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BRIEF REPORT

Anti-tumor efficacy of a combination therapy with PD-L1 targeted alpha therapy and 
adoptive cell transfer of PD-1 deficient melanoma-specific human T-lymphocytes
L Marottea,b*, M Capitaoa,b*, C Deleinea,b, T Beauvaisb,c, G Cadioua,b, J. Perrina,b, M Chéreld,e,f, E Scoteta,b, Y Guillouxa,b, 
F Bruchertseiferg, A Morgensterng, A Jarrya,b, J. Gascheta,b*, and N Labarrierea,b*
aUniversité De Nantes, CNRS, INSERM, CRCINA, Nantes, France; bLabEx IGO “Immunotherapy, Graft, Oncology”, Nantes, France; cUniversité De Nantes, 
CNRS, INSERM, CRCINA, CHU of Nantes, Nantes, France; dUniversité De Nantes, CNRS, INSERM, CRCINA, ICO Gauducheau, Nantes, France; eLabEx IRON 
“Innovative Radiopharmaceuticals in Oncology and Neurology”, Nantes, France; fGIP Arronax, Saint-Herblain, France; gEuropean Commission, Joint 
Research Centre (JRC), Karlsruhe, Germany

ABSTRACT
The optimization of adoptive transfer approaches of anti-tumor T cells requires both the functional 
improvement of the injected T cells and the modulation of the tumor microenvironment, favoring the 
recruitment of these T cells and their activation. We have recently shown the therapeutic benefit of two 
approaches tested individually in a melanoma model wich were on one hand the adoptive transfer of 
specific T cells deficient for the expression of the inhibitory receptor PD-1, and on the other hand PD-L1 
targeted alpha therapy (TAT). In this study, we sought to investigate the efficacy of these two therapies 
combined, compared to each monotherapy, in order to evaluate the synergy between these two 
approaches, in the same melanoma model. Here we used melanoma-specific T-cell clones, previously 
validated for the edition of PDCD1 gene and with previously demonstrated superior anti-tumor activity 
than their wild-type counterparts, after adoptive transfer in NSG mice engrafted with PD-L1 expressing 
human melanoma tumors. We also used a previously validated TAT approach, using a 213Bi-anti-human- 
PD-L1 mAb, alone or in combination with adoptive cell transfer, in the same mouse model. We confirmed 
previous results obtained with each monotherapy and documented the safety and the superior ability of 
a combination between the adoptive transfer of PD-1 deficient T cells and TAT targeting PD-L1 to control 
the growth of melanoma tumors in NSG mice. This study provides the first proof-of-concept of the efficacy 
of a combination therapy using TAT, adoptive cell transfer and genomic editing of IC-coding genes.
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Background

In advanced melanoma patients, anti-PD-1 therapy has been 
approved as first line of treatment.1 However, despite unpre-
cedented clinical results, the therapeutic efficacy of such 
approaches needs to be further improved, as around 60% of 
patients do not respond to monotherapy.2 In this context, 
multiple combination therapies are currently tested in mela-
noma and other solid tumors, but choosing the most relevant 
immunotherapy-based combinations depend on the presence 
and status of a preexisting immune infiltrate.3 Indeed, the 
combination of several immune checkpoint inhibitors (ICI) 
or ICIs with costimulatory checkpoints4,5 will be more effective 
for hot tumors (with an active T infiltrate), while for “cold” 
tumors without T-cell infiltrate or with an altered T-cell infil-
trate, adoptive transfer combined with ICIs would be more 
appropriate. This combination has been clinically tested with 
CAR T-cells for the treatment of refractory diffuse large B cell 
lymphoma6 and refractory neuroblastoma.7 In metastatic mel-
anoma, the combination of adoptive transfer with cytokine- 
primed CTL (cytotoxic T lymphocytes)8 or TIL (tumor infil-
trating T lymphocytes)9 with ICI also offers promising results. 
However, toxicities associated with the systemic use of ICIs 

remain a major drawback10 and in this context, the use of 
genetically modified therapeutic T lymphocytes, inactivated 
for IC expression, would allow to circumvent these issues. 
Enhanced anti-tumor functions have already been reported 
for CAR-T cells and for tumor-specific CTL inactivated using 
CRISPR/CAS9 for PD-1 expression.11–13 We recently reported 
the enhanced anti-tumor efficacy of adoptive transfer of PD- 
1KO melanoma-specific T-cell clones compared to their wild- 
type counterpart, in a pre-clinical NSG mouse model engrafted 
with a human melanoma tumor expressing PD-1 ligand, PD- 
L1.14 However, the adoptive transfer of such modified lympho-
cytes delayed tumor growth but did not eradicate the estab-
lished tumors. Therefore, these results could be further 
improved by combining this treatment with another therapy, 
directly targeting the tumor. Among the possible therapeutic 
combinations, it has been shown that the immunomodulatory 
effects of radiotherapy could act synergistically with immu-
notherapy in an immunocompetent host.15

Among radiotherapy treatments, targeted alpha particle 
therapy (TAT), a targeted radionuclide therapy based on 
alpha particle emitters delivered specifically to the tumor 
through a specific target is considered as a relevant anti- 
cancer treatment. Besides the direct cytotoxicity of ionizing 
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radiation, it has been shown that alpha particle emitter could 
also modulate the immune system by inducing immunogenic 
cell death which could potentiate anti-tumor efficacy.16,17 In 
a preclinical model of melanoma, the use of 213Bi-anti- 
melanin monoclonal antibody (mAb) demonstrated significant 
therapeutic efficacy.18 Taking advantage of the same mouse 
model used to demonstrate the superior efficacy of the adoptive 
transfer of PD-1KO melanoma-specific T-cell clones, we 
recently showed that TAT targeting PD-L1 significantly 
delayed tumor growth and improved survival, without indu-
cing severe toxicities.19

In the present study, we sought to investigate whether the 
combination of a TAT therapy targeting PD-L1 with the adop-
tive transfer of PD-1KO melanoma-specific T-cell clones could 
act synergistically to eradicate established tumors.

As a proof of concept, we use the same model of NSG mice 
engrafted with PD-L1 expressing melanoma cells, treated with 
213Bi-anti-human-PD-L1 mAb in combination with the adop-
tive transfer of PD-1KO T-cell clones. This combined treatment 
was compared to each monotherapy and to control mice, and 
demonstrated its enhanced therapeutic efficacy.

Methods

Cell lines and cell culture

Wild-type and PD-1KO Melan-A specific T-cell clones expres-
sing the same TCR were previously described and compared 
for their anti-tumor potential in NSG mice.14 T-cell clones 
were cultured in RPMI-1640 medium supplemented with 8% 
human serum, 2 mM L-glutamine (Gibco, France), 100 U/mL 
penicillin (Gibco, France), 0.1 mg/mL streptomycin (Gibco, 
France) and 150 U/mL recombinant human IL-2 (Proleukin, 
Novartis Pharma, France), and were regularly (every 3 weeks) 
amplified on irradiated feeder cells and PHA-L (1 µg/mL, 
Sigma, France).

M113 melanoma cell line stably expressing PD-L120 was 
cultured in RPMI-1640 medium supplemented with 10% 
Fetal Bovine Serum (Eurobio Scientific, France), 2 mM 
L-glutamine (Gibco, France), 100 U/mL penicillin (Gibco, 
France), 0.1 mg/mL streptomycin (Gibco, France) and 
0.8 mg/mL of G418 antibiotic.

All the cells were cultured at 37°C in a humidified atmo-
sphere containing 5% CO2 and a weekly test was performed 
through a HEK-Blue Detection Kit (hb-det3, Invivogen) to 
check the absence of mycoplasma contamination.

Radiolabeling of anti-human-PD-L1 mAb

The GoInVivo™ purified anti-human PD-L1 mouse mAb (anti- 
PD-L1 mAb) was purchased from Biolegend (San Diego, CA, 
USA). Before 213Bi radiolabeling, the anti-PD-L1 mAb was 
modified using SCN-CHX-A”-DTPA (Macrocyclics, Plano, 
TX, USA) in carbonate buffer (0.05 M, pH 8.7). After 12 h 
incubation at 25°C, the modified mAb was purified by HPLC 
on a Sephadex G200 gel-filtration column (Amersham 
Biosciences, Little Chalfont, UK). For 213Bi radiolabeling, 
100 μg of modified anti-PD-L1 mAb was incubated with 213Bi 
eluted from an 225Ac/213Bi generator (Institute for 

Transuranium Elements, Karlsruhe, Germany) for 10 min at 
37°C in 0.8 M ammonium acetate (pH 5.3), 1.5% ascorbic acid. 
The resulting 213Bi-labeled immunoconjugate was separated 
from unbound 213Bi by size-exclusion chromatography using 
a PD-10 column (GE Healthcare, Chicago, IL, USA). 
Radiochemical purity was >98.9 ± 1.03%, as determined by 
instant thin-layer chromatography silica gel (ITLC-SG).

Mouse xenograft model

Eleven to 13-week-old female NSG mice, purchased from 
Charles River laboratory, with unrestricted access to food and 
water were kept under specific pathogen-free conditions in the 
UTE animal facility (SFR François Bonamy, IRS-UN, 
University of Nantes, license number: B-44-278). The animal 
experiments were approved by the local veterinary committee 
(APAFIS #2468 and APAFIS #7823) and performed in accor-
dance with the recommendations established by the Ethic 
Committee for Animal Experiments of the University of 
Nantes and the FELASA (Federation of Laboratory Animal 
Science Associations). Subcutaneous xenograft tumors were 
established by injections of 106 of human melanoma cells 
(M113PD-L1+) in 100 µL DPBS (ThermoFisher Scientific, 
USA) into the flank of NSG mice. Tumor cells were tested for 
mycoplasma and PD-L1 expression before each graft.

Seven days later, when tumor volumes reached around 
80 mm3, mice were randomly allocated into the following experi-
mental groups (Figure 1): (1) sterile DPBS, (2) ACT with 5 × 106 

WT T-cell clones in sterile DPBS, (3) ACT with 5 × 106 PD-1KO 

T-cell clones in sterile DPBS, (4) TAT, (5) TAT + ACT with 
5 × 106 WT T-cell clones in sterile DPBS and (6) TAT + ACT 
with 5 × 106 PD-1KO T-cell clones in sterile DPBS. At day 7, mice 
from groups (4), (5) and (6) were treated with TAT by i.v. injec-
tions (in tail vein) of 125 kBq/g 213Bi-anti-hPD-L1 mAb. DPBS 
control group (1), and mice from groups (2) and (3) received i.v. 
injections of sterile DPBS (100 µL). At day 8, mice from groups 
(2), (3), (5) and (6) were treated by i.v. injections (retro-orbital) of 
5 × 106 WT (groups (2) and (5)) or PD-1KO (groups (3) and (6)) 
T-cell clones. DPBS control group (1), and mice from group (4) 
received i.v. injections of sterile DPBS (100 µL).

The absence of residual radioactivity on TAT-treated mice 
was checked before T-cell injection.

Intravenous injections of T-cell clones were repeated twice 
at days 15 and 22 after engraftment. Tumor burdens were 
measured by an electronic caliper, and the tumor volume was 
calculated based on the following formula: volume = (Length 
x Width2)/2. In addition, animal weight was measured three 
times a week. Mice were sacrificed taking into account the 
appearance of tumor necrosis, weight loss (20% of initial 
weight before tumor transplantation) and tumor size 
(>2000 mm3), in accordance with national and international 
policies. Tumors were removed at the time of sacrifice. 
Statistical analyses were performed using two-way ANOVA 
multiple comparisons.

Toxicity study

Hematological toxicity was assessed by numeration of red 
blood cells and platelets on an automated hematology analyzer 
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(Nihon Kohden, France). Bone marrow toxicity was assessed 
on plasma isolated by centrifugation (10 min at 600 × g). Each 
sample was assessed in duplicate. Flt3-ligand concentration 
was quantified by ELISA (Bio-Techne, France) following man-
ufacturer’s protocol. Statistical analysis was performed with 
two-way ANOVA followed by Sidak’s multiple comparisons 
test.

Immunohistochemistry

Tumors were collected, formalin-fixed and paraffin-embedded. 
Immunohistochemistry was performed on 3 µm paraffin sec-
tions of each tumor using anti-PD-L1 (10 µg/mL, clone E1L3N, 
Cell Signaling, USA) or anti-CD3 (6 µg/mL, polyclonal, 
Agilent, USA) primary antibodies, followed by the 
Peroxidase/DAB Envision detection system (Agilent, USA) 
on an automated platform (Dako Autostainer, USA), accord-
ing to manufacturer’s instructions. The sections were counter-
stained with Mayer’s hematoxylin. As negative control, isotype 
antibody was used. CD3+ and PD-L1+cells were quantified on 
whole tissue sections, with the open-source software Qupath, 
using automatic classification and positive cell detection 

workflows21. Results are expressed as the percentage of positive 
cells relative to the total number of cells.

Results

Anti-tumor activity of monotherapies and combination 
therapies

Anti-tumor efficacy of ACT with WT and PD-1KO T-cell clones 
and TAT alone or in combination was assessed in NSG mice, 
previously engrafted with a human melanoma cell line expres-
sing PD-L1 (M113PD-L1+). As shown on Figure 2a and 2b, and 
in accordance with our previous reports14, the adoptive trans-
fer of PD-1KO T-lymphocytes (yellow dotted lines) but not that 
of WT T-lymphocytes (gray dotted lines), significantly delayed 
tumor growth compared to the control group (black lines) 
(p < .0001). In addition, confirming our recently published 
results,19 anti-PD-L1 TAT also significantly delayed tumor 
growth (red dotted lines, p < .0001). Monotherapies with either 
PD-1KO T-cells or TAT both exhibited a better anti-tumor 
efficacy than monotherapy with WT T-cells (p = .003 and 
p = .027, respectively). The treatment combining TAT and 

Figure 1. Experimental design of adoptive cell transfer, TAT, and combination therapy.
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adoptive transfer of WT T-cells (solid gray lines) also delayed 
tumor growth compared to control group (p = .0002), in 
a similar way as monotherapies either with adoptive transfer 
of PD-1KO T-cells or with TAT. The best result was obtained 
with the combination of TAT and adoptive transfer of PD-1KO 

T-cells (yellow solid lines), that delays tumor growth the most, 
both in comparison to the control group (p < .0001), to groups 
receiving monotherapies with either WT (p < .0001), PD-1KO 

T-cells (p = .005) or TAT (p = .0016) and to the group receiving 
the combination of TAT and WT T-cells (p = .0003). These 
results showed that the combination of anti-PD-L1 targeted- 
alpha-therapy and the adoptive transfer of tumor-specific 
T-lymphocytes with optimized functions resulted in a better 
anti-tumor efficacy compared to each monotherapy.

Hematologic and bone marrow toxicity after treatment

Hematologic and bone marrow toxicities were assessed by 
platelets and RBC counting on one hand and plasma Flt3- 
Ligand dosing on the other hand. Platelets and RBC counts 
were evaluated in mice before M113PD-L1+ tumor graft (T0) 
and at time of sacrifice (end point). As shown in Figure 3, we 
observed a significant decrease in platelet counts at end point 
in all the groups treated with TAT (**** p < .0001). We also 
observed a significant decrease in RBC counts at end point in 

all the groups but one. Indeed, RBC drop was observed in 
control group treated with DPBS (*** p = .0004), in both 
groups treated with melanoma-specific T-cells either WT (* 
p = .0398) or PD-1KO (*** p = .0008), in group treated with 
TAT (**** p < .0001), and in group treated combination ther-
apy consisting in TAT and PD-1KO melanoma-specific T-cells 
(**** <0.0001). No apparent direct relationship to the type of 
treatment received was observed, although the decrease 
appeared more pronounced in 2 of the 3 groups that received 
TAT. Flt3-Ligand plasma levels at T0 and at end point were not 
significantly different between the groups, a finding showing 
the absence of bone marrow toxicity.

T-cell infiltration and PD-L1 expression

Sixty hours after the last T-cell or DPBS injection, tumors were 
recovered and paraffin-embedded for immunohistochemical 
analyses.

CD3 infiltration was assessed on two tumors from groups 
receiving T-lymphocytes alone or in combination with TAT, 
60 hours after the third injection of T-cells. As shown on 
Figure 4a, we observed T-cell infiltration in tumors from each 
of these four groups. Nonetheless, at this time point, no sig-
nificant differences were detected between mice treated with 
ACT alone or with the combination therapy.

Figure 2. Anti-tumor efficacy of mono- and combination therapies. A. M113PD-L1+melanoma tumor growth curves in NSG mice receiving i.v. injection of DPBS (black 
circles), or monotherapy with either i.v. injections of 5 × 106 of WT (gray circles, dotted line) or PD-1KO (yellow circles, dotted line) melanoma specific T-cells, or TAT (red 
circles, dotted line), or combination therapies with TAT and WT (gray circles, solid line) or PD-1KO T melanoma-specific T-cells (yellow circles, solid line). Table below the 
figure illustrates statistical comparisons performed using 2 way ANOVA, followed by Tukey multiple comparisons test. B. Individual curves of M113PD-L1+ melanoma 
tumor growth, in each group of NSG mice.
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PD-L1 expression was also analyzed on tumors (n = 2) from 
each group, 60 hours after the third T-cell (or DPBS) injection. 
As shown on Figure 4b, PD-L1 was homogeneously and 
strongly expressed on M113PD-L1+ tumor cells from DBPS 
mice and from mice treated with adoptive cell transfer (74% 
to 86% of positive cells, Figure 4c). We observed a significant 
decrease in PD-L1 expression on tumor cells from TAT-treated 
mice (31% of positive cells, p = .078), consistent with the 
therapy targeting PD-L1-expressing cells. Interestingly, the 
percentage of PD-L1 positive cells increased in the tumors 
from mice receiving the combination therapies, compared to 
TAT alone. Indeed, this percentage was around 61% in the 
tumors from mice treated with TAT + WT T-cells and reached 
70% in the tumors from mice treated with TAT + PD-1KO 

T-cells, significantly higher than that detected in TAT treated 
mice (p = .08). We confirmed in vitro that this PD-L1 trans-
fected melanoma cell line and its wild-type counterpart were 

both sensitive to IFN-γ, with a marked increase of PD-L1 
expression after 48 h of treatment with recombinant IFN-γ 
(data not shown).

Discussion

In this study, we demonstrated the better therapeutic efficacy of 
a treatment combining TAT targeting PD-L1 and ACT of PD- 
1KO T-cells compared to each monotherapy and to the combi-
nation of TAT and ACT of WT T-cells expressing PD-1. The 
specificity of TAT was assessed by immunohistochemical ana-
lyses documenting the decreased PD-L1 expression in TAT- 
treated tumors compared to control tumors (30% and 75% of 
PD-L1+cells, respectively). This decrease in PD-L1 expression 
demonstrates the specific activity of TAT therapy on PD-L1+ 

tumor cells. Furthermore, we also showed that adoptive 

Figure 3. Hematologic and bone marrow toxicity after mono- and combination therapies. Platelet counts, RBC counts and plasma Flt3-Ligand concentrations were 
assessed at T0, before tumor engraftment and at end point, after treatment with DPBS (black boxes) or monotherapy with either i.v. injections of 5 × 106 of WT (gray 
boxes) or PD-1KO (yellow boxes) melanoma specific T-cells, or TAT (striped red boxes), or combination therapies with TAT and WT (striped gray boxes) or PD-1KO 

T melanoma-specific T-cells (striped yellow boxes). Box extends from the 25th to 75th percentiles, line represents the median and the whiskers go down to the smallest 
value and up to the largest. Flt3-Ligand concentrations were assessed in duplicates. Statistical analyses were performed with two-way ANOVA followed by Sidak’s 
multiple comparisons test.
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transfer of PD-1KO T-cells, and to a lesser extent PD-1+ T-cells 
(WT), resulted in increased PD-L1 expression in residual 
tumors after TAT compared to TAT therapy alone. This 
increased PD-L1 expression could result from the secretion of 
IFN-γ by T lymphocytes in the tumor microenvironment, as 
previously described in human melanoma tumors22, indicating 
the migration and activation of infused T-cells, especially PD- 
1KO T-cells, within the tumors.

Since TAT is delivered through i.v. injection, some hema-
tological toxicity related to ionizing radiation is expected. As 
already observed in our previous study19, platelet counts were 
significantly decreased in all groups treated with TAT alone or 
TAT in combination with melanoma-specific T-cells. More 

surprisingly, we also observed some toxicity on RBC in all the 
groups but the one treated with the combination of TAT and 
WT melanoma-specific T-cells. Although this toxicity does not 
appear to be directly associated with the treatment, as the same 
decrease was observed in the control group, it should be con-
sidered in future studies. However, this does not appear to be 
related to erythroblast toxicity since we did not observe any 
bone marrow toxicity as assessed by Flt3-Ligand levels.

We further sought to formally investigate T-cell infiltration 
by immunohistochemistry on tumor sections from each group 
of mice. We confirmed the presence of T-cell infiltration in all 
tumors that received ACT, but no significant quantitative 
differences could be shown between mono- and combined 

Figure 4. T-cell infiltration of melanoma tumors. A. Example of immunostaining of CD3 of melanoma tumors 60 hr after the third injection of T-cells. B. Example of PD-L1 
staining of M113PD-L1+ tumors from mice from each treated group. C. Mean percentages of PD-L1+ cells, in tumors from each group (quantified with the Qupath open- 
source software). Statistical comparison was performed using multiple T-tests corrected using the Holm–Sidak method (Prism software). * p < .1.
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therapy conditions. This result resonates with a recent study23 

performed on melanoma-bearing immunocompetent mice 
with a combination of 177Lutetium-labeled anti-melanin anti-
body and anti-PD-1 therapy. In this study, the combination 
therapy showed a superior anti-tumor efficacy compared to 
each monotherapy but there was no statistical difference in 
T-cell infiltration between the different groups. This result 
together with our observations suggest alternative mechanisms 
beyond increased T-cell infiltration that could explain the 
better efficacy of combination therapy, although in our setting, 
T-cell infiltration only depends on injected T-cells and not on 
the recruitment of T-cells from the endogenous repertoire. It is 
therefore possible that, in this setting, the superior efficacy of 
this combination therapy is the result of the addition of cumu-
lative effects of each of the monotherapies alone.

Nonetheless, a methodological issue may also have contrib-
uted to the sub-optimal detection of tumor-infiltrating T-cells. 
Indeed, tumor removal was performed 60 hours after the last 
T-cell injection, instead of 48 hours as performed in our pre-
vious study14 that could be too late regarding T-cell persis-
tence. In addition, and unlike in this first study, T lymphocytes 
were injected in the retro-orbital venous sinus, since after TAT 
injection into mice’s tail vein, we anticipated that subsequent 
cell diffusion and circulation through this vein could be com-
promised. Thus, via the retro-orbital route, the kinetics of 
T-cell arrival at the tumor site, which was not determined, 
might be faster than when injected into the tail vein.

Nevertheless, PD-L1 expression level and decreased tumor 
growth upon combination therapy between TAT and PD-1KO 

T-cells strongly suggest the migration of activated T-cells at the 
tumor site before tumor removal, and a synergy of this ther-
apeutic combination.

These results should be validated in an immunocompetent 
mouse model. Indeed, even though the feasibility of anti-PD- 
L1 TAT is supported by dosimetric studies,24 the use of an 
immunocompetent model would directly address the safety of 
targeting PD-L1, which is also expressed by immune cells. In 
this setting, PD-L1 targeting could result in adverse effects and 
toxicity that we could not evaluate in this NSG mouse model.

Furthermore, in an immunocompetent host, it has been 
showed that melanin-targeted radionuclide therapy induced 
immune cell death, documented by increased cell surface 
annexin A1 and calreticulin levels25. In addition, the combination 
of this therapy with immune checkpoint inhibitors resulted to 
a better therapeutic efficacy than each monotherapy, by breaking 
immune tolerance. Thus, the efficacy of our combination therapy 
could be further improved in immunocompetent hosts, inducing 
an inflamed tumor microenvironment favoring the recruitment 
of our PD-1 deficient T-cells in a first step. In a second step, this 
combination therapy could also favor the recruitment of other 
tumor-specific T-cells, via the antigen spreading phenomenon. 
Indeed, epitope spreading, defined by the recruitment of endo-
genous T-cells specific for antigenic epitopes different from the 
one initially targeted, is a phenomenon already described after 
anti-tumor vaccination or ACT26.

To conclude, this study provides the first proof-of-concept 
of the efficacy of a combination therapy using TAT, adoptive 
cell transfer and genomic editing of IC-encoding genes. In an 
immunocompetent host, the antitumor efficacy of this 

combination therapy should be further enhanced by the induc-
tion of immunogenic cell death and recruitment of an endo-
genous tumor-specific T repertoire.
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