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Evolution of T cell receptor 
engineering
The first demonstration that T cells could 
be engineered with a predetermined spec-
ificity through transfer of the α and β T 
cell receptor (TCR) genes occurred more 
than 30 years ago (1). Two decades later,  
this technology was applied clinically 
for the first time in adoptive cell transfer 
(ACT) treatment of metastatic melanoma 
using MART-1 melanoma antigen-specific 
clones recovered from tumor-infiltrating 
lymphocytes (TILs) (2). While in the initial  
trials 2 of 15 patients (13%) had objective 
tumor regression after treatment, subse-
quent trials targeting MART-1 and gp100 
melanoma antigens with high-avidity TCRs 
(based on IFN-γ secretions with titrating 
amounts of cognate antigen) yielded higher  
response rates (30% and 20%, respectively). 
However, this treatment led to widespread 
destruction of healthy melanocytes and 
significant on-target toxicities (3). Never-
theless, as the high-avidity gp100 antigen 
was discovered by immunizing HLA-A2–
transgenic mice with the gp100154–162 
epitope, this study demonstrated for the 
first time the clinical potential of tumor 
antigen–specific TCRs generated in non-
human hosts whose T cell responses to 
human antigens are unencumbered by 

limitations posed by central or peripheral  
tolerance (3). More recently, a murine 
TCR (mTCR) gene specific to the cancer 
testis antigen (CTA) New York esophageal 
squamous cell carcinoma 1 (NY-ESO-1) 
was isolated from HLA-A2–transgenic 
mice immunized with NY-ESO-1157–165  
peptide and is being used in an ongoing 
phase II clinical trial (NCT01967823) (4). 
Other groups have used alloreactive set-
tings (5), rational design through muta-
tions in the complementarity-determining  
regions (CDRs) of TCRs (6), yeast (7), 
phage display (8), or some combination 
thereof to overcome tolerance-imposed 
limitations on tumor-associated antigen 
(TAA) TCR avidity.

Engineering “optimal”-affinity 
T cell receptors using  
a nontolerant host
In the current issue of the JCI, Poncette and 
colleagues use a system that has been devel-
oped over several years by the Blanken-
stein laboratory to generate “optimal”- 
affinity TCRs that bind human HLA, but 
recognize self-antigens such as MART-1  
and NY-ESO-1 as foreign (9). Initially, Li 
et al. developed ABab-transgenic mice 
with human, instead of murine, TCRαβ 
gene loci and then crossed them with 

HLA-A2–transgenic mice to form ABab-
DII mice, which express human TCRs and 
the human HLA-A2 MHC class I (MHC I) 
(10). These mice lacked tolerance to human 
antigens and were capable of generating 
human CD8+ TCRs with high affinity for 
TAAs (Figure 1A). Because these TCRs 
use human genes, they, unlike mTCRs 
(11), were at a lower risk of generating a 
humoral immune response that would hin-
der therapy. Moreover, they did not need 
to be further mutated to improve binding 
avidity at the risk of severe off-target toxic-
ities (12), due in part to the fact that ABab-
DII mice have a broader CD8+ repertoire 
than HLA-A2–transgenic mice, and also 
because human and mouse TCRs have an 
intrinsically higher affinity for intra- rather  
than inter-species MHC (10, 13). More 
recently, the system has been adapted for 
discovery of optimal-affinity CD4+ T cells 
by crossing ABab mice with HLA-DR4 mice 
to generate ABabDR4 mice, which express 
human TCRs and HLA-DR4, but lack 
murine MHC II proteins (14).

In this study, Poncette and colleagues 
used their ABabDR4 system to generate 
NY-ESO-1 CD4+ TCRs of optimal affinity  
and compared their functionality with 
that of NY-ESO-1 TCRs isolated from 
human CD4+ T cells (9) in a manner much 
akin to their previous work with ABabDII 
mice (15). This study has come at a time 
of mounting evidence that besides CD8+ 
T cells, CD4+ T cells should be targeted 
for ACT. Recent studies show that CD4+ T 
cells have important effector roles in the 
antitumor response, including superior  
recognition of tumor neoantigens in both 
mouse (16) and human (17) systems; 
MHC II–dependent tumor cell lysis (18); 
and MHC II–independent but INF-γ–
dependent recruitment and activation 
of macrophages and NK cells (ref. 19 
and Figure 1B). In fact, autologous trans-
fer of NY-ESO-1–reactive CD4+ T cells 
alone has been shown to mediate durable  
remission in a patient with refractory met-
astatic melanoma (20). Moreover, there 
is significant evidence that combined 
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CD4+ and CD8+ cell–based therapies may 
have synergistic effects, as CD4+ T cells 
play important helper roles in enhanc-
ing CD8+ activation (21), memory for-
mation (22), and antigen spreading to 
nontargeted tumor epitopes (23, 24). In 
line with these important findings, this 
study also examined whether combin-
ing CD4+ and CD8+ T cells of optimal- 
affinity could enhance ACT efficacy.

In order to find optimal-affinity 
NY-ESO-1–specific CD4+ T cells, Pon-
cette et al. immunized ABabDR4 mice 
with either NY-ESO-1116–135 or NY-ESO-1 
full-length DNA. These TCRs were 
shown to recognize NY-ESO116–135–loaded,  
NY-ESO-1–transduced, and naturally 
expressing NY-ESO-1 melanoma cell lines 
more effectively than the ones isolated  
from human CD4+ T cells. Moreover, their 
EC50 values in a NY-ESO-1 peptide titra-
tion assay were almost a log-fold lower 
than 3 of 5 human-derived TCRs (10–10 
vs. 10–9 M), they secreted greater maxi-
mal IFN-γ concentrations, and they had 
higher MFIs when stained with DR4/
NY-ESO-1116–135 tetramer (9). One TCR, 
TCR-3598_2, was chosen for a com-
bined CD4+ and CD8+ ACT study, as it 
showed no signs of alloreactivity or cross- 
reactivity with any other naturally pro-
cessed and presented human self-peptides  
that contain its recognition motif (9).  
This TCR was combined with a previously 
isolated HLA-A2/NY-ESO-1157–165–reactive 
TCR (15) in an ACT fibrosarcoma model  
where CD8+ T cells could only recog-
nize antigen on cancer cells, while the 
NY-ESO-1–specific CD4+ T cells could 
only recognize antigen cross-presented 
by tumor stromal cells (9). The combi-
nation of NY-ESO-1–specific CD4+ and 
CD8+ T cells led to tumor regression in 
10 of 10 mice, although the majority of 
these mice did eventually develop tumors, 
likely due to antigen loss (9). Correspond-
ingly, this group had the highest number 
of CD8+ T cells in their peripheral blood 
and both CD4+ and CD8+ T cells within 
their tumors. In contrast, the CD4+-only  
group showed limited therapeutic ben-
efit, suggesting that, in this system, the 
primary role of CD4+ T cells is to pro-
vide T cell help, rather than directly  
mediate antitumor activity. That said, the 
lack of direct CD4+ regression and the 
failure of the combined-treatment group 

Figure 1. Optimal-affinity CD4+ T cells for enhanced antitumor response. (A) Mouse hosts with human 
TCR and HLA genes generate “optimal-affinity” TCRs. As opposed to human hosts — which display 
self-antigens in the thymus and delete T cells that bind self-MHC and self-peptide with high affinity in 
a process known as negative selection — mouse hosts that lack human peptides but have human TCRs 
and HLA molecules can generate TCRs that bind human MHC and human peptide with high affinity. 
These are so-called optimal-affinity TCRs. (B) The wide range of effector and helper roles of CD4+ T cells 
in the antitumor response. CD4+ T cells can directly lyse tumor cells that have constitutive or inducible 
MHC II expression. Additionally, they can indirectly lead to tumor cell lysis by recruiting and activating 
macrophages and NK cells, which can release tumor antigens that can be presented by professional 
antigen-presenting cells such as dendritic cells to CD8+ T cells. Finally, they can also license dendritic 
cells, enhancing the activation and memory formation of tumor-specific CD8+ T cells.
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over single high-affinity TCR approaches 
as well as more sophisticated systems for 
generating diverse TCR repertoires will 
ultimately help us develop and optimize 
ACT therapies.
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Concluding remarks
There are certainly many benefits to this 
and other TCR gene therapy approaches  
for designing TCRs of optimal affinity 
for tumor antigens. They can provide a 
scalable, off-the-shelf reagent for treat-
ing many patients with a wide variety of 
cancers that express the corresponding 
tumor antigen, and engineered TCRs 
can be prescreened to have minimal 
on- or off-target toxicities. However 
these approaches will not confer the 
potential advantages associated with a 
polyclonal T cell response of a diverse 
spectrum of affinities and binding orien-
tations against a single antigen that can 
be achieved through artificial antigen– 
presenting cell–based (aAPC-based) 
expansions (25). Moreover, as engi-
neered TCRs are traditionally designed 
based on reactivity to a single dominant 
epitope of a tumor antigen, TCRs with 
reactivity to subdominant epitopes of 
tumor antigens remain conspicuously 
unexplored. Even in the case of Poncette 
et al., while they confirmed natural pro-
cessing of NY-ESO-1116–135 by immunizing 
mice with full-length NY-ESO-1 DNA, 
they required that all of their TCRs stain 
positive for DR4/NY-ESO-1116–135 tetramer  
(9). In the process, however, they may 
have screened out TCRs that target dif-
ferent portions of the NY-ESO-1 protein 
but still have potent antitumor activity. 
Finally, targeting of a limited number of 
tumor antigens can quickly lead to out-
growth of antigen-loss variants, which 
may ultimately limit the value of single 
TCR approaches. Combined CD8+ and 
CD4+ approaches are a good start, as they 
can promote antigen spreading beyond 
targeted tumor epitopes (23, 24). As the 
importance of clinically relevant ACT 
therapies expands, further mechanistic 
studies comparing the potential clinical 
benefit of polyclonal antitumor responses 
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