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Abstract
Cancer is one of the main causes of mortality worldwide and a major public health concern. Among various strategies,  
therapeutic vaccines have been developed to stimulate anti-tumoral immune responses. However, in spite of extensive 
studies, this approach suffers from a lack of efficacy. Recently, we designed the MAG-Tn3 vaccine, aiming to induce antibody 
responses against Tn, a tumor-associated carbohydrate antigen. The Tn antigen is of interest because it is expressed by 
several adenocarcinomas, but not normal cells. The fully synthetic glycopeptide vaccine MAG-Tn3 is composed of four 
arms built on three adjacent Tn moieties associated with the tetanus toxin-derived peptide TT830–844 CD4+ T-cell epitope. 
This promiscuous CD4+ T-cell epitope can bind to a wide range of HLA–DRB molecules and is thus expected to activate 
CD4+ T-cell responses in a large part of the human population. The MAG-Tn3 vaccine was formulated with the GSK-
proprietary immunostimulant AS15, composed of CpG7909, MPL, and QS21, which has been shown to stimulate both 
innate and humoral responses, in addition to being well tolerated. Here, seven patients with localized breast cancer with a 
high-risk of relapse were immunized with the MAG-Tn3 vaccine formulated with AS15. The first results of phase I clinical 
trial demonstrated that all vaccinated patients developed high levels of Tn-specific antibodies. Moreover, these antibodies 
specifically recognized Tn-expressing human tumor cells and killed them through a complement-dependent cytotoxicity 
mechanism. Overall, this study establishes, for the first time, the capacity of a fully synthetic glycopeptide cancer vaccine 
to induce specific immune responses in humans.
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Introduction

Prophylactic vaccines are one of the greatest triumphs of 
modern medicine. Originally intended to protect against 
infectious diseases, new approaches have been developed 
to design therapeutic vaccines against cancer, based on 
the stimulation of the host immune system. Autologous 
dendritic-cell (DC) vaccines are among the most widely 
studied strategies and consist of priming the host’s DCs 
ex  vivo and injecting them into the patients [1]. With 
289 clinical trials ongoing in 2014, this strategy has 
shown some success and has resulted in the approval of 
the Sipuleucel-T vaccine by the FDA (American Food 
and Drug Administration) [2]. This DC-based vaccine, 
composed of the prostate acid phosphatase antigen 
associated with granulocyte-macrophage colony-stimulating 
factor (GM-CSF), demonstrated a relative significant 22% 
reduction in the risk of death in patients with metastatic 
castration-resistant prostate cancer in phase III clinical 
trial [3]. More recently, immune checkpoint inhibitors have 
emerged as an essential player in the therapeutic arsenal 
against cancer but have failed to provide a clinical benefit 
to a majority of patients. One explanation for such low 
efficacy could be the absence of tumor-specific T cells in 
non-responder patients, a deficit that could be corrected by 
immunization with a cancer vaccine [4]. It has thus been 
proposed to combine immune checkpoint inhibitors with 
vaccines [5]. Several studies have indeed shown improved 
clinical outcomes when combining cancer vaccines with 
anti-CTLA4 [6] or anti-PD1 [7]. Better knowledge of tumor-
specific antigens (TSAs), including neoantigens arising 
from somatic cancer mutations [8], have also contributed to 
rekindling the interest in cancer vaccines.

Thus, studies focusing on TAAs (tumor-associated  
antigens) aberrantly expressed on tumor cells are still 
pertinent [9]. Among them, TACAs (tumor-associated 
carbohydrate antigens) are promising targets in cancer 
immunotherapy. Their expression is due to impairment 
of the glycosylation process that occurs in malignant 
cells. One of the most prevalent TACAs is the Thomsen-
nouveau (Tn) antigen, a carbohydrate composed of a 
serine or threonine residue O-linked to an alpha-N-
acetylgalactosamine [10]. The National Cancer Institute 
(NCI) has declared the Tn antigen to be of interest for the 
development of cancer vaccines [11]. A key feature of this 
antigen is its selective expression by adenocarcinomas, but 
not normal cells. The expression of the Tn antigen is 90% 
in breast cancer [12] and 70–90% in colon, bladder, lung, 
bladder, cervix, ovary, and stomach cancer [13–15]. This 
antigen, along with other O-glycans, has been shown to be 
associated with a bad prognosis, notably playing a role in 
cell growth and invasion [16].

As a result, investigations have been carried on to design 
antibodies targeting the Tn antigen. However, although 
several mAbs have been developed and promising results 
were obtained in pre-clinical studies, their specificity 
remains to be precisely defined as well as their potential 
therapeutic effect before their testing in clinical trials [17]. 
In addition, unlike HER2, no cut-off of the Tn-expression 
on the tumor that could be associated with Tn treatment 
efficacy has been established, as Tn+ tumors are rather 
homogeneously stained [12].

Clinical trials have also been performed with the Tn 
antigen. A phase I clinical trial using Tn trimers coupled 
to KLH, in association with the QS21 immunostimulant, 
demonstrated good immunogenicity and safety in patients 
with prostate cancer [18]. More recently, a DC-based 
vaccine, called Tn-MUC1, has been designed. Tn-MUC1 
loaded onto autologous DCs was found to be safe and induce 
Tn-MUC1-specific CD4+ and/or CD8+ T-cell responses in 
five of seven patients with non-metastatic castration-resistant 
prostate cancer [19].

Here, we designed a synthetic vaccine, MAG-Tn3, 
composed of four arms of three Tn antigens linked to the 
tetanus toxoid-derived TT830–844 peptide. As a fully synthetic 
compound, it presents several key features, such as allowing 
accurate and reliable quality control of the vaccine [20]. The 
challenge represented by the synthesis of MAG-Tn3 has 
been recently circumvented, allowing multigram preparation 
of a highly-pure clinical batch [21].

The MAG-Tn3 vaccine was designed to induce an 
anti-Tn antibody response in all vaccinated subjects. The 
carbohydrate Tn antigen is not sufficient alone to mount an 
antigen-specific antibody response and must be linked to 
CD4+ T-cell epitopes [22]. Thus, the tetanus toxin-derived 
epitope TT830–844 was included in the vaccine design as a 
source of T-cell help. Indeed, this promiscuous epitope has 
been shown to bind to a wide set of HLA–DRB1 molecules 
largely expressed in the population [23].

This vaccine was associated with AS15, an 
immunostimulant composed of CpG7909 (TLR9 agonist), 
monophosphoryl lipid A (MPL, a TLR4 agonist), and QS21. 
This combination has been found to be highly immunogenic 
in large-scale clinical trials while being well tolerated [24]. 
We previously demonstrated that the MAG-Tn3 vaccine 
combined with alum efficiently reduced the tumor burden 
in the TA3/Ha mouse model [25]. Moreover, in association 
with AS15, MAG-Tn3 has been recently found to be well 
tolerated in non-human primates and induced robust 
Tn-specific IgM and IgG responses [23].

Given the promising preclinical results of the MAG-Tn3 
vaccine, we designed a phase I clinical trial (ClinicalTrials.
gov identifier: NCT02364492) to treat patients with 
localized breast cancer, in adjuvant setting, with a high-risk 
of relapse. For this study, the MAG-Tn3 vaccine formulated 
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with the AS15 immunostimulant (MAG-Tn3/AS15) was 
administered intramuscularly to the patients. Immunization 
with MAG-Tn3/AS15 induced marked levels of Tn-specific 
IgM and IgG responses in all patients. These Tn-specific 
antibodies recognized human Tn+ but not Tn− tumor cell 
lines. In addition, these antibodies were extremely potent in 
killing Tn+ Jurkat cells through a complement-dependent 
cytotoxicity mechanism. Overall, we demonstrate, for 
the first time, the immunogenicity of a fully synthetic 
glycopeptidic cancer vaccine in humans.

Materials and methods

Patient inclusion and clinical trial design

The MAGTRIVACSEIN phase I clinical trial (https​://
clini​caltr​ials.gov/ct2/show/NCT02​36449​2) consists of an 
open-label study of the use of the fully synthetic vaccine 
MAG-Tn3 (Supplementary Fig. S1), formulated with the 
immunostimulant AS15, as a therapeutic vaccine candidate 
in patients with localized breast cancer at high-risk of 
relapse. The study protocol, all amendments and informed 
consents were approved by the French “Agence Nationale 
de la Sécurité du Médicament” (ANSM, EudraCT 2013-
004970-90) and by one of the French ethical research 
committees “Comités de Protection des Personnes (CPP)”. 
Information about patient enrolment, main inclusion and 
exclusion criteria and the MAG-Tn3/AS15 administration 
and blood sampling are detailed in the Supplementary Fig. 
S2. The patient characteristics, treatment, and tumor status 
are presented in Table 1. Informed consent was obtained 
from each patient after the nature and possible consequence 
of the study have been explained.

Preparation of the MAG‑Tn3/AS15 vaccine

The fully synthetic multiple antigenic glycopeptide is 
assembled onto a tetravalent lysine core. It displays four 
arms, consisting of three Tn glycotopes (MAG-Tn3) linked 
to the N-ter of the tetanus toxoid-derived peptide TT830–844. 
The MAG-Tn3 vaccine was produced by Lonza under GMP 
conditions as previously described [26]. The tetanus toxoid 
TT830–844 peptide (QYIKANSKFIGITEL) was obtained from 
Polypeptide. To enhance immune response, the MAG-Tn3 
vaccine was formulated with AS15, an immunostimulant 
containing 3-O-desacyl-4′-monophosphoryl lipid A 
(MPL) (50  µg, produced by GSK), Quillaja saponaria 
Molina, fraction 21 (QS-21) (50 µg, licensed by GSK from 
Antigenics LLC, a wholly owned subsidiary of Agenus 
Inc., a Delaware, USA corporation), CpG 7909 synthetic 
oligodeoxynucleotides (ODNs) containing unmethylated 
CpG motifs [380 µg, in-licensed from Pfizer (Coley)] and 

liposome. AS01B is a combination of QS-21 and MPL. 
The MAG-Tn3/AS15 formulation consisted of lyophilized 
MAG-Tn3 combined with CpG 7909 and reconstituted with 
the AS01B adjuvant (500 μL), extemporaneously.

Cell culture

Jurkat, MCF7, SHIN3, LS174T, LS180, SKBR3, and 
MDA231 human cell lines (ATCC) were cultured in RPMI 
1640 medium (Fischer Scientific), supplemented with 10% 
fetal bovine serum (Fischer Scientific) and antibiotics (100 
U/mL penicillin and 100  μg/mL streptomycin, Fischer 
Scientific).

Monoclonal antibodies and reagents

The murine monoclonal anti-Tn monoclonal antibodies 
83D4 [12], 6E11 [12], and 8D4 [23] were produced by 
BioXcell. Trastuzumab anti-HER2 humanized antibody 
was provided by Enzo Life Sciences, Inc. The purified 
immunoglobulin from non-human primates used as a 
positive control for the CDC assay was obtained in a 
preclinical study using MAG-Tn3/AS15 vaccination [23]. 
The proapoptotic molecule staurosporin, used as positive 
control for the cytotoxicity, assay was provided by Fischer 
Scientific.

HLA genotyping

The high resolution typing for HLA-A, -B, -C, -DRB1, 
-DQB1 and DPB1 was performed by sequence-based typing 
Sanger sequencing using AlleleSEQR (Abbot). HLA-DPB1 
typing was performed using PCR SSO (single specific 
oligonucleotide) reverse (OneLambda, Inc.)

Measurement of T cell responses by ELISPOT

Multi-well polyvinylidene fluoride membrane plates were 
coated with anti-IFNγ or anti-IL-2 capture antibody. Briefly, 
25.104 PBMCs per well were incubated with complete 
medium alone or containing 5 µM of the tetanus toxoid 
TT830–844 peptide (QYIKANSKFIGITEL) for 18 h. Then, 
biotinylated anti-cytokine detection antibody was added 
to each well. ELISPOT plates were incubated with avidin 
alkaline phosphatase and freshly prepared NBT (nitro-blue 
tetrazolium chloride) and the BCIP (5-bromo-4-chloro-3′-
indolyphosphate p-toluidine salt) substrate then added for 
spot formation. Plates were washed with distilled water 
to arrest spot development. Spots were counted using an 
automated ELISPOT plate reader and the results expressed 
as spot counts per million cells. All samples were tested in 
triplicate wells.

https://clinicaltrials.gov/ct2/show/NCT02364492
https://clinicaltrials.gov/ct2/show/NCT02364492
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Analysis of Tn‑specific antibody responses by ELISA

ELISA was performed as previously described [23]. Sera 
from patients were incubated in neutravidin pre-coated 
plates (Fischer Scientific) coated with in-house synthetic 
biotinylated Tn3-G6K(Biot)G glycopeptide [25]. Anti-
human IgM-HRP and IgG-HRP detection antibodies 
(Sigma-Aldrich) were used at dilutions of 1:12,500 and 
1:1000, respectively. For anti-Tn IgG1, IgG2, IgG3, and 
IgG4 titer determination, twofold dilutions of sera of 
patients, ranging from 1:50 to 1:1600, were tested. The anti-
human IgG1, IgG2, IgG3, and IgG4 detection antibodies 
coupled with alkaline phosphatase (Southern Biotech) were 
used at a 1:500 dilution. Optical densities were recorded 
at 450 nm for HRP and 405 nm for alkaline phosphatase 
using a Multiskan spectrum (Fischer Scientific) plate reader. 
Antibody titers were calculated as previously described [23]. 
Briefly, ELISA antibody titers were determined by linear 
regression analysis, plotting the dilution versus optical 
density. The titers were calculated as the dilution giving 
twice the optical density of serum of the same patient before 
immunization. Titers are given as the arithmetic mean ± SD 
of the log10 titers.

Flow‑cytometry analysis of the capacity of sera 
from patients to recognize Tn+ human cell lines

Sera from patients were tested for their ability to bind to 
Tn-expressing human cell lines at 1:50, 1:200, 1:800, and 
1:3200 dilutions, as previously described [23]. Briefly, the 
sera were incubated with human Jurkat, MCF-7, SHIN3, 
LS174T, LS180, SKBR3, or MDA231 cells for 15 min 
at 4 °C in PBS containing 2% FCS (Fischer Scientific). 
After washing, the cells were stained with goat anti-human 
polyclonal IgM-FITC and IgG-PE (Southern Biotech) at 
dilutions of 1:250 or 1:10, respectively. Cells were fixed 
using 100 µL BD cytofix (BD) and data acquired using an 
LSR Fortessa cytometer. Data were analyzed using FlowJo 
software.

Direct and complement‑dependent cytotoxicity 
assays

Direct and complement-dependent cytotoxicity (CDC) 
were assayed using purified immunoglobulin isolated 
from sera, or with monoclonal antibody 8D4. Salts were 
removed from the sera using ZebaSpin Desalting Columns 
(Fischer scientific) and the immunoglobulins (Ig) purified 
using the Melon Gel IgG Purification Kit (Fischer 
scientific), following the manufacturer’s procedures. The 
immunoglobulin concentration was determined by the 
Bradford protein assay. Jurkat, MCF-7 or MDA231 cells 
were incubated at 37 °C with various concentrations of 

purified immunoglobulins in the presence or absence of 1% 
rabbit complement-MA (Cedarlane). Dead cells were stained 
by adding 40 µL Celltiter-Blue (Promega) to each well. 
The fluorescence emission was recorded using a Glomax 
discoverer plate reader (Promega).

The percentage of direct cytotoxicity was calculated as 
100 × ((Fluorescence of sample) − (Fluorescence of sample 
without Ig))/(Fluorescence of sample without Ig) and that of 
CDC as 100 × ((Fluorescence of sample with complement) 
− (Fluorescence of sample without Ig))/(Fluorescence of 
sample without Ig).

Statistical analysis

Statistical analyses were performed using two-tailed 
paired or unpaired parametric Student’s t tests (GraphPad 
Software). p values < 0.05 were considered statistically 
significant.

Results

Immunization of breast‑cancer patients 
with the MAG‑Tn3 vaccine formulated with AS15 
does not alter immune parameters

We evaluated the immune responses induced by the 
MAG-Tn3/AS15 vaccine (Supplementary Fig. S1) in seven 
patients with breast cancer with a high risk of relapse because 
the Tn antigen is widely expressed in breast cancer [12], 
supporting a vaccine strategy targeting this carbohydrate 
tumor antigen. The patients included in this phase I clinical 
trial (MAGTRIVACSEIN) had non-metastatic breast cancer 
that did not express the HER2 receptor (Table 1). These 
patients received at least six cycles of chemotherapy, in 
addition to surgery and radiotherapy, before being eligible 
for inclusion in the trial (Supplementary Fig. S2A). The 
immunization protocol consisted of an intramuscular 
injection of the MAG-Tn3/AS15 vaccine every 3 weeks for 
a total of six immunizations (Supplementary Fig. S2B). The 
main aim of this phase I clinical trial was to assess the safety 
and immunogenicity of the MAG-Tn3/AS15 vaccine. In the 
present study, we analyzed the immune responses of the first 
seven patients who completed the protocol.

MAG-Tn3/AS15 vaccination did not significantly 
modify the total concentration of circulating IgG1, IgG2, 
IgG3, or IgG4 immunoglobulins in most of the patients 
(Supplementary Fig. S3). We also observed no major 
changes in blood leukocyte populations (Supplementary 
Table S1) or the myeloid and lymphoid populations present 
in the peripheral blood mononuclear cells (PBMCs) of these 
patients (Supplementary Fig. S4).
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Immunization of breast cancer patients 
with the MAG‑Tn3 vaccine induces TT‑specific T‑cell 
responses in all patients

We used the promiscuous tetanus toxin-derived TT830–844 
epitope [27] as a T-helper epitope to induce anti-Tn antibody 
responses in all patients, as this peptide can bind to a large 
set of HLA–DRB molecules [23]. We analyzed the HLA 
genotype profile of the seven patients immunized with the 
MAG-Tn3/AS15 vaccine by biallelic sequencing (Table 2). 
Six of the seven patients displayed at least one allele 
described to efficiently bind the TT830–844 peptide (patient 
01: alleles 04:05 and 11:01; patient 2: allele 07:01; patient 
04: allele 04:05; patient 05: allele 04:01and patients 06 and 
7: allele 11:01) [23]. Only patient 03 did not possess an 
HLA–DRB1 allele known to bind the TT830–844 peptide. 
The PBMCs of the patients were stimulated in vitro with 
the TT830–844 peptide and the production of IFNγ measured 
by ELISPOT to analyze their TT-specific T-cell responses. 
Following immunization with 30  μg of the MAG-Tn3/
AS15 vaccine, a significant TT-specific T-cell responses 
was detected in all 3 patients and following the 100 μg 
dose administration in 3 out of the 4 patients (Fig. 1). We 
measured the production of IL-2 by PBMCs stimulated with 
the TT830–844 peptide by ELISPOT to confirm these results 
(Supplementary Fig. S5). A production of IL-2 was observed 
for all patients, including patient 04, who developed a weak 
but detectable IL-2 response after in vitro stimulation with 
the TT peptide. We observed a high level of IL-2 production 
with the PBMCs of patient 05 incubated with medium alone 
following vaccination, which may be linked to previous 
exposure to TT.

Immunization of breast cancer patients 
with the MAG‑Tn3 vaccine induces Tn‑specific 
antibody responses in all patients

We assessed the capacity of the MAG-Tn3/AS15 vaccine 
to induce antibody responses in patients by evaluating the 
IgM- and IgG-specific anti-Tn titers by an ELISA using 
a Tn3 antigen bearing an irrelevant peptide. None of the 
patients showed detectable anti-Tn antibodies before 
immunization (Fig.  2). In contrast, anti-Tn antibody 
responses were induced in the seven patients who received 
either 30 or 100 μg of the MAG-Tn3/AS15 vaccine. The 
level and kinetics of these responses differed between 
patients. We observed low anti-Tn IgM titers for patients 
02 and 03, whereas the anti-Tn IgM response of patient 
04 was higher but decreased rapidly. The IgM response 
for patients 01, 05, 06, and 07 reached 2.5–3 log10 titers 
after three or four injections and remained stable. All 
patients showed good anti-Tn IgG titers, although those 
immunized with 100 μg MAG-Tn3 yielded a more robust 
and sustained anti-Tn response, with the exception of 
patient 04. The peak of the anti-Tn responses was reached 
between days 92 and 114 after the first immunization, i.e. 
after five to six immunizations with the MAG-Tn3 vaccine. 
These anti-Tn IgG responses persisted for at least 3 months 
after the last MAG-Tn3/AS15 immunization.

We then characterized the IgG subclass profile of these 
anti-Tn responses by ELISA (Supplementary Fig. S6). 
No IgG subclass was detectable for patients 01, 02, or 04, 
probably due to their lower level of anti-Tn IgG antibodies. 
In contrast, patients 03, 05, 06, and 07 showed a Tn-specific 
IgG3-oriented profile. In addition, the anti-Tn IgG2 and 

Table 2   HLA genotype of 
patients

Biallelic sequencing for loci of class I HLA-A, HLA-B, and HLA-C and class II HLA-DRB1, HLA-DQB1, 
and HLA-DPB1
a Specific HLA allele could not be unambiguously defined

Patient Allele HLA-A HLA-B HLA-C HLA-DRB1 HLA-DQB1 HLA-DPB1

Patient 01 Allele 1 02:05 08:01 07a 04:05 03:01 01a

Allele 2 30:02 15:16 14:02 11:01 03:02 03a

Patient 02 Allele 1 01:01 08:01 06:02 03:01 02:01 04:01
Allele 2 24:02 57:01 07a 07a 03:03 04a

Patient 03 Allele 1 01:01 35:02 04:01 04:02 03:01 04:01
Allele 2 24:02 57:01 06:02 11:04 03:02 05a

Patient 04 Allele 1 03:01 35:01 06:02 04:05 03:02 02:01
Allele 2 29:02 45:01 16:04 15:01 06:02 02a

Patient 05 Allele 1 03:01 15:01 03:04 04:01 03:02 04a

Allele 2 31:01 18:01 07:01 14:54 05:03 04a

Patient 06 Allele 1 02:01 15:01 03a 04:04 03:01 02a

Allele 2 23a 49:01 07a 11a 03:02 580a

Patient 07 Allele 1 03:01 15:01 05:01 11:01 03a 04a

Allele 2 32:01 44:02 07:04 11:04 03a 05a
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IgG1 titers increased significantly in patients 05 and 06, 
respectively.

The antibodies induced by the MAG‑Tn3 vaccine 
recognize Tn+ human tumor cells

To determine whether the anti-Tn antibodies induced in 
patients by the MAG-Tn3 vaccine are able to recognize 
Tn+ tumor cells, we first evaluated the expression of the 
Tn antigen by several relevant cell lines using the 83D4 
anti-Tn murine monoclonal antibody [12]. We observed a 
particularly high Tn-expression on Jurkat and MCF7 cell 
lines, whereas SHIN3, LS180, LS174T cell lines did express 
a more heterogeneous level of Tn (Supplementary Fig. S7). 
SKBR3 and MDA231 showed no or very low Tn expression. 
Based on these results, we selected for our analysis the 
Jurkat and MCF7 cell lines as Tn+ cell lines and MDA231 
and SKBR3 cell lines as a Tn− control.

We then analyzed the capacity of sera from immunized 
patients, harvested either before immunization or at day 92, 

to recognize these cell lines by flow cytometry. All patients 
developed IgM and IgG antibodies capable of recognizing 
Jurkat (Fig. 3a) and MCF7 Tn+ cells (Fig. 3b) following 
immunization. In contrast, these sera did not recognize the 
two Tn− cell lines, SKBR3 and MDA231 (Supplementary 
Fig. S8). We did not observe significant differences between 
the capacity of the sera from patients immunized with either 
30 or 100 µg of the MAG-Tn3 vaccine to recognize Tn+ cells 
due to the heterogeneity of the responses and the limited 
number of patients.

The antibodies induced in patients immunized 
with the MAG‑Tn3 vaccine can kill Tn+ Jurkat tumor 
cells in the presence of complement

We then assessed the potential anti-tumoral effect of the 
antibody responses induced in MAG-Tn3-immunized 
patients by analyzing the capacity of their sera to kill Tn+ 
tumor cells. Tn+ Jurkat and MCF7 cells were incubated with 
immunoglobulins purified from the patients for 5 h and their 

Fig. 1   Immunization with the MAG-Tn3 vaccine induces activation 
of a specific anti-TT T-cell response. Patients were immunized 
on days 0, 21, 42, 63, 84, and 105 with the MAG-Tn3 vaccine 
formulated with the immunostimulant AS15. Patients 01, 02, and 
03 received intramuscular injections of 30  µg MAG-Tn3, whereas 
patients 04, 05, 06, and 07 received 100 µg MAG-Tn3. PMBCs were 
harvested at various times after immunization and stimulated for 18 h 

with either medium or the tetanus toxin (TT830–844) peptide. IFNγ 
production was evaluated by ELISPOT and is expressed as the mean 
of spot forming colonies (SFC) per 106 cells ± SEM of quadruplicates 
from two independent experiments. The statistical significance of 
the differences was determined by the unpaired Student’s t test, 
comparing the SFC obtained with medium or TT peptide for each 
timepoint. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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viability determined by their capacity to convert a redox 
dye (resazurin) into a fluorescent end product (resorufin). 
While only a very low percentage of cytotoxicity was 
observed after the incubation of Tn+ Jurkat and MCF7 cells 
with the purified immunoglobulins (Supplementary Fig. 
S9), when Tn+ Jurkat cells were incubated with purified 
immunoglobulins in the presence of complement, a high 
and sustained cytotoxic effect was observed with the sera 
harvested after immunization with the MAG-Tn3 vaccine 
(Fig. 4). This cytotoxic effect was dependent upon the dose 
of purified immunoglobulins used, was detectable in most 
of the patients very early after immunization, peaked around 
day 114, and was still detectable at the last timepoint studied, 
i.e. 3 months after the last MAG-Tn3/AS15 immunization. 
These results demonstrate the strong capacity of the 
anti-Tn antibodies to kill Tn+ Jurkat tumor cells through 
complement-dependent cytotoxicity (CDC), even at low 
concentrations. However, we observed no significant CDC 
with the Tn+ MCF7 cells or, as expected, the Tn− MDA231 
cells (Supplementary Fig. S10). The absence of CDC with 
the MCF7 cells could be related to the level of Tn at the 

surface of those cells, which has been found to be lower 
than on Jurkat cells (Supplementary Fig. S7). A second 
explanation could be linked to the proteinic backbone 
which carries the Tn antigen. Indeed, in Jurkat cell line, 
Tn is expressed on leukosialin [28] whereas it is expressed 
on mucin for MCF7 [29]. This difference could play a role 
in the exposure of the Tn antigen at the cell surface and 
thus could affect the ability of anti-Tn antibody to bind its 
target. Finally, the physiological properties of those cell lines 
may also differ (cell adherence, cell membrane structure, 
resistance to apoptosis…) and could impact the results.

In addition, we also evaluated the direct and complement-
dependent cytotoxicity of the 8D4 anti-Tn monoclonal 
antibody [23, 30] on Jurkat, MCF7 and MDA231 cells. As 
shown in the Supplementary Fig. S11, in the presence of 
complement, 8D4 killed Jurkat cells, but not MCF7 and 
MDA231 cells. Interestingly, the level of CDC obtained 
with this monoclonal antibody was lower than the 
cytotoxicity obtained with similar concentration of total 
immunoglobulins purified from MAG-Tn3 vaccinated 
patients, suggesting a strong cytotoxic property of the anti-Tn 

Fig. 2   Immunization with the MAG-Tn3 vaccine induces a specific 
anti-Tn antibody response in all patients. Patients were immunized 
on days 0, 21, 42, 63, 84, and 105 with the MAG-Tn3 vaccine 
formulated with the immunostimulant AS15. Patients 01, 02, and 
03 received intramuscular injections of 30  µg MAG-Tn3, whereas 
patients 04, 05, 06, and 07 received 100  µg MAG-Tn3. Sera were 

collected at various times after immunization and tested for anti-Tn 
specific IgM and IgG responses by ELISA. Antibody titers are 
expressed as the mean ± SD of log10 titer of quadruplicates from 
two independent experiments. The statistical significance of the 
differences was determined by the unpaired Student’s t test relative to 
baseline. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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a
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Fig. 3   Anti-Tn antibodies induced in cancer patients by the 
MAG-Tn3 vaccine recognize human Tn+ tumor cells. Patients were 
immunized on days 0, 21, 42, 63, 84, and 105 with the MAG-Tn3 
vaccine formulated with the immunostimulant AS15. Patients 01, 02, 
and 03 received intramuscular injections of 30 µg MAG-Tn3, whereas 
patients 04, 05, 06, and 07 received 100 µg MAG-Tn3. Pre- and post-
immunization sera were analyzed for their ability to recognize Jurkat 
(a) and MCF7 (b) Tn+ human cell lines. Cells were incubated with 
1/50, 1/200, 1/800, or 1/3,200 diluted sera and then stained with 
anti-human IgM-FITC or IgG-PE antibodies and analyzed by flow 

cytometry. In a and b, the upper panels show histograms of one 
representative experiment, showing the mean fluorescence intensity 
(MFI) for IgM and IgG expression at a 1/50 serum dilution for each 
patient. The lower panels show the mean MFI ± SD obtained in two 
independent experiments with sera from patients immunized either 
with 30 or 100  µg of MAG-Tn3. The statistical significance of the 
differences was determined by the paired Student’s t test comparing 
the results obtained with sera before and after immunization. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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antibodies induced in these patients. We also analyzed the 
purified immunoglobulins for their capacity to kill tumor 
cells by antibody-dependent cell cytotoxicity (ADCC). 
This assay was based on flow cytometry to discriminate 
effector from target cells and determine the percentage of 
live and dead cells (Supplementary Fig. S12A). Two types 
of positive controls were used to establish the assay. First, 
we used the humanized anti-HER2 trastuzumab monoclonal 
antibody, which was incubated with SKBR3 target HER2+ 
cells, and human primary CD56+ NK cells as effector cells 
(Supplementary Fig. S12B). These results confirmed the 
ability of CD56+ NK cells to efficiently kill SKBR3 cells 
in the presence of trastuzumab. Then, the anti-Tn murine 
monoclonal antibody 6E11 was incubated with Tn+ Jurkat 
cells or Tn− MDA231 cells (Supplementary Fig. S12C). 
This experiment clearly demonstrated that the monoclonal 
anti-Tn antibody can kill Tn+ Jurkat cells in the presence 

of NK cells, but not Tn− MDA231 cells. Finally, we tested 
the capacity of purified immunoglobulins from MAG-Tn3/
AS15-immunized patients to kill Tn+ Jurkat cells in the 
presence of NK cells and observed no significant ADCC 
activity (Supplementary Fig. S12D).

Discussion

This study represents the first proof of concept of the 
immunogenicity of a fully synthetic glycopeptide vaccine 
in humans. With its unique design, associating four arms 
carrying three Tn moieties and the promiscuous TT830–844 
CD4+ T-helper epitope, the MAG-Tn3 vaccine induced high 
levels of Tn-specific antibodies in all patients. In addition, 
the anti-Tn antibodies induced by the MAG-Tn3 vaccine 

Fig. 4   Anti-Tn antibodies induced in cancer patients by the 
MAG-Tn3 vaccine efficiently kill Tn+ Jurkat cells through 
complement-dependent cytotoxicity. Patients were immunized 
on days 0, 21, 42, 63, 84, and 105 with the MAG-Tn3 vaccine 
formulated with the immunostimulant AS15. Patients 01, 02, and 
03 received intramuscular injections of 30  µg MAG-Tn3, whereas 
patients 04, 05, 06, and 07 received 100  µg MAG-Tn3. Pre- and 
post-immunization sera were analyzed for their ability to kill 
the Jurkat Tn+ human cell line. Tn+ Jurkat cells were incubated 

with immunoglobulins purified from the sera of patients at four 
concentrations (250, 125, 61, and 30  µg/mL) and complement. 
After 5  h, cell viability was measured using the Celltiter-Blue kit® 
(Promega). The percentage of CDC was calculated as described 
in Materials and Methods and the results are expressed as the 
mean ± SD of four to six replicates from two to three independent 
experiments. The statistical significance of the differences was 
determined relative to baseline by the unpaired Student’s t test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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recognized Tn-expressing human tumor cells and killed 
them through CDC.

In this study, seven patients with localized breast cancer 
with a high-risk of relapse were immunized with the 
MAG-Tn3/AS15 vaccine. The first results of this phase I 
clinical trial show that vaccinated patients developed high 
levels of IgM and IgG Tn-specific antibodies. The Tn 
antibody responses appeared to higher than those obtained 
in previous clinical trials involving the Tn antigen. Here, 
the anti-Tn titers were determined by ELISA and calculated 
using linear regression analysis from an appropriate array of 
serum dilutions. Immunization of patients with a Tn-KLH 
conjugate was previously shown to induce only moderate 
and heterogeneous levels of anti-Tn IgM and IgG titers, 
ranging from approximately 102 to 103 after immunization 
versus the titers of 102 to 104 obtained in our study [18]. The 
titers found in the other study were also obtained by ELISA, 
but using a different calculation method (highest dilution 
yielding an optical density above 0.1), which could minimize 
the titer differences obtained between the two studies [18]. 
These results, obtained in humans, corroborate our previous 
findings in non-human primates, demonstrating that the 
Tn-KLH conjugate induces much lower IgG titers than the 
synthetic MAG-Tn3 [22]. Moreover, the only synthetic Tn 
vaccine reported in clinical trials, a palmitoyl-Tn conjugate, 
failed to induce anti-Tn responses [18]. A KLH-based 
vaccine, combining six self-antigens, including Tn, as well 
as GM2, Globo H, Lewisy, glycosylated MUC-1-32mer, and 
TF, has also been developed [31]. Unlike the monovalent 
version, the hexavalent vaccine failed to induce anti-Tn IgG 
responses.

The strong antibody response obtained in patients 
immunized with the MAG-Tn3 vaccine, relative to that to 
the KLH-Tn conjugate, can be explained by the vaccine 
design. Indeed, this fully synthetic vaccine was specifically 
designed to obtain a high density of the Tn carbohydrate 
antigen, increasing the antibody response directed against 
this tumor antigen [26]. In addition, the Tn cluster of 
MAG-Tn3 is different from that of KLH-Tn, as it is based 
on a Ser-Thr-Thr instead of a Ser-Ser-Ser sequence. This 
aglyconic part of the Tn structure (Ser vs Thr) has been 
shown to play a key role in anti-Tn specificity for breast 
cancer detection by monoclonal antibodies [12] and may 
have important implications for the immunogenicity of 
Tn-based vaccines.

In addition, we have previously shown that MAG-Tn3 
binds to the macrophage galactose-type lectin (MGL) 
receptor, which is expressed by dermal DCs and is thus 
captured very efficiently by these antigen-presenting cells, 
leading to the induction of anti-Tn antibody responses, even 
in the absence of adjuvant [32]. Finally, this high antibody 
response could also be explained by the formulation of 
the MAG-Tn3 vaccine with the AS15 immunostimulant. 

Initially, alum was used to demonstrate the efficacy of the 
MAG-Tn3 vaccine to reduce the tumor burden in the TA3/
Ha mouse model [25]. However, further studies in non-
human primates demonstrated that formulation with AS15 
improved the immunogenicity of the MAG-Tn3 vaccine 
[23]. In addition to strongly enhancing innate and adaptive 
responses in experimental models, AS15 has been safely 
used in large-scale clinical trials [33].

Another key factor leading to the induction of a strong 
anti-Tn antibody response is the activation of CD4+ helper 
T cells, which has been found to be required for inducing the 
anti-Tn IgG response [22, 23]. The promiscuous nature of 
the tetanus toxin-derived peptide was demonstrated 30 years 
ago [27] and this peptide has been used with success in mice 
as a carrier protein in various contexts [34] and has been 
shown to enhance the cytotoxic activity of antibodies against 
tumor cells [35]. We have also previously demonstrated that 
this TT peptide induced the activation of CD4+ T cells and 
the development of anti-Tn IgG responses in various models, 
including inbred DR1*A2 and C3H/HeN mice, outbred 
NMRI and CD-1 mice, and non-human primates [23].

Here, we observed significant IFNγ production by 
the PBMCs from six of seven patients following in vitro 
stimulation by the TT830–844 peptide. Similar results were 
obtained for the production of IL-2, with the exception of 
patient 05, for whom a very high background was observed 
at all timepoints. A memory response against the TT830–844 
peptide could explain such spontaneous IFNγ production, 
as vaccination against tetanus is mandatory in France. This 
property could increase the immunogenicity of the vaccine. 
Surprisingly, we observed no CD4+ T cell activation in 
patient 04, in spite of the expression of MHC-II alleles 
capable of binding this TT epitope. Conversely, patient 03 
did not express MHC-II alleles capable of binding to the TT 
peptide but developed a CD4+ T-cell response, shown by the 
production of IFNγ. These discrepancies can be explained by 
the method used to determine the capacity of the TT peptide 
to bind to HLA-DRB molecules. In our previous study, 
we used the MHC-class II ProImmune REVEAL assay, 
which relies on detection of the native conformation of the 
MHC-peptide complex by a labeled antibody, allowing the 
detection of low-affinity HLA-peptide binding [23]. Another 
approach, tetramer-guided epitope mapping, consisting of 
CD4+ T cell stimulation with peptides followed by staining 
with the corresponding tetramers, has been found to be more 
stringent and, in this case, the TT830–844 peptide failed to 
recognize low-affinity HLA alleles, such as DRB1*04:01 
[36]. In addition, James et al. [36] reported heterogeneity 
among patients with identical HLA haplotypes, suggesting 
that other parameters may interfere with the presentation of 
the HLA-DRB molecule. Finally, we cannot exclude that 
TT830–844 specific CD4+ T cells were activated in patient 
04 but did not produce detectable amounts of IFNγ or IL-2. 



714	 Cancer Immunology, Immunotherapy (2020) 69:703–716

1 3

Activated polyfunctional CD4+ T cell populations can 
indeed harbor a very diverse profile, and are thus able to 
produce a very large set of cytokines (TNFα, T-bet, etc.) 
[37].

Here, we also demonstrate that the Tn-specific antibodies 
induced by immunization with the MAG-Tn3/AS15 
vaccine efficiently kill Tn+ Jurkat cells in the presence 
of complement. The ability of Tn-specific antibodies to 
induce CDC in vitro is an interesting feature that has also 
been observed in preclinical studies and humans following 
immunization with the Tn-KLH vaccine [18, 23]. This is 
in agreement with the fact that MAG-Tn3/AS15 induced 
mainly IgG3 anti-Tn antibodies, an immunoglobulin 
subclass known to strongly activate the classical complement 
pathway [38]. IgG3 antibodies can also strongly bind to the 
FcγRIIIa receptor, making it an important ADCC activator 
[39, 40]. However, we failed to detect ADCC activity of the 
anti-Tn antibodies induced in the patients. Several studies 
using vaccines targeting Tn or sTn carbohydrates have 
reported an ADCC response in vaccinees [22, 41]. Technical 
limitations, such as insufficient sensitivity of the method 
or insufficient amounts of anti-Tn immunoglobulins, may 
explain the lack of ADCC observed in our study.

Our results suggest that the anti-Tn antibodies induced by 
MAG-Tn3 may exert a cytotoxic effect against tumor cells 
in the patients that is mainly by CDC. First, complement 
proteins have been demonstrated to be present inside the 
tumor for various cancers, including breast cancer [42]. In 
addition, the anti-CD20 monoclonal antibody rituximab 
has been reported to induce an anti-tumoral effect by 
CDC, rather than ADCC. Indeed, the protective effect of 
rituximab against EL4, a lymphoma cell line, was shown 
to be abolished in a knockout mouse lacking C1q, but not 
mice lacking NK cells or neutrophils [43]. Other monoclonal 
antibodies, such as ofatumumab can also mediate CDC 
[44]. Conversely, other studies have demonstrated that 
the depletion of C3, a central effector of the complement 
cascade, can enhance ADCC activity induced by rituximab 
and increase its efficacy [45].

As the MAG-Tn3 vaccine was designed to trigger 
antibody responses, other approaches aiming to induce 
cytotoxic CD8+ T cells could be complementary. Indeed, 
CAR (chimeric antigen receptor) T cells targeting the Tn 
antigen have been recently found to efficiently eliminate 
Tn-MUC1-expressing tumors in a mouse model [46]. 
However, the efficiency of such strategies strongly 
depends on the tumor micro-environment, which affects 
the capacity of T cells to kill tumor cells [47]. Although 
CD8+ T cells can potentially exert a cytotoxic effect in 
highly inflamed or “hot” tumors, they fail to penetrate 
non-inflamed or “cold” tumors. [48]. Cancer vaccines that 
can turn cold into hot tumors could play a very valuable 

role in this context [49]. Thus, synergistic approaches that 
combine cancer vaccines with molecules such as anti-PD1 
or anti-CTLA4, which are inefficient in cold tumors, 
have recently emerged [5]. The MAG-Tn3 vaccine, as an 
inducer of potent and tumor-specific antibodies, may be 
particularly well suited to complete a multifaceted strategy 
combining a tumor-specific T-cell inducer and immune-
checkpoint inhibitor, aiming to induce both humoral and 
cellular compartments of the immune response.

Overall, we have shown that a fully characterized and 
synthetic glycopeptide vaccine can elicit strong antibody 
responses in humans against the Tn antigen, which is 
expressed by several adenocarcinomas, but not normal 
cells. This vaccine can be synthesized at a large scale 
using good manufacturing procedures. This breakthrough 
represents an important steppingstone in the development 
of multimeric synthetic vaccines involving glycopeptide 
antigens.

Data and materials availability

All the data for this study are present in the main text or 
in the Supplementary Materials.
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