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ABSTRACT
Tumor antigen-targeting monoclonal antibodies (TA-targeting mAbs) are used as therapeutics in many
malignancies and their capacity to mobilize the host immunity puts them at the forefront of anti-cancer
immunotherapies. Both innate and adaptive immune cells have been associated with the therapeutic activity of
such antibodies, but tumor escape from mAb-induced tumor immune surveillance remains one of the main
clinical issues. In this preclinical study, we grafted immunocompetent and immunocompromised mice with the
B16F10 mouse melanoma cell line and treated them with the TA99 TA-targeting mAb to analyze the immune
mechanisms associated with the tumor response and resistance to TA99 monotherapy. In immunocompetent
mice TA99 treatment strongly increased the fraction of CD8 and CD4 effector T cells in the tumor compared with
isotype control, highlighting the specific immune modulation of the tumor microenvironment by TA99.
However, in most mice, TA99 immunotherapy could not prevent immune effector exhaustion and the
recruitment of regulatory CD4 T cells and consequently tumor escape from immune surveillance. Remarkably,
anti-PD-1 treatment at the time of tumor emergence restored the Th1 effector functions of CD4 and CD8 T cells
as well as of natural killer and gdT cells, which translated into a significant slow-down of tumor progression and
extended survival. Our findings provide the first evidence that PD-1 blockade at the time of tumor emergence
can efficiently boost the host anti-tumor immune response initiated several weeks before by the TA-targeting
mAb. These results are promising for the design of combined therapies to sensitize non-responder or resistant
patients.

Abbreviations: ACK, ammonium-chloride-potassium; ADCC, antibody-dependent cell mediated cytotoxicity; ADCP,
antibody-dependent cellular phagocytosis; Ag, antigen; BSA, bovine serum albumin; CD, cluster of differentiation;
CFSE, carboxyfluorescein succinimidyl ester; CTL, cytotoxic T lymphocyte; CTLA4, cytotoxic T-lymphocyte-associated
protein 4; DCs, dendritic cells; DMEM, Dulbecco’s modified Eagle’s medium; ELISA, enzyme-linked immunosorbent
assay; EDTA, ethylenediaminetetraacetic acid; FACS, fluorescence activated cell sorting; FBS, fetal bovine serum;
gp75, glycoprotein 75; gp100, glycoprotein 100; HEPES, 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid; HER2/
ERB-B2, Human Epidermal Growth Factor Receptor-2; IC, isotype control; IFNg , interferon gamma; Ig, immunoglob-
ulin; IHC, immunohistochemistry; IL, interleukin; i.p., intraperitoneal; i.v., intravenous; mAb, monoclonal antibody;
MDSCs, myeloid-derived suppressor cells; MHC, major histocompatibility complex; NK, natural killer; NSG, NOD-scid
IL2Rgammanull; OVA, ovalbumin; PBMCs, peripheral blood mononuclear cells; PBS, phosphate buffered saline solu-
tion; PBST, PBS containing Tween; PD-1, programmed cell death 1; PFA, paraformaldehyde; PMA, phorbol 12-myris-
tate 13-acetate; RPMI, Roswell Park Memorial Institute medium; s.c., subcutaneous; SPECT/CT, single-photon
emission computed tomography; TA, tumor antigen; TCR, T cell receptor; Th, T helper; TIL, tumor-infiltrating lym-
phocyte; TIM3, mucin-domain containing-3; Treg, regulatory T cells; TRP2, tyrosinase-related protein 2; TYRP-1/TRP-
1, tyrosinase-related protein 1
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Introduction

Among the many cancer therapy approaches, the recent clinical
success of inhibitors of immune checkpoints, such as CTLA-4
and PD-1, highlights the potential of treating cancer by immune

modulation.1 Moreover, preclinical and clinical studies have
demonstrated that the long-term anti-tumor effects of conven-
tional cancer treatments, such as chemotherapy and radiother-
apy, rely on the host immunity.2 Similarly, several studies have
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shown that the therapeutic activity of tumor antigen (TA)-target-
ing monoclonal antibodies (mAbs), such as trastuzumab (anti-
HER-2/neu) and rituximab (anti-CD20), depends not only on
direct effects on tumor cells, but also on immune cell-mediated
effects through the activation of immunoglobulin G (IgG) Fc
region gamma receptors (FcgR). Indeed, TA-targeting mAbs
have the unique capacity to specifically target cancer cells and to
kill them through FcgR-dependent mechanisms, such as anti-
body-dependent cell-mediated cytotoxicity (ADCC) and anti-
body-dependent cellular phagocytosis (ADCP). FcgR
polymorphisms have been associated with differential clinical
outcome in patients treated with trastuzumab3,4 or rituximab,5

supporting the importance of FcgR-mediated mechanisms.
Moreover, the demonstration that rituximab immunotherapy
elicits a lymphoma-specific T cell response also suggests that
immunotherapy with TA-targeting mAbs can result in the
induction of a specific cellular immune response against tumor-
associated antigens.6

Using a mouse model of virus-induced leukemia, we pro-
vided the first evidence of mAb-induced vaccine-like effects
associated with an adaptive memory immune response and
long-lasting protection.7-9 We demonstrated that immune
complexes formed between infected cells and an anti-viral
mAb improve dendritic cell (DC) maturation, antigen presen-
tation and cross-priming, leading to immunological memory.10

Moreover, Stagg et al. demonstrated, using immunocompetent
BALB/c mice with established TUBO breast tumors and treated
with anti-TRAIL-R2 and anti-ERBB-2 mAbs, that the adaptive
anti-tumor immunity is essential for complete tumor regression
after treatment with TA-targeting mAbs.11 The dependence of
TA-targeting mAbs therapeutic effect on the adaptive immune
response was confirmed using immunocompetent mice with
CD20C or HER2C tumors and treated with anti-CD2012,13 or
anti-HER214,15 mAbs, respectively. In agreement with these
preclinical results, increased levels of tumor-infiltrating lym-
phocytes (TILs) at diagnosis have been associated with higher
response rates to adjuvant trastuzumab in patients with early
breast cancer.16 Similarly, higher expression of immune
markers, such interferon gamma (IFNg) and STAT1, and of
metagenes linked to the adaptive immune system in pre-treat-
ment biopsies from patients with breast cancer who received
trastuzumab- or pertuzumab-based therapies has been associ-
ated with higher rate of pathological complete response.17

However, tumor escape from immune surveillance remains
one of the main clinical issues. Indeed, malignant cells acquire
the ability to exploit the host immunosuppressive mechanisms
to avoid recognition and elimination by the host immune sys-
tem and/or to drive the impairment of anti-tumor effector
immune cells.18,19 The precise phenotypic and functional analy-
sis of the tumor immune microenvironment at the time of
tumor escape and a better understanding of its changes during
tumor progression should bring key information for the devel-
opment of new combinatorial strategies to delay or prevent
tumor relapse and increase the overall survival of patients
treated with TA-targeting mAbs.

Therefore, we decided to characterize the tumor escape
mechanisms during immunotherapy with a TA-targeting mAb
in mice grafted with B16F10 melanoma cells and treated with
the TA-targeting mAb TA99, as monotherapy. In this

preclinical model, tumor progression is associated with a strong
immunosuppressive tumor microenvironment and the
response to TA99 therapy is heterogeneous. Indeed, in some
mice TA99 leads to a long tumor-free survival, whereas in
others it cannot efficiently control tumor progression. Using
this preclinical model, we first characterized the cellular mecha-
nisms of TA99-induced anti-tumor immunity in long-term
protected mice. Then, we described the tumor immune micro-
environment at the time of tumor escape in TA99-treated mice
and proposed a combined therapeutic approach based on the
synergistic effects of the TA-targeting mAb and an anti-
immune checkpoint that resulted in an increased anti-tumor
immunity and prolonged mice survival.

Materials and methods

Materials

The tyrosinase-related protein 2 (TRP2) (180–188; Ser-Val-
Tyr-Asp-Phe-Phe-Val-Trp-Leu), gp100 (25–33; Glu-Gly-Ser-
Arg-Asn-Gln-Asp-Trp-Leu), and ovalbumin (OVA) (257–264;
Ser-Ile-Ile-Asn-Phe-Glu-Lys-Leu) peptides were purchased
from Anaspec.

For flow cytometry, the following antibodies were used: anti-
mouse CD45-PerCPVio700 (clone 30F11) and anti-mouse
MHC2-FITC (clone M5 114.15.2) from Miltenyi Biotech; anti-
mouse CD4-BV650 (clone RM4–5), anti-mouse TCRgd¡B&605
(clone GL3), anti-mouse CD25-PECy5 (clone B173002), anti-
mouse IFNg-BV421 (clone XMG1.3), anti-mouse NKp46-FITC
(clone 29A1.4) and anti-human TIM3-BV711 (clone F38
2E2) from Biolegend; anti-mouse CD8-PECy5.5 (clone 53–6.7),
anti-mouse PD-1-FITC (clone J43), anti-mouse TIM3-PE
(clone RMT 3–23), anti-mouse F4/80-APCeF780 (clone BM8),
anti-mouse FOXP3-APC (clone FJK-16S) and anti-human
CD45-PECy5.5 (2D1) from eBioscience; anti-mouse CD3-
BV711 (clone 17A2), anti-mouse CD11c-PE (clone HL3),
anti-mouse CD11b-APC (clone M1/70), anti-mouse CD107a-
BV786 (clone 1D4B), anti-mouse IL2-APC-Cy7 (clone JES6–
5H4), anti-mouse IL12-V450 (clone C15.6), anti-human
CD3-PerCPCy5.5 (clone SK7), anti-human CD4-BV650 (Clone
SK3), anti-human CD8-BV605 (clone SK1), anti-human PD1-
BV786 (clone EH12.1), anti-human IL2-PE (clone MQ1 17H12)
and anti-human IFNg-PECy7 (clone 4SB3) from BD PharMin-
gen. The LIVE/DEADTM Fixable Aqua Dead Cell Stain Kit for
405 nm excitation was purchased from Invitrogen.

The anti-mouse tyrosinase-related protein 1 (TYRP-1/
TRP-1) TA99 and anti-mouse PD-1 (CD279) mAbs and their
respective mouse IgG2a C1.18.4 and rat IgG2A 2A3 isotype
controls were purchased from BioXcell. All antibodies were
certified murine pathogen free.

Phorbol 12-myristate 13-acetate (PMA) and ionomycin
were purchased from Sigma Aldrich; BD GolgiPlugTM Protein
Transport inhibitor (containing brefeldin A) and BD
GolgiStopTM Protein Transport inhibitor (containing monen-
sin) were from BD Bioscience, fixation and permeabilization
buffers from eBioscience, and ammonium-chloride-potassium
(ACK) lysing buffer from BioWhittaker. The C57BL/6 murine
melanoma B16F10 and colon adenocarcinoma MC38 cell lines
were from ATCC.
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Animals

Eight-week-old female NOD-scid IL2Rgammanull (NSG)
mice were purchased from Charles River and 8-week-old
female C57Bl/6N or athymic nude Foxn1nu mice from Envigo.
Mice were maintained according to protocols approved by the
French national committee of animal care.

Cell culture

B16F10 and B16F1 cells were maintained in complete Dulbecco’s
modified Eagle’s medium (DMEM, GE Healthcare Life Sciences)
supplemented with 10% (vol/vol) fetal bovine serum (FBS), and
2 mg/ml gentamycin (Life Technology 15710–049). MC38 cells
were grown in complete RPMI 1640 medium supplemented with
10% (vol/vol) FBS, 16 mM HEPES (Gibco by Life Technologies
15630–056) and 2 mg/ml gentamycin. All cell lines were cultured
at 37�C and 5% CO2 and tested regularly for mycoplasma con-
tamination and for rodent pathogens.

Tumor models and treatments

For primary tumor graft, 5.104 B16F10 or B16F1 cells in 100 ml
of phosphate buffered saline solution (PBS) were inoculated
subcutaneously (s.c.). At day 2 post-graft, treatment by intra-
peritoneal (i.p.) injection of TA99 mAb, IgG2a isotype control
(IC) or PBS was started (400 mg for the first injection followed
by 5 injections of 200 mg at day 3, 4, 7, 9 and 11). Tumors were
measured 3 times per week with a caliper and mice were killed
when the tumor reached a volume of 1500 mm3. Tumor vol-
ume was calculated using the following formula: length £
width £ width/2. For the challenge, 5.104 B16F10 or 5.105

MC38 cells in 100 ml PBS were inoculated s.c. in the opposite
flank.

For testing the effect of immune checkpoint inhibition,
200 mg of anti-PD-1 mAb in 100 ml PBS was administered i.p.
twice a week starting at the time of tumor emergence (30–
50 mm3 tumor volume). For the lung metastasis model, 105

B16F10 cells were inoculated intravenously (i.v.) in tumor-free
TA99-treated or naive (i.e., ungrafted and never treated) mice
that were killed 14 d after to analyze lung invasion. The total
number and number of large foci (> 3 mm) were assessed by
using a binocular microscope.

Quantification of anti-B16F10 immunoglobulins
by enzyme-linked immunosorbent assay (ELISA)

After retro-orbital sinus blood sampling at different time points
or intra-cardiac blood sampling after euthanasia, serum was
recovered and stored at ¡20�C. For ELISA assays, B16F10 cells
were plated overnight at 37�C in 96-well plates. The day after,
cells were rinsed twice with PBS and fixed with 4% paraformal-
dehyde (PFA). Cells were washed twice with PBS and incubated
at room temperature (RT) with PBS/0.1%Tween 20 (PBST) and
1% bovine serum albumin (PBST-BSA) for 1 h. Serum samples
were diluted in PBST-BSA and incubated at RT for 2 h. After 3
washes in PBST, a peroxidase-conjugated anti-mouse IgG (g
chain specific) (Sigma), diluted 1/1000 in PBST-BSA, was
added at RT for 1 h. After 2 washes in PBST and one wash in

PBS, 50 ml of TMB solution (TMB Substrate Reagent Set BD
OptEIATM Cat: 55514) was added at RT in the dark for 15 min.
The reaction was stopped by addition of 50 ml of H2SO4 and
absorbance was read at 450 nm. The total serum IgG concen-
trations were calculated using the standard curve obtained with
purified TA99.

Serum transfer experiments

Serum samples from untreated (naive serum) or challenged
tumor-free TA99 treated-mice (immune serum) were collected
and pooled. Mice were grafted with 5.104 B16F10 cells
and received 6 i.p. injections of 100 ml of immune or naive
serum at day 2, 3, 4, 7, 9 and 11 post-graft.

Isolation of immune cells

Spleen, lymph nodes and tumors were recovered in ice-cold
PBS containing 0.5% BSA and 2 mM EDTA (dissociation
buffer) and were mechanically dissociated. For spleen, red
blood cells were eliminated by adding 2 ml ACK lysing buffer.
Then white blood cells were recovered by centrifugation,
washed with PBS and re-suspended in RPMI 1640 plus 10%
FBS for functional assays or in FACS buffer (2% fetal calf
serum, 1 ml 0.5 M EDTA, 1 mg/ml sodium azide in PBS) for
staining and flow cytometry analysis. For tumors and lymph
nodes, after dissociation, cells were filtered through 70 mm fil-
ters (Falcon Cell Strainer Nylon 352340) and centrifuged. Pel-
lets were re-suspended in RPMI 1640 plus 10% FBS for
functional assays or in FACS buffer for staining and flow
cytometry analysis.

In vivo cytotoxicity assays

Splenocytes from naive mice were suspended in RPMI 1640
plus 10% FBS, and loaded at 37�C with a mix of gp100 and
TRP2 peptides or OVA (all at 1 mg/ml) for 2 h. After washes
with PBS to eliminate the peptide excess, gp100 and TRP2-
loaded splenocytes were labeled with 5 mM carboxyfluorescein
succinimidyl ester (CFSE) (CFSEhigh) and OVA-loaded spleno-
cytes with 0.5 mM CFSE (CFSElow) at 37�C for 10 min. Cells
were washed again in ice-cold PBS, re-suspended in PBS,
counted and mixed in a 1:1 ratio. Then, 1.5 107 splenocytes
were injected i.v. in recipient mice 12 d after challenge. Five
days later, mice were killed for flow cytometry quantification of
splenic CFSElow and CFSEhigh cells. The CTL activity against
gp100/TRP2-loaded splenocytes was calculated according to
the CFSEhigh/CFSElow cell ratio normalized to the CFSEhigh/
CFSElow cell ratio assayed before splenocyte injection in recipi-
ent mice.

Flow cytometry analysis

When tumors reached a volume of 300–400 mm3, mice were
killed. Spleen, lymph nodes and tumors were recovered and
dissociated as described above. Cells were suspended in RPMI
1640/10% FBS (unstimulated conditions), or RPMI 1640/10%
FBS with 20 ng/ml PMA and 1 mg/ml ionomycin (stimulated
conditions) in 96-well plates at 37�C for 5 hours. The
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anti-mouse CD107a-BV786 antibody (BD Horizon) was added
simultaneously to evaluate degranulation. After 1 hour,
GolgiPlugTM and GolgiStopTM were added in each well to block
cytokine secretion (according to the manufacturer’s protocol;
BD Biosciences). Then, at the end of the 5 hours, cells were
washed once with PBS and antibodies for surface markers
were added at 4�C for 1 hour. After extracellular staining, cells
were fixed and permeabilized, according to the eBioscience fix-
ation and permeabilization procedures, and intracellular stain-
ing was performed overnight at 4�C. Then, samples were
washed, fixed in 1% PFA, and processed for data acquisition
using a FORTESSA flow cytometer (Beckton Dickinson). Data
were analyzed using the Flowjo 10 software.

Histology

For the evaluation of TRP-1 expression on human melanoma
biopsies, immunohistochemical staining of TRP-1 was per-
formed on 6 of the 15 metastatic patients included in our study
and 4 primary patients selected from the database of the tumor
library from ICM-Val d’Aurelle. Four-mm thin sections of for-
malin-fixed paraffin-embedded tissues were mounted on Flex
microscope slides (Dako) and allowed to dry overnight at room
temperature before immunohistochemistry processing. PT-
Link� system (Dako) was used for pre-treatment, allowing
simultaneous de-paraffinization and antigen retrieval. Heat-
induced antigen retrieval was executed for 15 minutes in High
pH Buffer (Dako) at 95�C. Immunohistochemistry procedure
was performed using the Dako Autostainer Link48 platform.
Briefly, endogeneous peroxidase was quenched using Flex Per-
oxidase Block (Dako) for 5 min at room temperature. Slides
were then incubated with the anti-TYRP1 mouse monoclonal
antibody (Abcam, Clone TA99; 13.8 mg/ml) for 30 min at
room temperature. After 2 rinses in buffer, the slides were incu-
bated with a horseradish peroxidase-labeled polymer coupled
to secondary anti-mouse and anti-rabbit antibodies for 20 min,
followed by appliance of 3,30-Diaminobenzidine for 10 min as
substrate. Counterstaining was performed using Flex Hematox-
ylin (Dako) followed by washing the slides under tap water for
5 min. Finally, slides were mounted with a coverslip after dehy-
dratation. All samples were also processed with irrelevant
IgG2A isotypic control at the same concentration as TRP-1
antibody, and used as negative control. Normal skin was used
as positive control.

Patient samples

Tumor biopsies and blood samples were recovered from
patients with metastatic melanoma before any treatment.
Informed consent was obtained from all patients. Peripheral
blood mononuclear cells (PBMCs) were isolated by Ficoll den-
sity gradient centrifugation, as described by the manufacturer
(Eurobio). Tumor biopsies were cut in small pieces of 0.5 cm3

in RPMI 1640 medium and dissociated by combining mechani-
cal disruption (GentleMACSTM dissociator, Miltenyi Biotec)
with enzymatic digestion using 500 mg/ml collagenase type IV-
S (Sigma). After dissociation, samples were filtered (40 mM
nylon filter) to remove any remaining larger particles from the
cell suspension and the recovered cells were used immediately.

Primary melanomas were selected from the database of the
tumor library from ICM-Val d’Aurelle. Tumor samples were
collected following French laws under the supervision of an
investigator and declared to the French Ministry of Higher
Education and Research (declaration number DC-2008–695).
All patients were informed about the use of their tissue samples
for biologic research and the study was approved by the local
translational research committee.

Ethics Statement

All procedures for animal handling and experiments were
approved by the local animal facility “ComEth” Institutional
Review Board under the supervision of the French LR Regional
CEEA ethics committee on animal experimentation (Chair-
man: Pr M Michel, Montpellier).

Statistical analysis

All results were expressed as the mean§ SEM of at least 2 inde-
pendent experiments. Statistical analyses were performed with
the non-parametric Mann-Whitney test when comparing 2
groups, the Kruskal-Wallis test when comparing multiple
groups and the Kaplan-Meir test for survival analyses. Statisti-
cal analyses were performed using the Prism 6 software
(GraphPad, San Diego, CA, USA). Differences between groups
with a p value p < 0.05 were considered as statistically
significant.

Results

Long-term protection following treatment with TA99 relies
on a specific host immune memory response that requires
the innate immunity

The TA99 mAb targets TRP-1 (known also as gp75/TYRP-1), a
glycoprotein synthesized by pigmented melanocytes, strongly
expressed in B16F10 melanoma cells in vivo (Fig. S1A) and rec-
ognized as a dominant melanocytic antigen expressed by both
primary and metastatic human melanoma tumors (Fig. S2A
and B). First, we analyzed TA99 biodistribution in mice bearing
B16F10 melanoma tumors by SPECT-CT imaging. I125-labeled
TA99 specifically targeted tumor cells with a maximal signal
intensity 3 d post-injection and was still detectable in tumors
one week after injection (Fig. S1B). Conversely, the IgG2a iso-
type control antibody (IC) was never detected in tumors. Then,
to evaluate TA99 immune cell-mediated effects we grafted
immunocompetent C57BL/6 mice with B16F10 melanoma cells
and treated them with TA99, IC antibody or PBS (6 i.p. injec-
tions starting at day 2 after graft). IC treatment did not have
any effect, and IC-treated mice as well as PBS-treated mice died
within 3 weeks (mean of 21 § 3 days) after tumor cell graft
(Fig. 1A and B). On the other hand, the TA99 mAb signifi-
cantly delayed tumor growth and prolonged mice survival com-
pared with IC or PBS (Fig. 1A and B). Moreover, about 30% of
TA99-treated mice were still tumor-free after 60 d (Fig. 1B). At
that time, we could not detect TA99 any longer in the blood
(data not shown), suggesting that tumor eradication or control
can be obtained with TA99 monotherapy and maintained
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beyond persistence of the therapeutic mAb. To determine the
immune mechanisms underlying TA99-mediated tumor con-
trol, we used the same treatment protocol in B16F10-engrafted
athymic nude mice that cannot produce T cells and in NSG
mice that lack functional macrophages, T, B, natural killer
(NK) and DCs. Results in athymic nude mice were similar to
those obtained in immunocompetent mice, with a significant
delay of tumor progression only after TA99 treatment and the
presence of a group of mice that were tumor-free 50 d after
tumor engraftment (Fig. 1 C and D). In NSG mice, TA99 treat-
ment delayed tumor growth and increased overall survival by
5 d compared with IC-treated mice; however, all mice devel-
oped tumors (Fig. 1 E and F). Altogether, these data clearly
demonstrate that T cells are not required for TA99-mediated
early control of primary B16F10 tumor growth and emphasize
the role of NK and myeloid cells, present in athymic nude but
not in NSG mice, in TA99 anti-tumor effect. To determine
whether the innate immune system is involved in the early
tumor control by TA99, we evaluated the effect of TA99 treat-
ment on innate immune cell activation by analyzing the cyto-
kine profile of myeloid and NK cells after TA99 treatment of
C57BL/6 mice with established tumors (50 mm3). Two injec-
tions of TA99 (n D 8), but not of IC (n D 8), were sufficient to

significantly increase the fraction of IL12-producing macro-
phages and DCs as well as IFNg secretion by activated NK cells
in the tumor (Fig. S3). These results illustrate the specific effect
of TA99 on tumor infiltrating innate immune cells, and
strengthen previous findings on the crucial role of FcgR-
expressing immune cells for TA99 efficacy.20-22

To determine whether TA99 treatment resulted in durable
tumor immunity, we challenged C57BL/6 (n D 22) and athy-
mic nude (n D 6) mice that remained tumor-free after TA99
treatment (tumor-free TA99-treated mice, hereafter) with a
second s.c. injection of B16F10 cells at day 50 to 60 after the
primograft. Half of the C57BL/6 mice developed tumors with
a significant delay compared with control (untreated, newly
grafted mice) and half of them remained tumor-free (Fig. 1G).
Conversely, all athymic nude mice developed tumors without
any delay and died within 21 days, like control mice
(Fig. 1H). This indicates that T cells are required for the long-
term anti-tumor immunity. Moreover, all tumor-free TA99-
treated C57BL/6 mice grafted with the colon adenocarcinoma
cell line MC38 (n D 4) developed tumors and died with a sim-
ilar kinetics as control mice (Fig. 1I). This demonstrates that
the immune response established after TA99 treatment is
B16F10-specific.

Figure 1. Long-term anti-tumor immunity in TA99-treated mice relies on a specific T-cell memory response. C57BL/6N (A, B), athymic nude (C, D) and NSG (E, F) mice
engrafted with 5.104 B16F10 melanoma cells received 6 injections (i.p.) of TA99 mAb (TA99), isotype control (IC) or PBS (PBS). The mean tumor sizes § SEM (A, C, E) and
Kaplan-Meier survival curves (B, D, F) are shown. Kaplan-Meier survival curves for tumor-free TA99-treated C57BL/6N (G) and athymic nude (H) mice after a second injec-
tion (s.c.) of 5.104 B16F10 cells on the opposite flank (challenge). (I) Tumor-free TA99-treated C57BL/6N mice were challenged (s.c.) with 5.105 MC38 colon adenocarci-
noma cells (MC38). For G, H and I, a group of newly grafted C57BL/6N or athymic nude mice was used as control. �p < 0.05; ��p < 0.01; ����p < 0.0001 (log-rank test for
Kaplan Meier survival curves and non-parametric Mann-Whitney test for tumor growth).

ONCOIMMUNOLOGY e1353857-5



Finally, we analyzed whether tumor-free TA99-treated
C57BL/6 mice could control tumor cell dissemination in the
lung after i.v. challenge with B16F10 cells at day 60 post-pri-
mograft. Twelve days post-injection, we counted the tumor foci
in the lungs and classified them according to their size (small
foci: <3 mm, and large foci: >3 mm). The total number of foci
and the number of large foci were significantly lower in TA99-
treated mice (n D 10) than in controls (untreated and never
grafted s.c.) (n D 8) (Fig. 2A-C).

Altogether these data demonstrate that a short-term mono-
therapy with the TA99 TA-targeting mAb stimulates innate
immune cells and induces, in a fraction of mice, long-term pro-
tective immunity through the development of a specific T-cell-
dependent memory immune response.

TA99 mAb treatment induces specific cellular
and humoral memory anti-tumor immune responses

We then analyzed the specific cellular and humoral anti-tumor
immune responses in tumor-free TA99-treated mice. To assess
the presence of a functional memory CD8 T cell response, we
challenged tumor-free TA99-treated C57BL/6 mice by s.c.
injection of B16F10 cells between day 50 and 60 after the pri-
mograft. Twelve days later, we injected i.v. splenocytes loaded
with a mix of gp 100 and TRP2 peptides or the irrelevant pep-
tide OVA and assessed the specific cytotoxic T lymphocyte
(CTL) activity in the spleen and draining and non-draining
lymph nodes 5 d later (i.e., 17 d post challenge). CTL activity
was significantly increased (from 5 to 25%) in the spleen
(Fig. 3A and B), but not in draining and non-draining lymph
nodes (Fig. S4), of TA99-treated animals (n D 9) compared
with naive mice (n D 9).

We also evaluated the endogenous antibody response in
tumor-free TA99-treated mice just before and 12 d after the
challenge. Before the new injection of melanoma cells, we
detected an average of 130 mg/ml of anti-B16F10 IgGs in serum
samples of TA99-treated mice, but anti-B16F10 IgGs were not
detected in serum samples from naive or B16F10 grafted but
non-treated mice (Fig. 3C and data not shown). The concentra-
tion of anti-B16F10 IgGs was significantly increased (mean
value: 315 mg/ml; p < 0.05) after the challenge with melanoma
cells, suggesting a memory B cell response in tumor-free TA99-
treated mice (Fig. 3C). To test whether this specific antibody
response could contribute to TA99 protective effect, we col-
lected serum from tumor-free TA99-treated mice (immune
serum) and from naive control mice (non-immune serum).
Administration of immune serum to mice grafted with B16F10
cells (same therapeutic protocol as for TA99) delayed tumor
growth, as observed with the TA99 mAb, whereas non-immune
serum had no effect (n D 6/group) (Fig. 3D). Similarly, overall
survival was significantly increased in mice treated with
immune serum compared with animals that received non-
immune serum (C 5 days; p < 0.05). Nevertheless, all mice
treated with immune serum developed tumors (Fig. 3E).

This demonstrates that tumor-free TA99-treated mice have
developed cellular and humoral anti-tumor responses to con-
trol tumor progression. These responses could explain the
long-lasting tumor control and protection against tumor
challenge.

TA99 treatment increases the fraction of effector T cells
at tumor sites but does not counteract their exhausted
phenotype

Although TA99 treatment led to tumor eradication in about
30% of C57BL/6 mice, in all other mice, it could not effi-
ciently control tumor progression on the long-term
(Fig. 1B). To understand the immunomodulatory effects
associated with TA99 immunotherapy and the reasons for
tumor escape, we analyzed the effector T lymphocyte

Figure 2. Long-term anti-tumor immunity in TA99-treated mice reduces B16F10
lung metastasis formation. 105 B16F10 cells were injected (i.v.) in age-matched
naive or tumor-free TA99-treated C57BL/6N mice that were killed 12 d later to
quantify tumor foci in the lungs. Representative images of lungs (A) and quantifica-
tion of total foci (B) and foci larger than 3 mm (C) in the lungs of naive (gray bars,
n D 8) and tumor-free TA99-treated mice (black bars, n D 10). In B and C, data are
the mean § SEM. ��p < 0.01 (non-parametric Mann-Whitney test).
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phenotype in mice treated with PBS, IC or TA99 (n D 9/
group) when tumors reached a volume of 300–400 m3. In
each group, we isolated lymphocytes from spleens, lymph
nodes and tumors and evaluated the ratio between effector
(CD44highCD62Llow) and naive (CD44lowCD62Lhigh) CD8 T
cells and the percentages of effector (CD25CFoxP3¡) and
regulatory (CD25CFoxP3C) CD4 T cells (Fig. 4). The ratio
between effector and naive CD8 T cells was very low in
spleen (Fig. 4A, left) and lymph nodes (data not shown) in
all treatment groups. Similarly, the percentage of effector
CD4 T cells in spleen and lymph nodes was not modified by
TA99 immunotherapy (Fig. 4B, left, and data not shown).
Conversely, TA99 treatment strongly increased the percent-
age of CD8 and CD4 effector T cells in tumors compared
with IC and PBS (Fig. 4A and B, right), highlighting the spe-
cific immune modulation of the tumor microenvironment by
TA99 toward a strong intra-tumor effector T cell recruit-
ment. Immunophenotyping of the infiltrating T cell popula-
tions revealed a high frequency of regulatory T cells
whatever the treatment (Fig. 4C). The presence of these
immunosuppressive cells suggests that effector T cells
recruited by TA99 might be functionally impaired, thus
explaining the absence of tumor control.

Effector T cell dysfunction has been associated with the
upregulation of inhibitory receptors, such as CTLA-4, PD-1
and TIM3.23 In patients with melanoma, several studies have
associated PD-1 and TIM3 upregulation in circulating TA-

specific CD8 T cells with their exhaustion/dysfunction.24-27

We thus assessed PD-1 and TIM3 expression in effector T
lymphocytes from B16F10 tumor-bearing mice when tumors
reached a volume of 300–400 mm3. The percentage of CD4
and CD8 effector cells that expressed the exhaustion markers
PD-1 and TIM3 was significantly higher within the tumor
(right) than in the spleen (left), whatever the treatment
(Fig. 4D and E). In agreement, the percentage of tumor-infil-
trating CD4 and CD8 cells that produced IFNg alone or
IFNg and IL-2 was not affected by TA99 treatment (Fig. S5).
We obtained similar results when we monitored the expres-
sion of PD-1 and TIM3 in biopsies and blood samples from
untreated patients with stage IV melanoma (n D 15). Specifi-
cally, the percentage of cells that expressed PD-1 alone or
with TIM3 was significantly higher in tumor-infiltrating
CD4 and CD8 T lymphocytes (TILs) than in paired PBMCs
(Fig. 4F), a phenotype associated with a decreased produc-
tion of IFNg or/and IL-2 following PMA-ionomycin stimula-
tion in vitro in TILs than in PBMCs (Fig. S6). Of note that
although TRP-1 is a dominant melanocytic antigen, we
observed no correlation between TRP-1 expression and the
percentage of TILs expressing TIM3 and PD-1 (data not
shown).

Collectively these data show that TA99 treatment is associ-
ated with a specific increase of effector T lymphocytes in the
tumor. However, in 70% of mice, TA99 immunotherapy was
not sufficient to prevent the anti-tumor immunity alteration

Figure 3. TA99 treatment induces cellular and humoral anti-tumor immune responses. Tumor-free TA99-treated C57BL/6N mice received a second s.c. injection
of 5.104 B16F10 cells on the opposite flank (challenged) and the CTL activity of CD8 splenocytes was evaluated 17 d later and compared with that of age-
matched untreated and never grafted controls (naive). Representative flow cytometry histograms (A) and percentages of CTL activity (B) in naive (n D 9) and
challenged (n D 9) mice. (C) Serum samples were collected from the same naive (n D 9) and TA99-treated mice before (pre-chall) and after challenge (post-
chall) and anti-B16F10 IgGs quantified by ELISA. (D, E) Serum samples from naive mice (non-immune sera) or from tumor-free TA99-treated mice (immune
sera) were used to treat C57BL/6N mice grafted with 5.104 B16F10 cells for the first time (n D 6/group). The mean tumor size § SEM (D) and Kaplan-Meier
survival curves (E) are indicated. �p < 0.05; ��p < 0.01 (log-rank test for Kaplan Meier survival curves, nonparametric Mann-Whitney test for tumor growth
and non-parametric Kruskal-Wallis test for ELISA).
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associated with the recruitment of regulatory CD4 T cells and
the exhaustion of effector lymphocytes.

The anti-PD-1 antibody synergizes with TA99
immunotherapy to potentiate the cellular anti-tumor
immunity

As PD-1 expression in tumor-infiltrating effector T cells was
high at the time of tumor emergence, we then asked whether
PD-1 blockade could prolong the beneficial effect of TA99
treatment. To this aim, we grafted immunocompetent C57BL/6
mice with B16F10 melanoma cells and treated them with TA99
or the IC antibody, as before. At the time of tumor emergence
(i.e., from day 14 to day 31 post-graft; 50 mm3), mice were left
un-treated or treated with anti-PD-1 antibodies twice a week
for 3 weeks, and we followed tumor progression. In the absence
of anti-PD-1 treatment, tumor progression after emergence
was similar in both isotype control (IC) and TA99-treated

(TA99) groups (n D 6/group). In the isotype control group
(ICCaPD1; n D 8), PD-1 therapy slightly delayed tumor
growth, but had no effect on survival (Fig. 5A and B). Con-
versely, in TA99-treated mice (TA99CaPD1; n D 8), we
observed a significant delay of tumor progression throughout
the anti-PD-1 treatment (Fig. 5A) associated with a significant
increase in overall survival (Fig. 5B). Similar results were
observed in mice grafted with the B16 variant B16F1 (Fig. 5C
and D), despite a weaker effect of TA99 treatment alone on dis-
ease-free survival (Fig. S7A) compared with mice grafted with
B16F10 melanoma cells (Fig. 1B).

Although it was not concomitant to the TA99 treatment, we
hypothesized that the anti-PD-1 therapy might strengthen
the beneficial effect of TA99 (increased effector fraction in the
tumor) by restoring the function of effector TILs. We thus
studied the effect of PD-1 blockade on the functionality of
peripheral and tumor-infiltrating CD4 and CD8 effector T cells.
As in preliminary experiments we obtained similar results in

Figure 4. TA99 treatment increases the percentage of tumor infiltrating effector lymphocytes, but does not prevent their exhaustion. (A-C) Immune cells were isolated
from spleens (white symbols) and tumors (black symbols) of mice treated with PBS (PBS, nD 9), IgG2a isotype control (IC, nD 9) or TA99 (TA99, nD 9). The ratio between
effector memory (CD44CCD62L¡) and naive (CD44¡CD62LC) CD8C T cell (A), and percentage of CD25CFOXP3¡ effector CD4C T cells (B) and CD25CFOXP3C CD4C Tregs
(C) are indicated. (D, E) Expression of PD-1 and TIM3 in CD8 (D) and CD4 (E) T cells isolated as indicated in A and B. Top, representative dot-plots; bottom, individual data
from 9 mice/group (same mice as in A-C). (F) Expression of PD-1 and TIM3 in PBMCs and TILs from 15 untreated patients with metastatic melanoma. The percentages of
PD1C and PD1CTIM3C in the CD4 and CD8 subpopulations are shown. �p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001; ns, not significant; determined with the non-
parametric Kruskal-Wallis test (A, B, C, D, E) or the non-parametric Wilcoxon matched-pairs rank test (F).
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spleen and lymph nodes (data not shown), we then used spleen
as representative of the periphery for all the experiments. After,
graft of B16F10 melanoma cells and treatment with TA99 or IC
followed by anti-PD-1 antibodies (TA99 C aPD1, n D 9;
ICCaPD1, n D 9) or not (TA99, n D 7; IC, n D 7), we analyzed
cytokine production when tumors reached 200–300 mm3. The
percentage of CD4 and CD8 T cells that produced IFNg or/and
IL-2 was very low in spleens and tumors from mice treated
with TA99 or IC only (Fig. 6A and B and Fig. S8A). Conversely,
in TA99CaPD1 mice, IFNg and IFNg plus IL-2-producing
CD4 and CD8 T cells were significantly increased in the tumor
(up to 36.15 § 2.17% and 34.24 § 3.91% of IFNg producing
tumor-infiltrating CD4 and CD8 T cells respectively, compared
with 3.83 § 0.46% and 6.6 § 1.52% in mice that received only
TA99) (Fig. 6A and B and Fig. S8A). Anti-PD1 treatment alone
(ICCaPD1) significantly increased only the percentage of
IFNg plus IL-2-producing CD4 cells in the tumor (Fig. 6A and
Fig. S8A). These data clearly demonstrate the synergistic effect
between TA99 therapy and PD-1 blockade on the activation of
effector T lymphocytes (Fig. 6A and B and Fig. S8A). We then
found that this synergistic effect was not restricted to CD4 and
CD8 effector T cells because IFNg-producing NK cells in the
tumor were also increased in TA99CaPD1 mice compared
with animals that received TA99 or anti-PD-1 antibody alone
(42.95 § 3.12% vs 2.73 § 0.25% and 11.83 § 2.97%, respec-
tively) (Fig. 6C and Fig. S8B). Similarly, the percentage of
IFNg-producing gd T cells was higher in TA99CaPD1 mice
(66.35 § 3.79% vs 4.18 § 0.46% in animals that received one
single antibody) (Fig. 6D and Fig. S8B). Moreover, in
TA99CaPD1 mice, increased IFNg production by NK and gd

T cells was associated with a significant increase of CD107a
expression, reflecting a higher degranulation activity (Fig. 6C

and D and Fig. S8B). We also observed similar synergistic
effects on cytokine production in B16F1 grafted mice
(Fig. S7B).

Altogether, these data clearly show that the synergistic effect
between TA99 and anti-PD-1 treatments leads to a significant
increase of Th1 cytokine production (IFNg and IL2) in
the tumor through the restoration of both innate and adaptive
immune cell functions. Despite increased immune response
rates, we never detected any systemic toxicity upon TA99 plus
anti-PD-1 treatment.

PD-1 blockade potentiates the endogenous memory
responses

As 50% of tumor-free TA99-treated mice developed a tumor
after the second melanoma cell graft (Fig. 1G), we investigated
whether treatment with the anti-PD-1 antibody after the chal-
lenge could also have an impact on the cellular and humoral
memory responses. Thus, we treated or not challenged tumor-
free TA99-treated mice with the anti-PD-1 antibody at the
time of tumor escape, and assessed CTL activity (same
method as before). In spleen, CTL activity increased by 2-folds
after anti-PD-1 treatment (TA99CaPD1) compared with mice
that did not received anti-PD1 (TA99) (Fig. 7A). Similarly,
CTL activity could be measured in draining and non-draining
lymph nodes after anti-PD-1 treatment (TA99CaPD1) but
not in mice treated with TA99 alone (TA99) (Fig. 7B and C).
In parallel, we quantified endogenous anti-B16F10 IgGs by
ELISA. We observed a 4-fold increase of anti-B16F10 IgGs in
the serum of mice that received anti-PD-1 compared with
mice that did not received anti-PD1 (416.11 § 42.06 mg/ml vs
72.39 § 25.4 mg/ml) (Fig. 7D). Altogether, these data suggest

Figure 5. Anti-PD-1 treatment slows down tumor progression and increases survival of TA99-treated mice. C57BL/6N mice were grafted (s.c.) with 5.104 B16F10 (A and B)
or B16F1 (C and D) cells and treated with the TA99 mAb or the isotype control (IC). Upon tumor appearance (50 mm3), mice received anti-PD-1 antibodies (i.p.) twice a
week (ICCaPD-1, n D 8 or TA99CaPD-1, n D 8) or PBS (IC, n D 6 or TA99, n D 6) for 3 weeks. The mean tumor sizes § SEM (A and C) and Kaplan-Meier survival curves
(B and D) are indicated. Day 0 stands for the day of tumor appearance. ���p < 0.001; ��p < 0.01 determined with mixed-effects ML regression test for tumor growth (A
and C) and the log-rank test for Kaplan Meier survival curves (B and D).
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that PD-1 blockade potentiates the TA99-induced endogenous
memory responses. This translates into a significant delayed
tumor progression in TA99CaPD1-treated mice (n D 5) com-
pared with TA99-treated mice (n D 7) (Fig. 7E).

Discussion

We previously demonstrated in a mouse model of virus-
induced leukemia that immune complex formation between
infected cells and an anti-viral mAb improves DC maturation
and antigen presentation, thus resulting in a sustained memory
immune response and long-lasting protective effects.10 This
was followed by several preclinical studies showing that the
host adaptive immunity is essential for tumor control after
treatment with TA-targeting mAbs.9,12,14,28 Innate immune
cells, especially NK cells and DCs, also are needed for the effi-
cacy of TA-targeting-based immunotherapies, notably anti-
ERBB-2 and anti-CD20 therapies, in preclinical models.13,15 In
the case of TA99-based immunotherapy in the B16F10 mela-
noma preclinical model, activating FcgRs, especially FcgRI
together or not with FcgRIII or FcgRIV,20,22 are crucial for
TA99 protective effect. It was proposed that among FcgR-
expressing cells, neutrophils are required and sufficient to
mediate the anti-tumor effect of the TA99 mAb.29 Here, we

observed a similar TA99-mediated tumor growth control in
athymic nude mice, which lack T lymphocytes, and in immu-
nocompetent C57BL/6 mice, resulting in 30–50% of tumor-free
mice after the treatment. Conversely, we never observed tumor
eradication in the severely immunocompromised NSG mice
after TA99 treatment, although neutrophils are present and
functional in this strain.30 These results suggest that in the
absence of other functional immune cells, neutrophils are not
sufficient to control B16F10 tumor progression.

Thus, our results strengthen the hypothesis that the con-
trol and eradication of the primary tumor by TA99 can be
achieved in the absence of T cells and confirm the key
implication of innate immune cells in this model.22,31 This
conclusion is further supported by the early and significant
increase of IL12-producing macrophages and DCs as well
as of IFNg-producing NK cells observed in the tumor of
TA99-treated mice. This TA99 short-term effect was also
associated with a decrease in the tumors of CD11bCGr1int

monocytic-myeloid-derived suppressor cells (M-MDSC)
(data not shown), which have been described as the most
suppressive MDSC subset in the tumor microenviron-
ment.32 However, despite the clear contribution of the
innate immune cells to TA99 anti-tumor effect, our data
also show that the establishment of a long-term protective

Figure 6. PD-1 blockade synergizes with TA99 therapy to enhance effector T cell functions. Upon tumor appearance, TA99-treated and isotype control (IC)-treated mice
received anti-PD-1 antibodies (i.p.) twice per week (TA99CaPD1, n D 9; ICCaPD1, n D 9) or PBS (TA99, n D 7; IC, n D 7). When tumors reached 200–300 mm3,cytokine
production was analyzed in spleen and tumor by flow cytometry. (A and B) Percentage of IFNg (top) and IFNg plus IL-2 (bottom)-producing CD4 (A) and CD8 (B) T cells
isolated from spleens and tumors. (C and D) Percentage of NK (C) and gd T cells (D) that produce IFNg (left) and expressing CD107a (right) in tumors; �p < 0.05; ��p <

0.01; ���p < 0.001; ����p < 0.0001; ns, not significant (non-parametric Kruskal-Wallis test).
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anti-tumor immunity definitely requires TA99-dependent
development of T cell cytotoxic activity to efficiently control
both subcutaneous and intravenous tumor challenges.

We also showed that TA99 treatment induces a humoral
immune response characterized by the presence of endogenous
anti-B16F10 IgGs in the serum that displayed a significant anti-
tumor activity when transferred to mice engrafted with B16F10
tumor cells. However in contrast to TA99 immunotherapy,
serum transfer was not sufficient to induce long-term tumor-
free survival in our experimental settings. It was previously
reported that the B cell population is essential for T cell prim-
ing during the early steps of the anti-tumor immune response
and for optimal cellular immunity in the B16F10 melanoma

model.33 Here, we showed that TA99 stimulates the innate
immunity at the tumor site. We can thus speculate that endoge-
nous anti-B16F10 antibodies may keep stimulating DCs, mac-
rophages and NK cells through FcR-dependent mechanisms,
and therefore maintain the immunomodulatory effects beyond
the persistence of the therapeutic mAb. We previously showed
such a mechanism in a mouse model of virus-induced leuke-
mia.10 Although our results demonstrate that tumor-specific
antibodies are generated following TA99 monotherapy, B cell
contribution to treatment efficacy remains to be fully deter-
mined. A similar frequency of tumor inhibition was observed
in B16F10 tumor-bearing mMT mice that lack mature B cells
after combined treatment with TA99, extended half-life IL-2,

Figure 7. PD-1 blockade synergizes with TA99 treatment to enhance the cellular and humoral adaptive memory responses. Tumor-free TA99-treated mice were chal-
lenged (s.c.) with 5.104 B16F10 cells. Upon tumor appearance, mice received 2 i.p. injections, anti-PD-1 antibodies (TA99CaPD1, n D 5) or PBS (TA99, n D 7). The CTL
activity of CD8 splenocytes was evaluated 17 d after the challenge and compared with that of splenocytes from age-matched non-grafted and untreated mice (naive,
n D 8). Representative flow cytometry histograms (left) and percentages of CTL activity (right) in spleen (A), draining (B) and non-draining lymph nodes (C) from naive
and TA99-treated mice treated or not with anti-PD-1 antibodies. (D) Concentration of anti-B16F10 IgGs determined by ELISA in serum samples from naive, TA99-treated
and TA99CaPD1-treated mice on the day of sacrifice for the CTL assay. (E) Tumor growth in TA99-treated and TA99CaPD1-treated animals. �p < 0.05; ns, not significant;
determined with the non-parametric Kruskal-Wallis (A, B, C, D) and the non-parametric Mann-Whitney test (E).
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anti-PD-1 antibody and TRP2 vaccine, suggesting that the host
antibody response is not essential for the therapeutic effect of
this combination.34 However, one can speculate that with this
complex therapeutic combination, the contribution of B cells
could be compensated by a very robust T cell response induced
by the T cell vaccine together with the anti-PD-1 antibody.

A crucial clinical issue is tumor escape in patients treated
with TA-targeting mAbs. Our model, in which 30% of mice
remained tumor-free and 70% developed tumors after a signifi-
cant delay following TA-targeting mAb-based therapy, repre-
sents a suitable preclinical model to study tumor escape
following anti-tumor antibody treatment. Analysis of the tumor
immune microenvironment in TA99-treated mice at the time
of tumor detection clearly shows that TA99 monotherapy spe-
cifically increases CD4 and CD8 effector cells in the tumor, but
not in the spleen. The B16F10 melanoma is known to exploit
escape mechanisms, particularly low expression of MHC class I
antigens and promotion of a strong immunosuppressive micro-
environment.35 In line with these observations, immune infil-
trate analysis in progressing B16F10 tumors revealed an
increase of the Treg fraction and upregulation of TIM3 and
PD-1 in both CD4 and CD8 effector T cells at the tumor site, a
phenotype associated with defective secretion of IFNg and IL-2
by these effector cells after in vitro stimulation.

Cancer immunotherapies that target immune checkpoints,
including anti-PD-1/anti-PD-L1 antibodies have shown clinical
activity in melanoma and also in other cancer types.18 Several
clinical trials are currently assessing the potential of combining
immune checkpoint inhibitors, such as anti-PD-1 or anti-
CTLA-4 molecules, with various anti-cancer treatments (radio-
therapy,36,37 chemotherapy,38-41 targeted therapies including
mAbs42,43). Recent preclinical studies clearly demonstrated
the benefit of adding immune checkpoint inhibitors to increase
the anti-tumor effect of TA-targeting mAbs.15,34,44-46 In all
these studies, the TA-targeting mAb-immune checkpoint
inhibitor combination was designed to prevent tumor growth
and/or improve regression of established tumors. Specifically,
in the B16F10 model, PD-1/PD-L1 blockade with an anti-PD-
L1 mAb increases TA99 anti-tumor effect; however, durable
anti-tumor responses require the concomitant neutralization of
CD47, an anti-phagocytic ligand exploited by tumor cells to
evade antibody-dependent clearance by phagocytes.45

To our knowledge, the effect of immune checkpoint block-
ade has never been studied in conditions of tumor escape after
TA-targeting monotherapy. Here, we clearly show that anti-
PD-1 treatment twice a week soon after primary tumor escape
induces a strong Th1 cytokine production by effector T CD4
and CD8 lymphocytes and also gd T cells and NK cells. This
reduces tumor progression and increases mice survival in the
absence of any immune-related adverse events. Even if B16F10
melanoma tumors respond better to TA99 mAb monotherapy,
we observed similar synergistic effects in mice grafted with the
B16F1 variant, described as less metastatic than the B16F10
cells, but without any quantitative or qualitative differences in
the patterns of exposed surface proteins including TRP-1.
Combined therapies to sensitize non-responder or resistant
patients are currently tested in clinical trials and one of the
challenges is to identify the best timing for therapeutics associa-
tion. Our findings show that by blocking PD-1 it is possible to

boost the host anti-tumor immune response initiated several
weeks before by treatment with a TA-targeting mAb. However,
in our model the synergy observed between TA99 and anti-
PD-1 mAbs was not sufficient to induce complete tumor
regression, suggesting the implication of other immune sup-
pressive pathways. Our study also demonstrates, for the first
time, that PD-1 inhibitors can potentiate the cellular and
humoral memory anti-tumor responses and delay tumor pro-
gression in challenged mice. Altogether, these promising results
could pave the way for the development of novel therapeutic
strategies, particularly for patients with acquired resistance
and/or tumor relapse because of the development of an
exhausted phenotype after the first therapeutic approach. These
results are also of particular interest following the report of a
phase 1 clinical trial using the anti-human TRP-1 mAb IMC-
20D7S in 27 advanced melanoma patients with evidence of
antitumor activity, since one complete response was observed
and 10 patients achieved stable disease (Khalil DN et al. Clin
Cancer Research 2016).47
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