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Abstract
Dendritic cells (DC) elicit immunity to pathogens and tumors while simultaneously preserving
tolerance to self. Efficacious cancer vaccines have been a challenge because they are based on
tumor antigens, some of which are self-antigens and thus subject to self-tolerance. One such
antigen is the tumor-associated mucin MUC1. Preclinical testing of MUC1 vaccines revealed
existence of peripheral tolerance to MUC1 that compromises their efficacy. To identify
mechanisms that act early post-vaccination and might predict vaccine outcome, we immunized
human MUC1 transgenic mice (MUC1.Tg) i.v. with a MUC1 peptide vaccine against which they
generate weak immunity, and WT mice that respond strongly to the same peptide. We analyzed
differences in splenic DC phenotype and function between the two mouse strains at 24 and 72
hours post-vaccination, and also performed unbiased total gene expression analysis of the spleen.
Compared to WT, MUC1.Tg spleens had significantly fewer DC and they exhibited significantly
lower expression of co-stimulatory molecules, decreased motility and preferential priming of
antigen-specific Foxp3+ regulatory T cells (Treg). This tolerogenic DC phenotype and function
was marked by a new putative biomarker revealed by the microarray: a cohort of pancreatic
enzymes (trypsin, carboxypeptidase, elastase and others) not previously reported in DC. These
enzymes were strongly upregulated in the splenic DC from vaccinated WT mice and suppressed in
the splenic DC of vaccinated MUC1.Tg mice. Suppression of the enzymes was dependent on Treg
and on signaling through the IL-10 receptor and correlated with global down-regulation of DC
immunostimulatory phenotype and function.
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INTRODUCTION
Dendritic cells (DC) are potent inducers of antigen-specific T cell responses and are the
major cell type responsible for priming naïve T cells (1, 2). As such, they have been central
to vaccination strategies aimed at inducing immunity to both pathogens and tumors (3, 4).
However, DC are also important in the maintenance of homeostatic tolerance to self-
antigens (Ag) (5). A large body of literature has established the ability of DC to actively
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induce immunological tolerance against self-Ag, and those closely related to self, thus
preventing autoimmunity but also compromising effective anti-tumor immune responses (6,
7). DC utilize diverse mechanisms to mediate T cell tolerance including low expression of
costimulatory molecules (8), expression of SOCS1/3 (9, 10), activation of regulatory T cells
(Treg)(11), and production of immunosuppressive factors such as IL-10, TGFβ, IDO and
retinoic acid (12–15). Significant effort has been devoted to manipulating the phenotype and
function of in vitro cultured DC used for vaccination (16), as well as to targeting Ag in vivo
to specific DC populations (17). However, modulating and evaluating the ability of a
vaccine to alter the phenotype of endogenous DC populations and the type of immune
response they prime is still a significant challenge. Specifically, little data exist regarding the
influence of the choice of vaccine Ag on the phenotype and function of endogenous DC. It
has been well established that exogenous DC used for immunization are generally short-
lived in the host after transfer (18), and that transfer of Ag from vaccine DC to endogenous
DC is necessary for optimal CD4+ and CD8+ T cell responses (19, 20). Therefore,
understanding the impact of the choice of Ag, specifically the importance of its relative
similarity to antigens against which the host is already tolerized, on endogenous DC
warrants further study. Additionally, because gauging a vaccine’s efficacy often requires
waiting several weeks to determine resultant antibody titers and vaccine-induced T cell
function, reliable, early signatures or biomarkers of both the endogenous DC response and
the ensuing immune response would be of utility.

We and others have previously shown that a long peptide (MUC1p) corresponding to five
tandem repeats in the human tumor antigen MUC1 variable number of tandem repeats
region is seen as a self-antigen by the human MUC1 transgenic mouse (MUC1.Tg), and that
MUC1p vaccination results in hypo-responsiveness compared to a strong immune response
in WT mice where MUC1p is a foreign antigen (21–23). This hypo-responsiveness results in
the inability of the vaccinated mice to control growth of both transplantable and spontaneous
tumors (24, 25). Variations in vaccine design have resulted in some instances in a better
immune response and better tumor control (25), but they have been empirical, and without
the full understanding of the underlying mechanism and early biomarkers of their efficacy,
not readily predictable. Now we show that the outcome of the MUC1p vaccine that currently
requires several weeks after immunization to be evaluated can be predicted as early as 24h–
72h post-vaccination by the change in expression levels in DC of a group of catabolic
enzymes, including trypsin, amylase, elastase, and carboxypeptidase B1, previously thought
to be pancreas-restricted in expression. These enzymes are significantly up-regulated in the
splenic DC of WT mice following i.v. administration of the MUC1p vaccine, but not in
MUC1.Tg mice. Failure to up-regulate pancreatic enzyme expression was seen in the entire
splenic DC population and was correlated with low co-stimulatory molecule expression, a
decreased number of DC in the spleen, preferential priming of Foxp3+ Treg over IFNγ+

CD4+ T cells and impaired motility. Mechanistically, this DC phenotype was regulated by
Treg and IL-10. The unexpected expression of pancreatic enzymes in DC and correlation
with DC immunogenicity or tolerogenicity following vaccination provides a new early
biomarker of vaccine efficacy.

Materials and Methods
Mice

C57BL/6, RIP.OVA, and OT-II mice were purchased from the Jackson Laboratory.
MUC1.Tg mice were purchased from Dr. Sandra Gendler (Mayo Clinic) (26) and/or bred in
the University of Pittsburgh animal facility. VFT mice were generated at the University of
Pittsburgh Transgenic Mouse Facility. All colonies were subsequently bred and maintained
at the University of Pittsburgh under specific pathogen free conditions. Experiments were
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approved by the Institutional Animal Care and Use Committee of the University of
Pittsburgh.

Peptides
A 100mer MUC1 peptide (MUC1p) represents 5 repeats of the 20- amino-acid sequence
HGVTSAPDTRPAPGSTAPPA from the MUC1 VNTR region. It was synthesized as
described previously (21) by the University of Pittsburgh Genomics and Proteomics Core
Laboratories. OVA323-339 peptide and ovalbumin protein were purchased from Sigma.

DC culture and vaccines
BMDC were generated according to established protocol (22). Briefly, female C57BL/6
mice (Jackson) were sacrificed and their femurs and tibiae removed. Marrow was flushed
with RPMI (2% FCS, 1% Penn-Strep and 2-ME). Cells were passed through a 70μM
strainer and pelleted before RBC lysis using ACK buffer. Cells were resuspended in AIM-V
(Gibco), counted and plated at 1.5–2×106/mL in AIM-V containing 10–20ng/mL GM-CSF
(Miltenyi). On d3 and d5 half the media was replaced with fresh AIM-V and GM-CSF. On
d6 of culture, DC were harvested with 2mM EDTA, counted and (when indicated) loaded
with either 30ug/mL MUC1 100mer or 100μg/mL ovalbumin and matured with 25ug/mL of
Poly-ICLC (Hiltonol), a generous gift from Oncovir, overnight. On d7, cells were harvested
as above. For immunizations, d7 DC were washed and resuspended in sterile PBS. Mice
were immunized i.v. via the lateral tail vein with .5–1×106 DC. Soluble peptide
immunizations consisted 100ug of MUC1 100mer peptide or ovalbumin and 50ug of Poly-
ICLC in 100uL of PBS.

Microarray
Whole spleen from WT and MUC1.Tg mice (n=3/group) was obtained at 24h and 72h post-
immunization with DC loaded with MUC1 100mer peptide. RNA extraction was performed
using Trizol (Invitrogen). RNA from mice within groups was pooled followed by
hybridization onto Illumina WG6 arrays. Data analysis was conducted by the University of
Pittsburgh GPCL Bioinformatics Core facility using the Efficiency Analysis method of
identifying differentially expressed genes (27). Microarray data have been deposited in the
NCBI Gene Expression Omnibus (GEO) with the accession number GSE43503 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43503).

PCR and qRT-PCR
RNA was isolated from splenic tissue or CD11c+ bead isolated (Miltenyi) splenocytes using
either an RNeasy mini kit (Qiagen) or Trizol (Invitrogen) according to manufacturer’s
protocol). RT-PCR was performed using Oligo(dT) primers and SuperScript III reverse
transcriptase (Invitrogen). cDNA was amplified using the following primers: trypsin
(forward 1: 5′-GGCCCTTGTGGGAGCTGCTG-3′; reverse 1: 5′-
GCAGGTGCACAGGAGCTGGG-3′; forward 2: 5′-
GCTCTGCCCAGCTCCTGTGCACCT-3′; reverse 2: 5′-
TCAGCCTGAGGCAGCAGTGGGGCAT-3′), CPB1 (forward 1: 5′-
TGGTGAGTGTGGCCCTGGCT-3′; reverse 1: 5′-TCCACTTGCACGGGTGTGGC-3′
forward 2: 5′-GCCCTGGTGAAAGGTGCAGCAAAGG-3′; reverse 2: 5′-
AGCCCAGTCGTCAGATCCCCCAGCA-3′), Elastase (forward: 5′-
TTCCGGAAACTGACGCCCGC-3′; reverse: 5′-TGGGCCAGCTCCCCATTGGT-3′),
GAPDH ( forward 1: 5′-TTGGCCGTATTGGGCGCCTG-3′; reverse 2: 5′-
TCTCCAGGCGGCACGTCAGA-3′; forward 2: 5′-
AGACGGCCGCATCTTCTTGTGCAGT-3′; reverse 2: 5′-
TGGTGACCAGGCGCCCAATACGGC-3′), and IL-10 (forward: 5′-
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CTTCCCAGTCGGCCAGAGCCA-3′; reverse: 5′-
CTCAGCCGCATCCTGAGGGTCT-3′). qPCR was done using a QuantiTect SYBR Green
PCR kit (Qiagen) according to the manufacturer’s protocol. Reactions were run on a
StepOne Plus instrument (Applied Biosystems) and data was generated using the ΔCT
method.

Western blotting
Cells were lysed and run on a 10% Tris-HCL Mini-PROTEAN TGX precast gel (BioRad),
followed by transfer onto a PVDF membrane. After blocking for 1hr in 5% milk, the
membrane was incubated with one of the following antibodies: Rb X-CPB1 (M-134), Rb X-
trypsin (M-60) (both Santa Cruz) or β-Actin (AC-74, Sigma). Blots were then incubated
with the appropriate HRP-conjugated secondary antibodies (Santa Cruz) and developed
using SuperSignal West chemiluminescent substrate (Pierce) before imaging on a Kodak
Image Station 4000MM.

DC/T cell co-cultures
CD4 effector and regulatory T cells were isolated from C57Bl/6 mouse splenocytes using
the CD4+CD25+ Regulatory T cell Isolation Kit (Miltenyi) and preactivated overnight with
1μg/ml plate-bound anti-CD3 and .5μg/ml soluble anti CD28. Bone marrow derived
dendritic cells (BMDC) were generated using above described procedure used to culture
vaccine DC. On day six, semi-adherent cells, which represent semi-mature dendritic cells,
were removed by gentle agitation. DC were added to preexisting T cell cultures at DC:T cell
ratios of 2: 5, except when both regulatory and effector T cells were added, in which case
the ratio was 2:5:5. Where indicated, LPS was added to the culture along with the DC at a
final concentration of 1ng/ml. At 24 hours post co-culture, DC were isolated based on plate
adherence and RNA was extracted and analyzed as described.

Depleting and/or blocking antibody experiments
All antibodies were purchased from Bio-X-Cell. Mice received an i.p. injection containing
200μg of an anti CD25 antibody (clone PC-61.5.3) to deplete CD4+ regulatory T cell. 6
days following this treatment, mice were vaccinated as described and sacrificed 24 hours
following vaccination. In the case of IL-10R blockade, mice were given 250μg of on an anti
IL-10R antibody (clone 1B1.3A), IP. These mice were then vaccinated as described at 48–
72 hours post antibody treatment along with an additional dose of 250μg of anti IL-10R
antibody. Mice were sacrificed 24 hours following vaccination and second antibody dosing.
An equal concentration and volume of Rat IgG1 specific for horseradish peroxidase (HRPN)
was injected as a control for the depleting/blocking antibodies where indicated.

Flow cytometry
Anti-CD11c-PacificBlue, anti-CD80-FITC, anti-CD3-PerCP, anti-CD25-PE (BD
Bioscience), anti-I-Ab-PeCy7, anti-CD40-APC, anti-CD86-PerCP, anti-Foxp3-PacificBlue
(BioLegend), anti-IFNγ-APC, and anti-CD4-FITC (eBioscience) antibodies were used.
Cells were analyzed on an LSR II (BD) and data were analyzed using FacsDiva software
(BD).

Ex vivo motility assay
Pooled splenocytes were recovered from MUC1p-immunized WT and MUC1.Tg mice 48h
post-immunization (n=2/group). DC were isolated with CD11c beads (Miltenyi) and plated
at 2×105 cells into Poly-D-Lysine coated 35mm dishes (MatTek). Cells were labeled
according to protocol with Cell Tracker Red (Invitrogen) and imaged at 10X in DIC and
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TRITC channels on a Nikon Eclipse live cell system at 5min intervals for 24h. Motility was
analyzed using the Imaris Track algorithm in Imaris (Bitplane).

Statistics
Data show mean ± the standard error of the mean (SEM). Statistical significance between
groups was defined as p≤.05 using an unpaired, 2-tailed Student’s t test (GraphPad Prism).

RESULTS
DC from MUC1p-immunized MUC1.Tg mice exhibit decreased expression of co-stimulatory
molecules, preferentially induce Foxp3+ Treg cells and have reduced motility

Multiple factors contribute to or limit the ability of DC to prime T cells. These include the
number of antigen-loaded DC (28), expression of co-stimulatory molecules on DC and
production of stimulatory or suppressive cytokines (8), and the ability of DC to move to T
cell areas within lymphoid tissue (29). We found that immunization of MUC1.Tg mice with
MUC1p resulted in a decrease in the absolute number of CD11c+ cells in the spleen at 24h,
while the same protocol in WT mice resulted in an increase in DC number (Fig. 1A). The
same immunization also resulted in differential expression of co-stimulatory molecules, with
significantly fewer DC from MUC1.Tg mice expressing CD40 and MHC II (Figs. 1B and
1C), as well as a reduction in the amount of CD86 expressed by those DC (Fig. 1D), relative
to immunized WT mice.

To examine the ability of DC that have been exposed to a self Ag induced environment to
prime naïve CD4+ T cells, we again immunized WT and MUC1.Tg mice with MUC1p and
isolated total splenic DC 24h post-immunization. The DC were immediately loaded with
OVA and co-cultured with naïve, CFSE-labeled OT-II CD4+ T cells that recognize an I-Ab-
restricted OVA peptide. After 7 days, T cells from those co-cultures were analyzed by flow
cytometry. DC recovered from immunized MUC1.Tg mice primed a significantly higher
percentage of Foxp3+ (Fig. 1E) and fewer IFNγ producing OT-II T cells compared to DC
recovered from immunized WT mice (Fig. 1F). DC can induce antigen-specific Treg
proliferation (30) so we examined the relative proliferation of CD4+Foxp3+ Tregs. DC
recovered from MUC1p vaccinated MUC1.Tg mice induced higher OT-II Treg proliferation
compared to DC from MUC1p vaccinated WT animals (Figs. 1G and 1H).

While costimulatory molecule expression was decreased in DC recovered from mice that
received immunization with self peptide, we found that immunization of MUC1.Tg mice
with MUC1p surprisingly resulted in increased expression of CD74 (the MHC II invariant
chain) in DC at 72h, compared to DC from MUC1p immunized WT mice (Fig. 2A).
Previous studies have shown that expression of CD74 is inversely correlated to in vivo
motility of DC (31). We purified splenic CD11c+ cells from WT and MUC1.Tg mice 72h
post-MUC1p immunization and analyzed them immediately ex vivo using live cell
microscopy. DC isolated from MUC1.Tg mice traveled shorter distances (Fig. 2B) and had
smaller net displacements (Fig. 2C) than DC from WT mice.

Differential expression in vivo of pancreatic enzymes in DC in response to vaccination
with a foreign versus a self-antigen

We were interested in comparing early (24h–72h) post-immunization events in the spleens
of WT versus MUC1.Tg mice that might reveal one or more new mechanisms induced by
the presence of a self-antigen that could mediate antigen-specific peripheral tolerance.
Accordingly, we immunized i.v. WT and MUC1.Tg mice with DC loaded with MUC1p as
previously and conducted whole transcriptome analysis of total splenic RNA at 24h and 72h
post-immunization.
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We identified 189 genes differentially expressed at both time points, with the most
unexpected being a group of seven pancreatic catabolic enzymes and several of their
isoforms that had not previously been reported to be expressed in lymphoid tissue (Table I).
Significantly lower levels (between 10–80 fold) of transcripts for these enzymes were found
in the total splenic RNA from MUC1p-vaccinated MUC1.Tg mice relative to WT mice

Since the expression of each of these enzymes mimicked the entire cohort, we used trypsin 1
and carboxypeptidase B1 (CPB1) as representatives for more detailed analysis. qPCR
analysis of total splenic RNA recapitulated the microarray data, showing a lack of up-
regulation of trypsin and CPB1 transcript in spleens from MUC1.Tg mice post
immunization with MUC1p relative to significant up-regulation in WT mice (Fig. 3A).
Because there was little information about pancreatic enzymes in hematopoietic cells, we
analyzed their baseline expression in different WT spleen cell populations: purified CD11c+

DC, T cells, bone marrow-derived macrophages (BMDM) and CD11c-depleted bulk
splenocytes which included, among other cell types, B cells. CD11c+ DC expressed trypsin
and CPB1 (Fig. 3B) as well as all the other enzymes identified in the gene array (not
shown). BMDM expressed CPB1 but not trypsin, while purified T cells and CD11c depleted
spleen cells were negative for both. Further dissection of the DC compartment into
plasmacytoid DC, CD8α+ DC and CD8α− DC revealed that all DC subpopulations express
these enzymes post vaccination while CD11c− cells do not (Fig. S1). Furthermore we show
that these same pancreatic enzymes found in murine DC are also found in human monocyte-
derived DC (Fig. S2).

To confirm that the enzyme’s expression profiles observed in the whole spleen after
immunization of WT and MUC1.Tg mice with MUC1p reflected primarily what was
occurring in CD11c+ DC, we repeated the immunizations and 24 hours later examined
changes in trypsin and CPB1 expression in purified DC. The failure to up-regulate
expression post-immunization was recapitulated in DC recovered from MUC1.Tg mice,
while DC isolated from immunized WT mice dramatically increased these transcripts (Fig.
3C). This was also observed at the protein level by Western blotting of whole cell lysates
from DC purified from MUC1p-immunized WT and MUC1.Tg mice. CD11c-depleted
splenocytes were negative confirming that DC are the main cell population that expresses
these enzymes (Fig. 3D).

Finally, we show that immunization with soluble MUC1p admixed with Poly-ICLC
adjuvant (a TLR3 agonist) also led to up-regulation of trypsin and CPB1 in WT mice but not
in MUC1.Tg mice (Fig. 3E). Adjuvant alone had no effect on these enzymes in either mouse
strain. Thus the process is antigen dependent rather than delivery system or adjuvant
dependent and it is regulated in all DC rather than only in the exogenous DC delivering the
antigen.

To show that differential regulation of these enzymes in WT and MUC1.Tg mice was driven
by exposure to foreign versus self Ag rather than by a physiologic difference between WT
and MUC1.Tg mice, we immunized MUC1.Tg mice with OVA, a foreign Ag in that mouse
strain, and examined total and DC-specific splenic RNA 24h later. In contrast to MUC1p
and control immunized mice, we found up-regulation of enzymes in the total splenic RNA
and DC RNA of OVA immunized MUC1.Tg mice (Figs. 4A and 4B).

We also wanted to show this regulation by a self Ag in another model of self-tolerance to be
certain that it was not unique to the MUC1.Tg strain or MUC1p as Ag. We immunized
RIP.OVA mice, which express the ovalbumin gene under transcriptional control of the rat
insulin promoter and are tolerant to OVA protein (32), with DC loaded with OVA. The DC
recovered from these mice also failed to up-regulate trypsin and CPB1 (Fig. 4C).
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Regulation of expression of pancreatic enzymes in DC is dependent on CD4+ regulatory T
cells

Given the antigen specificity of Treg and their ability to modulate DC phenotype and
function (33, 34), we hypothesized that the differential expression of pancreatic enzymes in
DC might mark DC that had been acted upon by Treg. We cultured BMDC with bead
isolated CD4+ Teff and/or Treg, polyclonally activated with anti-CD3 and anti-CD28
antibodies. After 24 hours of co-culture, we found that DC up-regulated trypsin and CPB1 in
the presence of activated Teff, but not in the presence of Treg. Importantly, simultaneous
culture of DC with Teff and Treg also resulted in low levels of trypsin and CPB1 in DC,
demonstrating that Treg actively suppress the ability of Teff to induce enzyme up-
regulation. LPS alone had no effect on enzyme levels. (Fig. 5A)

To determine if Treg played a similar role in vivo, MUC1.Tg mice were depleted of Treg by
injection of anti-CD25 antibody and subsequently vaccinated with soluble MUC1p admixed
with Poly-ICLC adjuvant. In control Treg competent mice, we observed the anticipated DC
phenotype with suppressed enzyme expression, while DC from immunized Treg-depleted
MUC1.Tg mice up-regulated the enzymes (Fig. 5B).

IL-10 is required in vivo for suppression of pancreatic enzyme expression in DC
One of the few transcripts in the gene array data that was higher at 24 hours post vaccination
in MUC1.Tg mice compared to WT mice was IL-10 (not shown). To confirm, we vaccinated
mice with soluble MUC1p admixed with Poly-ICLC and saw a dramatic increase in IL-10
transcript levels (Fig. 6A). Given the known ability of IL-10 to modulate DC phenotype and
function in the direction of tolerance versus immunogenicity (35), we hypothesized that it
might also be participating in the suppression of DC pancreatic enzyme levels. Accordingly,
we treated MUC1.Tg and WT mice with an antibody against the IL-10 receptor (IL-10R)
prior to vaccination with MUC1p (Fig. 6B). Blockade of the IL-10R in vivo resulted in DCs
that had equal levels of pancreatic enzymes in both WT and MUC1.Tg mice in response to
MUC1p vaccination.

DISCUSSION
Our data reveal the presence of a new pancreatic enzyme signature in DC that may be
predictive very early post -vaccination (24–72h) of downstream antigen-specific T cell
responses. The enzymes comprising this signature (e.g. trypsin, CPB1, elastase) have well-
characterized functions in the pancreas but have not been previously reported in DC.
Differential expression of these enzymes in DC following immunization with a self or a
foreign Ag was associated with dramatic changes in the immunogenicity of the endogenous
splenic DC compartment. A number of other peptidases utilized by DC, especially in the
context of antigen processing and presentation, have been characterized (36) and an
expanding repertoire of enzymes involved in generating MHCI-restricted peptides is
beginning to be elucidated. None of them, however, fall into the category of pancreatic
enzymes. Our interest in these enzymes was generated by the observation that their
expression levels seen in total spleen gene array were differentially regulated in response to
immunization with a self versus a foreign antigen. They are up-regulated following exposure
to a foreign antigen (e.g. MUC1p in WT mice) and suppressed following exposure to a self-
antigen (e.g. MUC1p in MUC1.Tg mice). Importantly, the signature of pancreatic enzyme
expression by DC is not dependent on whether the antigen is also a tumor antigen. Our data
show that immunization of RIP.OVA mice with OVA results in a similar failure to up-
regulate DC enzymes while vaccination of MUC1.Tg mice induces up-regulation,
suggesting that this is a general marker corresponding to the maintenance of self-tolerance
rather than a unique characteristic of MUC1-specific immunity. As early as 24h post
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vaccination and until at least 72h, the differential expression pattern of these enzymes was
observed in the total CD11c+ splenic compartment. This was independent of whether
antigen was presented on exogenous DC that had taken up and processed the peptide prior to
immunization, or as soluble antigen plus adjuvant. This illustrates the fact that both the
initial DC presenting the antigen as well as all other DC in the spleen that either gained
access to the antigen or were subject to microenvironmental changes, such as increased
IL-10 initiated by the antigen, were suppressed presumably in order to not propagate anti-
self responses.

Our data suggest that a DC presenting a self-antigen is rapidly affected by interactions with
pre-existing Treg specific for that antigen, as depletion of Treg restores antigen-specific up-
regulation of pancreatic enzymes. A large number and repertoire of MUC1p-specific Tregs
could arise from thymic expression of MUC1 in MUC1.Tg mice (37), or through prior
exposure to antigen in a sub-immunogenic setting. We also show that IL-10 is an important
soluble regulatory mediator that is likely elicited either directly or indirectly by Treg upon
encounter with self-antigen on DC and is involved in the suppression of pancreatic enzyme
expression in addition to its well-characterized effects on DC stimulatory capacity and
CD80/86 and MHCII expression (38–40)

The most stimulating question is how are the vast majority of splenic DC (and potentially
all) simultaneously either prevented from or stimulated to induce an immune response, the
surrogate marker of which is up-regulation or lack of expression of pancreatic enzymes. At
least two possibilities in addition to diffusion of IL-10 and/or other cytokines exist: 1) highly
efficient Ag distribution throughout the spleen such that many DC are presenting self Ag
and are therefore individually affected by the action of Treg or T effector cells, and/or 2)
highly effective signal transduction to all other DC in the organ from a rare DC that is
presenting the antigen and has been affected by Treg or T effector cell. There is support in
the literature for both mechanisms (41, 42).

The term “infectious tolerance” has been applied to the process by which one population of
leukocytes transfers tolerance to another. In most instances, this involves Treg suppression
of T effector cell generation either through a direct contact or through elaboration of
regulatory factors (43). Tolerogenic DC have also been implicated because of their ability to
promote the generation of iTreg (44, 45). Most of the studies showing these interactions
have been performed in vitro and although similar regulation has been postulated in vivo,
most data in support of it have been generated by pharmacologic manipulations of the
system (46). We suggest that our results provide evidence that infectious tolerance occurs in
vivo. We propose a two-step model of infectious tolerance. The first step is a signal to all
DC in the lymphoid organ, and presumably other tissues where self-antigens can be
processed and presented by DC, to prevent the up-regulation of pancreatic enzymes. This
step is immediate and is initiated by the first encounter of a self-antigen-presenting DC and a
Treg. The earliest time point we studied was 24h post-vaccination when expression of the
enzyme cohort was already suppressed. However, we suspect that the signal is sent much
earlier depending on the route of antigen delivery. With an exogenous DC-based vaccine,
the antigen is already processed when the DC enters a lymphoid organ such as spleen, and
the suppression signal from Treg may be very quickly generated and propagated. In the case
of a soluble antigen entering a lymphoid organ, there is likely a minor delay in suppression
due to the time it takes for resident DC to take up, process and present the antigen. The
second step is delayed and involves the conversion of the DC into a phenotypically and
functionally tolerogenic cell that primarily supports generation of Treg. We show that DC
recovered from spleens exposed to self Ag through vaccination expressed low levels of
costimulatory molecules and had reduced motility, likely resulting in less efficient traffic
into T cell zones, and primed the expansion of more Treg than Teff cells when cultured with
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antigen specific T cells. In vivo, this would assure that self-antigen specific Treg continue to
be primed for the duration of antigen exposure, which would likely protect the host from
autoimmunity in non-pathologic conditions, but may also be responsible for preventing
effective anti-tumor immunity.

We are reporting a new observation that will require further studies to fully elucidate the
exact mechanism involved, especially at the level of the regulated DC. We do not know the
exact role of pancreatic enzymes in DC, whether they are involved in antigen processing or
other DC-intrinsic functions. Nor can we yet postulate how their expression is coordinately
regulated. However, the expression levels of trypsin and CPB1 provide an early readout of
the effects of self or foreign Ag on the phenotype and function of endogenous splenic DC.
The microarray data did not reveal any candidate transcription factors that are differentially
expressed in the regulated DC that could be responsible for this enzyme cohort’s
transcriptional control. We expect that the 24-hour time point may have been too late for
identifying such factor(s). Now that our attention is focused specifically on these enzymes
and DC, we will look at much earlier time points. We also have not yet fully explored the
role of IL-10 and the precise signals it provides to the DC and how those signals relate to
enzyme suppression, or other effects on DC phenotype.

We expect that immune hypo-responsiveness reported to vaccines based on many other
tumor associated antigens (47, 48) could also be explained by how similar or different they
are from those same antigens expressed on normal cells. The ability of immunization with
self-antigens other than MUC1p to tolerize endogenous splenic DC remains to be tested.
However, the conservation of enzyme expression patterns between immunizations using
different self-antigens leads us to envision a similar conservation in the resultant DC
phenotype. Therefore, pancreatic enzyme expression in DC represents a new finding and
suggests an easily accessible signature that can be used to assess almost immediately the
suitability of a particular antigen and the effect of a particular immune manipulation
designed to either induce tolerance or immunity. This can be particularly helpful in animal
models where various immunotherapeutic approaches are being tested and multiple
approaches compared. Time could be saved and animals spared if the final outcome (e.g.
tissue graft acceptance or a tumor rejection) were not the primary, and to date the main
endpoints by which the success of the immune manipulation could be evaluated.

Our specific interest is the response to a tumor antigen vaccine and determining how best to
evaluate and compare efficacy early after vaccination, rather than waiting for the results of a
tumor challenge in an animal or tumor recurrence in a patient. Previous work has shown that
various MUC1p-based vaccines can fail to eradicate or slow the growth of MUC1+ tumors
in MUC1.Tg mice while remaining effective in WT mice where MUC1p is a foreign antigen
(24, 25). Vaccine-induced control of tumor growth is depended on CD4+ T cells which are
not fully functional in immunized MUC1.Tg mice compared to WT (23) (21). This study
provides evidence that the defect in anti-tumor immunity in MUC1.Tg mice is attributable in
part to splenic DC preferentially priming CD4+ T cells into Foxp3+ Treg versus IFNγ+ cells
likely via low costimulatory molecule expression and impaired motility.

Our previous studies have emphasized the importance of antigen selection, especially in the
case of non-viral tumor associated antigens (49). This study confirms the importance of
proper antigen selection that in some cases may outweigh the importance of adjuvants or
delivery systems. Among the many tumor associated antigens that have been fully
characterized (50), it should be possible to focus on those that are less self and more foreign
due to many differences in their post-translational modifications between normal and tumor
cells. As we have shown previously, a tumor-specific sugar added to MUC1p to create
MUC1.Tn results in strong immunogenicity rather than tolerance in immunized MUC1.Tg
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mice (51). The wrong antigen or the wrong epitope, on the other hand, leads to DC
suppression, infectious tolerance, and further promotion of Treg generation that not only
fails to achieve an effective antitumor immune response, but may actually promote tumor
growth by selectively expanding tumor-antigen-specific Treg (52). Depletion of Treg with
anti-CD25 antibodies or diphtheria toxin have shown a good deal of promise in preclinical
models of cancer immunotherapy (53–57). IL-10R blockade has also been shown to improve
overall vaccine responses in several models, while IL-10 production, specifically by
CD4+CD25+ Treg is negatively correlated with vaccine success (58, 59). We propose that
these treatments work because they prevent DC-propagated infectious tolerance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunization of MUC1.Tg mice with MUC1p results in decreased splenic DC number
and costimulatory molecule expression, and preferential priming of Foxp3+ Treg
(A) WT and MUC1.Tg mice were immunized with unloaded DC (ctrl) or DC loaded with
MUC1p. 24h post-immunization total splenic DC numbers were analyzed. Each symbol
represents one mouse with bars showing mean ± SEM from three pooled independent
experiments, with each experiment including 2–4 mice per group. (B–D) WT and MUC1.Tg
mice were immunized as in (A). 48h post immunization bulk splenocytes were stained for
FACS analysis. Data represent percentage of positive cells within the CD11c+ gate (B–C) or
the MFI of cells within the CD11c+ gate (D). Symbols represent individual mice with bars
showing mean ± SEM and are representative of 2 independent experiments. (E–H) WT and
MUC1.Tg mice were immunized as in (A). 24h later, splenic DC were bead isolated, loaded
with OVA and co-cultured with OT-II CD4 T cells for 7 days. On day 7, OT-II cells were
treated with PMA/Ionomycin and analyzed by FACS. Each symbol represents an individual
mouse with bars depicting mean ± SEM. Data are pooled from two independent
experiments. (G) OT-II CD4+ T cells were labeled with CFSE and cultured as in (E–H). On
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day 7, CFSE dilution was assessed in CD4+Foxp3+ cells. Representative dot plots from
MUC1p vaccinated WT and MUC1.Tg mice are shown (G). (H) Bars represent mean
percentage proliferation ± SEM of OT-II CD4+Foxp3+ cells. Data are representative of two
independent experiments.
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Figure 2. Immunization of MUC1.Tg mice with MUC1p results in decreased DC motility
(A) WT and MUC1.Tg mice were vaccinated i.v. with DC loaded with MUC1p. RNA was
extracted from pooled splenic DC 72h post vaccination for qRT-PCR. Bars represent mean
± SEM. Data are representative of three independent experiments. (B) and (C) WT and
MUC1.Tg mice were vaccinated as in (A). 72h post immunization, splenic DC were bead
isolated for live cell imaging. The track length (B) and displacement (C) were analyzed after
20h in culture. Each dot represents a single DC and bars depict mean ± SEM. Data are from
two mice comparing 6×103 DC per group.
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Figure 3. Immunization of WT but not MUC1.Tg mice with MUC1p results in up-regulation of
pancreatic enzymes in splenic DC
(A) WT and MUC1.Tg mice were injected i.v with unloaded BMDC (ctrl) or BMDC loaded
with MUC1 peptide (MUC1p). 24h later spleens were harvested, pooled according to group,
and RNA extracted for qRT-PCR. Arbitrary Units were normalized to WT mice given the
ctrl vaccine. Bars represent mean ± SEM. Data are representative of two independent
experiments. (B) Splenic DC from unvaccinated mice were isolated with CD11c+ beads
(n=3), total splenic T cells were isolated using negative selection via MACS depletion of
CD3− cells, and BMDM (MΦ) were cultured for 8 days in the presence of L-cell supernatant
as a source of M-CSF. RNA was isolated from all populations for qRT-PCR analysis. Units
were normalized to expression levels in CD11c+ cells.Bars represent mean ± SEM. Data
representative of two independent experiments. (C) WT and MUC1.Tg mice were
immunized as in (A). At 24h, splenic DC were isolated using CD11c+ beads for analysis by
qRT-PCR or Western blotting for trypsin and CPB1 (D). Bars represent mean ± SEM after
normalization to control vaccination. Data are representative of two (C) and three (D)
independent experiments. (E) Mice were immunized i.v. with PBS (ctrl), Poly-ICLC (adj),
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or soluble MUC1p admixed with Poly-ICLC (MUC1p + Adj). 24h later spleens were
harvested for qRT-PCR analysis. Bars represent mean ± SEM normalized to PBS control
and are representative of four independent experiments.
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Figure 4. Failure of DC to up-regulate pancreatic enzymes following immunization with MUC1p
as a self-antigen is recapitulated in the OVA model of self-tolerance
(A) MUC1.Tg mice were immunized i.v. with PBS (ctrl), soluble MUC1p or ovalbumin
(OVA) admixed with Poly-ICLC. Spleens were harvested at 24h post immunization and
pooled for qRT-PCR analysis. Bars represent mean ± SEM normalized to PBS control. Data
are representative of three independent experiments. (B) MUC1.Tg mice were immunized
i.v. with unloaded DC (ctrl) or DC loaded with OVA (OVA). 24h post-immunization splenic
DC were MACS purified for qRT-PCR analysis. Bars represent mean ± SEM normalized to
ctrl. Data are representative of three independent experiments. (C) RIP.OVA mice were
immunized and processed as in (B). Bars represent mean ± SEM normalized to ctrl
vaccination. Data are representative of two independent experiments.
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Figure 5. Interactions between DC and CD4 T cells regulate expression levels of pancreatic
enzymes in DC
(A) DC were cultured alone (ctrl), with LPS, or with polyclonally activated CD25-CD4+ T
cells (Teff) and/or CD25+CD4+ T cells (Treg). After 24h of co-culture DC were separated
and mRNA was extracted for qRT-PCR analysis. Units were standardized against levels pre-
culture (baseline). Bars represent mean ± SEM. Data are representative of two independent
experiments. (B) MUC1.Tg mice were treated with an antibody against CD25 to deplete
regulatory CD4 T cells (Anti-CD25) or with an isotype control (ctrl). 2 days following
depletion, mice were vaccinated with soluble MUC1p plus Poly-ICLC i.v. Splenic RNA was
extracted 24h post vaccination for qRT-PCR analysis. Units were standardized against
isotype control treated mice. Bars represent mean ± SEM respectively. Data are
representative of 3 independent experiments.
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Figure 6. IL-10 is required in vivo for regulation of pancreatic enzymes expression in DC
(A) MUC1.Tg mice were immunized with PBS (ctrl) or a soluble MUC1p admixed with
Poly-LCIC (MUC1p). IL-10 expression was measured by qRT-PCR on total splenic mRNA
24h post vaccination. Bars represent mean ± SEM. Data are representative of at least 4
independent experiments. (B) WT and MUC1.tg mice were treated with an IL-10R blocking
antibody followed by i.v. immunization with PBS (ctrl) or MUC1p as in (A). 24h post
vaccination splenic RNA was extracted for qRT-PCR analysis. Units were normalized to
WT ctrl. Bars represent mean ± SEM. Data are representative of two independent
experiments.
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Table I

Pancreatic enzymes are expressed at a significantly lower level in the spleens of MUC1p-vaccinated
MUC1.Tg mice compared to MUC1p-vaccinated WT mice1

Gene Accession Number Fold Change (24h) Fold Change (72h)

Trypsin 1 XM_001477976.1 −9.736 −20.824

Elastase 1 NM_033612.1 −11.531 −27.754

Carboxypeptidase B1 NM_029706.1 −14.302 −30.478

Trypsin 10 NM_001038996.1 −24.006 −36.193

Trypsin 4 NM_011646.5 −32.199 −48.856

Elastase 2A NM_007919.2 −44.824 −81.952

Amylase 2 NM_001042711.2 −85.541 −88.073

1
WT and MUC1.Tg mice (n=3/group) were immunized i.v. with DC loaded with MUC1p. At 24h and 72h, spleens were harvested, total splenic

RNA isolated, pooled within groups, and whole transcriptome analysis was conducted. A cohort of catabolic enzymes with previously
characterized pancreatic expression were significantly under-expressed in the spleens of immunized MUC1.Tg mice, relative to immunized WT
mice. Data reflect expression of genes in immunized MUC1.Tg mice relative to immunized WT mice.
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