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Current tumor immunotherapy approaches include the 
genetic modification of peripheral T cells to express 
tumor antigen-specific T-cell receptors (TCRs). The 
approach, tested in melanoma, has led to some limited 
success of tumor regression in patients. Yet, the intro-
duction of exogenous TCRs into mature T cells entails 
an underlying risk; the generation of autoreactive clones 
due to potential TCR mispairing, and the lack of effec-
tive negative selection, as these peripheral cells do not 
undergo thymic selection following introduction of the 
exogenous TCR. We have successfully generated MART-
1–specific CD8 T cells from genetically modified human 
hematopoietic stem cells (hHSC) in a humanized mouse 
model. The advantages of this approach include a long-
term source of antigen specific T cells and proper T-cell 
selection due to thymopoiesis following expression of 
the TCR. In this report, we examine the molecular pro-
cesses occurring on endogenous TCR expression and 
demonstrate that this approach results in exclusive cell 
surface expression of the newly introduced TCR, and the 
exclusion of endogenous TCR cell surface expression. 
This suggests that this stem cell based approach can pro-
vide a potentially safer approach for anticancer immuno-
therapy due to the involvement of thymic selection.
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publication 12 March 2013. doi:10.1038/mt.2013.28

Introduction
The main focus of tumor immunotherapy is the development 
of an effective, long term, and safe therapeutic to target and 
clear tumors. To date, the majority of studies have concentrated 
on the manipulation of autologous peripheral T cells, which 
includes the ex vivo expansion of tumor specific CD8 T cells 
and the genetic modification of peripheral T cells with lentiviral 

vectors expressing antigen-specific T-cell receptors (TCRs).1–3 
Although the above approaches have had some limited success, 
they are stymied by the nature of human T cells. Both the ex vivo 
expansion and genetic modification of T cells involve extensive 
manipulation that can lead to T-cell exhaustion.4,5 Furthermore, 
T-cell responses are short lived in nature.6,7 Finally, the introduc-
tion of an exogenous TCR harbors the risk of generating auto-
reactive clones that can cause lethal graft-versus-host disease,8,9 
due to recombination between TCR chains produced from the 
endogenous and exogenous TCR genes, which are expressed 
simultaneously.

An alternative approach to the above is the genetic modifi-
cation of human hematopoietic stem cells (hHSC) with vectors 
expressing an antigen-specific TCR, and the subsequent differen-
tiation of these cells into mature transgenic T cells. This approach 
was first successfully tested in murine models.10,11 However, as 
these were not disease models and the lineage development of 
mice is quite distinct from that of humans, there was a need to 
determine whether this approach was feasible with hHSC.12

The development of the bone marrow/liver/thymus (BLT) 
humanized mouse system has enabled the testing of such 
approaches.13 In this chimeric model, human fetal thymus and 
liver are implanted under the kidney capsule to generate a thy/
liv organoid. This is followed by transplantation with hHSC that 
results in full reconstitution of human immune cells. Using a 
modified version of this model, we recently introduced antigen-
specific HLA-A*0201–restricted TCRs against melanoma (MART-
1(26–35) epitope) or HIV (SL9(77–85) gag epitope) into hHSC 
and transplanted them into BLT humanized mice generated from 
HLA-A*0201 positive human fetal tissues.14,15 In both studies, the 
genetically modified stem cells developed through the human thy-
mic organoid and gave rise to transgenic cytotoxic T lymphocytes 
(CTL) that were functional both in vivo and ex vivo. In the mela-
noma studies,14 through the use of HLA-matched target and non-
matched control tumors, we were able to demonstrate that the 
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transgenic CTLs specifically targeted the HLA-matched tumors 
without significantly impacting the nonmatched tumors.

The use of TCR-transduced progenitors therefore has distinct 
advantage over the use of transduced peripheral T cells, because 
progenitors will provide a stable and renewable source of engi-
neered cells as well as undergo proper T-cell selection and matu-
ration to give rise to antigen-specific CTLs. Here, we demonstrate 
that this approach minimizes the risk of generating mature T cells 
expressing multiple TCRs simultaneously, which would minimize 
the potential of generating autoreactive clones that could result 
in graft-versus-host disease. Using the BLT mouse model, we 
generated transgenic CTLs expressing an exogenous TCR spe-
cific for the human MART-1 antigen and examined the impact 
of the introduced TCR on T-cell development and expression of 
the exogenous and endogenous TCRs. On the basis of our stud-
ies, although the exogenous MART-1–specific TCR does par-
tially inhibit endogenous TCR rearrangement, it does not fully 
block this process. However, despite the expression of RNA from 
endogenous TCR Vβ chains, the resulting transgenic CTLs in 
the periphery express on their surface only a single TCR, that is 
encoded by the exogenous transgene. Therefore, our data suggest 

that the generation of transgenic CTLs from genetically modified 
human hematopoietic progenitors is not only a long-term solution 
but also a potentially more specific approach to target melanoma 
and other chronic diseases.

Results
T-cell selection and maturation occurs in the human 
Thy/Liv implant of BLT mice
A key advantage of using a stem cell-based approach to generate 
transgenic T cells is the proper T-cell development and selection 
of the genetically modified progenitors. As a consequence, this 
would facilitate the elimination of autoreactive clones formed by 
mispairing of the exogenous MART-1–specific TCR chains with 
endogenous TCR chains. Furthermore, the TCR transgene, in our 
case the MART-1–specific TCR, should only influence develop-
ment past the T-cell progenitor stage, as other hematopoietic lin-
eages would not express TCR on the cell surface, due to the lack 
of CD3 coexpression, which is required for the transport of TCR 
to the cell surface. The modified BLT mouse model used in our 
previous studies was used herein to test this hypothesis. To con-
firm that transduced human progenitors use the thy/liv implant 

1. Wash and cut 2. Process

3. Sort

CD34− CD34+

4. Transduce cells

5. Viably
freeze
fraction

Irradiate
8. Thaw transduced

progenitors
transplant via

intraorbital injection

9. Analyze for
reconstitution

M207

1–2 weeks
8–10 weeks

M202

10. Tumor
injection

11. Necropsy
and tissue
harvest for

TCR analysis

7. Transplant
under kidney

capsule

6. Combine fetal thymus
with CD34− and

transduced CD34+

in matrigel

CD34
− CD34

−

CD34
−

CD34
−

CD34
+

CD34
+

CD34
+

CD34
+

CD34
+CD34

+

CD34
+

CD34

CD34
+CD34

+CD34
+

CD34
+

CD34
+

CD34
+

CD34
+CD34

+CD34
+

CD34
+

CD34
−

CD34
−

CD34
−

CD34
−

CD34
−

CD34
−

Fetal thymic
pieces (∼3 mm)

6–12 weeks4–6 weeks

NSG mouse NSG mouse BLT mouse

Fetal thymus
HLA-A * 0201

+
Fetal liver

HLA-A * 0201
+

Figure 1  A schematic diagram of the modified BLT humanized mouse model. A schematic diagram on the modified BLT model used in these 
studies for the generation of chimeric mice carrying MART-1–specific T cells. HLA*0201+ fetal thymus and liver are used to generate the chimeric 
mice. The fetal thymus is cut into small pieces for transplantation (step 1). Concurrently the fetal liver is processed to purify CD34+ HSC (steps 2–3). 
The CD34 fraction is transduced with a lentiviral vector (step 4). An aliquot is frozen away (step 5) to be used for the second transplantation. The 
remainder of CD34 cells is combined with hepatocytes and the fetal liver and transplanted into an NSG mouse (steps 6 and 7). After 4–6 weeks, the 
mice are irradiated and transplanted with the CD34 from step 5 (step 8). Once reconstitution of human immune cells is established, the mice are 
challenged with human melanoma tumor lines. Mice are then assayed over a period of 12 weeks. M202 is an HLA*0201+MART+ cell line that could 
serve as a target for the transgenic CTL and M207, an HLA*0201−MART+ line that could not. M207 thus functions as a negative control for CTL activ-
ity and specificity. BLT, bone marrow/liver/thymus; CTL, cytotoxic T lymphocytes; HSC, hematopoietic stem cells.
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in the BLT mouse for T-cell selection, we set up our BLT mouse 
model (Figure 1), in an HLA-A*0201 positive or negative back-
ground. Genes encoding a human TCR specific for the MART-1 
peptide presented in the context of HLA-A*0201 were introduced 
into human hematopoietic progenitor cells via lentiviral vector-
ing before introduction into the humanized mice. In BLT mice 
constructed with HLA-A*0201+ human tissues, which possess a 
human thymic organoid which expresses HLA-A*0201, the TCR-
transduced cells developed normally, as demonstrated by the large 
numbers of CD8 single positive thymocytes expressing the trans-
genic TCR within the thymic implant (Figure 2a). Furthermore, 
we observed expression of the transgenic TCR exclusively on 

CD8+ T cells in the periphery, as we have in our previous stud-
ies (14.2 ± 12.6% MART-1 tetramer positive CD8 T cells, n = 
19, 95% CI = 7.2–21.7%) (Figure 2b).14 In addition, as with our 
previous studies which demonstrated ex vivo antitumor lytic 
activity as well as in vivo efficacy against HLA-A*0201+ melano-
mas,14 these transgenic CTL were functional as they limited the 
growth of major histocompatibility complex–matched melanoma 
tumors (Supplementary Figure S1; Supplementary Materials 
and Methods) in vivo. Moreover, in our previous work, the levels 
of MART-1 expressing CD8 T cells correlated with the levels of 
tumor regression. This indicates that proper lineage commitment 
was occurring, directed by the transgenic TCR. Conversely, in the 
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Figure 2  MART-1–transduced hHSC develop into T cells exclusively in the thy/liv implant. Thymocytes and splenocytes from a representative 
(a,b) HLA-A*0201+ or (c,d) HLA-A*0201− BLT mouse transplanted with MART-TCR engineered autologous hHSC were assayed by fluorescent acti-
vated cell sorting to detect the levels of tetramer reactive cells in the different subset populations. Panels a and c demonstrate data derived from thy-
mocytes, whereas panels b and d from splenocytes. BLT, bone marrow/liver/thymus; hHSC, human hematopoietic stem cells; TCR, T-cell receptor.
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HLA-A*0201− background, we were able to detect expression of 
thymocytes expressing the transgenic TCR mainly in the imma-
ture double positive thymocyte fraction (Figure  2c). The single 
CD4 and CD8 thymocytes expressed very low levels, if any, of 
this TCR. Furthermore, we were unable to detect mature human 
CD4 or CD8 T cells which expressed this transgenic TCR in the 
spleens of these animals (Figure 2d). Similarly, this TCR was not 
expressed on mature human T cells in the blood of these mice 
(data not shown). Our data indicate that the transduced pro-
genitors go through the normal positive selection stages of T-cell 
development, as we observed expression of the transgenic TCR 
on double positive immature thymocytes regardless of the HLA 
background, but on mature single positive thymocytes only in the 
presence of the appropriate restricting HLA molecule. The result-
ing mature TCR-bearing CD8 T cells are able to mount effective 
lytic responses against melanoma targets. Our data further indi-
cate that the human thy/liv implant and not the mouse thymus 
serves as the site of T-cell selection in this system.

Introduction of exogenous TCR genes suppresses 
endogenous TCR gene recombination
During the process of TCR development and thymic selection, 
the genes encoding both TCRα-chain and TCRβ-chain undergo 
successive rearrangements leading to the generation of a func-
tional TCR. During TCR α gene rearrangement, the TCRδ encod-
ing sequences that are found within the sequences encoding the 
TCRα-chain, are removed resulting in the formation of TCR 
excision circles (TREC) which can be quantitated using a PCR 
technique.16–18 Thus, the presence of TREC is an indication of 

proper TCRα-chain rearrangement. The introduction of an exog-
enous mature TCR such as the MART-1–specific TCR used here 
can potentially block the processes of endogenous T-cell rear-
rangement, as both the exogenous TCRα and β chains are already 
rearranged and are likely expressed before rearrangement of the 
endogenous TCR-encoding sequences. Such an outcome could 
be advantageous, as it would prevent inappropriate pairing of the 
exogenous TCR chains with endogenous ones and the expression 
of functional endogenous TCR chains would be eliminated.

To assess the impact of the transgenic TCR on endogenous 
TCR rearrangement, we sorted different thymocyte populations 
in BLT mice that were exclusively derived from HLA-A*0201+ 
tissues, and quantitated the levels of TREC under different condi-
tions by real-time PCR. Thy/liv implants from these animals were 
excised, and thymocytes were sorted by fluorescent activated cell 
sorting into the following populations, based largely upon binding 
to a tetramer reagent that specifically detects cell surface expression 
of the transgenic MART-specific TCR: MART-TCR+CD4+CD8+, 
MART-TCR+CD8+, MART-TCR−CD4+CD8+, and MART-
TCR−CD8+. Total DNA was extracted from these samples and 
used in a real-time PCR assay measuring TREC levels generated 
by rearrangement of the endogenous TCRα chain. Thymocyte 
populations expressing the transgenic TCR demonstrated twofold 
lower levels of TREC when compared with that of the populations 
not expressing the transgenic TCR (Figure 3). Therefore, based on 
these data, the introduction of the transgenic MART-specific TCR 
in part blocked endogenous TCRα rearrangement, thus limiting 
the potential for endogenous TCR expression.

Analysis of endogenous Vβ chain mRNA expression in 
TCR-transgenic CD8 T cells
The presence of significant levels of TREC in the TCR-transgenic 
thymocyte populations (Figure  3) suggested that endogenous 
TCR chains could be expressed in some cells and potentially pair 
with the TCR chains encoded by the exogenous transgene. This 
left open the possibility that the CTL derived from genetically 
engineered progenitors express on their surface TCRs that either 
have resulted from the pairing of exogenous and endogenous TCR 
chains or possibly simultaneous expression of two distinct TCRs, 
potentially forming bispecific CTLs.

To this end, we looked at the RNA expression levels of the endog-
enous Vβ chains in MART-specific TCR-transgenic CD8 T cells 
isolated from the periphery of our humanized mice. Splenocytes 
from the same cohort used in the TREC assays described above 
were harvested and used to sort MART-TCR+CD8+ and MART-
TCR−CD8+ human T cells. Subsequently, we isolated total RNA 
to be used in a spectratyping assay designed to detect expression 
of rearranged TCRβ chains (Figure  4a).19 On the basis of our 
results from the different mice that received transduced progeni-
tors, transgenic CD8 T cells did express endogenous TCRβ RNA 
although the levels of the MART-specific Vβ13b (BV06b) chain 
RNA were significantly higher in all the animals. The average con-
tribution of the transgenic Vβ chain was 50% of the total TCR 
RNA expression (Figure  4b). These results would suggest that 
several scenarios might be operating (i) at least some of the RNA 
corresponding to the Vβ sequences not encoding the transgene 
may be the equivalent of out-of-frame TCR chain expression,16 
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Figure 3 O verexpression of the MART-specific TCR impacts TREC lev-
els in single and double positive thymocytes. Thymocytes from HLA-
A*0201+ BLT mice transplanted with TCR engineered hHSC were sorted 
by fluorescent activated cell sorting into different subsets, MART-TCR+/
CD8+ (MARTCD8), MART-TCR−/CD8+ (CD8), MART-TCR+/CD4+CD8+ 
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was extracted and used in a real time PCR assay to measure the levels of 
TREC between the different thymocyte populations. Statistical significance 
was determined by a Student’s t-test (**P < 0.01). BLT, bone marrow/liver/
thymus; hHSC, human hematopoietic stem cells; TCR, T-cell receptor.
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(ii) that there are other mature TCR protein chains expressed in 
the transgenic cells,20–22 or (iii) that there is posttranscriptional 
silencing of these chains.23,24

Endogenous TCRs are not coexpressed with 
the transgenic TCR on the surface of transgenic CD8 
T cells
The presence of endogenous TCRβ RNA prompted us to deter-
mine whether the endogenous TCRβ chains were coexpressed 
with the transgenic TCR at the surface of the cell. When we trans-
duced peripheral CD8 T cells from healthy human donors with 
the lentiviral vector expressing the MART-specific TCR, we could 
easily detect the cell surface expression of both the exogenous and 
endogenous TCRs concurrently (Figure  5a). Using splenocytes 
from the same mouse cohort used in Figure  4, we analyzed by 
flow cytometry the protein expression of a number of Vβ chains 
(Vβ5.1, 5.3, 9, 13, 20) in the MART-specific TCR-transgenic 
BLT mice. As shown in Figure 5b, we did not see coexpression 
of Vβ5.1 in the populations staining positive with the tetramer 
reagent that specifically detects cell surface expression of the 
transgenic MART-specific TCR. Similar patterns were seen with 
the other Vβ chains (see Supplementary Figures S2–S6). The lack 
of endogenous TCR expression on the cell surface can be attrib-
uted to the high levels of MART-1 TCR expression siphoning off 

available CD3 thus preventing the assembly of endogenous TCR 
to the surface.16 To address this possibility, we also looked for 
the intracellular expression of the other Vβ chains to determine 
whether the endogenous TCR chains were recycled and never 
reached the cell surface. On the basis of our data (Figure 5c and 
Supplementary Figures S7–S11), we did not detect intracellular 
endogenous TCR proteins in the MART-specific TCR positive 
populations. The lack of expression of endogenous TCR proteins 
is consistent with the possibility that the TCRβ RNA seen in our 
spectratyping studies was due to incomplete or inappropriate 
endogenous TCR rearrangement that would not lead to expres-
sion of a mature TCR protein chain.16

Discussion
Engineering the immune system to increase tumor specific T cells 
to battle cancer has shown great promise. The introduction of mel-
anoma-specific TCRs into peripheral T cells has led to some lim-
ited success. However, the extensive manipulation of these cells as 
well as inherent risks due to TCR chain miss-pairing underscore 
the need for the development of safer alternatives1–3,8.

One such approach is to genetically modify hematopoietic 
stem cells using lentiviral vectors expressing antigen-specific 
TCRs. Studies in mouse models demonstrated that such an 
approach was feasible. As human T-cell development is quite 
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distinct from that of mice, the use of humanized mouse mod-
els proved very useful in testing this approach. Recent studies by 
our group have shown that we can introduce a tumor specific 
(MART-1, an antigen found in melanoma cells) or a virus specific 
(SL9, HIV gag) TCR in human hematopoietic progenitors and 
generate functional transgenic CTLs in vivo in humanized mice. 
One of the advantages of this model is that it allows us to study 
factors contributing to the development of functional T cells. On 
the basis of a previous work by others and us genetically modified 
HSC have shown to engraft well and demonstrate normal lineage 
development despite the introduction of exogenous vectors. In 

the BLT mouse model, we see the development of T cells, B cells, 
monocytes/macrophages, dendritic cells, and granulocytes.14,15,25 
In these studies, we demonstrated that generating human trans-
genic T cells from genetically modified human progenitors 
results in the generation of transgenic CTL expressing a single 
functional TCR on their surface. Although endogenous TCR 
chains were detected at the RNA level, they were not detectable 
at the protein level.

Our data suggest that the overexpression of an exogenous 
TCR does impact endogenous TCR rearrangement. This was 
demonstrated by the decreased levels of α TREC in thymocyte 
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populations expressing a transgenic exogenous TCR. However, 
there was not a complete shutdown of TCRα rearrangement sug-
gesting that some endogenous α chains could be expressed. As our 
TREC assay focused on the TCRα chain, we are not certain on 
how this impacted the TCRβ rearrangement process.

Consequently, as some endogenous rearrangement has taken 
place, we would expect that endogenous TCR chains would 
appear in the mature CD8 T-cell population. To this end, we 
looked at the expression of Vβ chain RNA in the TCR-transgenic 
CD8 T-cell population. Interestingly, we did see the expression of 
other Vβ chains but the Vβ family that would encode the trans-
genic TCR was expressed at significantly higher levels. This also 
suggested that endogenous TCRs could be coexpressed along 
with the TCR transgene. Reports have shown in both humans 
and mice that during the T-cell selection process there is some 
allelic inclusion albeit at a low level.26–28 It is suggested that the 
thymic selection processes remove the majority of autoreactive 
clones yet allow a small fraction to be eliminated by peripheral 
selection mechanisms.16

To determine if any endogenous TCR chains were expressed 
at the protein level, we proceeded to examine if the TCR chains 
detected by RNA analysis were expressed at the protein level and 
would assemble at the cell surface along with the transgenic TCR. 
However, we did not detect coexpression of the transgenic TCR 
and endogenous TCR chains in our transgenic cells, although 
we could easily detect coexpression when we transduced mature 
peripheral CD8 T cells with the genes encoding an exogenous 

TCR. The lack of coexpression of endogenous TCRs in mature 
cells derived from TCR-transduced hematopoietic progenitors 
points to two possible mechanisms of action. One would suggest 
that following the overexpression of the transgenic TCR, there is 
a limited allelic inclusion of in-frame endogenous chains. Studies 
have suggested that the presence of bi-allelic T cells is not pro-
hibitive as other mechanisms such as peripheral tolerance can 
limit the development of autoreactive clones. In addition, post-
transcriptional mechanisms can block the expression of in-frame 
alleles.16,24 The other option is that the RNA species detected in 
our assays are the products of out-of-frame expression. The inclu-
sion of out-of-frame alleles is possible during the process of T-cell 
rearrangement, and thus they would be expressed at the RNA but 
not the protein level.16

In conclusion, our data suggest that a stem cell approach to 
engineer T cells expressing antigen-specific TCRs has a distinct 
advantage over the introduction of new TCRs into peripheral T 
cells for the development of monospecific transgenic effector T 
cells. Such an approach could complement and support existing 
protocols to melanoma treatment. More specifically, transduced 
peripheral T cells with a therapeutic TCR can be given as a first 
line of defense while differentiation of modified progenitors will 
follow, so they can replenish the immune system with naïve mela-
noma-specific CTLs. Such an outcome will result to an increased 
precursor frequency and thus more efficient and lasting tumor 
clearance. Although some studies have suggested that periph-
eral T-cell genetic modification does not result in the generation 

Figure 5 L ack of coexpression of transgenic TCR and other Vβ chains. (a) Peripheral CD8 T cells were transduced with the MART-1–specific TCR 
expressing lentiviral vector used in our studies. Two days after transduction, the cells were analyzed by flow cytometry for the expression of the 
transgenic TCR (using MART-1–specific tetramers) and endogenous TCRs (using Vβ chain specific antibodies). (b) Splenocytes from HLA-A*0201+ 
BLT mice transplanted with MART-1–specific TCR engineered hHSC were analyzed by flow cytometry for the expression of the transgenic TCR and 
endogenous TCRs. (c) Splenocyte samples from b were also used to determine presence of endogenous TCRs intracellularly. BLT, bone marrow/liver/
thymus; hHSC, human hematopoietic stem cells; TCR, T-cell receptor.
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of autoreactive clones, this possibility has not been eliminated. 
Finally, our BLT mouse model can serve as a useful platform to 
study TCR rearrangement and selection.

Materials and Methods
Isolation and transduction of CD34 hHSC. Fresh human fetal liver was 
obtained from Advanced Bioscience Resources (Alameda, CA). The tissue 
was processed, and CD34 cells were purified as previously described14 and 
were transduced (multiplicity of infection = 5) using retronectin (Takara 
Bio, Mountain View, CA). The lentiviral vector pF5-sr39tk expressing 
the F5 TCR chains and the sr39tk reporter was constructed as previ-
ously described.14 Lentiviral vector stocks were produced by transfection 
of 293FT cells with the pF5-sr39tk, pCMV-ΔR8.2-Δvpr (packaging con-
struct), and pCMV-VSV-G (envelope) plasmids. Cells then were washed 
and used for the generation of the BLT mice. A fraction of the transduced 
cells was frozen to be used in CD34 cell injections.

Humanized BLT mice. Mice were generated as previously described.14 
Three weeks after the generation of humanized BLT mice, the mice were 
irradiated at 300 rad using a cobalt-60 source to remove endogenous cells. 
Then, the frozen transduced CD34 cells were thawed and injected. Mice 
were bled 4 and 6 weeks after injection to assess reconstitution. All ani-
mal protocols were performed under the approval of the University of 
California, Los Angeles (UCLA) Animal Research Committee.

Quantitative human TCR β chain (TCR-BV) repertoire analysis. Human 
TCR-BV chain repertoire distribution was quantitatively measured in thy-
mocyte and/or splenocyte harvested from the TCR-transgenic mice using 
quantitative TCR (qTCR) spectratyping as described and calculated the 
percent level of transgenic TCR-BV chain among the pool of all TCR-BV 
chain transcripts.19 Basically, the complementary-DNA of total RNA iso-
lated from thymocyte or splenocyte was prepared using random primers. 
Using these cDNA, 24 different TCR-BV family specific real-time PCR was 
performed in the presence BV family specific forward primer and fluores-
cent labeled TCR β constant region specific reverse primer (FAM/VIC/
NED) along with 5′-labeled probe (Cy5-TGTTCCCACCCGAGGTCGC-
BHQ2). The resulted amplified products covering the V-D-J junction 
of each BV family were resolved through ABI-3130 Genetic analyzer 
(Applied Biosystem, Carlsbad, CA). The peak distributions of every BV 
family and area under the curve of individual peak within each BV family 
was analyzed by Genemapper v3.7 software (Applied Biosystem). On the 
basis of the concentration measured by quantitative real-time PCR for each 
BV family and the peak intensity measured as area under the curve, the 
TCR-BV repertoire distribution and the percent concentration of each BV 
peaks were calculated as described in Figure 4a.

Flow cytometry and cell sorting. Cells were phenotypically analyzed using 
fluorochrome-conjugated monoclonal antibodies specific for human CD3 
(BD Biosciences, San Jose, CA), CD4, CD8, CD25, CD27, CD45, CD45RA, 
CD45 RO, CD56, CD57, CD62L, and CCR7 (Beckman Coulter, Brea, CA). 
Tetramer-expressing cells were identified using major histocompatibility 
complex class I tetramer containing the MART-1 (26–35) peptide conju-
gated to allophycocyanin or phycoerythrin (Beckman Coulter). Cells were 
processed by a Fortessa instrument (BD Biosciences) and results were ana-
lyzed FlowJo (TreeStar, Ashland, OR) software.

Cells (thymocytes or splenocytes) were also stained for CD3, CD8, 
CD45, and MART-1 tetramer for sorting. Samples were processed using a 
FACS Aria. Sorted populations were gated on CD45 to eliminate murine 
cells and then CD3 to eliminate non–T-cell populations.

Statistical analysis. Statistical analysis tests were performed as indicated in 
the article and figure legends. Data were analyzed with Student’s t-test or one-
way analysis of variance and Bonferroni multiple post hoc comparisons. All 
statistical analyses were performed with GraphPad Prism v5.0 (GraphPad 
Software, La Jolla, CA). Values with P < 0.05 were considered significant.

SUPPLEMENTARY MATERIAL
Figure S1.  MART-1 specific CTLs limit growth of MART-1/HLA-A*0201 
(M202) melanoma tumors.
Figures S2–6.  Surface expression of the MART-1 specific TCR and 
other endogenous Vβ chains; Vβ13.1 (S3), Vβ9 (S4), Vβ5.3 (S5), Vβ23 
(S6), Vβ20 (S7).
Figures S7–11.  Intracellular expression of endogenous Vβ chains in 
transgenic CD8 T cells; Vβ20 (S8), Vβ23 (S9), Vβ5.3 (S10), Vβ13.1 
(S11), Vβ9 (S12).
Materials and Methods.
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