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MUC1-specific IgG. Moreover, we show evidence of CD4 
and CD8 T cell infiltration into IPMN areas of high dysplasia 
suggesting an ongoing immune response within the lesions. 
We also found, however, increased levels of circulating 
myeloid-derived suppressor cells (MDSCs) and regulatory 
T cells (Tregs) in some IPMN patients as well as evidence 
of T cell exhaustion. Further studies correlating immunosur-
veillance or immunosuppression with IPMN progression to 
malignancy will help define the immune response as a bio-
marker of risk, leading potentially to a vaccine to boost spon-
taneous immunity and prevent progression to cancer.

Keywords  MUC1 · Cancer vaccines · Pancreatic cancer · 
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Abbreviations
CTL	� Cytotoxic T cell
IFN-g	� Interferon gamma
IL-4	� Interleukin-4
IPMN	� Intraductal papillary mucinous neoplasm(s)
LAG-3	� Lymphocyte-activated gene-3
MDSC	� Myeloid-derived suppressor cell
MUC1	� Mucin 1
PBMC	� Peripheral blood mononuclear cell
PD-1	� Programed cell death protein-1
TIM-3	� T cell immunoglobulin and mucin-containing 

protein-3
Treg	� Regulatory T cell

Introduction

Cancer immunotherapy is a rapidly evolving field with sev-
eral new agents showing unprecedented results in clinical 
trials [1–3]. In spite of the latest successes, immunotherapy 
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is not a definitive answer to the cancer problem, being 
effective in only a subset of patients. This is considered to 
be largely due to multiple and often redundant mechanisms 
that developing tumors use to thwart an effective antitumor 
immune surveillance. In addition, the cost of cancer therapy 
in general and immunotherapy in particular is rising twice 
as fast as overall healthcare costs making these treatments 
unavailable for most patients [4]. An alternative strategy to 
combat the existing cancer crisis would be to prevent can-
cer, primarily in the form of prophylactic vaccines.

The most appropriate candidates for initial testing of 
prophylactic vaccines are patients diagnosed with prema-
lignant disease that can rapidly progress to cancer, or indi-
viduals with known cancer-causing mutations and thus at 
high risk of developing cancer. Administration of cancer 
vaccines to individuals without cancer would circumvent 
many tumor-suppressive mechanisms that are reducing the 
potential for success of many, if not all immunotherapies 
[5–8]. Advancements in cancer screening have allowed 
identification of premalignant lesions for many cancers and 
have provided new opportunities to examine and confirm 
that many well-known tumor antigens are also expressed 
in premalignancy, thus providing suitable targets for the 
immune system to recognize and potentially eliminate pre-
malignant lesions and/or prevent their recurrence and pro-
gression to cancer.

IPMNs are a recognized precursor lesion for pancreatic 
adenocarcinoma. IPMNs can present as cystic lesions of 
the main pancreatic duct or one of its branches and they 
are often found incidentally on abdominal imaging prior to 
invasive cancer development [9]. IPMNs present a clinical 
challenge since only 15–25 % of IPMNs will progress to 
invasive adenocarcinoma. Risk factors have been reported 
that predict the presence of high-grade dysplasia or micro-
scopic invasive adenocarcinoma, but they are imperfect, 
and there are no validated predictive factors for progres-
sion to malignancy [9–11]. In addition, patients with 
IPMNs are at an increased risk of not only cancer aris-
ing from the cyst itself but elsewhere in the pancreas as a 
result of field carcinogenesis [12, 13]. The field carcino-
genesis may also give rise to pancreatic adenocarcinoma 
even after resection of invasive or noninvasive IPMN and 
thus requires lifelong close surveillance [11]. Patients 
with IPMN would greatly benefit from immunoprevention 
strategies.

To consider a prophylactic vaccine as an alternative 
approach to intercepting IPMN progression to cancer, an 
antigen needed to be identified that is present on IPMN 
and on pancreatic cancer but not on normal epithelial cells 
of the pancreatic ducts. Mucin 1 (MUC1) is a transmem-
brane glycoprotein that is expressed on most glandular and 
ductal epithelial cells, including that of the pancreas [14]. 
In normal epithelial cells, MUC1 is highly glycosylated, 

expressed at low levels and polarized to the apical cell 
surface. Cancer cells hypoglycosylate MUC1 resulting in 
truncated sugars on a more exposed protein backbone sus-
ceptible to processing into new peptides and glycopeptides 
that are different from normal and thus recognized by the 
immune system as foreign. This, in addition to its loss of 
polarization and overexpression in cancer compared to nor-
mal cells, has made MUC1 an attractive target for cancer 
immunotherapy [15]. MUC1-specific cytotoxic T lympho-
cytes (CTLs) have been found in pancreatic [16], breast 
[17] and ovarian [18] cancer patients, and MUC1-specific 
antibodies have been associated with a survival benefit 
in cancer patients [19–21]. The abnormal form of MUC1 
has also been detected in chronic inflammation and some 
premalignant lesions including colonic polyps, precur-
sors to colon cancer [22–25]. We have previously reported 
that individuals with colonic polyps have anti-MUC1 IgG 
showing that these premalignant lesions are under immune 
surveillance. In addition, a MUC1 peptide vaccine was 
administered to healthy individuals who had colon adeno-
mas removed but were at high risk of adenoma recurrence 
and progression to colon cancer [26]. The vaccine was 
highly immunogenic and safe and is currently being tested 
in a multicenter placebo-controlled trial for efficacy, i.e., 
prevention of adenoma recurrence. Considering that MUC1 
is abnormally expressed on pancreatic cancer, we sought to 
provide information on MUC1 expression in IPMNs and 
the immune microenvironment of IPMN that would sug-
gest either ongoing immunosurveillance or immunosup-
pression, both important for the success of a vaccine.

Here we confirm expression of abnormal MUC1 on 
IPMNs and show evidence of immune surveillance. We 
also found that some patients with premalignant IPMN 
already had an increased level of immunosuppressive cell 
populations in their circulation and elevated levels of inhib-
itory receptors on their T cells indicating T cell exhaustion, 
similar to what has been found in cancer patients.

Materials and methods

Blood and tissue collection

Serum and peripheral blood mononuclear cells (PBMCs) 
were collected at diagnosis from IPMN and pancreatic can-
cer patients seen in the Department of Medicine, Division 
of Gastroenterology, Hepatology and Nutrition at the Uni-
versity of Pittsburgh Medical Center. All patients signed 
an informed consent that was approved by the Institu-
tional Review Board of the University of Pittsburgh. IPMN 
patients with a family history of pancreatic cancer were 
excluded from this study. Serum and PBMC samples from 
healthy donors were collected under a separate protocol.
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Histology and immunohistochemistry

IPMNs for histopathology and immunohistochemistry were 
obtained from patients who underwent surgery. For MUC1-
specific staining, 5-µm-thick sections of paraffin-embedded 
tissue were deparaffinized by baking overnight at 59  °C. 
Endogenous peroxidase activity was eliminated by treat-
ment with 30 % H2O2 for 15 min at room temperature. Anti-
gen retrieval was achieved by microwave heating in 0.1 % 
citrate buffer. Nonspecific binding sites were blocked with 
2  % BSA. Anti-MUC1 antibody HMPV was purchased 
from BD Pharmingen, and anti-MUC1 antibody VU-4H5 
was purchased from Santa Cruz Biotechnology. Staining 
was performed by the avidin–biotin–peroxidase complex 
method with a commercial kit (Vectastain ABC kit; Vector 
Laboratories). Color development was performed using a 
3,3′-diaminobenzidine kit (BD Pharmingen).

Evaluation of IPMN infiltrating leukocytes was per-
formed on Ventana BenchMark Ultra automated system 
(Ventana Medical Systems, Inc), using monoclonal anti-
bodies for CD3, CD4, CD8, and CD20. Density of immune 
cells and their spatial distribution in neoplastic tissue was 
assessed by manual count at 200×.

The results were evaluated independently by two investi-
gators blinded to tissue origin.

Anti‑MUC1 ELISA

MUC1-specific antibody levels were measured by ELISA. 
Immulon 4HBX microtiter plates (Thermo Scientific) 
were coated overnight at 4  °C with 1  μg MUC1 100-
mer peptide (H2N-(GVTSAPDTRPAPGSTAPPAH)5-
CONH2) in 50 μL phosphate-buffered saline (PBS). The 
plates were washed three times with PBS and subse-
quently blocked with 100 μL 2.5  % bovine serum albu-
min (Sigma-Aldrich) in PBS for 1 h at room temperature 
to prevent nonspecific antibody binding. MUC1-negative 
control plates were prepared similarly. After removal of 
the blocking reagent, 50 μL of plasma dilutions (1:40 in 
2.5 % BSA in PBS) was added to the wells and incubated 
for 1  h at room temperature. Subsequently, the plates 
were washed five times with 0.1 % TWEEN 20 (Sigma-
Aldrich) in PBS; 50  μL of alkaline phosphatase-conju-
gated goat antihuman IgG (Sigma-Aldrich; diluted 1:1000 
in 2.5 % BSA in PBS) was then added to each well. Fol-
lowing 1-h incubation at room temperature, the plates 
were washed five times with 0.1 % TWEEN 20 in PBS. 
After washing, 100  μL of substrate solution (SIGMA-
FAST p-nitrophenyl phosphate tablets; Sigma-Aldrich) 
was added to the plates. The reaction was terminated after 
1 h by adding 50 μL 0.5 M NaOH. Using a spectropho-
tometer, the optical density at 405  nm was then meas-
ured. To correct for non-specific antibody binding, the 

OD values of the MUC1-negative control wells were sub-
tracted from the OD values of the test wells coated with 
MUC1. Assays were performed in triplicates.

Flow cytometry

PBMCs were obtained as described above. Before stain-
ing for surface markers, cells were incubated with human 
BD Fc Block (BD Biosciences). For the analysis of circulat-
ing MDSCs and Tregs, the following antihuman antibodies 
were used: CD11b-APC (clone: ICRF44; BD Biosciences), 
CD33-PE (clone: WM53; BD Biosciences), HLA-DR-FITC 
(clone: G46-6; BD Biosciences), CD4-FITC (clone: RPA-T4; 
BD Biosciences), CD25-APC (clone: BC96; BioLegend) and 
FOXP3-PE (clone: PCH101; eBioscience). For intracellular 
staining of FOXP3, cells were first stained for surface mark-
ers and subsequently fixed and permeabilized in fixation/per-
meabilization buffer according to manufacturer’s instruction 
(eBioscience). After washing, cells were resuspended in per-
meabilization buffer and stained for FOXP3. Flow cytometry 
analysis was performed using an LSR II (BD Biosciences), 
and data were analyzed using FlowJo (Tree Star). MDSCs 
were defined as CD11b+ CD33+ HLA-DR− cells. Tregs 
were defined as CD4+ CD25+ FOXP3+ cells. T cell exhaus-
tion was defined using antihuman antibodies for lymphocyte-
activated gene-3 (LAG-3) (clone: 3DS223H; eBioscience), 
programed cell death protein-1 (PD-1) (clone: MlH4; eBio-
science) and T cell immunoglobulin and mucin-containing 
protein-3 (TIM-3) (clone: 344823; R&D systems).

Data analysis

Data represents means +  individual data points. Cutoff val-
ues for antibody titers and MDSCs were calculated as the 
mean + 3 standard deviations of the healthy donor population 
[27]. Subjects that could be clearly distinguished from the rest 
of the healthy donor population as having a high anti-MUC1 
antibody titer were excluded for calculation of the cutoff 
values. Statistical analyses were performed with GraphPad 
Prism (GraphPad) using a one-way ANOVA and Tukey’s post 
hoc test. P values <0.05 were considered significant.

Results

IPMNs overexpress the hypoglycosylated abnormal 
form of MUC1

Tissue sections of intermediate- or high-grade IPMN were 
stained with two MUC1-specific monoclonal antibod-
ies. Anti-MUC1 antibody clone HMPV is glycosylation 
independent and recognizes both normal and abnormal 
MUC1. In contrast, anti-MUC1 antibody clone VU4H5 is 
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glycosylation dependent and recognizes only the hypogly-
cosylated tumor form of MUC1. Analysis of stained IPMN 
biopsies revealed increased expression and loss of polari-
zation of MUC1 on epithelial cells in areas of dysplasia 
compared to adjacent normal ductal epithelium (Fig.  1a). 
The majority of MUC1 expressed in areas of dysplasia is 
the abnormal hypoglycosylated form of MUC1 that is not 
found on the adjacent normal epithelium (Fig. 1a).

Given the expression of abnormal MUC1 in areas of 
dysplasia, which would be expected to be recognized by 
the immune system, sequential tissue sections were stained 
with antibodies against CD3, CD4, CD8 and CD20 to deter-
mine whether abnormal MUC1 expression on IPMNs elic-
ited a local immune response. Increased T cell infiltration 
as detected using anti-CD3 antibody was seen in the stroma 
surrounding areas with high-grade dysplasia compared to 
areas with intermediate-grade dysplasia (Fig. 1b). The T cell 
infiltrate comprised both CD4 and CD8 T cells with CD4 

T cells predominantly associated with the stroma, and CD8 
T cells found within the stroma and also within the epithe-
lial layer. Little to no T cell infiltration was detected in the 
stroma surrounding adjacent normal epithelia. Staining with 
anti-CD20 revealed very few if any B cells (not shown).

Spontaneously generated MUC1‑specific IgG in sera 
of patients with IPMN

Using serum ELISA, we analyzed anti-MUC1 antibody 
responses in patients with premalignant IPMNs. We spe-
cifically focused on IgG antibodies, as the MUC1-specific B 
cell isotype switching from IgM to IgG requires T cell help 
and thus indirectly indicates the presence of MUC1-specific 
T cell immunity. Anti-MUC1 IgG responses were found in 
30 of 88 patients with IPMN (34.1 %) compared to 11 of 
75 healthy subjects (14.7 %; Fig. 2a). In agreement with the 
profound immunosuppression that is commonly observed in 

Fig. 1   MUC1 expression and 
T cell infiltration in IPMN. a 
Consecutive tissue sections are 
stained with antibodies directed 
against normal MUC1 (left 
panel) or hypoglycosylated 
tumor MUC1 (right panel). 
b Consecutive tissue sections 
are stained with antibodies 
directed against CD3, CD4 and 
CD8 showing the relationship 
between T cell infiltration and 
high-grade dysplasia, intermedi-
ate-grade dysplasia and adjacent 
normal epithelium
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cancer patients, anti-MUC1 IgG was found in only 19 out of 
105 (18.1 %) pancreatic cancer patients (Fig. 2a).

Evidence for systemic immunosuppression in some 
patients with IPMN

Tregs and MDSCs have been shown to accumulate in the 
tumor microenvironment and in circulation and to suppress 

immune effector responses of cancer patients and thus 
facilitate cancer growth and lower effectiveness of can-
cer immunotherapy [5, 7]. Very little is known about the 
role of these cells in premalignancy. As expected, Tregs 
(+48 %; p < 0.05) and MDSCs (7.5-fold; p = 0.0512) were 
markedly elevated in patients with pancreatic cancer com-
pared to healthy subjects (Fig.  2b, c). These immunosup-
pressive cells were also present in higher percentages in 

Fig. 2   Anti-MUC1 IgG and 
levels of circulating Treg and 
MDSC in IPMN. a Detection 
by ELISA of anti-MUC1 IgG in 
sera of patients with IPMN and 
pancreatic cancer compared to 
healthy donor controls. Absorb-
ance at 405 nm. b Treg as 
percent of CD4+ cells; c MDSC 
as percent of PBMC; and d 
levels of anti-MUC IgG cor-
relate inversely with the levels 
of MDSCs in the circulation of 
patients with IPMN. *p < 0.01; 
**p < 0.05
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IPMN patients compared to healthy subjects with the major 
increase in Treg (+59  %; p  <  0.05), comparable to the 
levels found in cancer. MDSCs were also present in some 
patients with IPMN and showing a trend toward higher per-
centages than in healthy donors. Significantly, lower per-
centages of MDSC were seen in IPMN patients compared 
to pancreatic cancer patients. It thus seems that at least in a 
fraction of patients with premalignant IPMN the immuno-
suppressive microenvironment has already been established 
and might facilitate progression of these IPMNs to cancer.

We also explored the possibility that the same immuno-
suppressive environment might be responsible for the lack 
of or low levels of anti-MUC1 IgG in some IPMN patients. 
We examined the correlation between the levels of Tregs 
and MDSCs and anti-MUC1 IgG in patients where we had 
matched serum and PBMC samples. There was no correla-
tion between Tregs and anti-MUC1 IgG (data not shown). 
However, the levels of anti-MUC IgG showed a strong 
inverse relationship with the levels of MDSCs (Fig. 2d).

We also looked for evidence of suppression of the effec-
tor T cells by evaluating surface expression of inhibitory 
receptors LAG-3, PD-1 and TIM-3, typically expressed 
on chronically activated and “exhausted” T cells. T cell 
exhaustion is thought to be a natural mechanism for lim-
iting immune pathology as a result of an overzealous 
immune response to chronic antigen exposure. Tumors 

can hijack these same mechanisms for limiting activity of 
tumor-specific T cells by turning them into exhausted T 
cells that fail to proliferate, secrete cytokines or lyse tar-
get cells [28–30]. Compared to healthy controls, T cells 
in PBMC from IPMN patients had significantly elevated 
expression of one of the exhaustion markers, LAG-3 
(Fig.  3). Expression levels of PD-1 and TIM-3 were also 
higher in IPMN patients and closer to the levels found on T 
cells from pancreatic cancer patients, even though the dif-
ference from normal did not reach statistical significance.

Discussion

The process of tumorigenesis is complex, and it can take 
many years before tumor is clinically detectable. Most 
tumors possess antigens that can elicit an immune response 
resulting in tumor elimination or long-term control of 
tumor growth [31, 32]. Many of these target antigens have 
been identified based on their abnormal expression on 
tumor cells compared to normal cells. It is postulated that 
many molecules would also be abnormally expressed on 
premalignant lesions as the cells are undergoing initial 
changes in the progression from normal to malignant phe-
notype. There is still only limited information on such mol-
ecules that could be very important in targeting these early 
lesions for cancer immunoprevention.

Fig. 3   Surface expression of markers of T cell exhaustion. Flow cytometry analysis of circulating T cells stained with antibodies against LAG-3, 
PD-1 and TIM-3. *p < 0.01; **p < 0.05
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We show here that IPMN, one of pancreatic cancer pre-
cursors, expresses the abnormal tumor form of MUC1, a 
well-defined and studied tumor antigen [33]. We also show 
that immune surveillance occurs early in the development 
of pancreatic cancer, as seen by the presence of anti-MUC1 
IgG antibodies in patients’ sera and greater infiltration 
of CD4 and CD8 T cells in the IPMN stroma in areas of 
dysplasia compared to adjacent normal epithelium. This 
finding, especially the presence of anti-MUC1 antibody, 
supports attempts at prevention of progression of IPMNs 
to pancreatic cancer by administering a MUC1 vaccine 
to boost this preexisting immunity. The presence of anti-
MUC1 IgG in some patients should also be further evalu-
ated as a possible biomarker for risk of progression from 
premalignant IPMN to malignant cancer. It is known that 
breast and pancreatic cancer patients have survival advan-
tage if they present with anti-MUC1 antibody at the time of 
diagnosis [19]. It would be reasonable to postulate that the 
presence of anti-MUC1 IgG would similarly control IPMN 
progression and lower the risk of cancer not only in the cyst 
itself but elsewhere in the pancreatic parenchyma.

Under the pressure from the immune system, some 
tumors build an elaborate, multi-component, multi-mecha-
nism immunosuppressive environment that facilitates their 
growth, invasion and metastasis and affects negatively both 
passive and active cancer immunotherapy [34]. It is now 
appreciated that some immunosuppressive mechanisms 
might be already present in premalignancy. We have pre-
viously published that T cells from patients with pancre-
atic cancer have a reduced ability to be activated [6, 35]. 
We also recently reported that in the setting of premalig-
nant disease in the colon some patients already harbor high 
levels of MDSCs that are known to suppress T cell func-
tion and facilitate cancer progression [26]. Similar to this 
finding, we discovered that some patients with IPMN also 
show evidence of immune suppression seen in elevated lev-
els primarily of Tregs and less so of MDSCs, compared to 
healthy subjects. While the specific effect of Tregs is not 
yet clear, patients with increased MDSCs were those nega-
tive for anti-MUC1 IgG.

In addition to an increase in circulating Tregs and 
MDSCs, we also found elevated levels of inhibitory recep-
tors LAG-3 [36], PD-1 [30, 36] and TIM-3 [29, 30] on the 
surface of circulating T cells, markers of T cell exhaustion.

Collectively, this work demonstrates that tumor antigen 
MUC1 is expressed in premalignant IPMN and that MUC1-
specific immune surveillance does in fact occur early dur-
ing the progression from normal epithelium to premalignant 
IPMN. In addition, the profound immune suppression that 
we and others have observed in most patients with pancreatic 
cancer begins already in premalignancy in some patients.

This work suggests that in patients with IPMN the pres-
ence of anti-MUC1 antibodies contrasted with the presence 

of Treg and MDSC could be used to discriminate between 
cysts with a high malignant potential and cysts with a low 
malignant potential. If this can be validated prospectively 
in a larger cohort of patients, it could reduce the num-
ber of patients who are unnecessarily exposed to invasive 
procedures.

In a much broader sense, this work suggests that patients 
with premalignant IPMNs might benefit from preven-
tive immunotherapy, an example being a MUC1 vaccine. 
Administration of a MUC1 vaccine to patients with IPMN 
could enhance MUC1-specific immunity in those who 
already have an ongoing MUC1-specific immune response, 
and might also counteract the immune suppression observed 
in some patients resulting in new antibody production.

We previously reported that T cells obtained from pan-
creatic cancer patients, pre- and post-MUC1 vaccine have a 
different ability to produce cytokines [35]. Freshly isolated 
T cells from the majority of patients prior to the vaccine 
were completely impaired in their ability to make either 
IFN-g or IL-4. After receiving at least two doses of the 
MUC1 vaccine, their ability to produce cytokines was sig-
nificantly increased. In addition to the reversal of suppres-
sion, a MUC1 vaccine would have the advantage of gener-
ating immunological memory to prevent the development 
of future IPMN in these patients.
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