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Objective: Mycobacterium tuberculosis/human immunodeficiency virus (MTB/HIV)
coinfection has become an urgent problem in the field of prevention and control of
infectious diseases in recent years. Adoptive cellular immunotherapy using antigen-
specific T-cell receptor (TCR) engineered T cells which recognize the specific antigen
artificially may have tremendous potential in anti-MTB/HIV coinfection. We have
previously successfully identified a MTB Ag85B199–207 and HIV-1 Env120–128 peptide-
bispecific TCR screened out from peripheral blood mononuclear cells of a HLA-
A�0201þ healthy individual and have further studied that how residues on the predicted
complementarity determining region (CDR) 3 of the b chain contribute to the bispecific
TCR contact with the peptide-MHC. However, it is not clear which amino acids in the
predicted CDR3a of the bispecific TCR play a crucial role in ligand recognition.

Methods: The variants in the CDR3a of the bispecific TCR were generated using
alanine substitution.We then evaluated the immune effects of the five variants on T-cell
recognition upon encounter with the MTB or HIV-1 antigen.

Results: Mutation of two amino acids (E112A, Y115A) in CDR3a of the bispecific TCR
caused amarkedly diminished T-cell response to antigen, whereas mutation of the other
three amino acids (S113A, P114A, S116A) resulted in completely eliminated response.

Conclusion: This study demonstrates that Ser113, Pro114 and Ser116 in CDR3a of the
bispecific TCR are especially important for antigen recognition. These results will pave
theway for the future development of an improved high-affinity bispecific TCR for use in
adoptive cellular immunotherapy for MTB/HIV coinfected patients.
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Introduction

Mycobacterium tuberculosis/human immunodeficiency
virus (MTB/HIV) coinfection has become an urgent
problem in the field of prevention and control of
tuberculosis (TB) and HIV/AIDS in recent years.
Tuberculosis is a common opportunistic infectious disease
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of HIV/AIDS and also the most common cause of death
of HIV/AIDS. Similarly, HIV infection is an important
factor in the development of active TB [1]. In 2020, an
estimated 9.9 million people fell ill with TB, and among
them, 8% were HIV-positive; there were an estimated 1.5
million TB deaths, among which about 214 000 deaths
were HIV-positive people [2]. Although MTB/HIV
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coinfected patients can be effectively treated, there are still
many problems such as severe drug toxicities and adverse
effects, susceptibility to drug resistance, the immune
reconstitution inflammatory syndrome and so on [3].
Hence, there is an urgent need to develop new therapies
for MTB/HIV coinfection.

The immune mechanism against MTB/HIV coinfection
is mainly T-cell-mediated immunity. However, it is quite
obvious that the immune system is disordered in MTB/
HIV coinfected individuals, which mainly reflects for
the significantly reduced number of effector T cells and
the obviously decreased secretion of interferon-g (IFN-
g), tumor necrosis factor-a (TNF-a) and perforin [4].
Thus it can be seen that adoptive transfer of lots of
effector T cells to MTB/HIV coinfected patients is a
quite effective method. At present, the application of
antigen-specific T-cell receptor (TCR) gene modified T
cells in the immunotherapy of T-cell immune-related
diseases such as bacterial and viral infections and tumors
has made great progress and become a hot spot in the
field [5–7]. This shows that adoptive immunotherapy
of antigen-specific TCR gene modified T cells has
bright prospects for the treatment of MTB/HIV
coinfection.

As is known to all, T-cell recognition of foreign antigens
associated with MHC proteins is achieved through the
TCR [8]. T-cell receptors engage both peptide andMHC
molecule via their six complementarity determining
regions (CDRs) loops which play a leading role in the
specificity of TCR recognition of antigens, three from
the Va domain and three from the Vb domain [9].
Among them, the CDR3 region which is the most
variable is the critical determining factor of T-cell antigen
recognition specificity and mediates T-cell diversity [10].
Explanation of the role of TCR residues in antigen
binding as well as T-cell activation mainly include
structural research on the alteration of residues within the
CDRs loops of the a and b chains. Generally, alanine
substitution is a common method for mutation analysis.
The murine class II-restricted D5 TCR [11,12] and the
murine class I-restricted 2C TCR [13] have been
extensively studied to determine the role of individual
CDR residues on TCR affinity and functional activity
using alanine substitution.

Previously, we have successfully identified a MTB
Ag85B199–207 and HIV-1 Env120–128 peptide-bispecific
TCR screened out from peripheral blood mononuclear
cells (PBMCs) of a HLA-A�0201þ healthy individual and
have further studied that how residues on the predicted
CDR3 of the b chain contribute to the bispecific TCR
contact with the peptide-MHC [14,15]. However, it is
not clear which residues in the predicted CDR3a of the
bispecific TCR play a crucial role in ligand recognition.
Here, we extend the study to the bispecific TCR a chain
using alanine substitution.
Materials and methods

Cells
Peripheral blood mononuclear cells were from a HLA-
A�0201þ healthy volunteer with informed consent. The
research had been carried out in accordance with the
World Medical Association Declaration of Helsinki and
was approved by the ethics committee of the Southern
Medical University. Monocyte-derived dendritic cells
(DCs) and CD8þ T cells were generated as previously
described [15]. The 293T, T2 and J.RT3-T3.5 (kindly
provided by Dr Wei He, Peking Union Medical College,
Beijing, China) cells were routinely cultured.

Generation of variant T-cell receptors
The wild-type (WT) bispecific TCR has generated as
described in previous study [15]. Briefly, for generating the
variant TCR a-chains, the 5’-end b15-fu-SGSG-P2A-
a17 fragment was amplified from the WT plasmid
pHAGE-b15-fu-SGSG-P2A-a17-IRES-IZsGreen using
the forward primer P1 and the reverse primer P3, P5, P7,
P9, or P11, and the 3’-end b15-fu-SGSG-P2A-a17
fragment was generated using the forward primer P4, P6,
P8, P10, or P12 and the reverse primer P2. The
corresponding fragments were then mixed and joined by
carryingout aPCRusingP1 andP2primers toproduce the
variants.TheDNAfragments containing thevariantTCRs
were thendigested and inserted into thepHAGE-fullEF1a-
MCS-IZsGreen lentiviral vector at XbaI and BamHI sites.
All of the primers (P1–P12) are outlined in Table 1.

Recombinant lentivirus production
The 293T were transfected with the lentivirus triad of
plasmids pHAGE, psPAX2 and pMD2.G using X-
tremeGENE HP DNA Transfection Reagent (Roche,
Mannheim, Germany). Lentiviral supernatant was col-
lected, filtered and ultracentrifuged. Pellets were gently
resuspended and aliquoted and should be frozen at
�808C. Viral titers were determined and calculated.

Genetic modification of T cells
Before transduction, CD8þ cells were seeded in a 24-well
plate (Nunc, Roskilde, Denmark). The lentiviral particles
containing 8mg/ml polybrene was added. Cells were
transduced by 3 cycles of spin-infection at a 24-h interval.

Detection of exogenous T-cell receptors
After transduction, CD8þ cells were harvested to
eliminate the dead cells using the Dead Cell Removal
Kit (Miltenyi Biotec) and detect the expression of GFP.
The exogenous TCRs were determined by flow
cytometry using APC-Cy7-conjugated anti-CD8þ

monoclonal antibody (Biolegend, San Diego, California,
USA), PE-conjugated Ag85B199–207/HLA-A�0201
dextramer (Immudex, Copenhagen, Denmark) and
APC-conjugated Env120–128/HLA-A�0201 dextramer
(Immudex). Furthermore, RNA was isolated from
CD8þ cells and reverse transcription was carried out.
Primer sequences are summarized in Table 1.
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Table 1. Primer sequences.

Primer Sequence (50-30) Length (bp)

P1 Kozaka

GCTCTAGAGCCAGGATGGCCTCCC
24

P2 CGGGATCCTCAGCTGGACCACAGCCGCAGCGTCATGAGC 39
P3 CCTGAATAGGGACTGGCTGCACAGb 24
P4 CTGTGCAGCCAGTCCCTATTCAGG 24
P5 CCTCCTGAATAGGGGGCCTCTGCAC 25
P6 GTGCAGAGGCCCCCTATTCAGGAGGAG 27
P7 CTCCTCCTGAATAGGCACTCTCTGCACAG 29
P8 CTGTGCAGAGAGTGCCTATTCAGGAGGAG 29
P9 CTCCTGAGGCGGGACTCTCTGCAC 24
P10 GTGCAGAGAGTCCCGCCTCAGG 22
P11 CTCCTCCGGCATAGGGACTCTCTGCAC 27
P12 GTGCAGAGAGTCCCTATGCCGGAGG 25
GAPDH forward GGATATTGTTGCCATCAATGACC 23
GAPDH reverse AGCCTTCTCCATGGTGGTGAAGA 23
b15-fuSGSGP2A-a17 forward TCCTGTCTGCCACCATCCTCTAT 23
b15-fuSGSGP2A-a17 reverse CAGCCACAAAAACAGGAACGA 21

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
aKozak sequence (GCCAGG), a nucleotide sequence located in the 50 untranslated mRNA region that allows ribosomes to recognize the initiator
codon, was underlined.
bMutated nucleotides were bold and labeled underlined simultaneously.
Measurement of cytokine release
CD8þ cells were tested for reactivity in cytokine-release
assays using ELISA kits [IFN-g, TNF-a, granulocyte-
macrophage colony-stimulating factor (GM-CSF); ExCell
Bio, Shanghai, China; granzyme B (GrB); eBioscience,
San Diego, California, USA]. T2 were pulsed with HLA-
A�0201-restricted MTB Ag85B199–207 (KLVANNTRL),
HIV-1 Env120–128 (KLTPLCVTL) or CMV pp65495–503
peptide (NLVPMVATV) (Proimmune, Oxford, UK) at
indicated concentrations for 3 h at 378C. Stimulator cells
and responder cellswere cocultured in a 96-wellU-bottom
plate (Nunc) for 24 h, except IFN-g, which was detected
after 18 h of incubation. In some groups, DCs were
transfectedwith the pV1J.ns-tPA-Ag85B (gifted byDrKris
Huygen in Pasteur Institute of Brussels, Brussels, Belgium)
or the pCAGGS-Env plasmid (gifted by Dr James M.
Binley in Torrey Pines Institute for Molecular Studies, San
Diego, California, USA) respectively using Lipofectamine
2000 Transduction Reagent (Invitrogen, Carlsbad, Cali-
fornia, USA).

Assessment of T-cell proliferation
T-cell proliferation was detected using Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan). Briefly, CD8þ cells
were cocultured with T2 loaded with 10mg/ml corre-
spondingpeptides in a96-wellU-bottomplate.After 2, 4, or
7 days of coculture, the supernatants were transferred into
emptywells andCCK-8 solutionswere added.Theplatewas
incubated for 4 h at 378C.The optical absorbance at 450nm
was then measured with a microplate reader (Thermo
Scientific Varioskan Flash; Thermo Fisher Scientific Inc.).

Intracellular cytokine staining
Intracellular cytokine staining was performed to assess the
level of IFN-g produced by T cells and was performed as
previously described [15].
EuTDA cytotoxicity assays
Cytotoxicity assays were done to evaluate the cytotoxic
activity of CD8þ cells using a DELFIA europium-
2,2’:6’,2’’-terpyridine-6,6’’-dicarboxylic acid (EuTDA)
cytotoxicity kit (Perkin-Elmer Life Sciences, Norwalk,
Connecticut, USA) according to the instructions.
Percentage cytotoxicity was calculated by the following
formula: [(experimental release - spontaneous release) /
(maximum release - spontaneous release)]� 100.

Determination of CD69 in J.RT3-T3.5 cells
Before transduction, J.RT3-T3.5 cells were seeded in six-
well plates (Nunc) and then incubated with concentrated
lentivirus. After 3 days of transduction, cells were pooled
and cocultured with peptide-pulsed T2. Eighteen hours
later, cells were collected, washed, and stained with APC-
labeled anti-CD69 antibody (eBioscience). Data were
rapidly analyzed by flow cytometry.

Statistical analysis
All statistical analyses were performed using the SPSS
version 17.0 for windows (SPSS, Chicago, Illinois, USA).
A one-way ANOVA and multiple comparisons tests (least
significant difference or Dunnett’s T3) were used to
compare the differences between the experimental
groups. P-values were two-sided. Differences with
P< 0.05 were considered significant.
Results

Bispecific T-cell receptor CDR3a variants
construction
The pHAGE-fullEF1a-MCS-IZsGreen lentiviral vector
with expression cassettes consisting of TCR a17 and b15
genes was constructed (Fig. 1a). The bispecific TCR
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expression in this vector is driven by the long terminal
repeat, and a- and b-chains are expressed as a single open
reading frame using the furin (RAKR)-linker (SGSG)-
P2A peptide sequence (Fig. 1b). Generally, ribosomes
skip the synthesis of the glycyl-prolyl peptide bond at the
C-terminus of the P2A peptide, leading to the equimolar
cleavage between b- and a-chain [16]. The furin cleavage
site could remove the P2A peptide remaining on the
TCR b chain, and the SGSG linker has been
demonstrated to efficiently synthesize functional TCRs
compared to the 2A sequence only [17]. To promote
preferential pairing and improve cell surface expression of
the exogenous TCR, nine critical amino acids (AAs) in
the TCR a and b C regions were replaced by murine
counterparts as described previously [15]. The amino acid
residues 112–116 (ESPYS) of the TCR CDR3a were
targeted for alanine substitution, which designated E112A,
S113A, P114A, Y115A and S116A, respectively (Fig. 1c).
Using the primers listed in Table 1, these variants
containing single amino acid substitution were produced.
Fig. 1. Generation of alanine substitution of the bispecific TCR CD
IZsGreen lentiviral vector encoding the variant bispecific TCRs. T
critical AAs in the C regions of b15 and a17were replaced by their m
(c) Alanine substitution at the CDR3 region of the bispecific TCR a c
WT, wild-type.
Exogenous T-cell receptors expression of
engineered T cells
After transduction GFP fluorescence was monitored in
empty vector transductant and theWTand variant TCRs
transductants (Fig. 2a). MHC dextramers were then used
to detect the expression of exogenous TCRs and evaluate
TCRs affinity. Cells expressing the WT TCR had a
higher proportion of double MTB/HIV-1 dextramers-
positive cells (15%) within the GFP-positive population
than other groups (P< 0.05). Similar levels of double-
dextramers staining were found on E112A and Y115A
groups, which exhibited a remarkable increase compared
with empty vector transductant respectively (P< 0.05).
No enhanced double-dextramers staining was observed
between the S113A and empty vector transductant
(P> 0.05), as well as P114A and S116A transductants
(Fig. 2B, C). Transcription level of exogenous TCR
genes was further examined. The electrophoretic band of
a segment of b15-fu-SGSG-P2A-a17 was clearly
observed in the WT and variant TCRs groups, while
R3a. (a) Schematic illustration of the pHAGE-fullEF1a-MCS-
CR b and a chains were linked with furin-SGSG-P2A. Nine
urine counterparts. (b) The sequences of the furin-SGSG-P2A.
hain. AA, the amino acid sequence; DNA, the DNA sequence;
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Fig. 2. Variant bispecific TCRs expression of transduced CD8R T cells. (a) Fluorescence micrograph of CD8þ T-cells engineered
with variant bispecific TCRs. (b) Dextramers staining of CD8þ T cells transduced with variant bispecific TCRs. Cells were stained
with APC-Cy7-conjugated anti-CD8 monoclonal antibody, PE-conjugated Ag85B199–207/HLA-A�0201 dextramer and APC-
conjugated Env120–128/HLA-A�0201 dextramer. The data were analyzed within the CD8þGFPþ population. (c) Comparison
of the frequency of CD8þGFPþdouble dextramersþ T-cells among the variant bispecific TCRs modified groups. (d) The PCR
products of a segment of b15-fu-SGSG-P2A-a17 were analyzed on an agarose gel. aP<0.05 compared to other six groups.
bP<0.05 compared to Vector. Vector, transduced with empty vector only carrying the GFP gene; MTB dextramer: PE-conjugated
Ag85B199–207 /HLA-A�0201 dextramer; HIV-1 dextramer: APC-conjugated Env120–128 /HLA-A�0201 dextramer.
it was not discovered in the empty vector transductant
(Fig. 2D).

Cytokine release by T cells
To examine the effects of the TCR CDR3a alanine
substitution on T-cell recognition, the levels of cytokines
were determined. The CD8þ T cells expressing the WT
TCR generated higher levels of IFN-g, TNF-a and
GM-CSF than other groups (P< 0.05) when stimulated
by either MTB Ag85B199–207 or HIV-1 Env120–128
peptide-loaded T2 cells. Compared with untransduced or
empty vector transduced group, the E112A or Y115A
TCR gene modified CD8þ cells when cocultured with
T2 cells pulsed with MTB or HIV-1 peptide showed an
obvious increase in IFN-g, TNF-a and GM-CSF
secretion (P< 0.05). In marked contrast, the CD8þ cells
that were transduced with the S113A, P114A or S116A
TCR constructs failed to produce noticeable levels of
cytokines in response to MTB or HIV-1 peptide-exposed
T2 cells compared with control groups (untransduced or
empty vector transduced group, P> 0.05) (Fig. 3a–c).

To further appraise the recognition of the several TCR
variants, engineered CD8þ T cells were subjected to
cocultivation experiment with different concentration of
MTB or HIV-1 peptide-pulsed T2 cells. Variant TCRs
engineered T cells specifically released cytokines upon
encounter with the MTB or HIV-1 peptide in a dose-
dependent manner (Fig. 3d, e). CD8þ T cells transduced
with the WT TCR as well as E112A and Y115A TCR
identified T2 cells loaded with as little as 0.01mg/ml
MTB or HIV-1 peptide, reflecting that these TCRs were
comparatively high-avidity receptors. However, coculti-
vation of CD8þ T cells expressing the E112A or Y115A
TCR with peptides-pulsed T2 cells secreted lower levels
of cytokines compared with the WT group. In sharp
contrast, specific release of cytokines was not observed
when the S113A, P114A or S116ATCRmodified T cells
as well as control T cells were cocultured with different
concentration of peptides-loaded T2 cells.

Additionally, the specific IFN-g secretion of engineered
CD8þ T cells was measured by intracellular cytokine
staining ulteriorly. The percentage of cells within the
GFPþ double dextramersþ population that produced
IFN-g in response to MTB or HIV-1 peptide was about
41%-48% in the case of WT TCR expressing cells,
whereas a background level of IFN-g was secreted in the
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Fig. 3. Immune response of variant bispecific TCRs transduced CD8R T cells. (a–c) The releases of IFN-g, TNF-a and GM-CSF in
response to T2 cells loadedwith 10mg/ml ofMTBAg85B199–207 (KLVANNTRL) (left panel) or HIV-1 Env120–128 (KLTPLCVTL) (right
panel) were measured by ELISA. (d, e) Peptide titration was measured as the IFN-g and GM-CSF production after coculture with
peptide-loaded T2 cells. (f) Intracellular cytokine staining for IFN-g of variant bispecific TCRs engineered CD8þ T cells. The WT,
E112A or Y115A TCR transduced CD8þ T cells were co-incubation with MTB Ag85B199–207, HIV-1 Env120–128 or control peptide
CMV pp65495–503-pulsed T2 cells. Cells were gated for CD8þGFPþdouble dextramersþ cells and then analyzed for intracellular
IFN-g. (g, h) Proliferation of CD8þ T cells after coculture with peptide-pulsed T2 cells was measured by CCK-8. (i) ELISA was used
to detect theGrB level of CD8þ T cells whichwere co-incubationwith 10mg/ml ofMTBAg85B199–207 peptide or HIV-1 Env120–128
peptide-pulsed T2. (j) DELFIA assay was used to measure the direct cytotoxicity on T2. NV: no vector. Vector: transduced with
empty vector only carrying the GFP gene. MTB peptide: Ag85B199–207 peptide; HIV-1 peptide: Env120–128 peptide. aP<0.05
compared to other seven groups. bP<0.05 compared to NV. cP< 0.05 compared to vector.



MTB/HIV bispecific TCR-a chain variants Zhou et al. 39
control T cells when cocultured with the irrelevant CMV
pp65495–503 peptide-pulsed T2 cells. In contrast, the
E112A or Y115A variant TCR modified T cells when
exposed to MTB or HIV-1 peptide-loaded T2 cells
showed an apparent decrease in IFN-g secretion
compared with the WT TCR transductant (Fig. 3f).

Antigen-specific proliferation of T cells
We performed a cell proliferation assay to detect the
antigen-specific proliferation of the variant TCRs
modified T cells (Fig. 3g, h). When cocultured with
T2 cells pulsed with MTB or HIV-1 peptide, the WT
TCR engineered CD8þ T cells proliferated more
extensively as measured by OD450 than other groups
at 2, 4 and 7 days post-stimulation, particularly at day 7
(P< 0.05). The E112A and Y115A transductants
proliferated remarkably greater than untransduced and
empty vector transduced cells after exposure to MTB or
HIV-1 peptide-loaded T2 cells, especially on day 7
(P< 0.05). In stark contrast, the S113A, P114A and
S116A transductants as well as control groups exhibited a
background level of proliferation at every time (P> 0.05).

Lysis of T cells
TheGrB release and EuTDA cytotoxicity assayswere done
to assess the abilities of CD8þT cells expressing theWTor
variant TCRs to mediate specific T2 cells lysis. The WT
TCR transductant when cocultured with MTB or HIV-1
peptide-pulsedT2cells secreteddramaticallyhigher levelof
GrB than other groups (P< 0.05). The E112A andY115A
transductants when exposed to MTB or HIV-1 peptide-
loaded T2 cells had higher GrB secretion than control
groups (P< 0.05), while the S113A, P114A and S116A
transductants did not (P> 0.05) (Fig. 3i). As expected, the
antigen-specific lysismediated byCD8þT cells was similar
with GrB (Fig. 3j).

Evaluation of the function of engineered CD8R T
cells against endogenous peptides
We evaluated the abilities of variant TCRs engineered
CD8þ T cells to recognize naturally processed epitopes
from MTB and HIV presented by autologous DCs
(Fig. 4a–d). The WT TCR transductant which were
incubated with DCs transfected with the Ag85B-expres-
sing plasmid pV1J.ns-tPA-Ag85B or the Env-expressing
plasmid pCAGGS-Envexerted appreciably higher levels of
IFN-g and TNF-a secretion and lytic function when
comparedwith other groups (P< 0.05). In agreementwith
expectations, the E112A and Y115A transductants when
exposed to the endogenously presented antigens by DCs
revealed noticeably enhanced activities compared with
control groups (P< 0.05), while the S113A, P114A and
S116A transductants did not (P> 0.05).

T-cell activation in engineered J.RT3-T3.5 cells
Given that J.RT3-T3.5 cells are a TCR negative T-cell
line, we used them to further value the properties of
variant TCRs. According to expectations, the WT TCR
transduced J.RT3-T3.5 cells when cocultured with MTB
or HIV-1 peptide-pulsed T2 cells produced significantly
higher level of CD69 than other groups. The expression
of CD69 of the E112A and Y115A transductants
responded to both peptides showed a remarkable increase
in contrast to those in the empty vector transduced cells,
while the CD69 expression of the S113A, P114A and
S116A transductants did not. However, no distinct
differences in CD69 expression were found in all groups
after exposure to the irrelevant CMV pp65495–503
peptide-pulsed T2 cells (Fig. 4e).
Discussion

In this report, alanine substitution variants were generated
in the predicted CDR3a of the bispecific TCR which
recognizes both the HLA-A�0201-restricted MTB
Ag85B199–207 peptide and HIV-1 Env120–128 peptide,
to identify the substituted TCRs with changed levels of
antigen specific activity in TCRs engineered T cells. As is
known to all, alanine mutagenesis is a widely usedmethod
in the determination of the functions of TCR residues
since alanine which is the smallest chiral amino acid can
eliminate the side chain beyond the b carbon and yet does
not alter the main-chain conformation nor does it impose
extreme electrostatic or steric effects [18]. It is worth
noting that MTB and HIV-1 dextramers staining showed
that the variant TCRs presenting reduced antigen-
specific reactivity still retained the ligand recognition
(Fig. 2b), which means that the overall conformations of
the variant TCRs were not altered. Of course, it cannot
be ruled out that alanine mutation can also change protein
conformation as described in the molecular Bax mutants
study [19]. In reality, each mutant bispecific TCR
generated was expressed efficiently on the surface of J.
RT3-T3.5 cells, which fail to express CD3 molecular and
TCR a/b heterodimer. As the J.RT3-T3.5 cells can
express CD69 when cocultured with the MTB or HIV-1
peptide-pulsed T2 cells (Fig. 4e), the mutant TCR/CD3
complexes which were expressed by these cells were
functional. It suggests that alanine mutation of CDR3a in
the bispecific TCR, which does not alter either
association with the normal TCR b chain or signal
transduction of the TCR/CD3 complex, affects contact
with antigen, rather than disrupting the conformation of
the bispecific TCR.

Our results prove that the bispecific TCR residues in the
predicted CDR3a loop are extremely important in the
recognition of ligand. Transduction of CD8þ T cells with
the bispecific TCR CDR3a substitution constructs of
alanine for serine at position 113 and 116, as well as
proline at position 114 resulted in nearly disappeared
recognition of peptides-loaded T2 cells respectively.
Substitution of alanine for glutamic acid at residue 112 or
tyrosine at residue 115 led to seriously decreased but not
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Fig. 4. Effects of variant bispecific TCRs on T cells activity in response to endogenous antigens stimulation and measurement
of CD69 surface expression of engineered J.RT3-T3.5 cells.Dendritic cells were transfected with the pV1J.ns-tPA-Ag85B plasmid
or the pCAGGS-Env plasmid and then were co-incubation with CD8þ T cells. The IFN-g (a), TNF-a (b) and GrB (c) levels of T cells
were analyzed by ELISA. (d) DELFIA assay was used to detect the lytic function of T cells. (e) The J.RT3-T3.5 cells were
co-incubation with Ag85B199–207, Env120–128, or control peptide CMV pp65495–503-pulsed T2 and were analyzed within the
GFP-positive population. NV, no vector. Vector: transduced with empty vector only carrying the GFP gene. MTB Ag85B: the
Ag85B-expressing plasmid pV1J.ns-tPA-Ag85B; HIV-1 Env: the Env-expressing plasmid pCAGGS-Env. CMV, pp65495–503 peptide;
HIV-1, Env120–128 peptide; MTB, Ag85B199–207 peptide.

aP<0.05 compared to other seven groups. bP<0.05 compared to NV.
cP<0.05 compared to Vector.
abolished reactivity in transduced T cells. With strength
from above, the serine and proline residues in the CDR3
loop of the bispecific TCR a-chain seem to be especially
vital for ligand recognition. When substitution of alanine
for serine, a single side chain hydroxyl group was
removed, resulting in the abolished antigen activity,
which demonstrated that just a small structural change can
have a major impact on antigen recognition. Proline is a
special amino acid as it has a secondary amino group and
contains a pyrrole ring, which causes proline in a protein
to impart a rigid protein structure. For that very reason,
proline has been shown to play a crucial part in
determining the structure of proteins [20] and could
affect T-cell recognition in the 1G4 TCR [21]. Glutamic
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acid at position 112which has a negative charge could stick
to a positively charged amino acid or the positively charged
antigen in peptide-MHC complex to form a salt bridge
which has a serious effect on high specificity and affinity of
protein antigen-antibody interactions [22]. Substitution of
alanine for glutamic acid is likely to thus disrupt the
formation of salt bridges. The aromatic amino acid Tyr115

was speculated to have a great influence on recognition of
MTBandHIV-1peptideantigensby thebispecificTCR.A
study has reported that the interactions of aromatic groups
in amino acids, including non-bonded stacking of the
aromatic groups of amino acid pairs and interactions
between carbonyl oxygens and aromatic side chains, have
been demonstrated to impart plenty of stability to the
protein structure [23]. In addition, aromatic interactions
have been shown to play an important role in antigen
recognitiondue to thehighdegreeof solvent accessibilityof
aromatic residues at antibody binding sites [24].

Although all of our results including our previous study
have obviously indicated the significance of multiple
residues in the predicted CDR3a and CDR3b regions of
the bispecific TCR in identifying antigen/MHC com-
plexes, we cannot currently rule out the possibility that
other regions of the TCR are involved in ligand
recognition. For instance, the role of residues within
the predicted antigen binding loops al, a2, bl, and b2 in
antigen recognition has also been extensively studied.
Kasibhatla S’s work has clearly showed that residues in
each of these loops of the class II MHC molecular I-Ad-
restricted D5 TCR can participate in antigen recognition
simultaneously [11]. Chimeric TCRwith substitutions in
N-terminal halves of V segments spanning loops a1 and
a2 [25], or TCR with substitutions in individual residues
in loop b1 [26] have also demonstrated that these loops
play a crucial part in antigenic peptide recognition.
Another well documented example is that amino acid
substitutions in the CDR2b region of the 1G4, DMF4
and DMF5 TCRs respectively dramatically enhanced
CD4þ T-cell antigen-specific reactivity [21]. Alanine
substitutions of CDR residues in the 2C TCR indicated
that CDR1 and CDR2 regions of the a and b chains
were the major contributors to the binding energy of the
2C TCR for the cognate QL9/Ld antigen [27]. A murine
class II-restricted TCR has also been extensively studied
to determine the role of individual CDR1 residues on
TCR affinity and functional activity using amino acid
substitutions, resulting in a >100-fold increase in the
affinity of the TCR for the cognate peptide/MHC
complex that did not seem to change the specificity of the
cognate antigen of T cells transfected with these variant
TCRs [28].

In conclusion, this study demonstrates that the Ser113,
Pro114 and Ser116 in CDR3a of the bispecific TCR are
especially important for antigen recognition. These
results will pave the way for the future development of
an improved high-affinity bispecific TCR for use in
adoptive cellular immunotherapy for MTB/HIV coin-
fected patients.
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