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Summary: Adoptive cell therapy with T cells expressing affinity-
enhanced T-cell receptors (TCRs) is a promising treatment for solid
tumors. Efforts are ongoing to further engineer these T cells to
increase the depth and durability of clinical responses and broaden
efficacy toward additional indications. In the present study, we
investigated one such approach: T cells were transduced with a
lentiviral vector to coexpress an affinity-enhanced HLA class
I–restricted TCR directed against MAGE-A4 alongside a CD8α
coreceptor. We hypothesized that this approach would enhance
CD4+ T-cell helper and effector functions, possibly leading to a
more potent antitumor response. Activation of transduced CD4+ T
cells was measured by detecting CD40 ligand expression on the
surface and cytokine and chemokine secretion from CD4+ T cells
and dendritic cells cultured with melanoma-associated antigen A4+

tumor cells. In addition, T-cell cytotoxic activity against 3-dimen-
sional tumor spheroids was measured. Our data demonstrated that
CD4+ T cells coexpressing the TCR and CD8α coreceptor displayed
enhanced responses, including CD40 ligand expression, interferon-
gamma secretion, and cytotoxic activity, along with improved
dendritic cell activation. Therefore, our study supports the addition
of the CD8α coreceptor to HLA class I–restricted TCR-engineered

T cells to enhance CD4+ T-cell functions, which may potentially
improve the depth and durability of antitumor responses in patients.
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T cells engineered to express affinity-enhanced T-cell
receptors (TCRs) against cancer antigens are a prom-

ising therapy, particularly against solid tumors, where chi-
meric antigen receptor T cells have, to date, shown limited
activity.1 Antitumor responses have been demonstrated
clinically in metastatic synovial sarcoma, melanoma,2–5 and
multiple myeloma.6 Despite demonstrated activity against
solid tumors, T cells transduced with affinity-enhanced
TCRs may benefit from additional engineering to promote
more potent and durable responses in a broader range of
cancer indications.

During antitumor immune responses, cytotoxic
activity is mostly a property of CD8+ T cells. However,
CD4+ T cells also play a critical role in response gen-
eration and maintenance.7–9 Although CD4+ T cells are
capable of directly inducing tumor cell death via major
histocompatibility complex (MHC) class II recognition of
melanoma,10–12 CD4+ T cells are also required for the
clearance of class II–negative tumors, through complex
interactions with professional antigen-presenting cells
(APCs).13 CD4+ T-cell function has demonstrated impor-
tance in immunotherapy response, including checkpoint
inhibitors14,15 and cancer vaccines.16,17 Following activa-
tion by APCs, CD4+ T cells promote licensing of APCs
through CD40 ligand (CD40L)/CD40 interactions and
cross-activation of CD8+ T cells. In addition, activated
CD4+ T cells secrete cytokines involved in immune-cell
recruitment and tumor infiltration, enhancing the response
and creating the antigen/epitope spreading potential.7,18

CD4+ helper functions are also involved in forming a
memory subset of CD8+ T cells and threshold lowering for
CD8+ T-cell priming.9,19,20

Initial T-cell activation depends on TCR interactions with
peptide-loaded major histocompatibility complex (pMHC)
and is influenced by CD8 and CD4 coreceptors binding to
MHC class I and II molecules, respectively.21 Specifically, the
CD8 complex is a heterodimer comprising CD8α and CD8β
subunits.21 CD8α binds to constant regions on MHC class I
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molecules,22,23 stabilizing the TCR-pMHC interaction and
enhancing TCR-mediated T-cell activation.24 CD8α contrib-
utes to T-cell activation by targeted delivery of the Src family
kinase p56lck to the TCR complex, enhancing CD3 phos-
phorylation and signal transduction.25

Transduction of affinity-enhanced MHC class I–
restricted engineered TCRs into patient T cells generates
CD8+ and CD4+ T cells with specificity for the same epitope,
potentially bypassing the need for a complementary MHC
class II–restricted antigen response. However, the lack of CD8
coreceptors on CD4+ T cells can result in weak or minimal
CD4+ T-cell activation through the introduced MHC class I–
restricted TCR.26 Expressing the CD8 coreceptor in CD4+ T
cells may improve the activation and signaling of the TCR-
engineered CD4+ T-cell population, potentially enhancing the
positive feedback loop between helper and cytotoxic subsets
and providing pronounced, durable tumor clearance.

We investigated this next-generation approach by
coexpressing CD8α alongside our HLA-A*02-restricted
TCR,27 which is specific to the melanoma-associated anti-
gen A4 (MAGE-A4). ADP-A2M4 specific peptide enhanced
affinity receptor (SPEAR) T cells, which express this TCR,
are already in clinical trials (NCT03132922 and
NCT04044768). We hypothesized that expression of CD8α
in CD4+ T cells alongside the ADP-A2M4 TCR (ADP-
A2M4CD8) would enhance the activation of CD4+ T cells
in response to the HLA class I–restricted MAGE-A4–
derived epitope, resulting in increased helper and effector
functions, possibly leading to more potent antitumor
responses. To test this hypothesis, several in vitro models
were used to assess different aspects of antitumor response:
T-cell activation, interaction with APCs, cytokine secretion,
and killing of 3-dimensional (3D) tumor spheroids.

MATERIALS AND METHODS

Production of TCR-engineered T Cells
After obtaining informed consent, healthy donor T

cells were used to produce large-scale or small-scale engi-
neered T-cell batches. The study was approved by the South
Central—Oxford A Research Ethics Committee (13/SC/
0227). All methods were performed in accordance with
relevant guidelines and regulations, and all mandatory

laboratory health and safety procedures were complied with
during the experimental work.

SPEAR T cells were engineered from isolated CD3+ cells,
activated using CD3/CD28 antibody-coated micro-beads
(Thermo Fisher Scientific) in the presence of interleukin (IL)-2,
and transduced with lentiviral particles encoding either ADP-
A2M4 (affinity-enhanced TCR) or ADP-A2M4CD8 (affinity-
enhanced TCR and CD8α) at a multiplicity of infection of one.
They were expanded in the Xuri Cell Expansion System (GE
Healthcare). T cells from each donor that were not infected
with lentiviral particles were produced as nontransduced (ntd)
T-cell controls. For small‐scale T-cell production, CD14-
depleted peripheral blood lymphocytes were transduced and
expanded in 48‐well or 24‐well plates.

Following harvest, T cells were counted and initial
transduction efficiency was determined by flow cytometry
with an anti-TCR Vα24 antibody (IM2283, Beckman
Coulter). Purified CD8+ and CD4+ populations were
obtained by negative selection with either CD8β antibody
(clone 3TU9618; Creative Diagnostics) and anti-mouse
immunoglobulin G beads or anti-CD4+ microbeads (130-
048-401 or 130-045-101, respectively; Miltenyi Biotec),
according to the manufacturer’s instructions. Transduction
efficiencies of large-scale and small-scale T-cell batches, as
well as CD8α transduction in the CD4+ population, are
shown in Table 1. Analyses of transduced protein surface
expression and percentage of CD4+ versus CD8+ cells at
harvest are detailed in Supplemental Figure 1 (Supplemental
Digital Content 1, http://links.lww.com/JIT/A706).

Tumor and Primary Cell Lines
All target cell lines used (Table 2; Supplemental

Tables 1, 2, Supplemental Digital Content 1, http://links.
lww.com/JIT/A706) were screened for mycoplasma con-
tamination, and authenticity and purity were confirmed by
short tandem repeat analysis and regular quantitative
polymerase chain reaction to confirm expression level of
MAGE-A4. Cell lines expressing copepod green fluorescent
protein (GFP) or nuclear GFP were lentivirally transduced
and maintained under puromycin selection.

Assessment of CD40L Surface Expression
Following Stimulation

Surface expression of CD40L was analyzed on T cells
following overnight stimulation. A375 (MAGE-A4+) or

TABLE 1. Summary of T-Cell Batches Used in This Study

%Vα24+ of CD3+ lymphocytes (%TCR+) %CD8α+ of CD4+ Vα24+

Batch Used in figures HLA-A*02:01 status ntd ADP-A2M4 ADP-A2M4CD8 ntd ADP-A2M4 ADP-A2M4CD8

Large scale
L213 1, 2, 4, S1, S7 + 0.94 64.3 59 0 0.9 97.8
L214 1, 4, S1, S4, S7 − 0.7 60.4 55 0 0 98.7
L215 1, 4, 5, S1, S4, S7 − 0.8 44.4 44.1 0 2.89 98
L216 1, 3–5, S1, S4, S6, S7 + 0.62 54.7 56.9 0 0 98.3
L217 1–5, S1, S4, S6, S7 + 0.94 57.1 61.2 0 0 99

Small scale
SS1 3, S6 + 0.76 54.8 58.3 0 0 98.6
SS2 3, S6 + 1.04 45.3 44.9 0 0.24 98.1
SS3 2 + 0.79 52.6 50.1 0.64 0.012 98.6
SS4 2 + 0.95 42.9 46.9 0 0.11 98.3

Small-scale and large-scale T-cell batches used in the study. Each batch was manufactured from a different healthy donor. HLA-A*02:01 status, TCR
transduction efficiency (%Vα24), and expression of CD8α within CD4+ Vα24+ population of T cells are also described for each product.

ntd, nontransduced; S, Supplemental; TCR, T-cell receptor.
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Colo205 (MAGE-A4−) cell lines were seeded into a 96-well
flat-bottom plate and left to adhere overnight at 37°C and
5% CO2. The following day, T cells were added at an
effector:target cell ratio of 5:1, and an anti-CD40L BV421
antibody (clone TRAP1; BD Horizon) was added to each
well. Simultaneously, GolgiStop (BD Biosciences) was
added to stabilize CD40L-antibody complexes on the cell
surface. Cocultures were incubated at 37°C and 5% CO2 for
20 hours before staining with CD3-FITC (clone SK7;
Thermo Fisher Scientific), CD4-BV650 (clone SK3, BD
Horizon), CD8-APCeF780 (clone SK1; Thermo Fisher
Scientific), TCR Vα24-PE (clone C15, IM2283; Beckman
Coulter), and LIVE/DEAD Fixable Aqua Dead Cell Stain
kit (Thermo Fisher Scientific) to allow identification of
specific cell subsets. Data were acquired on BD LSRFor-
tessa X-20 instruments (BD Biosciences), using software
FACSDiva, version 8.0.1 (BD Biosciences), and analyzed
using FlowJo, v10.4.1 (BD Biosciences). The gating strategy
is shown in Supplemental Figure 2 (Supplemental Digital
Content 1, http://links.lww.com/JIT/A706).

Proliferation Assay
T-cell proliferation was assessed using Violet Pro-

liferation Dye (VPD) 450 (BD Horizon). Ntd, ADP-A2M4,
and ADP-A2M4CD8 large-scale T-cell products from 4
donors were thawed, rested for 26 hours in tryptophan-free
RPMI medium (PAN-Biotech), then stained with VPD450
and incubated alone or in coculture with irradiated MAGE-
A4+ (A375) or MAGE-A4− (Colo205) tumor cell lines at a
5:1 effector:target ratio. T cells cultured alone or in the
presence of tumor cell lines pulsed with peptide served as
negative and positive controls, respectively. Following
3 days of coculture, cells were harvested and stained for
T-cell markers: CD3-FITC (clone SK7; Thermo Fisher
Scientific), CD4-BV605 (clone RPA-T4, BioLegend), CD8-
APCeF780, and TCR Vα24-PE for TCR+ cells and viability
(7AAD; BD Pharmingen). Samples were acquired on the
BD LSRFortessa X-20, using the BD High Throughput
Sampler system (BD Biosciences). Data were acquired with
FACSDiva, version 8.0.1 (gating strategy shown in Sup-
plemental Fig. 3, Supplemental Digital Content 1, http://
links.lww.com/JIT/A706), and subsequent analysis was
performed using FlowJo, v10.4.1 to determine the pro-
liferation index (Supplemental Fig. 4, Supplemental Digital
Content 1, http://links.lww.com/JIT/A706).

The proliferation index corresponds to the mean
number of divisions for the responding cells and was cal-
culated based on peak VPD reductions using statistics
provided by FlowJo.28

Monocyte-derived Dendritic Cells (DCs)
DCs were differentiated from CD14+ monocytes isolated

from peripheral blood mononuclear cells of healthy HLA-
A*02:01 volunteers using CD14 microbeads (Miltenyi Biotec).
CD14+ cells were seeded at 5 × 105 cells/mL in phenol red- and
HEPES-free RPMI 1640medium supplemented with 10% fetal
bovine serum, 1000 U/mL human granulocyte-macrophage
colony-stimulating factor (GM-CSF), and 500 U/mL human
IL-4 (differentiation medium). Every 2–3 days, half the culture
medium was replaced with fresh differentiation medium. DCs
were used after 7 days of differentiation.

DC Coculture Assays
For coculture assays, DCs were washed 3 times and

1 × 105 DCs seeded into 48-well plates for coculture with an
equal number of MAGE-A4+ (A375, NCI-H1755) or
MAGE-A4− (Nalm6) target cells. Ntd, ADP-A2M4, or
ADP-A2M4CD8 T cells (4 × 105) were added, and cocul-
tures were incubated at 37°C and 5% CO2. Additional wells
of DCs alone were treated with either lipopolysaccharide or
a cytokine cocktail [100 µg/mL IL-4, 100 µg/mL GM-CSF,
100 µg/mL IL-6, 1 × 108 U/mL IL-1β, 100 µg/mL prosta-
glandin E2, 2 × 106 U/mL tumor necrosis factor α (TNF-α)].
After 48 hours, supernatants were collected and frozen at
−80°C for subsequent cytokine and chemokine analysis, or
cells were harvested for analysis by flow cytometry.

To confirm DC maturation in cocultures, multicolor
immunophenotypic analysis was performed by flow cytom-
etry using BD LSRFortessa X-20 and FACSDiva software,
v8.0.1. The monoclonal antibodies used were directed
against CD1a-AF700 (clone HI149; BioLegend), CD14-
BUV395 (clone M5E2; BD Biosciences), CD40-BV605
(clone 5C3; BioLegend), and CD80-APC (clone 2D10;
BioLegend). Analysis was carried out using FlowJo v10.4.1.
The gating strategy for CD80 and CD40 expression by DCs
is shown in Supplemental Figure 5 (Supplemental Digital
Content 1, http://links.lww.com/JIT/A706).

Cytokine and Chemokine Analysis
Cytokine and chemokine analysis in culture super-

natants was performed using Bio-Plex MAGPIX (Bio-Rad
Laboratories) with a 25-plex human cytokine panel (Life
Technologies) according to manufacturer recommendations.
Samples were acquired using a Bio-Plex MAGPIX Reader
(Bio-Rad Laboratories). Preselected analytes included GM-
CSF, interferon-gamma (IFN-γ), IL-2, IL-2R, IL-4, IL-5,
IL-6, IL-10, IL-12 (p40/p70), IL-13, IL-17, monokine
induced by interferon gamma (MIG, also known as che-
mokine ligand 9), macrophage inflammatory protein-1β,
and TNF-α.

TABLE 2. Target Cell Lines Used in This Study, With HLA-A*02 Status and Representative Quantitative Polymerase Chain Reaction Data
for MAGE-A4

Cell line Tumor type Used in figures HLA-A*02:01 status MAGE-A4 expression MAGE-A4 status

A375 Malignant melanoma 1, 3, 5, S4, S6 + 1,205,221 +
A375.nucGFP Malignant melanoma 2 + 1,362,527 +
A375.CopGFP Malignant melanoma 4, S7 + 729,070 +
Nalm6 Acute lymphoblastic leukemia 3, 5, S6 + 17 −
Nalm6.nucGFP Acute lymphoblastic leukemia 2 + 12 −
NCI-H1755 Non–small cell lung carcinoma 3, S6 + 2,123,084 +
Colo205 Colorectal carcinoma 1, S4 + 8 −

MAGE-A4 expression is presented as normalized transcript number per 106 reference gene transcripts.
MAGE-A4 indicates melanoma-associated antigen A4; S, Supplemental.
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T-Cell Cytotoxic Activity Against 3D Tumor
Spheroids

MAGE-A4− and HLA-A*02+ GFP-labeled A375
melanoma cells (150 or 1200 cells/well) were seeded in Pri-
meSurface ultra-low-attachment 384-well microplates
(S-BIO) to enable microtissue formation. Following stable
spheroid formation of ~600 µm (“small”) or ~800 µm
(“large”) diameter at 145–147 hours, either ntd, ADP-
A2M4, or ADP-A2M4CD8 CD4+ (80,000 cells/well), CD8+

(20,000 cells/well), or unseparated (20,000 cells/well) T cells
were added. Images were acquired at 3-hour intervals from
the point of cell seeding until assay completion using the
IncuCyte ZOOM (Sartorius) with a ×10 objective. Uniform
microtissue formation was confirmed in each well before
T-cell addition. Raw images of green fluorescence for all
time points were exported and analyzed using a custom
macro in the AxioVision software, v4.9.1 (Zeiss) to calculate
the microtissue area in each well. All data were normalized
to the time of T-cell addition to compensate for any small
variances in microtissue size between replicates. Data for
microtissue area and area under the curve were plotted up to
the endpoint of the assays. Supernatants were collected from
duplicate assay plates at ∼48–50 hours after T-cell addition
and were used to measure IFN-γ and granzyme B (GzB)
secretion using enzyme-linked immunosorbent assay
(ELISA) (human IFN-γ DuoSet and human GzB DuoSet;
R&D Systems) with the use of a luminescent horseradish
peroxidase substrate (Glo Substrate; R&D Systems).
Luminescence was measured using the FLUOstar Omega
plate reader (BMG Labtech).

IFN-γ Cell ELISA
Target cells, T cells, and peptide (if relevant) were added

to 384-well plates precoated overnight with IFN-γ capture
antibody and incubated for 48 hours. After removal of the
liquid, plates were processed per supernatant ELISA. Target
cells are listed in Supplemental Tables 1, 2 (Supplemental
Digital Content 1, http://links.lww.com/JIT/A706) and pep-
tides used are listed in Supplemental Table 3 (Supplemental
Digital Content 1, http://links.lww.com/JIT/A706).

Data Analysis
Data were plotted with R, v3.3.2, or GraphPad Prism,

v7.02. Statistical analysis using repeated measures analysis
of variance was followed by pairwise post hoc tests adjusted
using the Holm method. Differences were considered sig-
nificant for P values <0.05.

RESULTS

Coexpression of the ADP-A2M4 TCR and CD8α
Coreceptor Enhanced CD4+ T-Cell Activation

To investigate whether coexpression of the CD8α
coreceptor with the affinity-enhanced MAGE-A4 TCR
(ADP-A2M4CD8) would improve CD4+ T-cell function,
we analyzed cell surface expression of CD40L by flow
cytometry as a measure of T-cell activation following anti-
gen recognition. CD4+ T-cell activation in response to
MAGE-A4+ A375 or MAGE-A4− Colo205 tumor cells was
compared between ADP-A2M4CD8 and ADP-A2M4
(TCR only) (Fig. 1).

The percentage of CD40L+ cells within the TCR+

fraction of CD4+ ADP-A2M4 T cells was 16.6% following
exposure to MAGE-A4− Colo205, increasing to 40.1% fol-
lowing coculture with MAGE-A4+ A375 tumor cells. A

significantly higher proportion of CD4+CD40L+ T cells
(80.2%; P< 0.0001) was detected within the TCR+ pop-
ulation of ADP-A2M4CD8 T cells following recognition of
MAGE-A4+ A375 cells (summary data in Fig. 1A, repre-
sentative plots in Fig. 1B).

Antigen-dependent T-cell proliferation was also
assessed, but although both CD4+ and CD8+ TCR+ T cells
clearly proliferated in response to MAGE-A4+ A375 cells
compared with MAGE-A4− Colo205 cells, no significant
differences were observed between ADP-A2M4 and ADP-
A2M4CD8 transduced T cells across 4 donors (Supple-
mental Fig. 4, Supplemental Digital Content 1, http://links.
lww.com/JIT/A706).

Activation of Both DCs and ADP-A2M4CD8 T
Cells Was Increased When They Were Cocultured
With MAGE-A4+ Tumor Cells

Because enhanced CD4+ T-cell activation in response
to antigen was seen with engineered T cells expressing
CD8α, we investigated T cell–DC interactions, an important
component in effective antitumor response generation.

To investigate the effect of antigen-activated, CD8α-
expressing CD4+ T cells (ADP-A2M4CD8) on DC activa-
tion, maturation, and licensing, a model was developed in
which immature DCs, tumor cells, and T cells were cocul-
tured, and the release of cytokines, chemokines, and growth
factors was analyzed in supernatants. We aimed to assess
whether ADP-A2M4CD8 T cells would drive immature DC
maturation in response to MAGE-A4–expressing tumor
cells and whether DC maturation would sufficiently enhance
both CD4+ and CD8+ T-cell antigen-specific responses.
Immature DCs (CD1a+CD14−) generated from CD14+ cells
were cocultured with tumor cells (MAGE-A4+ A375, NCI-
H1755, and MAGE-A4− Nalm6) and ntd, ADP-A2M4, or
ADP-A2M4CD8 T cells (either unseparated or purified as
CD4+ or CD8+ T cells). In initial experiments, cells were
harvested for analysis by flow cytometry, where DC matu-
ration was confirmed by a marked upregulation of CD40
and CD80 surface expression (CD80high, CD40high; Fig. 2).
There was no difference between unseparated ADP-
A2M4CD8 and ADP-A2M4 as there was already maximal
expression on DCs cocultured with ADP-A2M4. Overall,
the expression of both CD40 and CD80 was lower when the
DCs were cultured with isolated CD4+ T cells compared
with unseparated T cells. However, both markers did appear
to be slightly elevated (albeit not statistically significant)
when DCs were cocultured with next-generation CD4+

ADP-A2M4CD8 T cells, as opposed to CD4+ ADP-A2M4
T cells.

In subsequent experiments, culture supernatants were
taken after 48 hours for cytokine analysis (Fig. 3; Supple-
mental Fig. 6, Supplemental Digital Content 1, http://links.
lww.com/JIT/A706). IL-12 is typically secreted by activated
DCs along with other cell types. In cocultures containing
A375 or NCI-H1755 (MAGE-A4+) cells, DCs, and unse-
parated T cells, IL-12 secretion was significantly higher in
the presence of ADP-A2M4CD8 T cells compared with
ADP-A2M4 T cells. Comparing cocultures containing iso-
lated CD4+ T cells, we observed higher IL-12 levels in ADP-
A2M4CD8 conditions compared with ADP-A2M4
conditions (Fig. 3A). Furthermore, a chemokine involved in
T-cell recruitment, MIG, was detected in all cocultures
containing DCs and MAGE-A4+ tumor cells. Secretion
levels in conditions containing unseparated T cells or puri-
fied CD8+ cells approached the limits of detection for the
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A

B

FIGURE 1. The frequency of CD40L+ cells was increased within the CD4+ subset of ADP-A2M4CD8 T cells. A, The frequency of CD40L+ T
cells was determined in the TCR− and TCR+ subsets of the CD4+ T-cell population in response to stimulation with MAGE-A4+ target cells
(A375; top panel) or MAGE-A4− target cells (Colo205; lower panel). Box and whisker plots summarize the data for all 5 large-scale
products tested; within these, each individual data point represents one donor product (blue=ADP-A2M4CD8, red=ADP-A2M4,
gray=ntd T cells). Statistical significance was assessed using a 3-way repeated measures analysis of variance, followed by pairwise post
hoc tests, and P values were adjusted using the Holm method. B, Representative flow cytometry plots from one T-cell donor for CD4+ and
TCR+/TCR− A2M4CD8 and ADP-A2M4 T cells stimulated with MAGE-A4− or MAGE-A4+ target cells. MAGE-A4 indicates melanoma-
associated antigen A4; ntd, nontransduced; TCR, T-cell receptor.
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assay, but in the cocultures containing purified CD4+ cells, a
significant difference was seen between cultures containing
ADP-A2M4 or ADP-A2M4CD8 (Supplemental Fig. 6,
Supplemental Digital Content 1, http://links.lww.com/JIT/
A706).

Supernatants were also analyzed for cytokines asso-
ciated with CD4+ T-cell helper function. In cocultures
containing MAGE-A4+ target cells, significantly higher
IFN-γ concentrations were detected with ADP-A2M4CD8
than with ADP-A2M4 T cells (Fig. 3B). Levels of IL-2 also
appeared elevated in the presence of ADP-A2M4CD8 T
cells over ADP-A2M4, albeit not statistically significantly
(Fig. 3C). Activating naïve CD4+ T cells in the presence of
IFN-γ and IL-12 promotes differentiation into type 1
T-helper (Th1) cells, which in turn supports IFN-γ
production and increased cytotoxic activity of CD8+ T
cells,29–31 as well as further facilitating CD4+ T cell–DC co-
stimulation. Modest increases in GM-CSF, macrophage
inflammatory protein-1β, and TNF-α were detected in
cocultures with ADP-A2M4CD8 compared with ADP-
A2M4 (Supplemental Fig. 6, Supplemental Digital
Content 1, http://links.lww.com/JIT/A706).

No IL-4 secretion was detected in any cocultures,
which indicates the absence of classic type 2 T-helper (Th2)
cell activation (Supplemental Fig. 6, Supplemental Digital
Content 1, http://links.lww.com/JIT/A706), and low levels
of IL-17 were detected in all conditions. We observed
moderate increases in IL-5 and IL-13 release in cultures
containing ADP-A2M4CD8 compared with ADP-A2M4
cells (Supplemental Fig. 6, Supplemental Digital Content 1,
http://links.lww.com/JIT/A706) and a statistically significant
increase in IL-10 release in response to NCI-H1755 target
cells. Opposing roles for these Th2 cytokines on tumor
progression have been reported, but IL-10 and IL-13 in
particular may favor tumor progression.32,33 Importantly, in
our study the presence of elevated IL-5, IL-10, and IL-13
did not affect tumor cell killing, and cytokines secreted by
ADP-A2M4CD8 were also secreted to some degree by
ADP-A2M4, which indicates there was no shift in the
overall cytokine profile.

Taken together, these data indicate that coexpression
of CD8α in CD4+ T cells enhances the cytokine/chemokine

landscape within T cell–DC interactions, which potentially
favors a more potent DC activation and T-cell response.

ADP-A2M4CD8 CD4+ T Cells Displayed Enhanced
Cytotoxic Activity Against 3D Tumor Spheroids

After observing greater CD4+ T-cell activation and
enhanced T cell–DC interactions, we investigated whether
CD4+ T cells expressing ADP-A2M4CD8 would display
enhanced cytotoxicity compared with ADP-A2M4 against
MAGE-A4+ GFP-labeled A375 tumor cells in a 3D culture
model. Two sizes of microtissue were tested to assess the
ability of the T cells to infiltrate and kill target cells in a
more physiological setting with multiple cell-to-cell contacts
rather than cells adhering to plastic. Data from the larger
size are shown in Figure 4, with summary of both sizes in
Supplemental Figure 7 (Supplemental Digital Content 1,
http://links.lww.com/JIT/A706).

Due to the potent and rapid cytotoxic response, no
significant difference in the rate of killing was seen
between ADP-A2M4 and ADP-A2M4CD8, either from
unseparated or purified CD8+ T cells. This was not
unexpected for the unseparated population as the data
from purified cells illustrate that the CD8+ cells kill faster
than CD4+ cells, and the T-cell products used in this study
were generally ≥ 50% CD8+ (Supplemental Fig. 1, Sup-
plemental Digital Content 1, http://links.lww.com/JIT/
A706). In contrast, with purified CD4+ T cells, which
generally exhibited reduced cytotoxic activity in our 3D
model compared with CD8+ T cells, CD4+ ADP-
A2M4CD8 elicited significantly higher cytotoxicity against
A375.GFP spheroids compared with CD4+ T cells trans-
duced with the TCR alone (P< 0.0001; Figs. 4A–C; Sup-
plemental Fig. 7, Supplemental Digital Content 1, http://
links.lww.com/JIT/A706; Supplemental Video, Supple-
mental Digital Content 2. http://links.lww.com/JIT/A707).
Compared with CD8+ or unseparated populations, the
ADP-A2M4CD8 CD4+ cells showed delayed killing
kinetics and required more T cells (80,000/well vs. 20,000/
well) to achieve full lysis of the microtissue. This increased
cytotoxicity was accompanied by a significant increase in
both IFN-γ (P< 0.001) and GzB (P< 0.0001) secretion by
transduced CD4+ T cells that coexpressed CD8α

A B

FIGURE 2. Activation of dendritic cells in coculture with T cells and MAGE-A4–expressing tumor cells. Cells were gated by surface marker
CD40+ (A) or CD80+ (B) expression to assess the MFI. Each shape represents one T-cell batch. MAGE-A4 indicates melanoma-associated
antigen A4; MFI, median fluorescence intensity; ntd, nontransduced.
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(Fig. 4D). These data demonstrate that expression of the
CD8α coreceptor significantly enhances the cytotoxic
effector function of CD4+ T cells transduced with the
ADP-A2M4 TCR.

Addition of the CD8 Coreceptor Did Not Affect
Specificity of the ADP-A2M4 TCR

The specificity of the ADP-A2M4 TCR has been
extensively defined previously.27 We built upon the previous

A

B

C

FIGURE 3. IL-12 (A), IFN-γ (B), and IL-2 (C) levels were increased in DC/tumor cell cocultures with ADP-A2M4CD8 T cells. MAGE-A4+
(A375) tumor cell lines were cocultured in a 48-well plate with immature DCs and ntd T cells (gray), ADP-A2M4 (red; TCR only), or ADP-
A2M4CD8 T cells (blue; TCR and CD8α). Data for additional conditions with tumor cell lines alone (black) or DCs plus tumor cells in the
absence of T cells (teal) are also shown. Culture supernatants were harvested after 48 hours, and soluble mediators were analyzed by Bio-
Plex MAGPIX (Bio-Rad Laboratories). Each dot represents one donor. A 3-way repeated measures analysis of variance was run for each
cytokine and positive-control target, with transduction, T-cell fraction, and presence or absence of DCs as within-subject factors, followed
by pairwise post hoc tests for each combination, and P values were adjusted using the Holm method. *P<0.05; **P<0.01; ***P<0.005.
An extended dataset can be found in Supplemental Figure 6 (Supplemental Digital Content 1, http://links.lww.com/JIT/A706). DC
indicates dendritic cell; IFN-γ, interferon-gamma; IL, interleukin; MAGE-A4, melanoma-associated antigen A4; ntd, nontransduced; TCR,
T-cell receptor.

J Immunother � Volume 00, Number 00, ’’ 2023 Co-expression of CD8α in TCR-engineered CD4+ T Cells

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. www.immunotherapy-journal.com | 7

http://links.lww.com/JIT/A706


A

B

C D

FIGURE 4. Cytotoxic activity against MAGE-A4+ spheroids is enhanced with ADP-A2M4CD8 T cells. Three-dimensional spheroids of MAGE-A4+
A375 melanoma cells expressing cytoplasmic GFP (A375.GFP) were treated with ADP-A2M4 (red), ADP-A2M4CD8 (blue), or ntd (gray) T cells. A,
The GFP+ fluorescence area of the central core of the spheroid was plotted over time for a representative donor (mean of 6 replicate wells±SEM
shown) following addition of isolated CD4+ (left panel) or CD8+ (central panel) T-cell fractions, or unseparated T cells (right panel). Black arrow
indicates difference in microtissue spheroid area with CD4+ ADP-A2M4 or ADP-A2M4CD8 T cells at the assay endpoint. B, Scatter plots showing
spheroid area under the curve with isolated CD4+ (left) or CD8+ (center) T-cell fractions, or unseparated Tcells (right). Each data point corresponds
to the mean of 6 replicate wells for each donor (n=5 donors). A and B, All data are shown normalized to the time of T-cell addition. C,
Representative images of A375.GFP fluorescent spheroids treated with isolated CD4+ ntd (left), ADP-A2M4 (center), or ADP-A2M4CD8 (right) T
cells. D, Levels of IFN-γ (top panel) and GzB (bottom panel) produced by isolated CD+ ntd, ADP-A2M4, or ADP-A2M4CD8 T cells following
∼48–50 hours of coculture with A375.GFP 3-dimensional spheroids. Each data point shows the mean of 6 replicate wells for each donor (n=5
donors). Statistical analysis was performed using repeated measures analysis of variance. **P<0.01; ***P<0.001; ****P<0.0001. AUC indicates
area under the curve; GFP, green fluorescent protein; GzB, granzyme B; IFN-γ, interferon-gamma;MAGE-A4, melanoma-associated antigen A4; ns,
nonsignificant; ntd, nontransduced.
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A

B

C

FIGURE 5. Addition of CD8α does not increase cross-reactivity of ADP-A2M4 TCR. A, Scatter plot comparison of the EC50 response to
selected putative mimotopes and MAGE family homologous peptides for ADP-A2M4 and ADP-A2M4CD8 T cells. Data are combined
geometric means from 3 T-cell products. Gray identity line indicates exact correlation, y= x. Dotted lines indicate 2 log shift from MAGE-
A4230-239 index peptide response from corresponding T-cell product. B, Response of ADP-A2M4 (red points), ADP-A2M4CD8 (blue
points), and ntd (gray points) T cells to small airway epithelial cells (HSAEpC), melanocytes (N) or MAGE-A4− tumor cells (J82, Mel526,
PANC-1, SW480, TCC-SUP), assessed by means of IFN-γ cell-based enzyme-linked immunosorbent assay. Each data point represents the
mean of at least duplicate wells from a single assay. Unfilled points represent the response of ADP-A2M4 T cells against the target in the
presence of 10−5 M MAGE-A4 peptide as a control for target cell suitability. C, IFN-γ release (pg/mL) by ntd (gray points) ADP-A2M4 (red
points) and ADP-A2M4CD8 (blue points) transduced T cells after challenge with Epstein-Barr virus–derived lymphoblastoid cell line
targets or MAGE-A4+ A375 melanoma cells (as a positive control). Each data point represents the mean of triplicate wells in a single
experiment. Data are faceted by individual T-cell preps. EC50 indicates half-maximal effective concentration; IFN-γ, interferon-gamma;
MAGE-A4, melanoma-associated antigen A4; ntd, nontransduced.
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work by retesting in a focused manner, to confirm that
CD8α addition did not affect the ADP-A2M4 TCR specif-
icity, nor enhance previously identified weak cross-
reactivities.

Thirty-nine peptides previously shown to weakly acti-
vate the ADP-A2M4 TCR were tested, and those that
induced T-cell responses with a sufficient magnitude to
establish half-maximal effective concentration (EC50) are
plotted in Figure 5A. No new peptide reactivities were
revealed, and the relative EC50 between ADP-A2M4 and
ADP-A2M4CD8 cells remained close to the line of identity,
indicating no qualitative or quantitative effect on TCR spe-
cificity. In Figure 5B, a small panel of cell lines representing
tissue types potentially recognized by the ADP-A2M4 TCR27

were retested, and no T-cell reactivity was seen. Finally, in
Figure 5C, a panel of 47 Epstein-Barr virus–transformed
lymphoblastoid cell lines representing a broad spectrum of
HLA types was tested (for full typing, see Supplemental
Table 2, Supplemental Digital Content 1, http://links.lww.
com/JIT/A706). Reactivity above endogenous levels seen with
ntd T cells was observed with 2 HLA-A*02:05 cell lines
(FH25 and FH41), which is a previously defined ADP-A2M4
TCR alloreactivity. In cases where reactivity was seen with
ntd and TCR-transduced T cells, the lymphoblastoid cell line
shared an HLA allele with the T-cell donor; this is likely a
response of the donor’s endogenous TCR repertoire to an
Epstein-Barr virus antigen, and as such, would not be
expected to be an additional risk for an autologous therapy.
No novel alloreactivities were observed for ADP-A2M4CD8.

Overall, no increased cross-reactivity was seen with addition
of CD8α to ADP-A2M4.

DISCUSSION
We tested a next-generation SPEAR T-cell product

that coexpresses a CD8α coreceptor in addition to an
affinity-enhanced TCR to target MAGE-A4–expressing
tumors. Autologous TCR-engineered T-cell products are
typically composed of both CD8+ and CD4+ T cells in
varying proportions, which are partly dictated by the
starting frequency of CD4+ and CD8+ T cells in the donor’s
peripheral blood and the expansion capability of the T cells.
Although CD4+ T cells may naturally have lower cytotoxic
capability than CD8+ T cells, they play a vital role in
antitumor immune responses and act synergistically with
CD8+ T cells.7–9 Most affinity-enhanced TCRs identified for
use in T-cell therapy, including ADP-A2M4, are MHC class
I restricted. Although transduced CD4+ T cells can respond
through an MHC class I–restricted TCR (some response
from CD4+ ADP-A2M4 T cells in the present study, also see
Tan et al26), full TCR activation may not occur without
stabilization of pMHC-TCR interactions by CD8.34 This
may impede a potent cytotoxic CD4+ T-cell antitumor
response in a TCR-only product (Fig. 6A). Engineering
CD4+ T cells to coexpress a CD8α coreceptor alongside an
affinity-enhanced MHC class I–restricted TCR was
expected to boost both CD4+ T-cell helper and effector
functions (Fig. 6B).

A B

FIGURE 6. Summarized immune-cell interactions in the tumor microenvironment with engineered T cells coexpressing an affinity-
enhanced TCR and CD8α. A, Tumor cells can present internal antigens to T cells via their peptide:HLA class I complex, which binds to the
TCR (ADP-A2M4 TCR represented in red). CD4+ T cells have a limited functional activation through the interaction with HLA class I
because of the absence of the CD8 coreceptor. B, However, in ADP-A2M4CD8, the interaction between CD4+ T cells and HLA class I is
enhanced by the expression of CD8 coreceptors. These engineered CD4+ T cells can effectively kill tumor cells, as well as stimulate DCs
(eg, through CD40L/CD40 interaction), upregulate costimulatory molecules on the DC surface (eg, CD80), and induce IL-12 secretion.
These mechanisms in turn boost CD8+ T-cell activation, which should lead to enhanced clonal expansion and differentiation into effector
and memory T cells. Therefore, ADP-A2M4CD8 is expected to enhance antitumor cytotoxic activity via improved CD4+ T-cell effector and
helper functions. DC indicates dendritic cell; GzB, granzyme B; IFN-γ, interferon-gamma; IL, interleukin; pMHC, peptide-loaded major
histocompatibility complex; TCR, T-cell receptor.
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Our data confirm that CD8α coreceptor expression
leads to increased upregulation of CD40L on TCR-trans-
duced CD4+ T cells upon recognition of MAGE-A4+ target
cells when compared with T cells transduced with the TCR
alone. This can lead to increased stimulation of DCs via
interaction with CD40, which is elevated on the surface of
the DCs along with CD80 (another costimulatory molecule)
and induces the secretion of IL-12. As anticipated, these
mechanisms appeared to boost T-cell activation, with ADP-
A2M4CD8 T cells producing more IFN-γ, IL-2, and GzB
than ADP-A2M4 T cells. CD4+ ADP-A2M4CD8 T cells
also displayed more potent cytotoxic responses against an
in vitro 3D tumor model. The increased potency against
MAGE-A4+ targets does not result in detrimental changes
in T-cell specificity.

Two studies took a similar approach, in which TCRs
againstMAGE-A135 or gp10036 were coexpressed alongside a
CD8α coreceptor, with significant improvements observed in
Th1 cytokine release and cytotoxicity. Furthermore, a CD8αβ
coreceptor was expressed alongside an antiviral TCR show-
ing increased functional avidity of the TCR in human CD4+

T cells, increased cytokine production and cytotoxicity
in vitro, and increased in vivo antitumor efficacy in an
adoptive transfer setting.37 These studies support our work, as
we observed improved CD4+ T-cell activation for ADP-
A2M4CD8 in response to antigen compared with T cells
transduced with the TCR alone and an upregulation in Th1
cytokine secretion (ie, IFN-γ, IL-2). We did not see improved
proliferation in CD4+ ADP-A2M4CD8 compared with
CD4+ ADP-A2M4 cells. However, CD4+ ADP-A2M4 T
cells already proliferate in response to antigen to almost the
same extent as CD8+ cells (Supplemental Fig. 4, Supple-
mental Digital Content 1, http://links.lww.com/JIT/A706),
which is not the case for every TCR,38 so there is limited scope
for improvement within the confines of this assay.

Previous studies with both human andmouse T cells39–41

suggested that CD4+ T cells expressing CD8αβ displayed
enhanced CD4+ function compared with CD4+ T cells
expressing CD8α only. Although we have not directly com-
pared coexpression of CD8αβ versus CD8α in this study, our
data demonstrate that expression of CD8α coreceptor led to
an improvement in CD4+ T-cell function across multiple
assays. Neither upregulated CD40L expression nor increased
IFN-γ secretion by CD8α-transduced MHC class I–specific
CD4+ T cells in mice were observed by Kessels et al,41 yet we
saw these improvements with our human TCR in this study.
Therefore, any possible benefit of CD8αβ over CD8α alone
may depend on the species, manufacturing protocol, TCR
affinity, or other intrinsic factors unique to each individual
TCR. Furthermore, taking the CD8α and TCR coexpression
approach has benefits compared with CD8αβ regarding vec-
tor size, because larger lentiviral vectors are known to have
reduced effective viral titer, resulting in lower transduction
efficiency.42

One potential effect of coexpressing the CD8 coreceptor
in CD4+ T cells is that the cytokine production CD4+

T-helper profile may be altered. Willemsen et al36 saw a
favorable shift in the cytokine profile of CD4+ T cells coex-
pressing the CD8α coreceptor, reporting increased Th1 and
decreased Th2 cytokine production, whereas Xue et al37

reported no change in the cytokine profile of CD4+ T cells
with the addition of CD8αβ, only an increase in cytokine
production magnitude. Our data reflect the latter case, with
an increase in magnitude of response but no significant shift in
overall profile.

T cells do not work in isolation, and an antitumor
response requires coordination of many facets of the
immune system. DCs comprise one key cell type in coordi-
nating the local immune response. Adoptive T cells failed to
control tumors lacking resident CD103+ DCs, owing to an
inability of effector and memory T cells to be recruited to
the tumor site.43 Another report44 suggests that immune
checkpoint inhibitor efficacy depends on the crosstalk
between T cells and tumor-resident DCs and involves IL-12
and IFN-γ. Furthermore, it is known that cancer-
tolerogenic immature or semi-mature tumor-infiltrating
DCs require additional stimuli to fully mature and drive a
proper immune response that includes T-cell priming,
licensing, support, and antigen spread.45 Therefore, we
assessed the effect of coexpression of CD8α in CD4+ T cells
in a 3-way coculture (Fig. 6) with a focus on the secretion of
soluble inflammatory mediators by both DCs and T cells. In
this model, we saw significantly higher levels of IL-12 and
IFN-γ and moderately elevated GM-CSF, TNF-α, IL-5,
and IL-13 with CD4+ ADP-A2M4CD8 T cells compared
with a coculture with CD4+ ADP-A2M4 T cells. This sug-
gests the potential for an enhanced inflammatory milieu
within tumors exposed to ADP-A2M4CD8. In addition,
there is the potential for activated DCs to prime endogenous
tumor-specific T cells more effectively, leading to their
expansion and resulting in epitope spreading, possibly
engaging other inflammatory immune players, as recently
illustrated.46 Broadening the immune response may also
reduce the chance for the formation of tumor-immune
escape variants through expansion of the T-cell response to
multiple epitopes at once.

CD4+ T cells play a key support role, although cyto-
toxic activity has also been observed.10–12,47–49 In the pres-
ent study, a significant enhancement in direct CD4+ T-cell
cytotoxic activity against MAGE-A4+ tumor cells was seen
with CD4+ ADP-A2M4CD8 T cells, demonstrating that
coexpression of CD8α alongside the TCR provides addi-
tional cytotoxic benefits that contribute to tumor control in
addition to the enhanced CD4+ helper functions (Fig. 6B).
Naturally occurring CD4 cytotoxic cells have been charac-
terized in antiviral immunity50 and an antitumor context.51

These CD4 cytotoxic T lymphocytes share characteristics
with Th1 cells (secreting IFN-γ, IL-2, and TNF-α) and kill
through a granzyme/perforin-dependent pathway with
delayed kinetics compared with CD8+ cells. When cytotoxic
activity is induced in CD4+ cells through either expression
of an introduced chimeric antigen receptor52 or coincuba-
tion with tumor-targeting bispecific antibody,53 similar
behavior is seen. This behavior holds true for ADP-
A2M4CD8 cells with robust but slightly delayed killing of
3D microtissues alongside the secretion of GzB and IFN-γ.

Taken together, our data support the benefit of adding
CD8α to TCR-engineered T cells as this provides enhanced
CD4+ T-helper and cytotoxic functions and may improve
long-term T-cell function such as memory formation of both
CD4 and CD8 subsets, change the tumor microenvironment,
and lead to more potent and durable antitumor responses
in vivo. While similar approaches in human cells have been
published,35–38 this study adds data from an additional,
clinical-stage TCR and is the first extensive study of the effect
of CD8 on the specificity of the resulting engineered T cells. In
addition, ADP-A2M4CD8 was the first next-generation
engineered TCR therapy using CD8 to progress to the clinic.
The SURPASS trial opened in 2019 and is a phase 1, open-
label, dose-escalation clinical trial (NCT04044859) with
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promising preliminary results in multiple tumor types,54,55

supporting the opening of a phase 2 trial in advanced
esophageal or esophagogastric junction cancers in 2021
(NCT04752358).
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