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ABSTRACT

2QFRIHWDO� IXFRVH�ULFK�JO\FRYDULDQWV� RI� WKH�SDWKRORJLFDO� ELOH� VDOW�GHSHQGHQW�
OLSDVH��S%6'/��DSSHDU�GXULQJ�KXPDQ�SDQFUHDWLF�RQFRJHQHVLV�DQG�DUH�GHWHFWHG�E\�
WKH monoclonal antibody J28 (mAbJ28). We aimed to identify murine counterparts on 
SDQFUHDWLF�GXFWDO�DGHQRFDUFLQRPD��3'$&��FHOOV�DQG�WLVVXH�DQG�LQYHVWLJDWH�WKH�SRWHQWLDO�
RI�GHQGULWLF�FHOOV��'&��ORDGHG�ZLWK�WKLV�XQLTXH�SDQFUHDWLF�WXPRU�DQWLJHQ�WR�SURPRWH�
LPPXQRWKHUDS\�LQ�SUHFOLQLFDO�WULDOV��3DWKRORJLFDO�%6'/V�SXUL¿HG�IURP�SDQFUHDWLF�MXLFHV�
RI�SDWLHQWV�ZLWK�3'$&�ZHUH�FOHDYHG�WR�JHQHUDWH�JO\FRV\ODWHG�&�WHUPLQDO�PRLHWLHV�
�&�WHU��FRQWDLQLQJ�P$E-���UHDFWLYH�JO\FRHSLWRSHV��,PPXQRUHDFWLYLW\�RI�WKH�PXULQH�
3'$&�OLQH�3DQF���DQG�WXPRU�WLVVXH�WR�P$E-���ZDV�GHWHFWHG�E\�LPPXQRKLVWRFKHPLVWU\�
DQG�ÀRZ�F\WRPHWU\��&�WHU�-��+� LPPXQL]DWLRQ�SURPRWHG�7K��GRPLQDWHG�LPPXQH�
responses. In vitro C-ter-J28+-loaded DC VNHZHG�&'�+ 7�FHOOV�WRZDUG�7K��SRODUL]DWLRQ��
C-ter-J28+�'&�YDFFLQDWLRQV�VHOHFWLYHO\�HQKDQFHG�FHOO�LPPXQRUHDFWLYLW\�WR�3DQF����DV�
demonstrated by CD4+- and CD8+-T-cell activation, increased percentages of CD4+- 
and CD8+-T-cells and NK1.1+�FHOOV�H[SUHVVLQJ�JUDQ]\PH�%��DQG�7�FHOO�F\WRWR[LFLW\��
3URSK\ODFWLF�DQG�WKHUDSHXWLF�&�WHU�-��+-DC-vaccinations reduced ectopic Panc02-
WXPRU�JURZWK��SURYLGHG�ORQJ�ODVWLQJ�SURWHFWLRQ�IURP�3DQF���WXPRU�GHYHORSPHQW�LQ�
100% of mice EXW�QRW�IURP�PHODQRPD��DQG�DWWHQXDWHG�SURJUHVVLRQ�RI�RUWKRWRSLF�
WXPRUV�DV�UHYHDOHG�E\�05,��7KXV PXULQH�'&�ORDGHG�ZLWK�SDQFUHDWLF�WXPRU�VSHFL¿F�
glycoepitope C-ter-J28+�LQGXFH�HI¿FLHQW�DQWLFDQFHU�DGDSWLYH�LPPXQLW\�DQG�UHSUHVHQW�
D�SRWHQWLDO�DGMXYDQW�WKHUDS\�IRU�SDWLHQWV�DIÀLFWHG�ZLWK�3'$&�

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains 
one of the most universally lethal diseases, with a 5-year 

survival rate below 5% [1]. Pancreatic cancer is expected 
to become the second leading cause of cancer-related 
death by 2030 [2]. Combined chemotherapy provides a 
median survival of 11 months for patients with metastatic 
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pancreatic cancer [3]. Although surgery and adjuvant 
chemotherapy have increased the 5-year survival rate to 
15-20%, new treatments are needed. Among the promising 
approaches is cancer immunotherapy, particularly 
postsurgical vaccination with tumor antigen-loaded 
dendritic cells (DC) [4-6]. Cell transformation is often 
DVVRFLDWHG� ZLWK� PRGL¿FDWLRQV� RI� WKH� JO\FDQ�PRLHW\� RI�
membrane glycoproteins. Aberrant glycosylation of cell 
surface mucins therefore distinguishes neoplastic from 
normal cells. Such glycoproteins are challenging antigens 
since glycan alteration without change in the polypeptide 
backbone can create cell neo-antigens and affect their 
interactions with the immune system [7, 8].

We studied fucose-rich glycovariants of bile salt-
dependent lipase (BSDL), which appear during fetal 
development and pancreatic oncogenesis processes [9, 
10] and are characterized by monoclonal antibody J28 
(mAbJ28) immunoreactivity (BSDL-J28+) [10, 11]. 
BSDL-J28+ is expressed in human pancreatic tumors 
[12] and cell lines [13] and so designated pathological (p)
BSDL-J28+; non-tumor pancreatic tissue or cells do not 
express pBSDL-J28+ [9, 12]. The mAbJ28 recognizes 
carbohydrate-dependent antigenic structures, termed J28 
glycotopes, located within the O-glycosylated mucin-
like C-terminal moiety (C-ter-J28+) of pBSDL-J28+ 
[14]. Formation of this J28 glycotope, characterized 
by fucosylated O-linked side chains, requires core2 
ȕ����1�DFHW\OJOXFRVDPLQ\OWUDQVIHUDVH� DQG� Į������
fucosyltransferase, two glycosyltransferases showing 
upregulated expression during pancreatic neoplastic 
processes [13].

Little information is available concerning pBSDL 
immunogenicity. We previously reported the presence of 
circulating antibodies that recognize the O-glycosylated-
C-ter in most type 1 diabetic patients and in some 
SDWLHQWV�DIÀLFWHG�ZLWK�3'$&�>��@��ZKLFK�PD\�UHÀHFW�WKH�
potential of O-glycosylated C-ter-J28+ to induce humoral 
LPPXQLW\��7KH�QDWXUH�RI�WKH�WXPRU�JO\FDQV�PD\�LQÀXHQFH�
the uptake of the tumor-associated-carbohydrate antigens 
(TAAs) by immature DC, and thus affect the presentation 
to naive T cells of glycopeptides loaded onto MHC 
molecules, as well as DC maturation and function [16]. 
:H� VKRZHG� WKDW�� XQOLNH� WKH� 7$$V�08&�� DQG� +(5��
1HX� >��@� which present structures that are differently 
glycosylated, pBSDL-J28+ can be delivered into the HLA 
class II pathway [12]. Thus, the expression of pBSDL-J28+ 
restricted to pancreatic tumor cells and tissues as well as 
their immunogenic potential led us testing the potential 
use of glycotope-J28+-loaded DC in DC-immunotherapy 
against PDAC. In this respect, we recently demonstrated 
that DC loaded with pBSDL-J28+ or C-ter-J28+ induce 
human T-lymphocyte activation [18].

Establishing the proof-of-concept of DC-vaccination 
in a murine model required the demonstration that (i) 
pBSDL-J28+ epitopes are common to humans and mice, 
(ii) pBSDL is immunogenic in mice, and (iii) C-ter-J28+-

loaded DC trigger adaptive immunity against tumor cells. 
We succeeded in validating the use of C-ter-J28+ for DC-
vaccination.

RESULTS

Immunoreactivity of murine pancreatic 
adenocarcinoma Panc02 cells and tumors to 
mAbJ28

7R� FRQ¿UP� WKDW� WKH�PRQRFORQDO� DQWLERG\� �P$E�
-��� VSHFL¿FDOO\� UHFRJQL]HV� WKH� JO\FRHSLWRSH� ORFDWHG�
within the O-glycosylated C-ter of human pBSDL, we 
used transfected HEK-C-ter-6R cells. The polyclonal 
antibodies (pAbs) L64 and L32, reactive against 
physiological and pathological BSDLs (Figure 1A), 
and mAb J28, in a dose-dependent manner, detected 
C-ter-6R on non-permeabilized HEK-C-ter-6R cells 
but not on HEK-293T cells. We used these Abs to 
detect immunoreactivity on murine Panc02. All three 
Abs revealed a clear immunoreactivity (Figure 1B); 
intact or permeabilized Panc02 cells were stained with 
mAbJ28 indicating the presence of the epitope J28 in 
mouse as in human pancreatic tumor cells [19]. The 
H[SUHVVLRQ�RI�WKH�-���HSLWRSH�RQ�3DQF���ZDV�FRQ¿UPHG�
by immunocytochemistry, using HEK-C-ter-6R as positive 
control (Figure 1C) and HEK-293T and melanoma 
%���)�� DV� QHJDWLYH� FRQWUROV�� 1H[W�� VOLFHV� RI� 3DQF���
tumor showed mAbJ28 immunoreactivity unlike those 
of normal pancreas under the same conditions (Figure 
1D). As expected, tumors induced by HEK-C-ter-6R 
but not HEK-293T from nude mice displayed strong 
mAbJ28 staining. We also tested pancreatic tumors from 
genetically engineered mice (Pdx1-Cre; KrasG12D; Ink4a/
ArfÀR[�ÀR[ and Pdx-1-Cre; LSL-KrasGD12; LSL-Trp53R172H) 
developing PDAC, which showed no reactivity to mAbJ28 
(unpublished data). Collectively these data demonstrate 
WKDW�P$E-��� VSHFL¿FDOO\� UHDFWV� WR� HSLWRSH�V�� ORFDOL]HG�
at the O-glycosylated C-terminal domain of human and 
murine pBSDL expressed by both pancreatic cancer cells 
and inoculated cell-induced tumors.

Immunogenicity of glycoprotein pBSDL-J28+ 
and C-ter-J28+: CD4+ and CD8+ T-cells from 
mice immunized with full-length pBSDL-J28+ 
proliferated in the presence of either pBSDLs, 
from patients suffering PDAC, or the 
O-glycosylated C-terminal moiety

We investigated the ability of pBSDLs to promote 
adaptive immunity in mice. T-cells from mice immunized 
with pBSDL proliferated in the presence of either pBSDLs 
from different origins, or C-ter-J28+ (with optimal 
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Figure 1: Immunoreactivity of C-ter-6R-transfected HEK cells and murine pancreatic adenocarcinoma Panc02 cells 
to mAbJ28. A.�([SUHVVLRQV�RI�&�WHU��5�DQG�-���HSLWRSH�RQ�+(.�&�WHU��5�DQG�+(.����7�FHOOV�ZHUH�DQDO\]HG�E\�ÀRZ�F\WRPHWU\�XVLQJ�
pAbL32 (4µg), pAbL64 (4µg) and mAbJ28 (at different concentrations). B. Expression of pBSDL and J28 epitope on Panc02 cells was 
DQDO\]HG�XVLQJ�S$E/������J���S$E/������J��DQG�P$E-������J���%ODFN�KLVWRJUDPV�UHSUHVHQW�QRQ�VSHFL¿F�ELQGLQJ�XVLQJ�FRQWURO�LVRW\SH�
DQG�EOXH�KLVWRJUDP�VSHFL¿F�$E�DV�LQGLFDWHG��5HSUHVHQWDWLYH�LPDJHV�RI�LPPXQRKLVWRF\WRFKHPLFDO�VWDLQLQJV�ZLWK�P$E-���C. on Panc02, 
HEK-C-ter-6R, B16-F0 and HEK-293T cells on polylysine-coated slides, and D.�RQ����IRUPDOLQ�¿[HG��SDUDI¿Q�HPEHGGHG�VHFWLRQV�IURP�
WXPRUV�LQGXFHG�E\�3DQF����+(.�&�WHU��5�DQG�+(.����7�FHOOV��DQG�PRXVH�QRUPDO�SDQFUHDV��13���1RQ�VSHFL¿F�VWDLQLQJ�RI�VWUHSWDYLGLQ�
+53�ZDV�XVHG�DV�LQWHUQDO�FRQWURO��2ULJLQDO�PDJQL¿FDWLRQ����[��7KH�UHVXOWV�DUH�UHSUHVHQWDWLYH�RI�DW�OHDVW�WZR�LQGHSHQGHQW�H[SHULPHQWV�
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concentrations likely below 0.16 µM), with increased 
SHUFHQWDJHV� RI� 7�FHOOV� SURGXFLQJ� ,)1�Ȗ� DQG� JUDQ]\PH�
%��DQG�LQFUHDVHG�OHYHO�RI�VHFUHWHG�,)1�Ȗ��6XSSOHPHQWDU\�
Figure S1A-D). T-cells from mice immunized with 
C-ter-J28+ markedly proliferated in the presence of 
pBSDL and glycosylated C-ter-J28+; no such proliferation 
occurred in the presence of either a synthetic peptide 
encompassing an aa sequence identical to that of the C-ter 
or the short peptides EAT and GAP mimicking the most 
represented repeated sequences of BSDL (Figure 2A), thus 
underlining the requirement of glycosylated structures. 
C-ter-J28+ and pBSDL at the same molarity led to similar 
levels of proliferation of CD4+ and CD8+ T-cells (Figure 
2B). Thus, T-cells from mice immunized with either one 
of the immunogens recognize both glycosylated antigens, 
but not non-glycosylated peptides. T-cell proliferation was 
DVVRFLDWHG�WR�D�WLPH�GHSHQGHQW�,)1�Ȗ�VHFUHWLRQ��DFWLYDWLRQ�
by C-ter-J28+ induced a greater level of secretion than 
that by pBSDL (Figure 2C). These data imply that 
immunodominant glycoepitope J28-bearing pBSDLs 
and glycosylated C-ter trigger CD4+ and CD8+ T-cell 
SUROLIHUDWLRQ�DQG�,)1�Ȗ�VHFUHWLRQ�

DC pulsed with the O-glycosylated C-ter-J28+ 
triggered activation of CD3+ T-cells from mice 
immunized with C-ter-J28+ of pBSDLs

To delineate the ability of DC pulsed with C-ter-J28+ 
to activate T-cells, DC were loaded with C-ter-J28+ and 
underwent maturation with lipopolysaccharide (LPS) and 
CD40L. Mature (m)DC presented enhanced expression of 
the co-stimulatory and Class II molecules by comparison 
with DC cultured in control medium so-called immature 
�L'&�� �)LJXUH� �$��� &RQFHUQLQJ� F\WRNLQH�FKHPRNLQH�
SUR¿OH��,/�����S��S�����5$17(6��0&3���DQG�,/���EXW�
QR�,/���� ,)1�Ȗ��71)�Į��9(*)��RU� ,/����ZHUH�GHWHFWHG�
among the factors secreted by C-ter-J28+-pulsed mDC 
(Figure 3B). A positive spot for MCP-1 was found for 
iDC but less than that for C-ter-J28+-mDC. High amounts 
of IL-12 were secreted only by mDC, whether antigen-
pulsed or not (Figure 3C), while IL-15 was secreted by 
mDC and iDC (Figure 3D). Remarkably, antigen-loading 
of DC impaired neither the increase in co-stimulatory and 
Class II molecules nor IL-12 and IL-15 secretion (Figure 
3A, 3C and 3D). 

IL-12- and IL-15-secreting C-ter-pulsed mDC or 
control DC were co-cultured with CD3+ T-cells from mice 
immunized with C-ter-J28+. Both CD4+ and CD8+ T-cell 
populations proliferated upon encounter with C-ter-pulsed 
mDC as compared to unpulsed mDC (CD4+ T and CD8+ 

T increased by 66 and 62.5 % respectively) and to DC 
pulsed with the O-glycosylated peptide control TnMUC1 
[20] (CD4+ T and CD8+ T increased by 19.8 and 20 % 
respectively) (Figure 3E). The control TnMUC1 showed 
no immunoreactivity to mAbJ28 when compared to rC-

WHU���5� �6XSSOHPHQWDU\� )LJXUH� 6���� 1RWLFHDEOH� FHOO�
proliferation with mDC, pulsed or not with TnMUC1, was 
likely due to their cytokine production. Secretion levels 
RI�,)1�Ȗ�LQ�FR�FXOWXUH�ZLWK�P'&�SXOVHG�ZLWK�&�WHU�-��+ 
or TnMUC1 were normalized to that with unpulsed 
P'&������WR������SJ�PO�GHSHQGLQJ�RQ�WKH�H[SHULPHQW��
mean±SD = 1548±1389, n = 3). 6HFUHWLRQ�RI�,)1�Ȗ�LQ�FR�
culture with C-ter-J28+-pulsed mDC was around twice 
that detected with unpulsed mDC. In contrast, secretion 
RI� ,)1�Ȗ� LQ� FR�FXOWXUH� ZLWK� 7Q08&��P'&� ZDV� QRW�
VLJQL¿FDQWO\�GLIIHUHQW�WR�WKDW�ZLWK�P'&�

Thus mDC pulsed with the glycosylated tumor 
antigen J28+ hold potential to activate CD4+ and CD8+ 
T-cell responses mandatory to developing adaptive 
anticancer immunity.

Immune status of mice injected with tumor 
antigen-pulsed mDC

Splenocytes freshly collected from recipients 
YDFFLQDWHG� RQH� WR� WKUHH� WLPHV� VKRZHG� QR� VLJQL¿FDQW�
phenotypic changes from controls (not depicted). 
However, after 4 days of culture, the percentage of 
granzyme B-expressing CD4+- and CD8+ T-cells and 
1.���+ cells had conspicuously increased in accordance 
with C-ter-J28+ mDC injection number, by comparison 
with percentages in unvaccinated mice injected with 
PBS (Figure 4A). Granzyme B-expressing CD4+ T-cells 
are indeed reported [21] and may acquire killing activity 
in various conditions. Interestingly, in co-culture assays, 
splenocytes from mice DC-vaccinated twice, though not 
those from naïve controls (Figure 4B) or from Panc02-
recipients (unpublished data), proliferated with Panc02 
(P < 0.05) but not with B16-F0 cells. Identical results 
were obtained at a splenocyte: tumor cell ratio of 25:1. 
,)1�Ȗ� VHFUHWLRQ�� GHWHFWDEOH� DIWHU� ��GD\� FXOWXUH�� ZDV�
more pronounced with Panc02 than with B16-F0, and 
increased with DC-vaccination number. To detect whether 
C-ter-J28+ pulsed mDC could LQ� YLYR generate C-ter-
J28+�3DQF���VSHFL¿F�F\WRWR[LF�DFWLYLW\��VSOHQRF\WHV�IURP�
the immunized mice served as effectors in the presence 
of tumor cells. The abnormal round shape of Panc02 
occurring upon culture with splenocytes from mice 
vaccinated with C-ter-J28+ pulsed mDC is illustrated 
in Figure 4C. Also, compared to mDC-recipient mice, 
splenocytes from C-ter-J28+-mDC-vaccinated mice 
DFTXLUHG�D�FRQVSLFXRXV�DELOLW\�WR�VHFUHWH�,)1�Ȗ�����QJ�
PO�YHUVXV�����QJ�PO���)LJXUH��'���&'�+�7�FHOOV�SXUL¿HG�
IURP�WKHVH�VSOHQRF\WHV��FRQWDLQLQJ�OHVV�WKDQ�����1.���+, 
1.S��+ cells; not depicted) were able to lyse Panc02 but 
not B16-F0 cells (Figure 4E) while CD8+ T-cells from 
3%6�WUHDWHG�PLFH�ZHUH�LQHI¿FLHQW��1RWHZRUWK\��FRPSDUHG�
to melanoma B16-F0 and B16-F10, Panc02 expressed 
higher levels of CMH class I required for CTL-mediated 
lysis in the context of DC-vaccination; however they 



Oncotarget5www.impactjournals.com/oncotarget

Figure 2: Glycosylated C-ter-J28+ induced activation of CD4+ and CD8+ T-cells in LN from mice immunized with 
C-ter-J28+. A.�,VRÀXRUDQH�DQHVWKHWL]HG�&��%/��-�PLFH�����ZHHNV�ROG��ZHUH�LPPXQL]HG�DW�WKH�EDVH�RI�WKH�WDLO�ZLWK�����PO�RI�HPXOVLRQ�
containing 20µg of C-ter-J28+ of pBSDL-Caro in PBS and incomplete Freund’s adjuvant supplemented with 0\FREDFWHULXP�WXEHUFXORVLV�
��PJ�PO���7KH\�UHFHLYHG�����QJ�RI�3HUWXVVLV toxin (Pt) (Sigma-Aldrich) IP, before the immunization, and again 24 h later. CFSE-labeled 
FHOOV�IURP�GUDLQLQJ�/1�ZHUH�FXOWXUHG�ZLWK�GLIIHUHQW�S%6'/V��&�WHU�-��+ from Bo, synthetic C-ter or synthetic peptides EAT or GAP. After 
��GD\V��&)6(�GLOXWLRQ�ZDV�DQDO\]HG�E\�ÀRZ�F\WRPHWU\�DQG�7�FHOO�SUROLIHUDWLRQ�HYDOXDWHG��B. Cells were cultured at 2x105�FHOOV�ZHOO�ZLWK�
C-ter-J28+ of pBSDL-OG3 or full-length pBSDL-OG3 at different molarities. After 6 days, cells were labeled with anti-CD4 and anti-CD8. 
&)6(�GLOXWLRQ�ZDV�DQDO\]HG�E\�ÀRZ�F\WRPHWU\�DQG�7�FHOO�SUROLIHUDWLRQ�HYDOXDWHG� C. Culture supernatants were collected after 24 and 72 h 
IRU�,)1�Ȗ�GHWHFWLRQ��7KH�UHVXOWV�DUH�UHSUHVHQWDWLYH�RI�IRXU�LQGHSHQGHQW�H[SHULPHQWV���P < 0.05)
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lacked CD40L, which interacts with DC for cytokine 
production signaling (unpublished data).

C-ter-J28+ DC-vaccinations hence led to enhanced 
selective cellular immunoreactivity to Panc02, as 
demonstrated by increased immune cell proliferation and 
,)1�Ȗ� VHFUHWLRQ�� WR� LQFUHDVHG� SHUFHQWDJHV� RI� JUDQ]\PH�
B-expressing CD4+ T-cells, CD8+�7�FHOOV�DQG�1.���+ cells, 
and to selective T-cell cytotoxicity.

Vaccination with C-ter-J28+-pulsed-mDC prevents 
Panc02 tumor development

Motivated by these results, we initiated preclinical 
trials of tumor DC-vaccination. Control Panc02-recipient 
mice injected with PBS developed large tumors (mean size 
of 101.52±45.20 mm2) at d35 (Figure 5A, left panel). In 
contrast, three vaccinations with C-ter-J28+-pulsed-DC 
conferred resistance to subsequent Panc02 challenge (P 
< 0.001 at the termination date). Striking protection from 
tumor development was obtained in 12 mice, 6 of which 
remained tumor-free indicating the high capacity of DC-
vaccination to increase survival. Tumors in the other 6 
were smaller (mean: 25.95±33.52 mm2 at d35) than those 
in the unvaccinated Panc02 group (P����������6LJQL¿FDQW�
protection was also obtained in the mDC-vaccinated 
group. To study the effects of DC pulsed with another 
O-glysolated peptide, we loaded DC with TnMUC1 (25 
�J�PO��DQG�LQMHFWHG�WKHP�XVLQJ�WKH�VDPH�SURWRFRO�DV�IRU�
the C-ter-J28+-pulsed mDC. Figure 5A (right panel) shows 
that C-ter-J28+-pulsed mDC induced expected marked 
protection against Panc02 challenge compared to PBS-
controls (P < 0.01); the ranges of protection evaluated 
in mice vaccinated with either mDC or TnMUC1-
mDC were similar (P < 0.05). A lower concentration of 
7Q08&�� ��� �J�PO�� D� FRQFHQWUDWLRQ� HTXLPRODU� WR� WKDW�
of rC-ter-17R-J28+) gave the same results. All these 
¿QGLQJV� DUH� LOOXVWUDWHG� LQ� 6XSSOHPHQWDU\� )LJXUH� 6�$�
DQG�6XSSOHPHQWDU\�7DEOH�6���1RWHZRUWK\�ZDV�WKH�WUHQG�
towards a difference in the tumor development curves as a 
function of time, with that for C-ter-J28+-mDC recipients 
being consistently below those of mDC and TnMUC1-
mDC recipients (four experiments). This difference is 
likely more qualitative than quantitative, an assumption 
consolidated by the immune status of vaccinated mice 
with long-term protection (see below). 

Tumor protection in C-ter-J28+ mDC-vaccinated 
mice, shown in the experiment depicted in Figure 5A 
(left panel), correlated with a high level of spontaneous 
SUROLIHUDWLRQ� DQG� ,)1�Ȗ� VHFUHWLRQ�� ERWK� GHSHQGHQW� RQ�
splenocyte concentration (Supplementary Figure S3 A and 
B). Thus C-ter-J28+�'&�YDFFLQDWLRQV� LQGXFHG�DQ�,)1�Ȗ�
signature in spleen. Tumor protection was also associated 
with differentiation of CD4+ and CD8+ T-subpopulations 
DQG� 1.���+ activation as measured by granzyme B 
expression, not detected in the control conditions at day 35 

after tumor challenge (Supplementary Figure S3C). At day 
28 after tumor challenge, among protected DC-vaccinated 
mice, CD4+T-subpopulation expressing granzyme B 
in C-ter-J28+DC recipient splenocytes had increased 
compared to that in mDC- and TnMUC1-mDC recipient 
splenocytes, respectively by 69% and 77% (Figure S5B). 
All groups receiving mDC pulsed or not displayed similar 
KLJK�SHUFHQWDJHV�RI�1.���+ expressing granzyme B.

Vaccination with C-ter-J28+-pulsed-mDC 
establishes long-term protection against Panc02-
induced tumor development

The mice fully protected against tumor development 
(depicted in Figure 5A) were rechallenged with either 
3DQF��� RU� PHODQRPD� %���)��� ��� GD\V� DIWHU� WKH� ¿UVW�
inoculation. Whereas controls inoculated with Panc02 
developed large tumors (mean 128.8±38 mm2 at d30), 
vaccinated mice showed long-term survival without 
tumors. Interestingly upon challenge with melanoma 
B16-F0 (33-54 days later; 2 experiments) 3 out of 4 of 
these Panc02-resistant mice developed tumors similarly 
to the 10 control melanoma-recipients and died; one 
mouse remained tumor-free until the termination date. 
'LIIHUHQFHV�EHWZHHQ�JURXSV�KRZHYHU�ZHUH�QRW�VLJQL¿FDQW�
GXH� WR� LQVXI¿FLHQW� VWDWLVWLFDO� SRZHU� �)LVKHU¶V� H[DFW�
test; P = 0.143). At euthanasia, the C-ter-J28+-mDC-
vaccinated recipients challenged with Panc02 displayed 
high expansion of CD4+- and CD8+-T-cells expressing 
granzyme B (more than 44%) in spleen compared to mDC-
recipients (less than 10%) and a PBS-control mouse with 
late tumor development (2.5%) (Figure 5C). Tumor cell 
FKDOOHQJHV�KDG�QR�LPSDFW�RQ�LPPXQH�VWDWXV��DV�FRQ¿UPHG�
by the negligible or low level of cell activation observed 
in splenocytes from mice injected with Panc02 or B16-F0 
(Supplementary Figure S4).

To strengthen these results, another experiment was 
performed with six 17R-C-ter-J28+ mDC-vaccinated mice 
receiving either B16-F0 or Panc02. B16-F0 administration 
led to the development of melanoma in all three rC-ter-
17R-J28+ mDC-vaccinated mice, with tumor surface areas 
of 61.5, 143 and 250 mm2 (surface area mean±SD = 151± 
90 mm2) compared to a mean surface area of 250 mm2 - the 
OLPLW�ZH�¿[HG�LQ�WKH�H[SHULPHQWDO�SURFHGXUH���LQ�WKH�WKUHH�
B16-F0 controls. In contrast, all three rC-ter-17R-J28+ 
mDC-vaccinated mice showed complete resistance to 
Panc02 while the three non vaccinated Panc02 controls 
developed tumors with a mean surface area of 56 ± 8 mm2 
at day 28. All the results of the experiments presented 
above were pooled (Figure 5B). To resume, one sub-
group of C-ter-J28+-mDC vaccinated mice fully resisted 
a second challenge by Panc02, while the other sub-group 
challenged instead with B16-F0 displayed only a slight 
delay in melanoma development and most did not survive.
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Figure 3: Mature DC pulsed with the glycosylated C-ter-J28+ moiety trigger activation of CD3+ T-cells from mice 
immunized with C-ter-J28+. A. Quality control of DC maturation. At day 5, immature DC (iDC) were pulsed or not with C-ter-J28+ or 
TnMUC1 (at equimolarity, 0.55 µM) for 10 h then cultured with LPS and CD40L for 22 h. The purity of the DC fraction was determined 
E\� DQDO\]LQJ�&'��F� H[SUHVVLRQ��$QDO\VLV� RI� FHOO�VXUIDFH� H[SUHVVLRQ�RI�&'��F��&'����&'����&'���� DQG� ,�$�ZDV�SHUIRUPHG�E\�ÀRZ�
cytometry. Black histograms represent control isotype and colored histograms staining with anti-CD11c, -CD86, -CD40, -CD80 and -IA. 
B. Protein analysis of cytokines secreted by DC. Culture supernatants from immature DC (medium) and from DC pulsed with C-ter-J28+ 
and matured were collected after 22 h for cytokine detection using cytokine Ab array. Positive spots for GM-CSF and IL-4 were due to the 
addition of these cytokines in the culture medium. C. and D. IL-12 and IL-15 production. Culture supernatants were collected after 22 h 
of maturation for cytokine detection using ELISA assay. Representative results of at least three experiments. E.�3XUL¿HG�/1�&'�+ T-cells 
from mice immunized with C-ter-J28+ of pBSDL Caro and CFA were labeled with CFSE. CD3+ T-cells were plated at 2.5x105�FHOOV�ZHOO�
LQ�TXDGUXSOLFDWH�DQG�FR�FXOWXUHG�ZLWK�'&�DW�D�UDWLR�RI���'&�����7�FHOOV�IRU���GD\V��&)6(�GLOXWLRQ�ZDV�DQDO\]HG�E\�ÀRZ�F\WRPHWU\�DQG�
T-cell proliferation evaluated. Percentages of CD4+ and CD8+ daughter T-cells without addition of DC: 2.5±0.3 (not shown). Representative 
UHVXOWV�RI�WKUHH�H[SHULPHQWV��&XOWXUH�VXSHUQDWDQWV�ZHUH�FROOHFWHG�DIWHU����K�IRU�,)1�Ȗ�GHWHFWLRQ��1HLWKHU�LPPDWXUH�QRU�PDWXUH�'&�DORQH�
SURGXFHG� GHWHFWDEOH� DPRXQWV� RI� ,)1�Ȗ� �QRW� VKRZQ��� 6HFUHWLRQ� OHYHOV� RI� ,)1�Ȗ� LQ� FR�FXOWXUH�ZLWK�P'&� SXOVHG�ZLWK� HLWKHU� &�WHU�-��+ 
RU�7Q08&��ZHUH�QRUPDOL]HG�WR�OHYHOV�RI�,)1�Ȗ�LQ�FR�FXOWXUH�ZLWK�XQSXOVHG�P'&��7KH�UHVXOWV�DUH�UHSUHVHQWDWLYH�RI�WKUHH�LQGHSHQGHQW�
experiments for C-ter-J28+�P'&�DQG�WZR�IRU�7Q08&����P < 0.05).
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Vaccination with C-ter-J28+-pulsed-mDC treats 
established tumors

,PPXQRWKHUDS\�HI¿FLHQF\�ZDV�GHPRQVWUDWHG�E\�WKH�
reduced size of tumors in vaccinated mice compared to 
those in PBS-treated controls (mean tumor size of 52.8 
mm2 in SC DC-vaccinated vs 114.3 mm2 in controls; P 
< 0.01; and 29.5 mm2 in intratumorally DC-vaccinated 
vs 75.6 mm2 in controls; P < 0.05) (Figure 5D). Thus, 
intratumoral DC-injection was more effective than the SC 
route. 

Vaccination with C-ter-J28+-pulsed-mDC 
attenuates deleterious effects of pancreatic tumor 

During the MRI follow-up, no sign of cachexia 
could be detected in vaccinated or non-vaccinated mice. 
Primary pancreatic tumors appeared solid with well-
GH¿QHG�PDUJLQV�DW�HDUO\�WLPH�SRLQWV�RQ�05,��DQG�PL[HG�
VROLG�F\VWLF� DW� ODWHU� WLPH� SRLQWV�� /RQJLWXGLQDO� 05,�
indicated a trend towards lower tumor volume in DC-
vaccinated mice (Supplementary Figure S6A). However 
due to pleomorphic multi-lobulated appearance, volumetry 
of the primary tumor at d17-18 was only an estimate and 
only 3 out of the 6 tumors in each group were considered 
measurable. Figure 6A-6E shows representative images 
of the primary tumor and its spread within and beyond 
the peritoneal cavity in two non-vaccinated mice in 
contrast to limited peritoneal spread in a vaccinated 
PRXVH� �GHWDLOV� LQ� ¿JXUH� OHJHQG��� 6LJQL¿FDQW� HIIHFWV� RI�
DC-vaccination were observed on the MRI-based disease 
progression score (Supplementary Table S2 and S3), with 
YDFFLQDWHG�PLFH�VKRZLQJ�VLJQL¿FDQWO\�ORZHU�VFRUHV�WKDQ�
non-vaccinated mice at d17-18 (disease progression score 
of 7.5±1.18 in vaccinated mice [n = 6] and 11±0.58 in 
non-vaccinated mice [n� ��@��WZR�ZD\�$129$�)����� �
0.7151, P = 0.4973 for interaction; F1,30 = 9.694, P = 
0.0040 for treatment effect; F2,30 = 27.29, P < 0.0001 
for time effect; Bonferroni post hoc test *P < 0.05 for 
group comparison at d17-18) (Figure 6F). MRI showed 
that despite direct extension to peripancreatic tissues 
(retroperitoneal and mesenteric fat, peritoneum) and often 
unresectable tumor observed in both groups, the C-ter-
J28+-DC-vaccine delayed or prevented metastasis (distant 
lymph nodes, liver, kidneys and lungs) and reduced 
secondary abdominal disease (organ displacement, 
splenomegaly, obstructed bile ducts and distended gall 
bladder) (Figure 6G, supplementary Figure S3B). Pleural 
effusion and pleural metastasis were detected at d17-18 
only in non-vaccinated mice and resulted in rapid death 
after anesthesia induction. Thus, vaccination with C-ter-
J28+-pulsed DC hampered growth, invasiveness and 
metastasis of pancreatic tumors.

Source of BSDL-J28+

&RQVLGHULQJ�WKH�LQLWLDO�GLI¿FXOWLHV�IDFHG�UHFRYHULQJ�
VXEVWDQWLDO�DPRXQWV�RI�SXUL¿HG�UHFRPELQDQW�&�WHU�-��+, 
we turned our attention towards bile salt-stimulated lipase 
(BSSL) present in human milk, which differs from BSDL 
only in glycosylation pattern [22]. We showed that BSSLs 
were both immunoreactive to mAbJ28 and immunogenic 
(Supplementary Figure S7). 

DISCUSSION

We have validated pancreatic tumor glycoepitope 
C-ter-J28+ as a good inducer of anticancer adaptive 
LPPXQLW\�LQ�PLFH�DQG�VR�H[HPSOL¿HG�D�SURRI�RI�SULQFLSOH�
study from antigen discovery as a tumor marker in human 
tissue to immunogenic target for DC-vaccination in 
murine pancreatic cancer. Our data provide new strong 
evidence that (i) fucose-rich epitopes of pBSDL-J28+, 
appearing during human pancreatic oncogenesis 
processes, are also expressed by murine PDAC cells 
Panc02; (ii) DC pulsed with the tumor pancreatic antigen 
skew adaptive immunity towards Th1 polarized responses; 
(iii) vaccination with C-ter-J28+ DC meets cancer vaccine 
objectives by inducing anti-Panc02 CD8+ 7�FHOOV�DQG�1.�
cells required to eradicate tumors and by promoting long-
lasting resistance [23].

:H� ¿UVW� PROHFXODU� LGHQWL¿HG� WKH� 3'$&�VSHFL¿F�
antigen by demonstrating the presence on C-ter-J28+ of 
a glycosylation-dependent immunodominant epitope, 
common to various pBSDLs, that is able to trigger 
adaptive immune responses.� 2XU� ¿QGLQJV� FRQWUDGLFW�
the hypothesis that the reported poor immunogenicity 
of Panc02 tumor could be due to lack of recognition of 
VXFK�PRGL¿HG�DXWR�DQWLJHQV��5DWKHU��ORZ�WXPRU�DQWLJHQ�
expression, lack of co-stimulatory signals and other factors 
may be partly responsible [4].

$� FULWLFDO� VWHS� LQ� YDFFLQDWLRQ� LV� WKH� HI¿FLHQW�
presentation of cancer antigens to T cells [4]. We therefore 
investigated the potential of C-ter-J28+-pulsed mDC to 
activate CD4+ and CD8+ T-cell responses mandatory to 
develop adaptive anticancer immunity. We found that DC, 
high producers of two cytokines important for both innate 
and adaptive immunities, IL-12 and IL-15 [24, 25], when 
loaded with glycoantigen-J28+, drove CD3+ T-cells toward 
7K��SRODUL]DWLRQ�ZLWK�H[SDQVLRQ�RI�DQWLJHQ±VSHFL¿F�&'�+ 
and CD8+�7�FHOOV�VHFUHWLQJ�,)1�Ȗ��7KHVH�¿QGLQJV�DJUHH�
ZLWK�WKH�NQRZQ�DELOLW\�RI�,/����WR�LQGXFH�DQWLJHQ�VSHFL¿F�
immunity by inducing or increasing Th1 cell and CTL 
responses [24]. ,/���� LQGXFHV� 7�FHOOV� DQG� 1.� FHOOV� WR�
SURGXFH�F\WRNLQHV��SDUWLFXODUO\�,)1�Ȗ�ZLWK�ZKLFK�LW�OLNHO\�
cooperates to induce T-cell clones that expand in response 
WR�VSHFL¿F�DQWLJHQV�DQG�GLIIHUHQWLDWH�LQWR�7K��FHOOV��2XU�
GDWD�DOVR�VXSSRUW�HYLGHQFH�WKDW�WKH�RWKHU�7�FHOO�DQG�1.�
cell activating factor IL-15 may skew naive CD8+ T-cell 
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Figure 4: Immune status of C-ter-J28+-pulsed mDC-injected mice. A.-B. Immune status of mice injected with tumor antigen-
SXOVHG�P'&��&��%O���PLFH�ZHUH�HLWKHU�YDFFLQDWHG�6&�ZLWK�&�WHU�-��+-pulsed mDC, once, twice or three times at weekly intervals or 
received PBS (control mice). A. Intracellular expression of granzyme B in CD4+, CD8+ DQG�1.���+ cells was determined after 4 days 
RI�FXOWXUH��6SOHQRF\WHV�ZHUH�FROOHFWHG���GD\V�DIWHU� WKH� ODVW�'&�LQMHFWLRQ�DQG�FXOWXUHG� LQ�7�FHOO�FXOWXUH�PHGLXP��FXOWXUH�PHGLXP�ZDV�
supplemented with IL-2. B. Reactivity of splenocytes to mitomycin C-treated Panc02 in co-culture. CFSE-labeled splenocytes were plated 
ZLWK�WXPRU�FHOOV�DW�UDWLR�UHVSRQGHU�VWLPXODWRUV�RI���������&)6(�GLOXWLRQ�ZDV�DQDO\]HG�E\�ÀRZ�F\WRPHWU\�DIWHU���GD\V�RI�FR�FXOWXUH�DQG�
7�FHOO�SUROLIHUDWLRQ�HYDOXDWHG��OHIW�SDQHO���&XOWXUH�VXSHUQDWDQWV�IURP�FR�FXOWXUH�ZHUH�FROOHFWHG�DIWHU���GD\V�IRU�,)1�Ȗ�GHWHFWLRQ��ULJKW�SDQHO���
�&�(��&��%O���PLFH�ZHUH�HLWKHU�YDFFLQDWHG�6&�ZLWK�&�WHU�-��+-pulsed mDC three times at weekly intervals or received PBS (control 
mice). Four days following the 3rd DC injection, splenocytes were collected and cultured with mitomycin C-treated Panc02 cells at ratio 
responder:stimulators of 50:1 with IL-2 for 4 days. C. Images of cells after 4 days of co-culture (x200). Co-cultures of splenocytes with 
tumor cells were examined using a phase-contrast microscope. Panc02 cultured with splenocytes from PBS-or mDC-treated mice exhibit 
their usual spindled shape; Panc02 cultured with splenocytes from vaccinated mice show dramatic changes in cell morphology and density. 
D.�,)1�Ȗ�VHFUHWLRQ��&XOWXUH�VXSHUQDWDQWV�IURP�FR�FXOWXUHV�ZHUH�FROOHFWHG�DIWHU���GD\V�IRU�,)1�Ȗ�GHWHFWLRQ��PHDQ�RI�WZR�H[SHULPHQWV���E. 
6SHFL¿F�F\WRWR[LFLW\�RI�YDFFLQDWHG�PLFH�&'�+ T-cells against Panc02 cells. After co-culture, splenocytes were collected and CD8+ T-cells 
SXUL¿HG before incubation with tumor cells at various ratios for 5 hrs. Supernatants from triplicate or quadruplicate cultures were harvested 
IRU�GHWHUPLQDWLRQ�RI�/'+�DFWLYLWLHV���P < 0.05). 
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differentiation towards effectors secreting type 1 cytokines 
[26].

Importantly, LQ�YLYR, tumor antigen J28+-pulsed mDC 
ZHUH�DEOH�WR�SURPRWH�7K��DQG�1.�UHVSRQVHV�LQ�YDFFLQDWHG�
mice, monitored by a T-cell proliferative response to 
epitope J28+�3DQF���FHOOV��VHFUHWLRQ�RI�,)1�Ȗ��LQFUHDVHG���
of CD4+ T-, CD8+ 7��DQG�1.����FHOOV�KDUERULQJ�JUDQ]\PH�
B, and CTL-lysis restricted to PDAC cells. Sustained 
VHFUHWLRQ�RI�,)1�Ȗ�ZDV�WKH�KDOOPDUN�RI�VSOHQRF\WHV�IURP�
C-ter-J28+-DC-vaccinated mice in response to Panc02 in 
culture, with the number of C-ter-J28+-DC-vaccinations 
LPSDFWLQJ�WKH�,)1�Ȗ�VHFUHWLRQ�OHYHO��$�PRGHUDWH�VHFUHWLRQ�
was obtained in response to B16-F0, likely from cells 
other than CD4+- and CD8+�7�� VXFK� DV� DFWLYDWHG� 1.�
and natural killer DC [26, 27]. These distinct responses 
UHÀHFW�7�FHOO�VSHFL¿FLW\�WRZDUGV�DQWLJHQ�EHDULQJ�3DQF����
as reported for LQ�YLWUR�7$$�VSHFL¿F�DQWL�PHODQRPD�&7/�
responses elicited by TAA-loaded DC vaccination [28]. 

C-ter-J28+
 antigen-pulsed-DC vaccination prevents 

ectopic growth of Panc02, in line with previous reports 
using different preparations of Panc02. In prophylactic 
conditions, increased survival was obtained in mice 
vaccinated with mDC pulsed with Panc02 heat-treated 
lysate [29] and irradiated Panc02 [30]. In therapeutic 
FRQGLWLRQV�� 3DQF���51$� WUDQVIHFWHG�'&� LQMHFWLRQ� LQWR�
orthotopic tumors induced their regression [30]. While 
these preclinical trials show LQ�YLWUR�[29, 31] and LQ�YLYR 

[30] that loaded DC activate CTLs, none has controlled 
WKH�VSHFL¿FLW\�RI�YDFFLQDWLRQ�E\�XVLQJ�WDUJHW�WXPRU�FHOOV�
from other cancers. As long as the tumor antigens from 
3DQF��� UHPDLQ�XQGH¿QHG�� WKH�REVHUYHG� LPPXQLW\�PD\�
target surface antigens common to tumor cell lines from 
various origins. In our test of long-term protection, we 
demonstrated that C-ter-J28+-pulsed-DC-vaccinated 
mice, fully protected against Panc02-tumor development, 
all resisted a second Panc02 challenge while most did not 
survive melanoma challenge. This could be attributed 
to memory CD4+ and CD8+ T-cells, consistent with 
the ability of IL-15 yielded by DC to induce increased 
percentages of effector memory CD8+ T-cells [25, 32]. 

$V� ,/���� DOVR� LPSDFWV� RQ�PHPRU\�1.� FHOOV� >��@�� RQH�
cannot exclude their possible role. Yet, since C-ter-J28+-
mDC-vaccination resulted in an at least 5-fold increase 
in the percentage of CD4+- and CD8+-T-cells expressing 
granzyme B in splenocytes of recipients by comparison 
to mDC-vaccination, one can reasonably assume that 
CD4+ and CD8+ T-cell activation is associated to the long-
lasting protection induced by Ag-pulsed-DC. Moreover, 
UHFHQW� ¿QGLQJV� XQGHUVFRUH� WKH� HVVHQWLDO� UROH� RI� ,/����
produced by patients with melanoma after DC vaccination 
LQ�WKH�GHYHORSPHQW�RI�WKHUDSHXWLF�DQWLJHQ�VSHFL¿F�&'�+ 
T-cell immunity [34]. Overall, these results suggest the 
LQYROYHPHQW�RI�WXPRU�VSHFL¿F�&7/�DW�OHDVW�LQ�ORQJ�WHUP�
resistance to Panc02-tumor development, induced by 
tumor antigen-J28+-pulsed mDC.

Immunization with antigen-pulsed mature DCs, 

which aims to elicit antitumor T cell responses, may in fact 
DOVR�OHDG�WR�VLJQL¿FDQW�DQWLWXPRU�LPPXQLW\�LQ�DQ�1.�FHOO�
GHSHQGHQW�PDQQHU��UHÀHFWLQJ�LQWHUSOD\�EHWZHHQ�'&��1.�
and CD4+�DQG�RU�&'�+ T-cells as reported in melanoma 
DQG�RWKHU�WXPRU�PRGHOV�>������@��6XFK�1.�LQYROYHPHQW�
LV�VXSSRUWHG�E\�WKH�¿QGLQJ�RI�DQ�LQFUHDVHG�SHUFHQWDJH�RI�
1.���+ cells expressing granzyme B in mice receiving 
unloaded mDC or mDC loaded with the O-glycosylated 
polypeptide control, TnMUC1.

Protective CTL responses requiring a contribution of 
both CD4+�7�KHOSHU�FHOOV�DQG�1.�FHOOV�DUH�UHSRUWHG�DIWHU�
vaccinations, though only in peculiar conditions, with 
7$$�JHQH�PRGL¿HG�'&�>��@�RU�VXUURJDWH�DQWLJHQ�SXOVHG�
'&�>��@��3URWHFWLRQ�GHSHQGLQJ�RQ�7$$�VSHFL¿F�DQWLWXPRU�
CTL responses elicited LQ�YLYR by TAA-loaded DC has, to 
our knowledge, never as yet been reported. To summarize, 
C-ter-J28+ DC-vaccinations led to an immune status 
characterized by expansion of anti-C-ter-J28+-tumor CD8+ 

T-cells, which LQ�YLWUR�VSHFL¿FDOO\�UHFRJQL]H�3DQF���DQG�
NLOO�WKHP��DQG�WR�1.�FHOO�DFWLYDWLRQ��)XUWKHU�VWXGLHV�DUH�
now needed to delineate the LQ�YLYR relative mechanistic 
contribution of CTL, CD4+�7�FHOOV�DQG�1.�FHOOV��

Furthermore, in control experiments using unloaded 
mDC-immunization, we and others [30, 38-40] have 
found some degree of protection against tumor challenge, 
which is in line with the demonstration that the unloaded 
P'&�PD\�LQGXFH�1.�FHOO�PHGLDWHG�LPPXQLW\�>�����@��
We obtained similar results using the O-glycosylated 
polypeptide control, TnMUC1, for mDC pulsing. This 
correlates in particular with our mDC producing IL-12, 
NQRZQ�WR�HQKDQFH�1.�FHOO�F\WRWR[LFLW\�>��@��7KH�DELOLW\�RI�
unloaded DC to exert protection against tumor challenge, 
to prevent the development of tumor metastases and to 
establish long-term survival is proved to be dependent on 
1.�FHOOV��PDLQO\�LQ�PHODQRPD�PRGHOV�>������@��

Therapeutically, intratumoral immunization 
provided a more potent protective immunity than 
SC immunization, as reported by others [31, 42], but 
ZDV� OHVV� HI¿FLHQW� WKDQ� SURSK\ODFWLF� YDFFLQDWLRQ� >��@��
,PSURYLQJ�YDFFLQH�HI¿FLHQF\�YLD�WKHLU�FRPELQDWLRQ�ZLWK�
agents targeting different pathways is thus required [4]. 
Such combinations might synergistically generate more 
potent immune responses by activating DC and so fully 
exploiting their capacity to trigger anticancer responses.

Lastly, in an orthotopic model of pancreatic cancer, 
QRQ�LQYDVLYH� ORQJLWXGLQDO� VHULDO� 05,� FRQ¿UPHG� WKDW�
disease progression in the murine model is similar to 
clinically encountered adenocarcinomas [43]. Although 
both groups of mice presented with locally advanced 
disease, metastasis was delayed or prevented by the C-ter-
J28+-DC-vaccine, and secondary abdominal disease was 
reduced. Genetically-engineered mouse models (Pdx-1-
Cre/KrasG12D/Ink4a/ArfOR[�OR[ and Pdx-1-Cre; LSL-KrasGD12; 
LSL-Trp53R172H mice), which develop pancreatic tumors 
[44, 45], could not be used since the tested tumors showed 
no reactivity to mAbJ28. This might be due to the fact that 
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Figure 5: Prophylactic DC-vaccination in Panc02 pancreatic adenocarcinoma model. A.� &��%/��-� PLFH� ZHUH� HLWKHU�
vaccinated SC with C-ter-J28+-pulsed mDC, TnMUC1-pulsed mDC or mDC three times at weekly intervals or they received PBS (control 
mice). Four days following the 3rd�'&�LQMHFWLRQ��PLFH�ZHUH�FKDOOHQJHG�6&�ZLWK�3DQF���LQ�WKH�FRQWUDODWHUDO�ÀDQN��/HIW�SDQHO��H[SHULPHQWV�
performed twice on groups of six mice gave similar results (pooled experiments designed experiment I). Data are expressed as mean 
tumor surface area ± SEM. Six of the 12 mice vaccinated with C-ter-J28+ mDC remained free of tumors. Comparisons between groups 
ZHUH�PDGH�E\�WZR�ZD\�$129$�UHSHDWHG�PHDVXUHPHQWV��DQG�GLIIHUHQFHV�ZHUH�FRQVLGHUHG�VLJQL¿FDQW�DW�P���������P����������P < 0.01, 
�P < 0.001). Right panel: n = 6 per group. DC were loaded with C-ter-J28+�RU�7Q08&�������J�PO��H[SHULPHQW�,,�����J�PO�H[SHULPHQW�
,,,� LQ�6XSSOHPHQWDU\�)LJXUH�6����P����������P < 0.01; Holm-Sidak’s post-hoc test. Long-term protection provided by prophylactic 
DC-vaccination. B. Mice receiving prophylactic DC-vaccination and remaining tumor-free were challenged after 43 (experiment I) or 
35 (experiment III) days with Panc02 (left panel, open blue triangle, n = 7) or B16-F0 cells (middle panel; open black circle, n = 7) and 
FRPSDUHG�DJDLQVW�WKHLU�UHVSHFWLYH�FRQWUROV�LQMHFWHG�ZLWK�3DQF����¿OOHG�JUHHQ�VTXDUH��n� ����DQG�%���)���¿OOHG�UHG�FLUFOH��n = 13). Data 
pooled from experiments I and II are expressed as mean of tumor surface area ± SEM. Graph (right panel) shows a Kaplan-Meier survival 
FXUYH�IURP�PLFH�WKDW�UHFHLYHG�3%6��FRQWUROV��¿OOHG�UHG�FLUFOH��n = 13 ) or Cter-J28+�P'&��¿OOHG�EODFN�WULDQJOH��n = 7) followed by B16-F0 
LQRFXODWLRQ��P = 0.0002; log-rang test. C. Fifty-nine days after the second challenge with Panc02 (experiment I), splenocytes were 
collected and expression of granzyme B was determined on the same day (Day 0) without further culture. Therapeutic vaccination. D. 
Fourteen days after Panc02 cell challenge (once a palpable nodule had formed), mice were injected SC (left panel) or intratumorally (right 
panel) with C-ter-J28+-pulsed mDC three times at weekly intervals, or they received PBS (control mice; n = 6). Measurements at day 13 
were subtracted from those at day 31 (termination date). Mann-Whitney test was used to compare tumor development of C-ter-J28+-pulsed 
P'&�UHFLSLHQW�PLFH�ZLWK�WKDW�RI�FRQWURO�PLFH��P����������P < 0.01).
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Figure 6: C-ter-J28+-mDC vaccination attenuates deleterious effects of orthotopically implanted pancreatic 
adenocarcinoma cell induced-tumor monitored by abdominal MRI at d17-18. A. C-ter-J28+-DC-vaccinated mouse (score: 3) 
with a well-marginated primary tumor. B.-E. Control PBS mice. Mouse (score: 13) with a lobulated primary tumor, numerous contiguous and 
GLVWDQW�WXPRUV��DUURZKHDGV���VZROOHQ�/1V��VSOHQRPHJDO\��NLGQH\�DQG�VSOHHQ�GLVSODFHPHQW��DQG�DVFLWHV��$VFLWHV�K\SHULQWHQVLW\�LV�SUREDEO\�
OLQNHG� WR�D�KLJK�SURWHLQ�FRQWHQW� LQ� WKH�SHULWRQHDO�ÀXLG��C.�0RXVH� �VFRUH������ VKRZLQJ�VZROOHQ�/1V��PXOWLSOH� ORFDO�DQG�GLVWDQW� WXPRUV�
(arrowheads), tumor tissue enveloping the spleen, metastasis of the kidney (mass below the kidney capsule), and an abnormal nodular 
aspect of the liver (axial image). D.�0RXVH��VFRUH������ZLWK�SOHXUDO�HIIXVLRQ��OXQJ�FRPSUHVVLRQ�E\�SOHXUDO�ÀXLG��PHWDVWDWLF�PHGLDVWLQDO�/1V�
(thoracic axial image, arrowheads), spleen compression by surrounding tumor tissue, and SC tumors (arrowheads, axial image). E. Mouse 
(score: 12) with bilateral pleural effusion, pleural metastases in the left cavity (coronal and thoracic axial images, arrowheads), and in the 
VWRPDFK�ZDOO��1RWH�WKH�SUHVHQFH�RI�D�WXPRU�EHWZHHQ�WKH�VSOHHQ�DQG�WKH�NLGQH\��D[LDO�LPDJH��DUURZKHDG���F. MRI-based disease progression 
VFRUH��6LJQL¿FDQW�GLIIHUHQFHV�ZHUH�REVHUYHG�EHWZHHQ�YDFFLQDWHG�DQG�QRQ�YDFFLQDWHG�PLFH�DW�G�������*P < 0.05). G. Radar chart comparing 
the total sum of each MRI feature of the score between vaccinated and non-vaccinated mice at d17-18. Abbreviations: d, dorsal; l, left; 
U��ULJKW��Y��YHQWUDO��$6&��DVFLWHV��,17��LQWHVWLQH��.��NLGQH\��/*��OXQJV��/9��OLYHU��/1��O\PSK�QRGHV��3&��SOHXUDO�FDYLW\��3'��SDSHU�GLVF��6��
spleen; SP, spine; ST, stomach; T, primary tumor. Scale bars: 1.



Oncotarget13www.impactjournals.com/oncotarget

in addition to these three genes showing high frequency 
of mutations, a great number ( > 50 in average) of gene 
mutations is found in human PDAC [46]. They affect 
at least a dozen key signaling pathways. Their direct or 
indirect consequences might therefore be responsible 
for the observed human pathological features such as 
hyperfucosylation of pBSDL.

In the proposed model, Panc02-cell-induced 
pancreatic tumor was associated with poorly developed 
stroma and caused neither the typical ductal lesions 
seen in human PDAC nor those found in the genetically 
engineered mice. Interestingly, it induced peritoneal 
carcinomatosis, commonly observed in patients suffering 
from PDAC [47] and considerably contributing to 
their demise [48], and metastasis. This model is widely 
explored for the development of novel therapeutic 
strategies, and here essentially provides relevant targets 
for tumor antigen-DC vaccination.

The main limitation of our model concerns the 
source of C-ter-J28+, more precisely the impossibility of 
obtaining pathological pancreatic juices from patients 
DQG� WKH� LQLWLDO� LQHI¿FLHQF\� RI� UHFRPELQDQW� &�WHU�-��+ 
production. Yet, this production has today greatly 
improved. We have also presented one potential way of 
circumventing this problem by detecting the glycotope-J28 
within BSSL from human milk. 

7R�FRQFOXGH��RXU�¿QGLQJV�SURYLGH�QHZ�LQVLJKWV�LQWR�
the immunogenicity of glycosylated pancreatic TAA, and 
IRU�WKH�¿UVW�WLPH�GHPRQVWUDWH�LQ�D�SUHFOLQLFDO�PRGHO that 
the selective and spontaneous expression of TAA such 
as pBSDL-J28+ on PDAC cells and tissues makes them 
pertinent targets of DC-immunotherapy. C-ter-J28+ DC-
vaccination could represent a novel option for PDAC 
multiple adjuvant therapy in humans [for review see 49].

MATERIALS AND METHODS

Ethics statement

The investigation was conducted in accordance with 
the French guidelines for animal care and the directive 
��������(8� RI� WKH� (XURSHDQ� 3DUOLDPHQW�� DQG� ZDV�
approved by the local ethics committee of Aix-Marseille 
University.

Mice

6HYHQ�WR����ZHHN�ROG�&��%/��-�5M��+��b) mice and 
105,�QX��QX�QX� mice were from Janvier (Le Genest-St. 
Isle, France). 

Cell lines

&HOO� OLQHV� GHULYHG� IURP� &��%/��� LQFOXGHG� WKH�
highly tumorigenic murine pancreatic carcinoma cell line 
ZLWK�GXFWDO�PRUSKRORJ\��3DQF����NLQGO\�SURYLGHG�E\�'U�9��
Schmitz and E. Raskopf (University of Bonn, Germany), 
and the metastatic clones of the B16 melanoma, B16-F0 
and B16-F10. Also used were HEK-293T cells isolated 
IURP� KXPDQ� HPEU\RQLF� NLGQH\� DQG�PRGL¿HG� ZLWK� WKH�
69���/DUJH�7�DQWLJHQ��+(.����7�FHOOV�ZHUH�WUDQVIHFWHG�
with the pSecTag-2B plasmid (Life Technologies, Saint 
Aubin, France) encoding for hexahistidine-tagged 6 
repeated sequences of the human C-terminal domain 
�&�WHU��5��RI�%6'/�F'1$�DQG�WKXV�FDOOHG�+(.�&�WHU��5��
RU�IRU�WKH�%6'/�F'1$�FRPSULVLQJ����UHSHDWHG�VHTXHQFHV�
of the human C-terminal domain and thus called HEK-
BSDL-17R. 

Before injection, cells were tested negative for 
mycoplasma contamination.

Antigens

pBSDLs-J28+�ZHUH�SXUL¿HG�IURP�SDQFUHDWLF�MXLFHV�
of patients suffering from PDAC [11] and the pBSDL-J28+ 
C-terminal glycopolypeptide (C-ter-J28+) was then 
obtained by cyanogen bromide cleavage of pBSDL-J28+ 
[14]. These C-ter-J28+ were used in all the experiments 
unless indicated. Recombinant BSDL-17R-J28+ (rBSDL-
17R-J28+�� ZDV� SXUL¿HG� IURP� +(.�%6'/���5� FHOO�
culture supernatant and its C-terminal glycopolypeptide 
(rC-ter-17R-J28+) obtained as mentioned above. EAT 
�($739337*'6��DQG�*$3��*$339337*'6��SHSWLGHV��
and the synthetic pBSDL C-terminal polypeptide (77 
mers), were purchased from Proteogenix (Oberhausbergen, 
France). The synthetic MUC1 polypeptide (100 mers) 
UHSUHVHQWV�¿YH�UHSHDWV�RI����DPLQR�DFLGV��2�JO\FRV\ODWHG�
LQ�YLWUR�ZLWK�*DO1DF�LQFRUSRUDWHG�ZLWKLQ�����WKUHRQLQHV�
per repeat [20]. This glycosylated peptide, designated 
TnMUC1, was kindly provided by Pr O. Finn (Univ of 
3LWWVEXUJK�6FKRRO�RI�0HGLFLQH��3$��86$���3XUL¿HG�ELOH�
salt-stimulated lipases (BSSL) were a generous gift of Pr 
O. Hernell (Umea University, Sweden).

Tumor induction and vaccination strategies

Panc02 (5x105 to 1x106) and B16-F0 (1 to 3x105) 
ZHUH� LQRFXODWHG� VXEFXWDQHRXVO\� �6&�� LQWR� WKH� ÀDQN� RI�
&��%/���PLFH�DQG�+(.�&�WHU��5�RU�+(.����7���[��6) 
LQWR�WKH�ÀDQN�RI�QXGH�PLFH��7XPRU�JURZWK�ZDV�H[SUHVVHG�
as the product of perpendicular diameters, measured 
XVLQJ�D�GLJLWDO�FDOLSHU��0LFH�ZHUH�VDFUL¿FHG�ZKHQ�WXPRUV�
exceeded 250 mm2. For orthotopic conditions, cubes (2 
mm3) of SC Panc02-tumors were surgically transplanted 
onto the pancreas (see a novel procedure detailed below). 
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For prophylactic vaccination, DC were injected SC into 
RQH�ÀDQN��WKUHH�WLPHV�DW�ZHHNO\�LQWHUYDOV�XQOHVV�LQGLFDWHG. 
For therapeutic vaccination, DC were injected SC or 
intratumorally when tumors had formed a palpable nodule.

Orthotopic tumor implantation

The pancreas of anesthetized mice was exposed 
after laparotomy on a sterile gauze. A cube (2 mm3) of a 
SC tumor induced by pancreatic adenocarcinoma Panc02 
cells, was placed on a sterile disc (diameter: 2 mm) of 
:KDWPDQ� SDSHU� �1����� D� GURS� RI� +LVWRDFU\O�� JOXH�
(Brown, Melsungen, Germany) was put next to the tumor. 
The paper was then stuck onto the pancreas with the tumor 
in between. After suturing, mice received SC injections of 
DQDOJHVLF��%XSUHQRUSKLQH�����PJ�NJ��DIWHU�WKH�RSHUDWLRQ�
and again a few hours later.

Antibodies (Ab)

Control isotype Abs from mouse and rabbit were 
purchased from BD Pharmingen and Beckman Coulter, 
respectively. Polyclonal (p)AbL64 and pAbL32 Abs, 
directed against a mixture of human BSDL and pBSDL 
from pathological pancreatic juices, were produced in 
our laboratory. The mAbJ28 was a gift from Dr. M. 
J. Escribano (Inserm U260, Marseille, France). Anti-
CD4-A647, anti-CD8-PE, anti-IA-A647, and anti-MHC-I 
(H-2Kb)-PE Abs were from Ozyme (St Quentin-en-
Yvelines, France); anti-CD11c-eFluor450, anti-granzyme 
%�3%�� DQG� DQWL�,)1�Ȗ�),7&� IURP� (ELRVFLHQFH� �San 
Diego, CA); anti-CD40, anti-CD80 and anti-CD86 from 
BD Biosciences (Le Pont-de-Claix, France); anti-CD40L-
FITC from Proteogenix (Oberhausbergen, France); and 
DQWL�1.����$����DQG�DQWL�1.S���3(�$EV�IURP�0LOWHQ\L�
Biotec (Bergisch Gladbach, Germany). 

Flow cytometry

Cells were labeled as described in [12] using 
�� RU� ��� SDUDIRUPDOGHK\GH� ¿[DWLRQ�� )RU� LQWUDFHOOXODU�
VWDLQLQJ��FHOOV�ZHUH�LQFXEDWHG�IRU���KRXUV�DW����&�ZLWK�
monensin (GolgiStop, BD Pharmingen, San Diego, CA). 
$IWHU�)F�UHFHSWRU�EORFNLQJ�XVLQJ�DQWL�&'���&'����%'�
Pharmingen) and staining with anti-CD4, anti-CD8 and 
DQWL�1.���� $EV�� LQWUDFHOOXODU� ,)1�Ȗ� DQG� JUDQ]\PH� %�
SURGXFWLRQ� ZDV� GHWHUPLQHG� XVLQJ� )R[3��7UDQVFULSWLRQ�
Factor Staining Buffer Set (Ebioscience, San Diego, 
CA���)OXRUHVFHQFH�ZDV�TXDQWL¿HG�XVLQJ�D�*DOOLRV�ÀRZ�
cytometer (Beckman Coulter, Roissy CDG, France). Data 
were analyzed using FlowJo software (Tree Star, San 
Carlos, CA). The results are expressed as percentages of 
ÀXRUHVFHQW�FHOOV�VWDLQWHG�E\�VSHFL¿F�$E�PLQXV�SHUFHQWDJHV�
RI�ÀXRUHVFHQW�FHOOV�VWDLQHG�E\�LVRW\SH�$E��

Immunohistocytochemistry

Immunohistocytochemistry was performed using 
the Dako ARKTM (Dako, Hamburg, Germany) according 
to the manufacturer’s instructions. The staining was 
completed by incubation with substrate-chromogen 
3,3-diaminobenzidine (DAB). Sections were counter-
stained with hematoxylin-phloxin.

T-cell proliferation

1LQH� GD\V� DIWHU� LPPXQL]DWLRQ�� D� FHOO� VXVSHQVLRQ�
ZDV�SUHSDUHG�IURP�GUDLQLQJ�O\PSK�QRGHV��/1���7�FHOOV�
ZHUH�SXUL¿HG�XVLQJ�D�QHJDWLYH�LVRODWLRQ�NLW��,QYLWURJHQ��
ZKHQ� LQGLFDWHG��$IWHU� ODEHOLQJ�ZLWK� FDUER[\ÀXRUHVFHLQ�
succinimidyl ester (CFSE) (1µM, Invitrogen), cells 
were plated at 2-4 x105� FHOOV�ZHOO� LQ� FXOWXUH� PHGLXP�
[RPMI-1640, 5% fetal bovine serum (FBS), 50µM 
ȕ�PHUFDSWRHWKDQRO�� ��� QRQ�HVVHQWLDO� DPLQR� DFLGV�
(Invitrogen) and 1% sodium pyruvate (Invitrogen)] 
containing antigens. Cultures were carried out in triplicates 
or quadruplicates.

Generation of dendritic cells (DC), DC-antigen 
loading and maturation

'&� ZHUH� JHQHUDWHG� IURP� &��%O��� PRXVH� ERQH�
marrow according to Inaba’s protocol [50], and cultured 
ZLWK� ��� QJ�PO� RI� *0�&6)� �,PPXQRWRROV�� )ULHVR\WKH��
Germany�� At days 2 and 4, supernatant was removed 
DQG� UHSOHQLVKHG�ZLWK� IUHVK�'&�PHGLD�� ,/��� ����QJ�PO��
was added when indicated. At days 5-6, DC were loaded 
with antigens. Maturation was induced with a combination 
RI� /36� �����J�PO�� 6LJPD�$OGULFK�� DQG� �7�� PXULQH�
¿EUREODVWV� WUDQVIHFWHG�ZLWK�PXULQH�&'��/�DW� ���� UDWLR�
��7��'&���$W�GD\V������H[SUHVVLRQ�RI�VXUIDFH�PHPEUDQH�
markers was controlled by cytometry analysis.

Cytokine detection in DC-culture supernatants

Culture supernatants were collected for cytokine 
detection by ELISA (for IL-12, Ozyme; for IL-15, 
5D\ELRWHFK�� ,QF�� 1RUFURVV, *$�� DQG� E\� 5D\%LR��
Mouse Cytokine Antibody Array I (RayBiotech), before 
being revealed using Gbox system (GeneSnap software, 
Syngene, Ozyme).

Cytotoxic assays

Cytotoxicity was assessed by lactate dehydrogenase 
�/'+��UHOHDVH�DVVD\�XVLQJ�WKH�&\WR7R[����1RQUDGLRDFWLYH�
Cytotoxicity kit (Promega Corporation, Madison, WI, 
USA) following the manufacturer’s protocol. 
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Abdominal MRI

DC-induced response was assessed LQ� YLYR on 
days 7-8, 9-10 and 17 or 18 after orthotopic tumor 
implantation by serial MRI. Twelve tumor-bearing and 
WZR�FRQWURO�PLFH�ZHUH� LPDJHG�DW�YHU\�KLJK�¿HOG�RQ�DQ�
������ 7� YHUWLFDO� %UXNHU�$9$1&(� ����:%� ZLGH�ERUH�
MR system (Bruker, Ettlingen, Germany) [51], with a 
WUDQVPLWWHU�UHFHLYHU� YROXPH� ELUGFDJH� FRLO� �GLDPHWHU� ���
PP���XQGHU�JDVHRXV�DQHVWKHVLD���������LVRÀXUDQH�LQ�DLU���
The respiratory rate was kept at 70±20 breaths per minute 
(bpm) and monitored using a pneumatic pressure probe 
and an MRI compatible monitoring and gating system 
(PC-sam, Small Animal Instruments Inc., Stony Brook, 
1<���%RG\�WHPSHUDWXUH�ZDV�PDLQWDLQHG�DW����&�XVLQJ�WKH�
magnet gradients. Multi-slice images were acquired, 15 
WR����PLQXWHV�DIWHU�LQWUDSHULWRQHDO�LQMHFWLRQ�RI����ȝO�RI�
����0�JDGRWHULF�DFLG��'27$5(0���*XHUEHW��9LOOHSLQWH��
France), in the sagittal, coronal and transverse planes 
using a 2D spin-echo sequence (repetition time, 448 ms; 
HFKR�WLPH�����PV��ÀLS�DQJOH���������DFFXPXODWLRQV��ZLWK�
respiratory gating to reduce motion artefacts. Geometrical 
parameters were as follows: matrix, 300 x 240 for sagittal 
DQG�FRURQDO�SODQHV�DQG�����[�����IRU�WKH�D[LDO�SODQH��¿HOG�
of view, 24 x 30 mm for sagittal and coronal planes and 
24 x 24 mm for the axial plane; spatial resolution, 100 
x 100 x 500 µm3, 20 contiguous slices. Total acquisition 
time was 8 to 12 minutes per plane depending on the 
respiration rate. Tumor growth, morphology and spread 
were evaluated by two trained MRI scientists (ATP-B and 
$9��EOLQGHG�WR�WKH�WUHDWPHQW�FRQGLWLRQV�RQ����FRQWLJXRXV�
slices in three orthogonal planes covering the entire 
primary tumor, using manual volumetry and a disease 
SURJUHVVLRQ�VFRUH�LQVSLUHG�E\�WKH�7XPRU�1RGH�0HWDVWDVLV�
�710��VWDJLQJ�V\VWHP�>��@�

Statistical analysis

The statistical analysis was performed using the 
WZR�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��WHVW�IROORZHG�E\�
a Bonferroni test, and the Mann-Whitney, the Kruskall-
Wallis and the Fisher’s exact tests.�9DOXHV�DUH� UHSRUWHG�
DV�PHDQV���6(0��9DOXHV�RI�P < 0.05 were considered 
VLJQL¿FDQW� P��������ERUGHUOLQH�VLJQL¿FDQW��7KH�VXUYLYDO�
curves were determined using the Kaplan-Meier method. 
The log-rank test was used to compare curves between 
study and control groups. Principal component analysis 
(PCA) on variances of MRI parameters was performed 
with JMP 9 software. 
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