the prevalence of this phenomenon among 
the TCRs that were either suggested for or have already been used 
in clinical trials of TCR gene therapy is currently unknown.

Our study provides a direct link between unequal TCR chain 
surface levels after the transfer of both TCR genes and the devel-
opment of TI-GVHD. We show that all mice in those two groups 
developed fatal TI-GVHD that received TCR gene-modified T 
cells with unequal TCR-α and -β chain surface levels, whereas 
86% of the animals survived in both groups that received TCR 
gene-modified T cells expressing the transferred TCR chains but 
at equal levels (Figure 5).

Initially, RNAi-mediated protein replacement was used to 
study RNAi-related off-target effects.38,39 It was then suggested 
for the treatment of hereditary diseases40 and later for improv-
ing the expression of the transferred TCR in TCR gene therapy.19 

Figure 4 miR-T cell receptor (TCR) gene-modified T cells show anti-
tumor reactivity and increased antigen-specific proliferation. (a) 
Transduced polyclonal T cells were analyzed either for the expression 
of both P14 TCR chains (P14 TCRαβ) or binding of the P14 TCR-specific 
MHC multimer (Db-GP33) at the day of adoptive T cell transfer (ATT). 
2 × 106 congenic CD8/P14 TCRαβ T cells (B6.SJL) were transferred into 
recipients (C57BL/6) that received 3 days before 1 × 106 GP33-expressing 
tumor cells (B16-GP33) intravenously. (b) Plot shows the number of 
macroscopically visible experimental (exp.) lung metastasis 21 days after 
ATT. *The mice of the control group without ATT were sacrificed after 14 
days. (c,d) Transferred T cells in peripheral blood were analyzed at day 
7 after ATT. Results were confirmed by a second measurement at day 
14 (Supplementary Figure S5). Symbols represent individual mice. 
Horizontal bar (group mean, indicated on top). Vertical bar (SD). Group 
sizes: P14 (n = 6), miR-P14 (n = 7), P14opt (n = 6), miR-P14opt (n = 7), 
control (n = 5).
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Recently, two studies addressed how to design an RNAi-assisted 
TCR replacement vector for human T cells.27,29 The silencing of 
the human TCR has been analyzed mainly on the mRNA level 
using bulk preparations or indirectly by staining the transferred 
RNAi-resistant TCR with an MHC multimer. From such data, 
it is difficult to conclude on the remaining amount of endog-
enous TCR protein in the whole population of transduced T 
cells. We used vectors expressing GFP and miRNA to quantify 
the TCR silencing on the protein level with single-cell resolu-
tion. The silencing efficiency was strictly proportional to the 
GFP expression and varied within the population of transduced 
T cells (Figure 1). Differences in the vector copy number and 
vector integration sites within the cell population could explain 
this observation. Possibly, residual endogenous TCR protein 
in some of the cells might be responsible for the few cases of 
TI-GVHD observed after the transfer of T cells transduced 
with the RNAi-TCR replacement vector. A closer investiga-
tion of the autoreactive T cells would be necessary to confirm 

this hypothesis. We cannot formally exclude, however, that the 
silencing efficiency in the autoreactive T cells could have been 
affected due to other reasons.

Besides the silencing efficiency, high transduction rates 
and a strong expression of the therapeutic TCR are desirable 
to replace as much as possible of remaining endogenous TCR. 
Indeed, the usage of optimized TCR genes in the RNAi-TCR 
replacement vector improved the P14 TCR level and resulted in a 
somewhat lower incidence of TI-GVHD (Figures 3 and 5). TCR 
gene optimization likely partially alleviates the negative effect of 
the introduced miRNA on the transgene expression level of the 
vector. Our data demonstrate, that a vector design that gener-
ates mRNAs encoding miRNA and protein results in decreased 
protein levels, because the processing of the miRNA produces 
truncated mRNAs. This is in accordance with previously pub-
lished data.31,41 Intronic miRNA has the potential to resolve this 
issue, as the splicing mechanism can religate the mRNA after 
the miRNA has been excised (Figure 1). It is therefore plausible, 
that the usage of a more efficient intron would further improve 
the transgene expression. The MP71 intron, however, also con-
tains the packaging signal (ψ) and this configuration ensures 
that only transcripts containing the unspliced intron are pack-
aged into virions. Improving the splicing efficiency might there-
fore influence the viral titer, which was hardly affected by the 
introduced miRNAs in this study (Supplementary Figure S3a).

The description of mixed TCR dimer-induced autoimmu-
nity in mice and the detection of autoreactive mixed TCR dimers 
on transduced human T cells in in vitro assays have stimulated 
a reexamination of clinical data from past TCR gene therapy 
studies.42 No signs of off-target toxicities caused by mixed TCR 
dimers were detected in humans so far, whereas TI-GVHD in 
the mouse model was observed in different degrees with every 
TCR tested. It is clear, though, that the initial studies in human 
resulted in mixed therapeutic success and that the clinical pro-
tocol of TCR gene therapy is still under development. In mouse 
models, mixed TCR dimer-dependent autoimmunity was not 
seen until specific conditions were established. Intriguingly, 
these conditions resemble the clinical situation with regard 
to the lymphodepleting pretreatment of the host and the IL-2 
treatment after T cell transfer. Whether particular differences 
between mice and men exist that exclude TI-GVHD in future 
TCR gene therapy trials employing new TCRs and improved 
protocols can only be speculated.

In this study, we were able to almost completely avoid 
TI-GVHD using a combination of RNAi-mediated knockdown of 
the endogenous TCR and genetically optimized TCR genes. Only 
one out of 16 mice developed TI-GVHD despite an incidence of 
100% if optimized TCR genes were applied without endogenous 
TCR silencing (Figure 5). Our data support the usage of RNAi 
for the generation of human TCR gene-modified T cells and 
the broader range of vector systems available for human T cells 
might also allow the development of improved RNAi-based TCR 
replacement vectors. We provided evidence that silencing of the 
endogenous TCR has the unique advantage of mitigating the TCR 
competition in TCR gene-modified T cells and that safe applica-
tion of TCRs that are prone to form mixed TCR dimers in adop-
tive T cell therapy requires such measures.

Figure 5 RNAi-assisted T cell receptor (TCR) protein replacement 
severely reduces the incidence of TI-GVHD caused by mixed TCR 
dimers. (a,b) TI-GVHD is induced by P14 vector-transduced (Td) T cells 
but not by P14 TCR-transgenic (Tg) T cells. Cell populations contain-
ing 1 × 106 P14 TCR-expressing CD8 cells were transferred into irradi-
ated mice. Ten days after adoptive T cell transfer (ATT), the mice were 
treated for 3 days with IL-2 twice a day and monitored for autoimmune 
symptoms. The control group was treated identical but received non-
transduced T cells. A Kaplan–Meier plot of disease-free survival and the 
change of body weight at day 14 after ATT are shown in a and b, respec-
tively. Horizontal bar (group mean, indicated on top). Vertical bar (SD). 
Group sizes, Td efficiencies: control (n = 7), P14 Td (n = 8, 20%), P14 Tg 
(n = 5). (c,d) TI-GVHD is reduced in mice receiving P14 TCR-transduced 
T cells with silenced endogenous TCR. Results of two independent 
experiments are shown in c (Kaplan–Meier plot) and d (change of body 
weight at day 12 after ATT). Two mice of the P14 group had to be sac-
rificed because of TI-GVHD at day 11 and were therefore not included 
in d. Horizontal bar (group mean, indicated on top). Vertical bar (SD). 
Group sizes, Td efficiencies: control (n = 15), P14 (n = 16, 55%, 56%), 
miR-P14 (n = 16, 35%, 62%), P14opt (n = 15, 44%, 21%), miR-P14opt 
(n = 16, 65%, 57%).
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MATERIALS AND METHODS
Mice. C57BL/6 and B6.SJL mice (CD45.1+) were purchased from Charles 
River (Sulzfeld, Germany). Transgenic mice, expressing either the H2-Db-
restricted TCR I (Vα3, Vβ7) specific for the simian virus 40 large tumor 
antigen epitope I (SV40I)34 or the H2-Db-restricted P14 TCR (Vα2, Vβ8) 
specific for the LMCV GP33-41 epitope33 were purchased from The Jackson 
Laboratory (Sulzfeld, Germany). All animal experiments were conducted 
in accordance with institutional and national guidelines, after approval by 
a state animal ethics committee (Landesamt für Gesundheit und Soziales, 
Berlin).

Construction of retroviral vectors. The miRNAs that were introduced 
into the MP71-GFP vector17 were generated by overlap polymerase 
chain reaction (PCR) (Supplementary Figure S1a,b). The miR-155 
template31 (165bp) was amplified from genomic mouse DNA and the 
template for the artificial miRNA32 (172bp) was synthesized. RNAi tar-
get sites were identified using web-based software.43,44 The following 
antisense sequences were chosen for the silencing of the endogenous 
mouse TCR chains: 5′-TTTAGGTTCATATCTGTTTCA-3′ (TCR α) 
and 5′-CTGATGTTCTGTGTGACAGGT-3′ (TCR β). miRNA-TCR vec-
tors were generated by the exchange of GFP for the P14 TCR cassette.45 
P14 TCR (Vα2, Vβ8) is specific for the LMCV-derived epitope GP33-41 
presented by H-2Db.33 The native P14 TCR genes were rendered RNAi-
resistant by partial codon optimization (Supplementary Figure S1c). 
Fully codon-optimized P14 TCR genes were additionally modified by a 
threonine into cysteine exchange at the position 187 in the TCR α chain 
and a serine into cysteine exchange at the position 199 in the TCR β chain.

Retroviral transduction and culture of mouse T cells. Ecotropic retrovi-
rus particles were produced using the Platinum-E packaging cell line.46 
Supernatants were harvested 48 hours after transfection, filtrated (0.45 
µm pore size) and frozen (−80 °C). Mouse splenocytes were transduced 
using diluted supernatants to determine the concentration that results in 
a transduction rate of 50% (Supplementary Figure S3a). Nontransduced 
control cells were always prepared in parallel with the transduced cells 
and subjected to the same protocol except that the packaging cells were 
not transfected with vector DNA. Mouse splenocytes were subjected to 
two rounds of transduction. 0.5 ml/well supernatant was transferred to 
a RetroNectin-coated (Takara, Saint-Germain-en-Laye, France) 24-well 
nontissue culture plate, centrifuged (3,000 g, 4 °C) for 3 hours and imme-
diately discharged before the activated splenocytes were transferred into 
the plates. Afterwards, the splenocytes were centrifuged (800 g, 32 °C) 
for 20 minutes and cultured over night. Then, 1 ml/well viral supernatant 
supplemented with 10 IU Proleukin (Novartis, Nuremberg, Germany) and 
4 µg protamine sulfate (Sigma-Aldrich, Taufkirchen, Germany) was added 
and the cells were centrifuged (800 g, 32 °C) for 1.5 hours. Splenocytes 
were isolated 1 day before the transduction, adjusted to 2 × 106 cells/ml 
and activated for 24 hours with 1 µg/ml anti-CD3 mAb, 0.1 µg/ml anti-
CD28 mAb (both BD Biosciences, Heidelberg, Germany) and 10 IU/ml 
Proleukin. For the first transduction, the culture medium was exchanged, 
the cell density was adjusted to 1 × 106 cells/ml and 4 × 105 beads/ml mouse 
T-Activator CD3/CD28 (Life Technologies, Karlsruhe, Germany), 10 IU/
ml Proleukin and 4 µg/ml protamine sulfate were added. Then 1 × 106 cells/
well were transferred onto the virus-coated plates. After the transduction, 
the cells were washed and adjusted to 1 × 106 cells/ml in medium supple-
mented with 10 ng/ml human recombinant IL-15 (Peprotech, Hamburg, 
Germany). This step was repeated every 3–4 days during prolonged culture 
of the transduced splenocytes.

Melanoma lung metastases model. The GP33-expressing melanoma 
cell line (B16-GP33)47 was cultured under G418 selection (1 mg/ml) (Life 
Technologies). Tumor cells were split one day before 1 × 106 B16-GP33 cells 
per mice (C57BL/6) were injected into the tail vein. Three days later 2 × 106 
P14 TCR-expressing CD8+ T cells (B6.SJL) per mice were injected similarly. 
Seven days and 14 days after T cell transfer, blood samples were analyzed. 

After 2 weeks, tumor growth was inspected and the mice of the control 
group were sacrificed. The mice of the treatment groups were sacrificed after 
21 days and the number of macroscopically visible metastases on the lung 
surface was counted.

TI-GVHD model. The TI-GVHD model was carried out as previously 
described.13 Retroviral particles were generated using the Phoenix Ecotropic 
packaging cell line. Mouse splenocytes were activated for 48 hours by con-
covalin A (2 µg/ml, Sigma-Aldrich) and IL-7 (1 ng/ml, Peprotech) before 
they were subjected to one round of transduction. Activated splenocytes 
were resuspended in viral supernatant and transferred into RetroNectin-
coated 24-well nontissue culture plates, centrifuged (800 g, 23 °C) for 1.5 
hours and incubated over night. The transduction rate was determined by 
flow cytometry and an unsorted population of cells containing 1 × 106 P14 
TCR-expressing CD8 T cells was transferred into mice (C57BL/6) that 
were treated 1 day before with total body irradiation (TBI, 5 Gy). Ten days 
after ATT, the mice received 7.2 × 105 IU Proleukin (Novartis) intraperi-
toneally twice a day for 3 days and were monitored thoroughly (weight, 
appearance, behavior). Group assignments were blinded.

Histological analysis. Spleen and bone marrow (femur) of mice were col-
lected and fixed with 4% buffered paraformaldehyde. Bones were decal-
cified using ethylenediaminetetraacetic acid. Paraffin-embedded tissues 
were cut in sections (3 μm thickness), dried (70 °C, 30 minutes), deparaf-
finized in xylene and dehydrated through graded alcohols. Sections were 
stained using hematoxylin and eosin (H&E) and analyzed using a bright-
field microscope (BX53, Olympus, Hamburg, Germany) equipped with a 
digital camera (DP25, Olympus).

Flow cytometry. If not stated otherwise, flow cytometry data were acquired 
4–6 days after transduction. Relative MFIs values were calculated by divid-
ing the MFIs of the samples by the MFI of the control sample as specified 
in the figure legend. TCR surface levels of GFP-expressing T cells were 
determined using allophycocyanin (APC)-labeled anti-mouse TCR Cβ 
region mAb (H57-597, BioLegend, London, UK) or APC-labeled anti-
mouse CD3ε mAb (145-2C11, BioLegend). P14 TCR chain expression 
was analyzed using fluorescein isothiocyanate (FITC)-labeled anti-mouse 
TCR Vβ8 mAb (MR5-2, BioLegend), phycoerythrin (PE)-labeled anti-
mouse CD8α mAb (53-6.7, BioLegend) and APC-labeled anti-mouse 
TCR Vα2 mAb (B20.1, BioLegend). TCR-transgenic T cells were stained 
with PE-labeled H2-Db SAINNYAQKL (Db-SV40I) multimer and APC-
labeled H2-Db KAVYNFATC (Db-GP33) multimer (both iTAG, Beckman 
Coulter, Krefeld, Germany). P14 TCR chain pairing was analyzed using 
PE-labeled anti-mouse CD8α mAb and APC-labeled Db-GP33 multimer. 
Adoptively transferred T cells were analyzed by staining the peripheral 
blood samples with unlabeled anti-mouse CD16/CD32 mAb (2.4G2, BD 
Bioscience), FITC-labeled anti-mouse CD8α mAb (53-6.7, BioLegend), 
PE-labeled anti-mouse CD45.1 mAb (A20, BioLegend) and Db-GP33 
multimer. Cells were stained in buffer (phosphate-buffered saline, 2 
mmol/l ethylenediaminetetraacetic acid, 2% fetal calf serum, 0.05% NaN3) 
for 30 minutes at 4 °C in the dark, washed twice and resuspended in buf-
fer containing SYTOX Blue (Life Technologies). Immunofluorescence was 
measured using a FACS Canto II cytometer (BD Biosciences) or a MACS 
Quant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). Data 
were analyzed using FlowJo software (Tree Star, Ashland, OR).

Cytokine secretion assay. 5 × 104 CD8+/P14 TCR+ T cells were cocultured 
for 24 hours with 5 × 104 syngeneic mouse splenocytes preloaded with 
peptide and the INF-γ concentration in the supernatant was determined 
by enzyme-linked immunosorbent assay (BD Bioscience). The HPLC-
purified GP33 peptide (KAVYNFATM) was purchased from Biosynthan 
(Berlin, Germany).

Statistical analysis. The unpaired two-tailed Student’s t-test was used to 
calculate the indicated P values with the software Prism (GraphPad, La 
Jolla, CA).
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SUPPLEMENTARY MATERIAL
Figure  S1.  Molecular construction of the miRNA vectors for TCR 
silencing.
Figure  S2.  TCR I-transgenic T cells transduced with the miR-P14 vec-
tor lose their ability to bind TCR I-specific MHC multimers.
Figure  S3.  Viral supernatants were titrated to achieve comparable 
transduction efficiencies.
Figure  S4.  No miRNA off-target effects were detected in in vitro 
assays testing antigen-stimulated cytokine production and prolifera-
tive capacity.
Figure  S5.  Suppression of experimental pulmonary metastasis and 
antigen-driven proliferation.
Figure  S6. Disappearance of hematopoietic cells in the bone marrow 
and reduction of lymphocytes in the spleen caused by TI-GVHD.
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