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Genetic engineering of T cells with a T cell receptor (TCR) tar-
geting tumor antigen is a promising strategy for cancer immu-
notherapy. Inefficient expression of the introduced TCR due to
TCR mispairing may limit the efficacy and adversely affect the
safety of TCR gene therapy. Here, we evaluated the safety
and therapeutic efficiency of an optimized single-chain TCR
(scTCR) specific for an HLA-A2.1-restricted (non-mutated)
p53(264–272) peptide in adoptive T cell transfer (ACT) models
using our unique transgenic mice expressing human p53 and
HLA-A2.1 that closely mimic the human setting. Specifically,
we showed that adoptive transfer of optimized scTCR-redir-
ected T cells does not induce on-target and off-target autoim-
munity. Furthermore, ACT resulted in full tumor protection
and led to a long-lived effective, antigen-specific memory
T cell response in syngeneic and xenograft models. Taken
together, the study demonstrated that our scTCR specific for
the broadly expressed tumor-associated antigen p53(264–272)
can eradicate p53+A2.1+ tumor cells without inducing off-
target or self-directed toxicities inmousemodels of ACT. These
data strongly support the improved safety and therapeutic effi-
cacy of high-affinity p53scTCR for TCR-based immunotherapy
of p53-associated malignancies.
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INTRODUCTION
The adoptive transfer of tumor-reactiveT cells is a promising approach
in the treatment of cancer, but the challenge of isolating T cells with
high avidity for tumor antigens in each patient has limited its wide-
spread application. The transfer into T cells of T cell receptor (TCR)
genes encoding high-affinity TCRs recognizing defined tumor-associ-
ated antigens (TAAs), by retroviral gene transduction, could poten-
tially circumvent this obstacle.1 We have demonstrated that TCR
gene transfer can be used to circumvent self-tolerance of autologous
T cells to TAAs by transferring a humanized high-affinity MDM2-
and p53-specific TCR selected from A2.1 transgenic mice.2–5 We
have previously reported that retroviral expression of a mouse CD8-
independent, p53(264–272)-specific TCR (hereafter referred to as
p53TCR) into human T cells imparted the CD8+ T lymphocytes
Molecular Therapy Vol. 27 No 1 Januar
with broad tumor-specific cytotoxic T lymphocyte (CTL) activity
and turned CD4+ T cells into potent tumor-reactive, p53A2.1-specific
Th cells.2 However, expression of recombinant TCR in ab T cells may
result in mixed heterodimer formation with naturally expressed
endogenous TCR chains and subsequent potential self-reactivity
(off-target autoimmunity).6,7 Therefore, further improvements to
optimize tumor-specific TCR constructs are needed for the clinical
application of TCR gene therapy. We have shown that sequence mod-
ifications of the introduced TCR constant chains, as well as the intro-
duction of an additional inter-chain disulfide bond between the TCR
a and b chain constant domains,8 the use of human-murine hybrid
TCR,9 or the inversion of amino acid residues in the constant region
of the TCR a and b chains at the TCR interface,10 can reduce, but
not entirely eliminate, mixed TCR chain pairing. Different strategies
have been developed to knock down endogenous TCR genes, i.e., by
RNAi11 or by gene editing using zinc-finger nucleases (ZFNs)12,13 or
the CRISPR and Cas9 nuclease (CRISPR/Cas9)14 and transcription
activator-like effector nucleases (TALENs),15 the latest being applied
in a clinical setting.16 To overcome TCR mispairing, we designed a
p53 single-chain TCR (scTCR) by covalently linking the variable
TCRa (Va) and TCRb (Vb) domains with a short glycine-serine-
rich peptide linker (Li)17 coexpressed with a truncated constant
TCRa (Ca) domain. This strategy resulted in an scTCR construct
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Figure 1. Retroviral Bicistronic Expression of

p53TCR

(A) Schematic representation of the pMx retroviral vector-

encoding p53-specific TCR. Double-chain (dc) and sin-

gle-chain (sc) constructs are depicted. Flow cytometry

analysis of the expression of the dc and sc p53TCRs in

mouse T cells 24 hr after transduction by cell-surface

staining with anti-TCRVb3 mAb (B) as a mean of p53TCR

expression, or with pentamer p53(264–272) staining (C).

The TCR transgene expression 1 week after antigen-

specific stimulation was assessed by anti-TCRVb3 stain-

ing (D). Boxes represent interquartile range and median;

whiskers represent minimum to maximum (n = 4–8 bio-

logical replicates) showing the transduction efficiency as

percent of cells harboring the TCRVb3 transgene (B–D,

left panels) and the corresponding expression level as

mean fluorescence intensity (MFI) (B–D, right panels) in live

gated CD8+ and CD4+ T cells. As a control, mouse T cells

were transduced with a mock (empty) retroviral vector.

*p < 0.05; **p < 0.01. 2A, foot-and-mouth disease virus

2A peptide sequence; cys, additional cysteine residue in

the constant (C) domain of the TCRa and TCRb chains;

LTR, long terminal repeat; n.s., not significant.
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that mediated efficient antitumor reactivity in human T lymphocytes
in vitro and in vivo.18 To further enhance preferential TCR pairing,
and thus improve surface expression and TCR function, additional
cysteines8 were introduced and TCR sequences were codon opti-
mized19 and cloned into one single 2A-based retroviral vector.20

Here, we evaluated the safety and efficacy of p53TCR gene transfer-
associated on- and off-target toxicities in adoptive T cell transfer
(ACT) by taking advantage of HupkiCyA2Kb (abbreviated as Hup-
kiA2) mice, which express human wild-type TP53 exons 4–9 in place
of the homologous murine TP53 DNA sequences21 and chimeric hu-
man leukocyte antigen (HLA)-A*0201Kb. We found that genetic en-
gineering of the conventional full-length TCR could not prevent
TCR-mediated lethal off-target autoimmunity in vivo. In sharp
contrast, T cells engrafted with a modified scTCR did not induce graft
versus host disease (GvHD). Importantly, scTCR gene transfer dis-
played antitumor response without on-target off-tumor toxicity
against normal tissues. Taken together, our data strongly support
the improved safety and therapeutic efficacy of a high-affinity scTCR
specific for a non-mutated HLA-A2-restricted antigen as a potentially
broad-spectrum TCR for cancer immunotherapy.
262 Molecular Therapy Vol. 27 No 1 January 2019
RESULTS
Retroviral Expression of p53 scTCR and

Functional Characterization

In the present study, genetic engineering ap-
proaches were used to modify a full-length,
high-affinity p53TCR2 and the derived scTCR
version.18 To favor matched TCR chain pairing,
and thus enhancing TCR cell-surface expres-
sion, both TCRs were modified by optimization
of TCR-encoding nucleotide sequences, intro-
duction of an additional inter-chain disulfide bond (Cys) between
the TCR a and b chain constant domains,8 and expression of the
TCR transgene cassette in 2A virus peptide-based retroviral vectors
(Figure 1A). Staining of mouse T cells with a monoclonal antibody
(mAb) specific for the mouse Vb3 subfamily domain of the
p53TCR revealed comparable mean transduction efficiencies in the
range of 30%–45% for CD8+ and 45%–65% for CD4+ T cells trans-
duced with scTCR and double-chain TCR (dcTCR) (Figure 1B, left
graph). However, TCR expression levels, as determined by the
mean fluorescence intensity (MFI), were slightly lower in scTCR-
versus dcTCR-modified CD8+ (MFI: 288 versus 367; *p = 0.0251)
and CD4+ (MFI: 333 versus 464; **p = 0.0090) T cells (Figure 1B, right
graph). Both T cell subsets transduced with scTCR or dcTCR showed
equivalent binding frequency of 15%–18% for CD8+ and 22%–25%
for CD4+ T cells (Figure 1C, left graph) and MFI values to pentameric
p53A2.1 complexes for CD8+ and CD4+ T cells (Figure 1C, right
graph) 24 hr after transduction. Notably, culture of scTCR- and
dcTCR-transduced T cells for 1 week resulted in comparable fractions
of TCRVb3+ T cells in scTCR- and dcTCR-modified CD8+ T cells. In
contrast, a lower frequency of TCRVb3+ T cells was observed in
the CD4+ T cell subset (65% versus 73% for scTCR and dcTCR,



Figure 2. Lethal TCR Gene Transfer-Mediated

Autoimmunity Does Not Occur in Mice Infused with

p53 scTCR-Modified T Cells

(A) Kaplan-Meier survival plot showing 100% survival in

mice receiving 1 � 106 mock- or p53 scTCR-T cells

compared with mice injected with p53 dcTCR, bcTCR, or

acTCR T cells (40%, 0%, and 60% survival, respectively;

n = 5–6 mice per group). (B) Flow cytometry analysis of

tissue-infiltrating T cells in recipient mice following adop-

tive transfer of TCR-modified T cells. Representative

target organs harvested from moribund mice are shown

(bone marrow, spleen, liver, and lung). Representative

flow plots show live gated CD8+ T cells. Frequency of

tissue-infiltrating infused T cells is expressed as percent of

CD8+TCRVb3+ or CD8+GFP+ T cells in organs from

recipient mice receiving mock, dcTCR, bcTCR, scTCR, or

acTCR, respectively.
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respectively; *p = 0.0406) (Figure 1D, left graph). MFI values showed
a 2-fold lower TCRVb3+ expression in scTCR- versus dcTCR-modi-
fied CD8+ (505 versus 1,024; **p = 0.0011) and CD4+ (607 versus
1,355; **p = 0.0012) T cells (Figure 1D, right graph). Moreover,
scTCR- and dcTCR-T cells showed comparable antigen-specific
granzyme B production (Figure S1A), tumor necrosis factor alpha
Mole
(TNF-a) secretion (Figure S1B), a high avidity
for the cognate antigen (within the nM range;
Figure S1C), and were able to specifically lyse
T2 targets pulsed with p53264–272 peptide,
but not T2 cells loaded with an irrelevant
FluM158–66 peptide (Figure S1D).

Lethal TCR Gene Transfer-Mediated

Autoimmunity Does Not Occur in Mice

Infused with p53 scTCR-Modified T Cells

To address the safety of transduced optimized
p53TCRs, we performed adoptive transfer ex-
periments in humanizedmice lacking themouse
p53 gene. Optimized dcTCR-T cells did not pre-
vent GvHD, because GvHD symptoms occurred
in 60% of infused animals after T cell transfer. In
contrast, mice injected with scTCR- or mock-T
cells remained GvHD-free (Figure 2A). To
investigate whether GvHD induction was medi-
ated by TCR mispairing, we generated con-
structs expressing either the optimized TCR
a or b chain only. Retroviral transduction of
TCR a or b chain (ac and bc, respectively) alone
resulted in strong TCR expression as deter-
mined by flow cytometry (data not shown).
Adoptive transfer of ac or bc TCR-T cells
induced similar or accelerated onset of the pa-
thology to that of dcTCR-T cells (40% and 0%
survival, respectively) (Figure 2A). Mice were
euthanized when they become moribund
(generally 20–50 days post-T cell transfer), and target organs were
harvested and examined by flow cytometry for TCR-specific T cell
infiltration. Concordantly, recipients treated with scTCR- or mock-
modified T cells showed no or poor CD8+Vb3+ T cell infiltration in
the bone marrow (0% versus 2.78%, respectively), spleen (4.17%
versus 1.49%, respectively), liver (5.60% versus 4.26%, respectively),
cular Therapy Vol. 27 No 1 January 2019 263

http://www.moleculartherapy.org


Figure 3. Expansion of Adoptively Transferred p53-

Specific scTCR-Modified T Cells in Chemotherapy-

Preconditioned Recipients Does Not Induce

Depletion of the Hematopoietic Compartment

HupkiA2 recipient mice were infused (i.v.) with 2.5 � 106

p53 scTCR-modified HupkiA2 T cells and received a

single dose (s.c.) of p53-peptide vaccination or PBS 24 hr

after T cell infusion (n = 5 mice per group). (A) Percentage

of initial body weight at day 60 after adoptive T cell

transfer. (B) Peripheral blood cell counts at days 10 and 60

after adoptive transfer: CD3+ T cells, CD19+ B cells, and

CD11b+monocytes. (C) Flow cytometry analysis of tissue-

infiltrating TCRVb3+ CD8+ (left panel) and CD4+ (right

panel) T cells in bone marrow (BM), liver (Lv), lung (Lg), and

spleen (Sp) at day 60 after adoptive transfer. Results

are expressed as the percentage of TCRVb3+ cells per

CD8 or CD4 subset. (D) Peripheral blood counts of

CD3+TCRVb3+-specific T cells at day 60 after adoptive

transfer. Data represent mean numbers ± SEM from five

mice in each group. n.s., not significant.
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and lung (8.60% versus 8.7%, respectively). In contrast, mice adop-
tively transferred with dcTCR- or bcTCR-modified T cells exhibited
a strong and similar infiltration rate (34%–44.8%) in the target organs
(Figure 2B). Increased infiltration was also observed in mice infused
with acTCR-T cells as documented by the presence of CD8+GFP+

T cell infiltrates, in particular in the bone marrow (27.1%) and liver
(33.7%), whereas the lung and the spleen showed a low infiltration
(Figure 2B). Similar results were observed with CD4+ T cell infiltrates
(data not shown). Histopathology of the spleen as a representative
264 Molecular Therapy Vol. 27 No 1 January 2019
target organ confirmed that mice suffering
from GvHD displayed prominent infiltrates of
T cells compared with GvHD-free animals (Fig-
ure S2). Taken together, these results indicate
that 40%–100% of mice infused with dcTCR-,
bcTCR-, or acTCR-modified T cells developed
severe GvHD as a consequence of tissue dam-
age, whereas recipient animals treated with
scTCR-T cells remained GvHD free.

Expansion of Adoptively Transferred p53

scTCR-T Cells in Preconditioned Recipients

Does Not Lead to Depletion of the

Hematopoietic Compartment

Because expression of p53 in normal tissues may
raise the concern of potential on-target toxicity,
we performed ACT experiments in HupkiA2
mice. In vitro, scTCR-modified CD8+ T cells
were able to specifically lyse p53-overexpressing
while ignoring p53 null A2.1+ tumor cells (Fig-
ure S3A), mouse embryonic fibroblasts
(MEFs), and activated T cells from HupkiA2
mice (Figure S3B). These observations further
indicated that fratricide killing does not occur
among scTCR-T cells. Mice received a lymphodepleting chemo-
therapy regimen prior to T cell transfer and were given 2.5 � 106

p53TCR-transduced syngeneic T cells, vaccinated with p53(256–
282) polypeptide together with anti-CD40 and CpG or PBS at
day 1 after T cell transfer. Vaccination-induced expansion of TCR-
specific T cells did not induce signs of toxicity as reflected by stable
body weight (Figure 3A). To determine whether TCR-gene transfer
could result in a depletion of hematopoietic cells, we assessed a
detailed examination of hematopoietic reconstitution by analyzing



Figure 4. Adoptive Transfer of High Numbers of p53

scTCR-T Cells Does Not Induce p53 Autoimmunity

HupkiA2 recipient mice were infused (i.v.) at a 1-week

interval with 20 � 106 and 10 � 106 mock or TCR-

modified HupkiA2 T cells and received an IL-2 injection

(i.p.) at days 10–12 after T cell infusion (n = 5 mice per

group). (A) Percentage of initial body weight at days 14

and 55 after adoptive T cell transfer. (B) Expansion of

CD3+ T cell counts in peripheral blood after adoptive

transfer. (C) Peripheral blood counts of CD3+TCRVb3+-

specific T cells at day 55 after adoptive transfer. Data

represent mean numbers ± SEM from five mice in each

group. (D) Flow cytometry analysis of tissue-infiltrating

TCRVb3+ CD8+ T cells in bone marrow (BM), spleen (Sp),

and liver (Lv) at day 83 after adoptive transfer. **p < 0.01.

n.s., not significant.
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the absolute white blood cell (WBC) counts, including T and B lym-
phocytes and monocytes in peripheral blood. Drop of the absolute
T cell (CD3+), B cell (CD19+), and monocyte (CD11b+) numbers
shortly after lymphodepletion (day 10) was similarly reconstituted
in vaccinated and PBS-control groups by day 60 (Figure 3B).
A detailed analysis of tissues showed any infiltration of p53TCR-T
cells in vital organs (Figure 3C). Accordingly, the persistence of
TCRVb3+ T cells in the peripheral blood was transient as numbers
dropped to steady-state levels 60 days post-transfer (Figure 3D).
Because we cannot exclude that ACT-mediated on-target toxicity
may correlate with the dose of infused T cells, TBI pre-conditioned
HupkiA2 mice were injected with 20 � 106 and 10 � 106 p53TCR-
or mock-transduced T cells at 1-week intervals and treated with inter-
leukin-2 (IL-2). Under these conditions, T cell expansion (Figure 4A)
was associated with a transient weight loss in mice transferred with
specific T cells compared with control recipients (Figure 4B). TCR-
treated animals recovered their initial body weight and did not
develop signs of toxicity. The transient persistence of transferred
Mole
T cells in the peripheral circulation (Figure 4C)
and the absence of organ-infiltrating CD8+

TCRVb3+ T cells (Figure 4D) strongly suggest
that adoptive transfer of scTCR-specific T cells
does not result in on-target toxicity.

Antigen-Specific scTCR-T Cells Exert

Antitumor Reactivity In Vivo

To assess the in vivo antitumor efficacy of
scTCR-redirected T cells, TBI-preconditioned
HupkiA2 mice were given 6 � 106 mock- or
TCR-modified syngeneic T cells and simulta-
neously injected with 0.2 � 106 A2Kb p53
mutant MEF/R172H tumor cells. To further
expand infused T cells, we vaccinated all mice
(subcutaneously [s.c.]) with a long-mer p53
peptide along with anti-CD40 and the Toll-
like receptor agonist imiquimod (Aldara;
Meda, Sweden). Mock-modified T cells did not
exert antitumor effect because all inoculated mice showed rapid tu-
mor growth (Figure 5A, left panel), whereas 50% of mice treated
with scTCR-modified T cells could eradicate tumors (Figure 5A, right
panel), which results in a prolonged tumor-free survival (Figure 5B)
after one single infusion of TCR-specific T cells only. Furthermore,
mice transferred with TCR-modified T cells developed an antigen-
specific memory response as demonstrated by the presence of func-
tional p53 scTCR CD8+ T cells in the spleen of treated mice at day
97 post-T cell transfer (Figure S4).

The therapeutic significance of scTCR-mediated antitumor responses
in vivo was further evaluated in a xenograft model of osteosarcoma.
We first demonstrated that scTCR-modified human T cells exhibit
avidities (dissociation constant [KD]) within the nanomolar (nM)
range as assessed by binding to pentameric p53A2.1 complexes (Fig-
ure S5A). High avidity of the scTCR construct translated into efficient
cytolysis of the p53+A2.1+ Saos2/143 osteosarcoma cell line (Fig-
ure S5B). We then assessed the capacity of TCR-redirected human
cular Therapy Vol. 27 No 1 January 2019 265
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Figure 5. Adoptive Transfer of p53 scTCR-Modified

Mouse T Cells Displays Antitumor Response in a

Syngeneic Tumor Model

HupkiA2 recipient mice were injected (s.c.) with MEF/

R172H tumor cells and infused (i.v.) with mock or p53

scTCR-T cells as described in the Materials and Methods

(n = 6–7 mice per group). Representative data from two

independent experiments are shown. (A and B) Growth

and size of tumors after adoptive transfer of mock- (A, left

panel; n = 7) or p53 scTCR-T cells (A, right panel; n = 6)

and the corresponding Kaplan-Meier survival plot (B).
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T cells to eradicate established osteosarcoma tumors. NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were injected (s.c.) with Saos2/
143 cells in the flank and infused with mock- or scTCR-modified
bulk human T cells via the tail vein 7 days later. All mice received
IL-2 (intraperitoneally [i.p.]) on the day of T cell transfer and at
day 7 to induce T cell expansion. Mice transferred with scTCR-T cells
showed complete eradication of tumors (Figure 6A, right panel),
whereas mock control animals developed large growing tumors
(Figure 6A, left panel). Moreover, mice transferred with scTCR-T
cells developed a long-lived antigen-specific response as demon-
strated by the persistence of TCRVb3+ CD8+ and CD4+ T cells in
the spleen at day 178 after transfer (Figure 6B). These ex-vivo anti-
gen-specific memory T cells showed functional activity in a cytolytic
assay against parental Saos2/143 tumor cells, as well as T2 cells pulsed
with p53264–272 (Figure 6C). These results demonstrate that transfer
of high-avidity p53scTCR-modified human T cells in tumor-bearing
NSG mice results in a potent eradication of tumors and leads to long-
lived effective antigen-specific memory T cell response.

DISCUSSION
Several studies have shown that aberrant p53 expression is often asso-
ciated with poor prognosis in human cancers.22 However, neither
high steady-state levels of p53 nor elevated p53 synthesis alone has
been shown to be a prerequisite for tumor regression by p53-specific
CTLs. Instead, p53 turnover appeared to be an important factor gov-
erning the susceptibility of malignant cells to CTLs.23 Both overex-
pression and slow turnover of mutant p53 protein, as well as aberrant
expression and high turnover of wild-type (WT) p53 protein, result in
presentation of high copy numbers of WT p53 peptide-major histo-
compatibility complex (MHC) class I complexes on tumor cells as
266 Molecular Therapy Vol. 27 No 1 January 2019
compared with low copy numbers on normal
cells.5,23,24 Consistent with these findings, clin-
ical studies have reported increasing frequencies
of WT p53(264–272) peptide-specific CD8+

T cells in the peripheral circulation of patients
with squamous cell carcinoma of the head and
neck (SCCHN).25,26 Accordingly, the prioritiza-
tion of cancer antigens ranked non-mutant p53
antigens in the top 10 candidates,27 making p53
a promising broad-spectrum tumor antigen4,28

for cancer immunotherapy. However, we and

others5,29 have demonstrated that selected p53 mutations can affect
cleavage of the flanking peptides 264–272 and its subsequent presen-
tation by A*0201. As a consequence, tumor cells that overexpress
these mutations are not recognized by A*0201-restricted CTL specific
for the flanking p53 epitope, 264–272, making our scTCR(264–272)
inefficient for targeting these types of tumors. Adoptive TCR-gene
therapy is currently challenged by a low therapeutic efficacy and
the risk of on- and off-target toxicity. In the present study we ad-
dressed the therapeutic safety challenges, using a high-avidity mouse
scTCR directed against a human HLA-A2.1-restricted non-mutant
p53 epitope in pre-clinical mouse models.

We first genetically modified p53TCR constructs to minimize TCR
mispairing. We have shown that cysteine modifications are able to in-
crease the expression of the introduced TCR due to preferential chain
pairing,8 but fail to entirely prevent mispairing in human T cells.30 Of
note, the TCR a and b chain genes used in these studies were encoded
by a two-retroviral vector system. Here, p53TCR transgene cassettes
were further codon-optimized and cloned into a single 2A-based
retroviral vector that, in addition to enhancing TCR expression,
may limit the potential risk of oncogene transformation31 compared
with a dual-retroviral vector system. Our in vitro results showed that
compared with dcTCR, scTCR-modified CD4+ and CD8+ T cells dis-
played equivalent high avidity and were able to mediate specific lysis
of p53mutant A2.1+ tumor cells. Although genetic modifications pre-
served the antigen specificity, the optimized dcTCR was more likely
still prone to mispairing as retroviral transduction of modified TCR
a or b chain alone resulted in strong mixed TCR dimer expression.
Here, we asked whether TCR mispairing observed in vitro with opti-
mized dcTCR could result in off-target toxicity in pre-clinical mouse



Figure 6. Adoptive Transfer of p53 scTCR-Modified

Human T Cells Eradicates Established Tumors in a

Xenograft Model of Osteosarcoma

NSG mice were injected (s.c.) with Saos2/143 tumor cells

and infused (i.v.) with mock or scTCR-modified human

bulk T cells as described in the Materials and Methods. All

mice received IL-2 injection (i.p.) at days 7 and 14 after

tumor challenge. (A) Growth and size of tumors after

adoptive transfer of mock (left panel, n = 6 mice) or TCR-

specific (right panel, n = 8) T cells. Representative data

from three independent experiments are shown. (B)

Representative flow plots show the frequency of spleen-

infiltrating TCR-specific T cells as percent of TCRVb3+

T cells (CD8+, left panel; CD4+, right panel) at day 178 after

adoptive T cell transfer. (C) Cytolytic activity of ex-vivo

antigen-specific memory T cells (described in B) in

response to T2 cells pulsed with 10 mM p53264–272 or

irrelevant HIV476–484 peptide and Saos2/143 tumor cell

line at the indicated CD8+Vb3+-to-target ratio.
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models of adoptive transfer using as recipients p53 null A2.1Kb mice
to preclude any potential p53-dependent on-target effect. Adoptive
transfer of TCR a or b chain-transduced T cells induced similar onset
of lethal GvHD to that of dcTCR-modified T cells, suggesting that the
pathology was likely mediated by self-reactive mixed TCR dimers, in
line with the occurrence of TCR gene transfer-associated lethal GvHD
observed by Bendle and colleagues.6 However, in contrast with this
study, genetic modifications of the p53 dcTCR did not prevent auto-
immunity because GvHD occurred in themajority of infused animals,
suggesting that genetic engineering is not equally applicable to all
TCRs as a strategy to reduce mixed TCR dimers-associated toxicity.
As opposed to dcTCR, no signs of GvHD were observed in mice in-
jected with scTCR-modified T cells, resulting in long-term overall
survival post-ACT. Concordantly, detailed examination of target
tissues, including bone marrow, spleen, and liver, did not show infil-
tration of scTCR-modified T cells, suggesting that although residual
Mole
mispairing was observed with the scTCR
in vitro,32 this does not, in contrast with a
dcTCR, lead to off-target autoimmunity in vivo.

The choice of target tumor antigens for cancer
immunotherapy is of central importance
because the transfer of high-avidity T cells
may cause severe on-target toxicity, as reported
for an allo-restricted TCR against hyaluronan-
mediated motility receptor (HMMR) in a
humanized mouse model.33 The first clinical
trial using TCR-engineered T cells targeting
MART-1 has demonstrated the feasibility of
this approach to mediate cancer regression in
metastatic melanoma patients.34 The lack of
on-target toxicity in this trial was most likely
because T cells were engrafted with a medium-
affinity TCR. These results contrasted with the
dangerous antigen-specific toxicity reported in patients infused with
T cells engineered to express high-avidity TCRs against MART-1
and gp100,35 carcinoembryonic antigen (CEA),36 or MAGE-A3.37

To date, two clinical trials without on-target-associated toxicity
were reported with high-affinity TCRs targeting cancer-testis (CT)
antigen NY-ESO-1 in melanoma38 and myeloma.39 Objective clinical
responses without apparent on-target off-tumor toxicity might be
because of the absence of NY-ESO-1 expression in normal tissues.
In addition, the clinical efficacy of high-affinity TCR may be limited
because of MHC-restricted fratricide, as shown for a survivin-specific
TCR.40 However, these results contrasted with another high-affinity
survivin-specific TCR without toxicity against hematopoietic progen-
itors.41 Discrepancy between these studies may be explained by the
fact that the first TCR was isolated from an allo-restricted reper-
toire (absence of thymic education), whereas the second TCR was
selected from an autologous repertoire. As opposed to survivin, p53
cular Therapy Vol. 27 No 1 January 2019 267
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autoimmunity is unlikely to occur with p53TCR-transduced T cells
because we and others did not observe reactivity against normal
A2.1+ cells, including hepatocytes, fibroblasts, or activated
T cells.2,42 In the present study, we assessed the capacity of an opti-
mized high-affinity p53 scTCR to cause on-target toxicity in vivo,
using A2Kb mice expressing the human p53 protein. TCR-associated
fratricide was not observed after adoptive transfer in vivo, because
scTCR-specific T cells were able to expand following vaccination.
Importantly, preconditioning regimens plus vaccination-induced
expansion of transferred TCR-specific T cells did not result in
on-target toxicity for hematopoietic progenitor cells, because mice
recovered normal WBC counts after ACT and survived without
apparent signs of toxicity. A detailed analysis of several tissues re-
vealed no infiltrating scTCR-specific T cells and the absence of tissue
damage. Furthermore, we performed a more potent regimen consist-
ing of lymphodepletion before ACT along with repetitive injections of
a high T cell number and observed the same outcome, strongly
suggesting that adoptive transfer of high-affinity p53scTCR-T cells
does not mediate on-target toxicity.

Importantly, TCR-encoding sequences were codon optimized while
keeping the CDR3 region unmodified to avoid potential fatal toxicity
caused by TCR cross-reactivity as recently observed with affinity-
enhanced T cells in myeloma and melanoma patients.43,44 One of
the key findings in the present study is that optimization of scTCR
to improve safety did not alter the TCR expression level and the
T cell function in vitro. It has been demonstrated that increasing
TCR expression has a profound effect on in vivo antitumor activity.45

Yet, other factors such as the differentiation and phenotype of T cells
can also impact the outcome of ACT therapy.46,47 In mice, adoptive
transfer of naive T cells has demonstrated superior in vivo expansion,
persistence, and antitumor reactivity compared with effector memory
T cell and effector T cell subsets.48 In clinical trials, transfer of a less
differentiated T cell subset correlated with objective clinical re-
sponses.49 Here, we have shown that the co-transfer of less differen-
tiated CD4+ and CD8+ T cells, high-dose IL-2, and vaccination
following lymphodepleting regimens resulted in effective antitumor
T cell responses in a syngeneic mouse tumormodel. Using a xenograft
model of osteosarcoma, we could demonstrate that transfer of high-
avidity TCR-modified human T cells resulted in a complete eradica-
tion of established tumors and was associated with long-lived effective
memory T cell response.

In conclusion, our study provided evidence that an optimized high-
affinity scTCR specific for the broadly expressed (non-mutant)
p53(264–272) antigen can eradicate p53+A2.1+ tumor cells in vivo
without inducing off-target or self-directed toxicities in humanized
mouse models. To our knowledge, this is the first time that safety as-
pects with respect to mispairing and TCR-mediated on-target toxicity
and therapeutic efficacy of TCR-gene transfer are addressed in vivo.

The present results demonstrated the improved safety and potency of
an optimized p53scTCR construct as a potential therapeutic TCR for
immunotherapy of p53-associated malignancies.
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MATERIALS AND METHODS
Peptides, Antibodies, and Pentameric pA2.1 Complexes

HLA.A2.1-restricted p53(264–272),4,5 p53(256–282) polypeptides,
FluM1(58–66), and gp100(280–288) peptides were synthesized by
Biosyntan (Berlin, Germany) and HIV(476–484) peptide from Affina
Immuntechnik (Berlin, Germany). Phycoerythrin (PE)-conjugated
anti-HLA-A2.1, allophycocyanin (APC) anti-human CD8, and fluo-
rescein isothiocyanate (FITC) anti-human CD4 were obtained from
BD Biosciences. The monoclonal anti-mouse antibodies were PE
anti-CD11b, APC anti-CD3, PE-Cy5/peridinin chlorophyll protein
complex (PerCP)-Cy5.5 anti-CD4 (eBioscience), PE anti-TCRVb3,
PE anti-CD19, APC anti-CD8, FITC anti-CD11b (BD Biosciences),
FITC anti-TNF-a (BD Biosciences), and FITC anti-granzyme B
(eBioscience). PE-labeled HLA-A2.1 p53(264–272) Pentamer were
obtained from ProImmune. For absolute cell counts, sulfate latex
beads 4% 5 mm (Invitrogen/Molecular Probes) were used.
Mice and Cells

Eight- to 12-week-old C57BL/6 and NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ
(NSG) mice were obtained from the central animal facility of the
Johannes Gutenberg University Mainz, Germany. TP53 null
A2Kb50 and HupkiA2 mice, generated by crossing Hupki21 and
CyA2Kbmice (generated by Cytel Corporation), were used as a source
of donor cells and recipients for adoptive immunotherapies. NSG
mice were used as recipients for engraftment of tumor cell lines
and adoptive transfer of human T cells. All mice were housed under
normal conditions according to the guidelines for animal care of the
animal facility of the Johannes Gutenberg University. Experimental
procedures were performed according to German regulations for
the use of laboratory animals. Human A2.1+ cell lines were p53 null
osteosarcoma line Saos2 and its p53-transfectant, Saos2/143,24 Jurkat
(JA2), and transporters associated with antigen processing (TAP)-
deficient cell line T2 (American Type Culture Collection [ATCC]).
Human cell lines were maintained in RPMI (GIBCO) supplemented
with 10% fetal calf serum (FCS), 1% glutamine, and 1% penicillin-
streptomycin. MEFs isolated from either p53 null A2Kb or HupkiA2
mice were immortalized and transformed by E1A/H-ras oncogenes,
and subsequently transduced with retroviral vectors encoding the
mouse mutant p53R172H and R270H plus the human HLA.A2.1-
restricted p53(264–272) epitope (provided by Moshe Oren, Israel).
MEF tumor cell lines were maintained in DMEM (GIBCO) supple-
mented with 10% FCS, 25 mM HEPES-buffer, 1% glutamine, and
1% penicillin-streptomycin. Primary T cells were isolated from
freshly harvested spleens of p53 null A2Kb or HupkiA2 mice. Separa-
tion of spleen T cell subsets (CD4+ and CD8+ T cells) was performed
with magnetic-activated cell sorting (MACS) cell separation beads
(Miltenyi Biotec) according to the manufacturer’s protocol. Mice
were sacrificed by cervical dislocation, and freshly isolated tumor cells
were dissociated by mincing the tissue with scalpels into 0.5-mm
small pieces. Dissociated tissue was further triturated and filtered
through a 100-mm cell strainer to obtain single-cell suspension. The
retroviral packaging cell line Phoenix-Ampho was obtained from
the ATCC.
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Cloning of TCR Genes and Retroviral Transduction of T

Lymphocytes

Full-length mouse TCR a and b chain cDNAs encoding a high-af-
finity p53TCR were generated and described earlier.2 The original
scTCR version17 was described earlier.18 TCR constructs chains
were modified by the insertion of an additional inter-chain disulfide
bond (Cys) between the TCR a and b chain constant domains,8 and
TCR sequences were codon modified (Invitrogen GeneArt, Regens-
burg, Germany) and cloned into one single 2A-based retroviral
vector.20 We used the pGMP or pMx-IRES-GFP retroviral vector
backbones to express full-length dcTCRs and scTCRs or TCRa
and TCRb chains, respectively. Mouse splenocytes were retrovirally
transduced as described51 with some modifications. In brief, retro-
viral constructs (10 mg of plasmid DNA encoding TCR ab chains)
were used to transfect Phoenix-Ampho packaging cells using
Fugene6 (Roche) with the pCL-Eco construct (7 mg DNA). Where
stated, an RFP-control vector was included. T cells were cultivated
and activated as described earlier.50 Viral supernatants were
collected 48 hr post-transfection and used to transduce 4 � 106

activated splenocytes by coculture on retronectin-coated (Takara-
Bio) 24-well plates in the presence of 4 mg/mL polybrene.
TCR-modified T cells were cultivated and expanded by weekly
restimulation with irradiated peptide-loaded Jurkat-A2.1 (JA2) cells
and C57BL/6 spleen feeder cells in the presence of 10% T cell
growth factor (TCGF). Retroviral transduction, selection, and
expansion of human bulk CD8+/CD4+ T cells were performed as
described earlier.18

Mouse Models of ACT and Vaccination

For the syngeneic mouse model, CyA2Kb mice were pre-conditioned
with 5.5 Gy of total-body irradiation (TBI) 1 day before ACT. For
the “off-target” model, p53 null A2Kb mice received 1 � 106 scTCR-
or mock-transduced syngeneic T cells by tail-vein injection. For the
“on-target”model, HupkiA2 mice were given 20 � 106 and 10 � 106

p53TCR- or mock-transduced syngeneic T cells at days 1 and 7 after
TBI, respectively. In both models, mice were treated with 7.2 � 105

IU of IL-2 (Proleukin, Novartis) i.p. twice daily at days 10, 11, and 12
after adoptive transfer. In a second “on-target” model, HupkiA2
mice received a different lymphodepleting regimen prior to T cell
transfer: injection (i.p.) of 2 mg of cyclophosphamide at days
�5 and �4, and 2 mg of fludarabine at days �3, �2, and �1. At
day 0, mice were given 2.5 � 106 p53TCR-transduced syngeneic
T cells and injected (s.c.) with 100 mg of p53(256–282) polypeptide
together with 40 mg of anti-CD40 (Alexis) and 20 mg of CpG or PBS
at day 1 after T cell transfer. Mice were monitored daily for clinical
symptoms of GvHD (i.e., weight loss, posture, activity, fur texture,
and skin integrity) using a scoring system developed by Cooke
et al.52 to quantitate disease grade and progression. Mice were eutha-
nized when they become moribund, and target organs were analyzed
by flow cytometry and histopathologic assessment of GvHD.
Bone marrow cells were harvested from the femurs and tibiae.
Single-cell suspension of bone marrow, liver, lung, and spleen
cell suspensions were prepared by gently mincing the tissues and
filtered through a 100-mm cell strainer. For the syngeneic tumor
model, HupkiA2 mice were irradiated with 5.5 Gy and 24 hr later
injected (s.c.) with 0.2 � 106 MEF/R172H tumor cells in 100 mL
of PBS in the right flank and given 6 � 106 p53 scTCR- or mock-
transduced syngeneic T cells by tail vein. One day after adoptive
transfer, mice were injected (s.c.) with 100 mg of p53(256–282)
peptide, 40 mg of anti-CD40, and received a topical application
(62 mg) of imiquimod cream in the right flank. In the xenograft
tumor model of osteosarcoma, NSG mice were injected (s.c.) with
3 � 106 Saos2/143 tumor cells in 100 mL of PBS in the right flank
and given (by tail vein) 5 � 106 p53 scTCR- or mock-transduced
human bulk T cells 7 days later, when tumors were palpable. All
mice received a first injection of 7.2 � 105 IU of IL-2 (i.p.) on day
of T cell transfer and a second dose 7 days later. In both models,
tumor sizes were measured using digital calipers twice a week and
calculated as the product of (length � width2). Mice were sacrificed
when tumor size was 1 cm3.

Flow Cytometry and T Cell Assays

Samples were stained with antibodies against indicated cell-surface
markers, fixed, and permeabilized. Intracellular staining of TNF-a
and granzyme B was performed using the BD Cytofix/Cytoperm
Kit (BD Biosciences) according to the manufacturer’s protocol.
Flow cytometry acquisitions were performed on a FACSCalibur in-
strument (BD Biosciences) or FACSCanto II (BD Biosciences), and
data were analyzed with FlowJo software (Tree Star). Standard
51Cr-release assays were performed at the indicated effector-to-target
(E:T) ratio in duplicate wells as described earlier.32 Equilibrium pep-
tide-MHC pentamer binding data were plotted as Scatchard plot of
MFI/concentration of pentamer against MFI. The avidity or KD is
calculated as KD = �1/slope.2,18 The avidity and the half-maximal
stimulatory concentration (EC50) of the different TCR constructs
were determined with Prism version 3.0 (GraphPad Software). Stan-
dard IFN-g ELISPOT assay of ex-vivo tumor-antigen-specific mouse
T cells and p53TCR-specific T cell line against T2 pulsed with the
cognate peptide was performed in duplicate wells as reported
previously.2

Histology

Mice were sacrificed by cervical dislocation and spleens were removed
by dissection, immediately processed with Optimal Cutting Temper-
ature medium (OCT Tissue Tek; Miles), snap-frozen in liquid nitro-
gen, and stored at �80�C. Immunohistochemical CD4 staining was
performed on 2- to 4-mm frozen sections using clone YTS191.1 anti-
body (1:300 dilution; Lifespan Biosciences). A secondary anti-rat IgG
biotin-conjugated antibody (1:300; eBioscience) and a streptavidin-
peroxidase polymer (1:1,000; Sigma) were used to amplify the signal.
CD4-positive cells were visualized with diaminobenzidine (DAB)
chromogenic substrate (3, 3-diaminobenzidine tetrahydrochloride;
Carl Roth). Sections were counterstained with H&E for tissue
morphology.

Statistical Analysis

Two-tailed Student’s t test was used to compare differences between
groups. p < 0.05 was considered significant.
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Figure Legends 

Supplementary Figure 1. Specificity and Functional Avidity of scTCR-Modified Murine 

T Cells. TCR-transduced T cells were incubated overnight with T2 cells loaded with the 

cognate peptide (p53264-272) or irrelevant peptide (gp100280-288) and stained for intracellular 

granzyme B (GzmB) (A) and TNF (B). Representative histograms of p53TCR dc-(black 

bars) and p53TCR sc-(white bars) modified CD8
+
 and CD4

+
 T cells are shown. (C) The same 

TCR-transduced T cells were tested for their cytolytic activities in a 5h 
51

Cr-release assay 

against T2 cells pulsed with the indicated concentrations of p53264-272 peptide and effector to 

target ratio (E:T). The avidity of TCR-transduced CD8
+
 (left panel) and CD4

+
 (right panel) T 

cells was determined as the concentration needed to induce a half-maximum specific lysis 

(EC50). (D) Cytolytic activity of TCR-transduced T cells in response to T2 cells pulsed with 

10µM of p53264-272 or irrelevant FluM158-66 peptide at the indicated CD8
+
Vβ3

+
 or CD4

+
Vβ3

+
 

to target ratios.   

Supplementary Figure 2. Histological Analysis of GvHD in Mice Infused with TCR-

Modified T Cells. Spleens were harvested from mice showing early onset of GvHD 

symptoms after ACT and processed for histological examination. Tissue sections from mice 

injected with mock, dc, βc, αc and scTCR-modified T cells (a, b, c, d and e, respectively). 

Micrographs show frozen sections immunohistochemically stained with anti-CD4 mAb. Very 

few infiltrating CD4
+
 T cells (brown spots) were detected in controls and scTCR-treated 

animals as opposed to high number of T cell infiltrates in tissues of mice with GvHD, in 

particular recipients adoptively transferred with dc and βcTCR-T cells. Sections are shown at 

an original magnification of ×20. Scale bar = 50 μm. 

Supplementary Figure 3. Evaluation of On-Target Reactivity of scTCR-Modified 

Murine T Cells. TCR-transduced T cells were tested for their cytolytic activity in a standard 

5h 
51

Cr-release assay against (A) p53
+
A2K

b+
 mouse (MEF/R172H and MEF/R270H) and 

p53
+
A2

+
 human (Saos2/143) tumor cell lines, p53

-
A2

+
 control targets (MEF and Saos2), and 

(B) MEFs and T cells from HupkiA2 or p53-null A2K
b
 mice, pulsed or not with 1µM of 

p53264-272 at the indicated CD8
+
Vβ3

+
 to target ratios.  

Supplementary Figure 4. Analysis of the Memory State of T Cells in Mice which have 

Mounted a Complete Tumor Response. Spleens from mock control or mice which have 



 

3 

 

shown complete tumor eradication after transfer of p53 scTCR-modified T cells were 

harvested, pooled, homogenized, filtered and separated by MACS for CD8
+
 T cell population. 

The antigen memory state of ex-vivo CD8
+
 T cells was analyzed by an IFN ELISPOT assay. 

Briefly, titrated numbers of MACS-purified CD8
+
 T cells (from mock control or p53 scTCR-

treated mice) were incubated with T2 cells loaded with p53264-272 peptide (2.5x10
-7

M). A 

murine T cell line stably expressing the p53 scTCR was used as positive control effector cells. 

(A) Antigen specific IFN-producing T cells were detected in p53 scTCR-treated mice as 

opposed to background spots in mock control animals. (B) Spot quantification using C.T.L. 

ImmunoSpot S5 Versa Analyzers (C.T.L. Europe GmbH, Bonn, Germany). 

Supplementary Figure 5. Specificity and Functional Avidity of scTCR-Modified Human 

T Cells. (A) Avidity (KD) of peptide-MHC pentamer binding to T cells determined by 

Scatchard analysis. ScTCR-transduced human CD8
+
 (open squares, left plot) and CD4

+
 

(closed squares, right plot) T cells were tested for binding to pentameric p53(264-272)A2.1 

complexes by flow cytometry. (B) scTCR-transduced human CD8
+
 T cells were tested for 

their cytolytic activities in a 5h 
51

Cr-release assay against p53
+
A2.1

+
 (Saos2/143) and p53

-

A2.1
+
 (Saos2) human tumor cell lines at the indicated CD8

+
Vβ3

+
 to target ratio.  
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