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Abstract
Pancreatic ductal adenocarcinoma (PDAC) has the 
poorest prognosis of all malignancies and is largely 
resistant to standard therapy. Novel treatments against 
PDAC are desperately needed. Anti-Gal is the most 
abundant natural antibody in humans, comprising 
about 1% of immunoglobulins and is also naturally 
produced in apes and Old World monkeys. The anti-Gal 
ligand is a carbohydrate antigen called “α-gal epitopes” 
with the structure Galα1-3Galβ1-4GlcNAc-R. These 
epitopes are expressed as major carbohydrate antigens 
in non-primate mammals, prosimians, and New World 
monkeys. Anti-Gal is exploited in cancer vaccines to 
increase the immunogenicity of antigen-presenting 
cells (APCs). Cancer cells or PDAC tumor lysates are 
processed to express α-gal epitopes. Vaccination with 
these components results in in vivo  opsonization by 
anti-Gal IgG in PDAC patients. The Fc portion of the 
vaccine-bound anti-Gal interacts with Fcγ receptors 
of APCs, inducing uptake of the vaccine components, 
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irinotecan, which is called the FOLFIRINOX regimen[6,7]. 
Unfortunately, the survival of patients treated with 
these regimens is marginal. 

From the point of view of the PDAC microenvironment, 
reciprocal interactions between cancer cells and 
host cells including fibroblasts and inflammatory 
and vascular endothelial cells orchestrate a micro­
environment that is immunosuppressive, fibrotic, and 
poorly vascular[8-10]. This desmoplastic reaction that 
surrounds PDAC lesions constitutes a major obstacle 
to the efficacy of therapy[11]. Indeed, cytotoxic drugs 
poorly penetrate this dense stromal matrix. Hence, 
novel therapeutic approaches against PDAC are 
urgently needed. As immunotherapies act differently 
than conventional therapies, including chemotherapy 
or radiation therapy, they are a promising alternative 
treatment modality for this deadly disease. 

Here, we review relevant immunotherapies and 
address the basic problems with cancer immunotherapy. 
We detail our recent strategy for vaccination with 
tumor antigens exploiting the interaction between α-gal 
epitopes and anti-Gal antibody. The ligand for anti-
Gal is a carbohydrate antigen called α-gal epitope with 
the structure Galα1-3Galβ1-4GlcNAc-R, which is on 
carbohydrate chains of glycolipids and glycoproteins[12]. 
Furthermore, we also discuss our novel immunotherapy 
approach that targets pancreatic cancer stem cells 
(CSCs) using stem cell markers that are engineered to 
express α-gal epitopes. 

Epidemiology and clinical management of pancreatic 
cancer
PDAC is the fifth leading cause of cancer-related death 
in the developed world, with more than 260000 deaths 
annually worldwide[13]. Surgical resection (resectable 
disease) is the only curative treatment. However, 
the 5-year survival rate after surgical resection is 
only 5.5%-21%[2]. Radiation therapy (as combined 
modality therapy for locally advanced/unresectable 
disease) and chemotherapy (as adjuvant treatment 
for both locally advanced/unresectable and metastatic 
disease) have become a part of the armamentarium 
of therapy for PDAC[14,15]. However, most patients 
present with advanced, unresectable disease, and 
even those that undergo successful surgical resection 
have high recurrence rates, with an average overall 
survival of 16-18 mo[14,15]. Chemotherapeutic options 
include gemcitabine-based therapy[16] and more 
recently, FOLFIRINOX in select patients with a favorable 
performance status[6,7]. We and others have reported 
encouraging survival rates following preoperative 
gemcitabine-based chemoradiotherapy in patients 
with potentially resectable PDAC[17-19]. Despite modest 
improvements in mortality and quality of life, the 
benefits of treatment remain limited, and cures are 
rare.

The poor prognosis of PDAC is related to a com­
bination of late detection and relatively ineffective 
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transport of the vaccine tumor membranes to draining 
lymph nodes, and processing and presentation of 
tumor-associated antigens (TAAs). Cancer vaccines 
expressing α-gal epitopes elicit strong antibody 
production against multiple TAAs contained in PDAC 
cells and induce activation of multiple tumor-specific T 
cells. Here, we review new areas of clinical importance 
related to the α-gal epitope/anti-Gal antibody reaction 
and the advantages in immunotherapy against PDAC.
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Core tip: The goal of cancer immunotherapy is to 
elicit an immune response against autologous tumors 
and to induce multiple T cell clones against multiple 
tumor-associated antigens. To establish effective, next-
generation immunotherapy toward pancreatic ductal 
adenocarcinoma (PDAC), we focus on the strong 
interaction between the natural human antibody, anti-
Gal, and carbohydrate antigens called “α-gal epitopes”. 
Here, we review the literature on the distribution of 
natural anti-Gal antibody and its ligand in mammals 
and characterization of the immunosuppressive 
microenvironment of PDAC tumors, which is a major 
obstacle against effective clinical immunotherapies. We 
also discuss immunotherapeutic strategies using the 
α-gal epitope/anti-Gal antibody reaction. 
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is common 
worldwide, and its incidence is gradually increasing 
in the United States, with an estimated 43920 new 
cases and 37390 deaths in 2012[1]. Surgical resection 
is the only known curative treatment for PDAC[2], and 
patients who develop a recurrence usually present 
with the recurrence between 9 and 12 mo after 
resection[3]. The median survival of PDAC patients 
following surgery is 15-20 mo, with a 5-year survival 
rate of approximately 20%[3,4]. Accordingly, the 
median survival of patients with locally advanced, 
unresectable PDAC is very poor[2,5]. Currently, only a 
few chemotherapeutic agents have been shown to be 
effective against PDAC, including gemcitabine and a 
combination of fluorouracil, leucovorin, oxaliplatin, and 



standards of care. Several promising drugs that 
target important characteristics of malignancy, such 
as angiogenesis, proliferation, and metastasis, have 
failed to provide clinically relevant benefits and have 
provided only trivial improvements in disease-free 
survival and overall survival rates. 

As immunotherapies act differently than standard 
treatments (chemotherapy and radiation therapy), 
they represent a promising alterative treatment 
modality for this deadly disease. Immunotherapies 
use techniques such as vaccination that is designed 
to activate the patient’s immune system with tumor-
associated antigens (TAAs) expressed in PDAC 
cells. The immune system that has been activated 
by vaccination can recognize TAAs and eradicate 
cancer cells. Although several clinical studies 
have documented evidence of treatment-induced, 
antigen-specific immune responses, few, if any, 
protective immune responses have been observed 
in patients with metastatic disease[20]. In addition, 
vaccination against TAAs is an attractive approach 
as an adjuvant-setting treatment after surgery when 
tumor-induced immune suppression is minimal[21,22]. 
Effective anticancer functions of the immune system 
require cytotoxic CD8+ T cells, Tn helper-1 (Th-1) 
cells, mature dendritic cells (DCs), activated pro-
inflammatory macrophages (M1), and natural 
killer cells. However, PDAC cells induce both local 
and systemic immune dysfunction, thus avoiding 
detection by the immune system[8-10,23]. 

Immune cells in PDAC promote an immunosuppressive, 
anti-inflammatory environment, which is a major 
obstacle in clinical immunotherapy
At the level of cancer cells, PDAC cells induce both 
local and systemic immune dysfunction via at least 
three mechanisms involving modulation of the 
immune system and avoidance of detection by 
effector cells: (1) contact-dependent factors [i.e., 
expression of immune system checkpoint ligands 
such as ligand for programmed death-1 (PD-L1)]; (2) 
secretion of soluble immunosuppressive factors such 
as interleukin (IL)-10, transforming growth factor 
(TGF)-β, and vascular endothelial growth factor; and 
(3) interference with major histocompatibility complex 
(MHC) class Ⅰ peptide presentation by downregula­
tion of MHC class Ⅰ expression, disabling antigen 
degradation, or preventing antigen insertion into the 
MHC class Ⅰ groove (Figure 1). 

The tumor microenvironment of PDAC consists of 
not only cancer cells but also immune suppressive 
cells such as cancer-associated fibroblasts (CAFs), 
tolerogenic DCs, myeloid-derived suppressor cells 
(MDSCs), immunosuppressive tumor-associated 
macrophages (TAMs), and regulatory T cells (Tregs) 
(Figure 1). These immunosuppressive cells in PDAC 
can inhibit the anti-tumor immunity that is induced by 
vaccines. Accumulation of these immunosuppressive 

cells may be closely related to the extent of disease 
and may contribute to the failure to provide clinically 
relevant benefits. CAFs secrete fibroblast activation 
protein (FAP-α), which further suppresses effector 
T cells by interfering with tumor necrosis factor- 
and interferon-γ-related activation[24,25]. FAP-α is 
overexpressed in both the PDAC stroma and on PDAC 
cells[26], and anti-FAP-α monoclonal antibodies are 
currently in clinical development. MDSCs are immature 
myeloid cells that suppress both innate and adoptive 
immunity[27]. Factors contributing to their action in 
immunity include sequestration of cysteine, expression 
of high levels of arginase, impairment of T cell homing 
to lymph nodes, and secretion of TGF-β. These factors 
inhibit the function of effector T cells and natural killer 
cells and promote the development of Tregs. Patients 
with PDAC have increased numbers of MDSCs in their 
circulation compared to healthy controls, and MDSC 
numbers are correlated with levels of the Th-2 cytokine 
IL-13 and Treg cell numbers[28,29]. An increased 
number of circulating MDSCs is an independent poor 
prognostic factor in PDAC patients[28,29]. Furthermore, 
TAMs interact with the immune system via multiple 
mechanisms such as secretion of IL-10 and TGF-β 
and expression of immune inhibitory ligands such as 
PD-L1. In PDAC, TAMs are significantly increased in 
tumor tissue[30,31]. Patients with PDAC have increased 
numbers of Tregs, both in the circulation and in tumor 
tissues. By expression of cytotoxic T lymphocyte 
antigen-4 and secretion of IL-10 and TGF-β, Tregs 
suppress the exaggerated immune responses induced 
by vaccination[32,33]. Conversely, a low Treg percentage 
in the circulation 1 year after surgical resection is 
correlated with improved survival[34]. Taken together, 
these cellular subtypes, including CAFs, MDSCs, TAMs, 
and Tregs, are potent obstacles against effective 
clinical immunotherapies.

Reciprocal distribution of the natural anti-Gal antibody 
and its ligand, a-gal epitopes, in mammals
Anti-Gal is the most abundant antibody in humans, 
comprising about 1% of immunoglobulins, and is 
present as IgG, IgM, and IgA isotypes[35,36]. Anti-
Gal is continuously produced throughout life as an 
immunological response to antigenic stimulation 
by bacteria of the normal flora, including Klebsiella 
pneumonia, Escherichia coli, and Serratiamarcecens[35,36]. 
As many as 1% of human B cells are capable of 
producing anti-Gal[12], most of which are quiescent; 
only those in the gastrointestinal tract produce 
this antibody in response to continuous antigenic 
stimulation by gastrointestinal bacteria. Anti-Gal in 
humans is encoded by several heavy-chain genes, 
primarily of the VH3 immunoglobulin gene family[12,37]. 
The distribution of anti-Gal in mammals is unique 
(Figure 2). Anti-Gal is produced only in humans and 
Old World primates (monkeys of Asia and Africa). In 
contrast, all other mammals including non-primate 

11398 October 28, 2015|Volume 21|Issue 40|WJG|www.wjgnet.com

Tanemura M et al . Significant immunotherapy for pancreatic cancer



enzyme α1, 3 galactosyltransferase (α1, 3 GT). As α-gal 
epitopes are abundant in both marsupials and placental 
mammals and absent in non-mammalian vertebrates 
(fish, reptiles, and birds), the α1, 3 GT gene and α-gal 
epitope appeared in mammalian evolution at least 140 
million years ago (Figure 2). The continued prevention 
of anti-Gal production in mammals by natural selection 
throughout this evolutionary period may have resulted 
in the elimination of anti-Gal-encoding immunoglobulin 
genes from the mammalian genome[12]. 

The only known exceptions to anti-Gal production 
in mammals are in Old World monkeys, apes, and 
humans[12], which all have an inactive α1, 3 GT gene 
as the result of a few single-base deletions that 
generate premature stop codons that truncate the 
enzyme molecule, resulting in an inactive protein[12]. 

mammals (e.g., kangaroos, mice, rats, pigs, dogs, 
horses, lions, and dolphins), prosimians (e.g., lemurs), 
and New World monkeys (monkeys of central and 
south America) produce only the specific ligand for 
anti-Gal and not the antibody (Figure 2). The ligand 
for anti-Gal is a carbohydrate antigen called the α-gal 
epitope with the structure Galα1-3Galβ1-4GlcNAc-R, 
which is present on carbohydrate chains of glycolipids 
and glycoproteins[12]. In 1968, Eto et al[38] were the 
first to isolate the glycolipid ceramidepentahexoside, 
which contains the non-reducing terminal sequence 
Galα1-3Galβ1-4GlcNAc-R, from rabbit red blood cells 
(RBCs). Subsequently, the structure of rabbit RBC 
ceramidepentahexoside was further characterized 
by Stellner et al[39] in 1973. The synthesis of α-gal 
epitopes in mammals is catalyzed by the glycosylation 
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Figure 1  Mechanistic basis for vaccine-based immunotherapy, and immune co-stimulatory, co-inhibitory ligands and receptors, and soluble immune 
modulating factors involved in T cell activation and inhibition. Anticancer immunotherapy aims to harness the natural ability of the immune system to recognize 
and react against potential TAAs. Peptide-based, protein-based, or whole cell-based vaccines rely on identified immune-dominant TAA epitopes to stimulate anticancer 
T-cell responses. Antigen-presenting cells (APCs), including dendritic cells, capture antigens obtained from vaccinations. After intracellular processing, antigen 
peptides are loaded onto major histocompatibility complex (MHC class Ⅰ or Ⅱ) molecules on the surface of the APC. Specific T cells encounter these MHC-peptide 
complexes in conjugation with a co-stimulatory signal. The activated T cells proliferate and secrete cytokines (IL-2, IL-4, IL-5, INF-γ), resulting in the production of a 
cascade of immune effector cells. Immunotherapeutic strategies that inhibit immune checkpoints such as those mediated by CTLA-4 and PD-1 reduce the barriers that 
vaccines must overcome to trigger therapeutically relevant anticancer immune responses. Recently, preclinical and clinical studies have demonstrated that combining 
immune-modulating agents such as cyclophosphamide (CY) and checkpoint inhibitors (anti-CTLA-4, anti-PD-1, anti-PD-L1) with vaccine strategies can enhance 
anticancer immune responses as well as block the tolerizing mechanisms that would otherwise inhibit these responses. ADCC: Antibody-dependent cell-mediated 
cytotoxicity; CAF: Cancer-associated fibroblast; CDC: Complement-dependent cytolysis; CTLA-4: Cytotoxic T lymphocyte antigen-4; FAP-α: Fibroblast activation 
protein-α; TAM: Tumor-associated macrophage; TCR: T cell receptor; PD-1: Programmed cell death protein 1; PD-L1: Programmed death-ligand.
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Based on the sequence of the α1, 3 GT pseudogene 
in Old World primates and humans, inactivation of 
the α1, 3 GT gene in ancestral Old World primates 
may have occurred 20-28 million years ago[12] (Figure 
2), and the inactivation may have been associated 
with a major catastrophic epidemiological event 
that affected only ancestral Old World primates[12]. 
New World monkeys and lemurs were not subjected 
to this selective pressure because they evolved in 
geographical areas that were separated from the Old 
World land mass by oceanic barriers. Primates with 
an inactivated α1, 3 GT gene lack the α-gal epitope 
and thus are not immunotolerant to it. The anti-Gal 
antibody, if produced following inactivation of the α1, 3 
GT gene, may provide immune protection to ancestral 
Old World primates against pathogens endemic to 
the Old World land mass that were detrimental to 
primates that expressed α-gal epitopes[12]. Several 
pathogens, including enveloped viruses[12], bacteria[12], 
and protozoa[12], express α-gal epitopes and can be 
destroyed by anti-Gal binding.

Anti-Gal antibody interacts specifically with α-gal 
epitopes on glycolipids and glycoproteins. Anti-Gal 
was initially discovered on RBCs of patients with 
β-thalassemia, on normal human senescent RBCs[12,40], 
and on sickle cell anemia RBCs. A cryptic antigen 
capable of binding anti-Gal may be present on human 
RBCs that are about 120 d old or on thalassemia and 
sickle cell anemia RBCs on which this antigen is present 
on younger RBCs[12,40]. The amount of this cryptic 
antigen on RBCs is very low, resulting in markedly high 
binding of anti-Gal, which is detrimental[41]. 

Although anti-Gal contributes to a number of 
pathological phenomena, this antibody is ubiquitous 

in humans. Furthermore, anti-Gal activity is found 
in cancer patients with solid tumors, including colon 
cancer, ovarian cancer, and PDAC and in patients with 
B cell lymphoma; anti-Gal activity is similar in patients 
with various types of cancer and healthy individuals[40]. 
Anti-Gal may be amenable to exploitation in a number 
of clinical settings such as cancer immunotherapy, as 
described in this review.

Interaction of anti-Gal/α-gal epitopes as a barrier in 
clinical xenotransplantation
Xenotransplantation, or transplantation of organs 
and tissues from animals such as pigs into humans, 
is of considerable clinical importance because the 
number of human organ donors is insufficient[42,43]. 
Pigs are considered to be the most suitable organ 
donors because their organs are similar in size and 
function as many human organs[42,43]. However, pig 
cells express very high levels of α-gal epitopes[35]. Anti-
Gal in xenograft recipients binds to α-gal epitopes 
on the endothelial cells of xenografts and induces 
complement-dependent cytolysis followed by platelet 
aggregation, occlusion of small blood vessels, collapse 
of the vascular bed, and hyperacute rejection of the 
xenograft within 0.5-24 h (Figure 3)[35]. An additional 
complicating factor in xenotransplantation is associated 
with the important finding that approximately 1% 
of B cells in humans produce anti-Gal[35,36]. When a 
xenograft is transplanted into humans, the released 
α-gal glycoproteins activate these quiescent B cells 
to produce anti-Gal. The anti-Gal IgG titer increases 
by approximately 100-fold due to increases in both 
the concentration and affinity of the antibody[41]. In 
noteworthy studies performed by Groth and Galili, 
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Figure 2  Reciprocal evolution of α1, 3 galactosyltransferase (α1, 3 GT) enzyme activity, α-gal epitopes, and anti-Gal antibody in mammals. α-gal epitopes 
have been synthesized in mammals by α1, 3 galactosyltransferase (α1, 3 GT) for more than 125 million years, since before the divergence of placental mammals 
and marsupials. All non-mammalian vertebrates lack α1, 3 GT and do not express α-gal epitopes. Expression of this epitope was suppressed in ancestral Old World 
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Tanemura M et al . Significant immunotherapy for pancreatic cancer



they clearly demonstrated such an increase in anti-Gal 
activity in patients with diabetes who received both 
an allogeneic kidney and fetal pig islets. This increase 
in anti-Gal occurred despite immunosuppressive 
treatment that was potent enough to prevent rejection 
of the kidney allograft[40,44]. This elicited anti-Gal IgG 
activity is likely to mediate destruction of xenograft 
cells by antibody-dependent cell-mediated cytotoxicity.

Fortunately, this immunological barrier was overcome 
in 2003 by the generation of α1, 3 GT knockout pigs, 
which lack α-gal epitopes[45,46]. Accordingly, heart and 
kidney xenografts from these knockout pigs transplanted 
into monkeys survived for several months[42,46-48]. The 
detrimental anti-Gal/α-gal epitope interaction that 
occurs in xenotransplantation may be harnessed for 
beneficial purposes in other clinical areas such as 
immunotherapy. 

Principals of PDAC treatment with immunotherapy
Because currently available therapies have signifi­
cant limitations, PDAC is an ideal setting for the 
development of novel treatment modalities such as 
immunotherapy. However, certain obstacles must be 
overcome for immunotherapeutic regimens against 
PDAC to be successful. 

Tumor cell vaccines have been considered for use 
in immunotherapy. The simplest vaccine approach that 

has been applied in PDAC is inoculation of individuals 
with irradiated tumor cells (i.e., whole cancer cell-
based vaccines). This approach has the following 
advantages[49-51]. Whole cancer cell-based vaccines 
circumvent the need for targeting a selected TAA as 
they rely on irradiated tumor cells that by definition 
express a panel of TAAs. In this setting, allogeneic 
preparations overcome the technical difficulties 
that may be posed by the production of autologous 
vaccines, which require the isolation of a sufficient 
amount of malignant tissue from patients. Whole cell-
based vaccines also provide non-biased immunization 
of lymphocytes and sera against TAAs, resulting in the 
generation of a reagent that may be used to identify 
immunologically relevant TAAs for use in the design of 
antigen-specific vaccination strategies. 

In general, cytotoxic T cell lymphocytes play 
a critical role in the immunological cascade that 
ultimately results in the lysis of cancer cells in a TAA-
specific manner[23]. Receptors on the surface of T cells 
bind to TAAs or peptide fragments that are bound 
to MHC class Ⅰ molecules, which are present on the 
surface of professional antigen-presenting cells (APCs) 
such as DCs and macrophages. T cell activation, 
however, also requires the presence of costimulatory 
molecules (e.g., B7.1, B7.2), which can be provided 
only by professional APCs[52]. The interaction of the T 
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Xeno KTx into baboon Rejected pig kidney graft
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Figure 3  Hyperacute rejection of α-gal+/+ pig kidney xenografted into a baboon (1 d after kidney transplantation). The interaction of natural baboon anti-Gal 
antibody with millions of α-gal epitopes expressed on the pig cell surface causes strong xenograft rejection. The in vivo binding of anti-Gal antibody to α-gal epitopes 
on transplanted pig heart or kidney is the main cause of hyperacute rejection of such grafts in humans and Old World monkeys. The recent generation of α1, 3 GT 
knockout pigs that lack α-gal epitopes has resulted in the elimination of this immunological barrier.
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cell receptor on naïve T cells with the TAA on tumors 
without the delivery of a costimulatory nonspecific 
signal (Signal 2) is thought to result in the T cell 
entering a state of long-term unresponsiveness to the 
TAA, called anergy[53-55]. Once T cells are activated, 
helper T cells are recruited that secrete cytokines such 
as IL-2 and granulocyte macrophage colony-stimulating 
factor, which further enhances T cell activation and 
proliferation (Figure 1). Accordingly, T cells require 
these two signals to become fully activated[56]. Despite 
these immunological responses to the presence of 
PDAC cells, effective immunity does not develop 
against PDAC cells because of impaired tumor 
recognition by immune cells, poor immunogenicity 
of TAAs, and the presence of an immunosuppressive 
milieu in the PDAC tumor microenvironment, which 
includes CAFs, MDSCs, TAMs, and Tregs (Figure 1). 

Another reason for the absolute requirement for 
effective uptake of whole cell-based vaccines by APCs 
is that activation of TAA-specific T cells does not occur 
at the vaccination site, but rather takes place within 
the draining lymph nodes of the vaccination sites or in 

the spleen. Only after they are activated can tumor-
specific T cells leave the lymph nodes or spleen to seek 
and destroy cancer cells that express the TAAs. For 
such activation to occur, the whole cell-based vaccine 
must be transported from the vaccination site by APCs 
to lymph nodes or the spleen[57,58]. Transportation 
of vaccines occurs only after effective uptake of the 
vaccine by APCs[57,58].

Improving APC targeting through formation of immune 
complexes containing a-gal epitopes and anti-Gal
As described above, TAA molecules expressed on 
whole cell-based vaccines are not modified to express 
markers that allow effective recognition by APCs. This 
section describes how whole cell-based vaccines can 
be directed to APCs through formation of immune 
complexes that interact with Fcγ receptors (FcγRs) on 
APCs. The carbohydrate make-up of whole cell-based 
vaccines can be modified to include expression of α-gal 
epitopes (Figure 4). These epitopes are recognized by 
naturally abundant anti-Gal antibodies that opsonize 
the whole cell-based vaccines, and the resulting immune 
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Figure 4  Increased immunogenicity of known and unknown tumor-associated antigens and MUC1 engineered to express α-gal epitopes. Immunity towards 
known and unknown tumor-associated antigens (TAAs), including MUC1, in PDAC patients is relatively weak, and presentation of these TAAs to the immune system 
is poor due low immunogenicity. We tested the effects of vaccination using immunogenetically enhanced known and unknown TAAs and MUC1 with expression of α-gal 
epitopes on production of antibodies for MUC1 and other TAAs derived from PDAC cells, as well as induction of tumor-specific T cell activation.
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complex enhances the immunogenicity of the whole 
cell-based vaccine. APCs, including macrophages, skin 
Langerhans cells, and blood-derived DCs, all express 
FcγRs (e.g., Fcγ RI/CD64, Fcγ RⅡ/CD32, Fcγ RⅢ/CD66). 
These FcγRs bind and mediate the internalization of 
opsonized cells (i.e., cells with bound IgG molecules), 
cell membranes, or molecules (all defined as cancer 
antigens) via the Fc portion of the opsonizing IgG 
antibody[59-61]. This results in enhancement of the 
immunogenicity of the antigen that is complexed with 
an IgG antibody. Thus, vaccination of cancer patients 
with a tumor cell vaccine that is modified to express 
α-gal epitopes should result in in situ binding of the 
patient’s anti-Gal IgG molecules to α-gal epitopes 
on the vaccinating cell membrane. This targets the 
vaccines to APCs by interaction of the Fc portion of the 
anti-Gal antibody on the vaccinating cell membrane 
with FcγRs on the APCs[62,63]. This interaction induces 
the uptake of the whole cell-based vaccine by APCs, 
which subsequently transport the vaccinating tumor 
membranes to the draining lymph nodes or spleen.

In our previous study[64], we investigated the 
beneficial effects of whole cell-based vaccines with 
α-gal epitope-expressing pancreatic cancer cells in the 
induction of tumor-specific B- and T-cell responses, in 
vivo prevention of tumor growth, and improvement 
in survival[64]. We employed a human pancreatic cell 
line, PANC1, which endogenously expresses Mucin1 
(MUC1) in the whole cell-based vaccine. MUC1 can 
be used as a tumor marker and is a potential target 
for PDAC immunotherapy. However, vaccination with 
MUC1 peptides fails to stimulate an immune response 
against PDAC because immunity toward TAAs, 
including MUC1, in PDAC patients is relatively weak, 
and the presentation of these TAAs to the immune 
system is poor due to their low immunogenicity (Figure 
4). To increase the immunogenicity of the PANC1 
whole cell-based vaccine, which includes unknown 
TAAs and the MUC1 antigen against APCs, we modified 
these cells to express α-gal epitopes by transfection 
of the mouse α1, 3 GT gene (designated here as 
α-gal PANC1) (Figure 4). This modified whole cell-
based vaccine takes advantage of anti-Gal antibodies, 
resulting in increased uptake of TAAs contained in the 
tumor cell vaccine in an antibody-dependent manner. 
Simultaneously, MUC1 can also be engineered to 
express α-gal epitopes, because the MUC1 molecule 
has five potential sites for N-glycans and can bind anti-
Gal in situ at the vaccination sites (Figure 4).

In Figure 5A, we show a schematic illustration 
of an experimental protocol. The anti-Gal antibody 
as a natural antibody is not present in naïve α1, 3 
GT knockout mice. Repeated immunizations with 
pig kidney fragments result in the appearance of 
anti-Gal antibodies, with an anti-Gal IgG titer that 
is similar to that observed in a large proportion of 
samples of human serum. In vitro analysis of the 
immune response showed that three vaccinations 

with α-gal PANC1 elicited a strong anti-MUC1 IgG 
response, whereas vaccination with whole parental 
PANC1 cells did not elicit such an antibody response 
(Figure 5B). Furthermore, α-gal PANC1 whole cell-
based vaccines induced a protective immune response 
against a tumor challenge with the MUC1-expressing 
B16F10 melanoma cell line (Figure 5C). The beneficial 
effects of α-gal PANC1 whole cell-based vaccines are 
illustrated by prolonged survival after tumor challenge.

PDAC tumor lysates that are engineered to express 
α-gal epitopes can target pancreatic CSCs
In previous sections, we described the in vitro and in 
vivo effects of whole cell-based vaccination with α-gal 
epitope-expressing pancreatic cancer cells[64]. However, 
the effect was somewhat weak as shown in Figure 
5C. To further develop an effective immunotherapy 
for PDAC, we hypothesized that the tumor lysate is a 
more suitable source of TAAs for vaccination because 
it contains several known and unknown antigens 
expressed in cancer cells and stromal cells that can 
elicit a broad-spectrum anti-tumor immune response 
(Figure 6). Moreover, the primary PDAC tumor tissue 
contains a subset of putative pancreatic CSCs[65-69] 
(Figure 6). These pancreatic CSCs are resistant to 
the standard cytotoxic agent gemcitabine and show 
enhanced metastatic potential[65-69]. Additionally, 
inducing an immune response against pancreatic 
CSCs, which constitute only 1% of all cancer cells, is 
often difficult[65-69]. 

In the newest study in our institute, we prepared 
a polyvalent tumor lysate vaccine that was engi­
neered to express α-gal epitopes on primary PDAC 
tumors (designated α-gal tumor lysate vaccine)[70]. 
Accordingly, α-gal tumor lysate vaccines should be able 
to increase the immunogenicity of the broad spectrum 
of TAAs, which are present in differentiated pancreatic 
cancer cells, pancreatic CSCs, and stromal cells (Figure 
6). As shown in Figures 7 and 8, we investigated the 
beneficial effects of the α-gal tumor lysate vaccine 
using adoptive transfer models. The tumor growth 
of live PDAC cells, which include differentiated 
pancreatic cancer cells and pancreatic CSCs, in non-
obese diabetic/severe combined immunodeficiency 
(NOD/SCID) mice was examined. The experimental 
design of the adoptive transfer model using NOD/SCID 
mice is shown in Figure 7. High anti-Gal knockout 
mice were generated as described in a previous 
study[41]. Subsequently, these mice were vaccinated 
with either the parental tumor lysate or an α-gal 
tumor lysate vaccine. To compare the effectiveness 
of the α-gal whole cell-based vaccine with that of 
the α-gal tumor lysate vaccine, the NOD/SCID mice 
were given ip injections of an α-gal whole cell-based 
vaccine consisting of 1 × 106 cells irradiated with 50 
Gy in a manner similar to the tumor lysate vaccine. 
One week after the last vaccination, splenocytes were 
prepared from successfully vaccinated donor knockout 
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Figure 5  Experimental design for in vitro and in vivo studies and anti-MUC1 IgG antibody production assessed with an enzyme-linked immunosorbent 
assay. A: Schematic illustration of the experimental protocol; B: Anti-MUC1 IgG production in knockout mice vaccinated with α-gal PANC1, and anti-MUC1 IgG 
production in knockout mice vaccinated with parental PANC1; C: Size of subcutaneous tumors after challenge with MUC1-B16F10 cells. +: death.
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mice. For adoptive transfer, these isolated splenocytes 
were transferred by ip injection into NOD/SCID mice. 
One day after adoptive transfer, all NOD/SCID mice 
were challenged with either live PDAC cells or live 
pancreatic CSCs (i.e., CD44+CD24+ PANC1 cells). 
These mice were examined for both tumor growth and 
survival (Figure 7). Regarding the size of subcutaneous 
tumors after a challenge with live PDAC cells (Figure 
8A), untreated control mice, parental tumor lysate-
vaccinated, and α-gal whole cell-vaccinated mice 
developed large tumors, whereas no tumor growth 
was noted in the α-gal tumor lysate-vaccinated 
mice[70]. Regarding the size of subcutaneous tumors 
after a challenge with live pancreatic CSCs, control 
mice, parental tumor lysate-vaccinated, and α-gal 
whole cell-vaccinated mice developed large tumors, 
but tumorigenesis by pancreatic CSCs was completely 
prevented in all α-gal tumor lysate-vaccinated mice 
(Figure 8B). With the exception of the α-gal tumor 
lysate group, no significant differences were found in 
the time to appearance of palpable tumors after tumor 
challenge among these three groups, including the 
α-gal whole-cell group. Moreover, vaccination with the 
parental tumor lysate and with α-gal whole-cell did 
not prolong the survival time after tumor challenge 
with pancreatic CSCs, whereas vaccination using the 
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Figure 6  Concept of effective vaccination with α-gal tumor lysate against pancreatic ductal adenocarcinoma. A tumor lysate is a more suitable source of 
tumor-associated antigens (TAAs) because it contains several known and unknown antigens in cancer cells and stromal cells that can elicit a broad-spectrum anti-
tumor immune response. Moreover, the primary tumor of pancreatic adenocarcinoma contains a subset of pancreatic cancer cells with stem cell properties (i.e., 
pancreatic cancer stem cells: pancreatic CSCs). To increase the immunogenicity of known and unknown TAAs, CSC markers, or TAAs contained in cancer stromal 
cells to antigen-presenting cells, anti-Gal bound to α-gal-expressing TAAs could be a suitable strategy. 

α-gal tumor lysate significantly improved survival after 
tumor challenge[70]. Taken together, in vivo anti-tumor 
effects induced by α-gal tumor lysate vaccination were 
markedly stronger than those with either the parental 
tumor lysate or α-gal whole-cell. The reason for the 
powerful induction of anti-tumor effects by α-gal 
tumor lysate vaccination was clearly shown with flow 
cytometry (Figure 8C). Sera from both α-gal whole-cell 
and α-gal tumor lysate groups more strongly bound to 
both CD44+CD24+ (pancreatic CSCs) and CD44-CD24- 

PANC1 cells (differentiated PDAC cells) than to those 
from the parental tumor lysate group. Importantly, 
vaccination with the α-gal tumor lysate induced 
better antibody production against both PANC1 cell 
populations than α-gal whole cell-based vaccination 
(Figure 8C). 

We conclude that the use of a tumor lysate vaccine 
that is engineered to express α-gal epitopes can elicit 
a durable and broadly protective immune response to 
subtypic PDAC cells, and that such vaccination may be 
a strategy for a universal cancer vaccine that will cure 
patients with PDAC. 

Conclusion and future perspectives 
The inability of the immune system to mount an 
antitumor response in PDAC despite an influx of 
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vaccination should also be assessed due to evidence 
that synergistic effects may occur when both therapies 
are administered simultaneously (Figure 9). We 
sincerely hope that the use of a tumor lysate vaccine 
that is engineered to express α-gal epitopes will elicit 
a strong immune response toward all PDAC cells, 
including differentiated PDAC cells and PDAC CSCs, 
and will improve the prognosis for patients with PDAC. 

For clinical application of this effective immunotherapy, 
we need to assess the toxicity and safety of injection 
of α-gal tumor lysates in humans. Although further 
studies are required, we should earnestly and simul­
taneously engage in both clinical studies involving 
α-gal tumor lysate vaccination and safety studies for 
this novel immunotherapy against the deadly disease, 
PDAC. 
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Figure 8  In vivo tumor growth in adoptively transferred non-obese diabetic/severe combined immunodeficiency mice challenged with either live PANC1 
cells or live CD44+CD24+ PANC1 cells, and production of antibodies against differentiated cancer cells and cancer stem cells. A: We monitored tumor growth 
in splenocyte-transferred mice. No tumors were noted in the α-gal tumor lysate-vaccinated mice. No significant differences in the time to appearance of a palpable 
tumor after tumor challenge were observed in the untreated control group and parental tumor lysate group (untreated: 10.6 ± 2.5 d; parental tumor lysate: 11.9 ± 2.1 
d). In contrast, the development of tumors in the α-gal whole cell vaccination group was significantly delayed compared with the untreated and parental tumor lysate 
groups (α-gal whole-cell: 16.0 ± 2.8 d, P = 0.018 vs control; P = 0.004 vs parental tumor lysate). In the untreated control group, the maximum tumor size was 100 
mm2 within 29 to 34 d (mean: 31.4 ± 2.1 d). In comparison, tumor growth to a similar size was markedly delayed in both the parental tumor lysate group (40.3 ± 6.9 d, 
P = 0.007 vs control) and α-gal whole-cell group (45.6 ± 8.3 d, P = 0.0013 vs control). +; death; B: The tumorigenesis of pancreatic CSCs was completely prevented 
in all α-gal tumor lysate-vaccinated mice. With the exception of the α-gal tumor lysate group, no significant differences were seen in the time to appearance of 
palpable tumors after tumor challenge among the groups (untreated: 13.1 ± 3.3 d; parental tumor lysate: 14.4 ± 3.4 d; α-gal whole-cell: 17.0 ± 3.8 d). The tumor 
size reached 100 mm2 in 40.6 ± 1.8 and 48.0 ± 4.4 d in the untreated and parental tumor lysate groups, respectively. However, tumor growth to a similar size was 
significantly delayed in the α-gal whole-cell group (60.5 ± 7.9 d; P < 0.001 vs control; P = 0.033 vs parental tumor lysate). +; death; C: Production of either anti-CD44-

CD24- PANC1 (i.e., differentiated pancreatic cancer cells) antibodies or anti-CD44+CD24+ PANC1 (i.e., pancreatic cancer stem cells) antibodies in sera of vaccinated 
knockout mice assessed with flow cytometry. Closed histogram; stained cells with sera from non-vaccinated knockout mice, open histogram; stained cells with sera 
from vaccinated knockout mice. MFI: mean fluorescence intensity.
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Figure 9  Treatment strategy using cancer immunotherapy utilizing α-gal epitope/anti-Gal antibody reaction for pancreatic ductal adenocarcinoma patients. 
The clinical implications of this cancer immunotherapy model are shown. For patients with resectable disease, we plan to employ autologous tumor lysates prepared 
from surgically resected PDAC that is enzymatically engineered to express α-gal epitopes. For patients with recurrent disease after surgery, additional immunotherapy 
with either α-gal whole cancer cell-based vaccines or α-gal tumor lysate vaccination (tumors generated in mice) should be assessed. For patients with unresectable 
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