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ABSTRACT
Pancreatic cancer (PaCa) has a dismal prognosis and adjuvant immunotherapy frequently is of low efficacy
due to immunosuppressive features of PaCa and PaCa-stroma. We here explored, whether the efficacy of
vaccination with tumor-exosome (TEX)-loaded dendritic cells (DC) can be improved by combining with
drugs affecting myeloid-derived suppressor cells (MDSC). Experiments were performed with the
UNKC6141 PaCa line. UNKC6141 TEX-loaded DC were weekly intravenously injected, mice additionally
receiving Gemcitabine (GEM) and/or ATRA and/or Sunitinib (Sun). UNKC6141 grow aggressively after
subcutaneous and orthotopic application and are consistently recovered in peripheral blood, bone
marrow, lung and frequently liver. Vaccination with DC-TEX significantly prolonged the survival time, the
efficacy of DC-TEX exceeding that of the cytotoxic drugs. However, ATRA, Sun and most efficiently GEM,
sufficed for a pronounced reduction of MDSC including tumor-infiltrating MDSC, which was accompanied
by a decrease in migrating and metastasizing tumor cells. When combined with DC-TEX vaccination, a
higher number of activated T cells was recovered in the tumor and the survival time was prolonged
compared with only DC-TEX vaccinated mice. As ATRA, GEM and Sun affect MDSC at distinct maturation
and activation stages, a stronger support for DC-TEX vaccination was expected by the drug combination.
Intrapancreatic tumor growth was prevented beyond the death of control mice. However, tumors
developed after a partial breakdown of the immune system by the persisting drug application.
Nonetheless, in combination with optimized drug tuning to prevent MDSC maturation and activation,
vaccination with TEX-loaded DC appears a most promising option in PaCa therapy.

Abbreviations: AGS, ATRACGEMCSun; APC, antigen-presenting cells; ATRA, all-transretinoic acid; BMC, bone marrow
cells; coll, collagen; CTL, cytotoxic T cells; DC, dendritic cells; EpC, EpCAM; FCS, fetal calf serum; FN, fibronectin; GEM,
Gemcitabine; GSH, glutathione; Imc, immature myeloid cells; i.v., intravenous; LN, laminin; LNC, lymph node cells;
MDSC, myeloid-derived suppressor cells; MF, macrophage; o.t., orthotopic; OPN, osteopontin; PaCa, pancreatic ade-
nocarcinoma; PBL, peripheral blood leukocytes; PSC, pancreatic stellate cells; ROS, reactive oxygen species; s.c., sub-
cutaneous; SC, spleen cells; SMA, smooth muscle actin; Sun, Sunitinib; TAF, tumor-associated fibroblasts; TAM,
tumor-associated MF; TB, tumor bearer; TEX, tumor exosomes; Th, helper T cells; ThbSp, thrombospondin; TIL,
tumor-infiltrating leukocytes; Treg, regulatory T cells; UNKC, UNKC6141 cells.
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Introduction

Pancreatic cancer (PaCa) holds the highest mortality rate,1

which is due to late diagnosis and early metastatic spread pro-
hibiting resection, surgery being so far the only curative
option.2 This is particularly alarming as PaCa incidence is rais-
ing in the Western world, expected to become the second lead-
ing cause of cancer in 2030.3 Thus, optimizing adjuvant
therapies is urgent.

In the past, chemotherapy, radiation4,5 and immunothera-
peutic approaches were of limited success,6,7 despite evidence
for PaCa carrying immunogenic entities.8 Poor therapeutic effi-
cacy is in part due to the strong stroma reaction in PaCa,8

which supports PaCa growth and progression, presents a

barrier for cytotoxic drugs and immune effector cells and cre-
ates an immunosuppressive milieu.10-12 Major changes in the
stroma of the pancreatic gland versus the dysplastic stroma in
PaCa rely on upregulation of matrix proteins, MMPs, osteo-
pontin (OPN) and thrombospondin (ThbSp),13-16 which pro-
mote survival, chemoresistance, matrix degradation-supported
migration, invasion and angiogenesis. Tumor progression is
assisted by the recruitment of mostly immunosuppressive
inflammatory cells, like tumor associated macrophages (TAM),
myeloid-derived suppressor cells (MDSC) and regulatory T
cells (Treg) recruited via GM-CSF and CCR2 ligands.17 These
factors are provided by fibroblasts of the PaCa stroma, a hetero-
geneous population, which includes myofibroblasts from the
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bone marrow (BM) and, as the functional dominating popula-
tion, activated pancreatic stellate cells (PSC).18 PSC become
activated via IL6, TGFb, PDGF, VEGF and other cytokines pro-
vided by tumor cells and stromal elements, whereby a self-
perpetuing circle between the tumor and PSC is created.18,19

Though the interplay between PaCa and the stroma is not fully
elucidated, it is obvious that the stroma via recruiting immuno-
suppressive cells and/or by reprogramming immune cells
toward a suppressive phenotype contributes to the limited suc-
cess of immunotherapeutic trials including vaccination with
DC.20-22 Taking this into account, most current clinical trials as
well as animal models combine immunotherapy with cytotoxic
drugs23-28 and are additionally concerned about attacking
MDSC, the prominent immunosuppressive entity in PaCa.

MDSC are immature myeloid cells (iMC).29 In PaCa their
expansion is promoted by SCF, GM-CSF, TNFa, IL1b, IL6 and
VEGF provided by the tumor and stromal elements. Down-
stream activation of JAK-STAT3/STAT5 pathway with stimu-
lation of cyclinD1, BclXl, survivin, c-myc and S100A8/A9
contribute to inhibition of differentiation into mature myeloid
cells. The PaCa stroma adds to MDSC recruitment by provision
of CCL2, CXCL12 and CXCL15, the corresponding ligands
being expressed by MDSC. IL1b, IL4/IL13, TLR ligands, IFNg
and PGE2 provided by the tumor stroma and T cells account
for activation of STAT1, STAT6, MyD88 with upregulation of
TGFb, IL10, iNOS, arginase and PGE2 engaged in the immu-
nosuppressive activity of MDSC.30-32 Within the tumor envi-
ronment, MDSC interfere with native and adaptive immune
responses. Arginase 1 and iNOS account for depletion of
L-arginine in T cells, reactive oxygen species (ROS) leads to
transient loss of the TCRz chain, TGFb and IL10 account for
downregulation of IFNg. In addition, Treg become recruited
by CXCL10, IL10 and TGFb fostering their expansion.31

With increasing awareness of the PaCa stroma recruiting
MDSC and boosting their detrimental activities, immunothera-
peutic trials concomitantly take care of MDSC elimination or
inactivation. One of the first drugs described to interfere with
MDSC is all-transretinoic acid (ATRA), which drives iMC into
differentiation toward macrophages (MF) and DC, upregula-
tion of glutathione (GSH) and reduction of ROS playing an
important role.33 However, ATRA also induces Treg by upre-
gulating FoxP3 expression.34 Gemcitabine (GEM), the most fre-
quent adjuvant drug in PaCa treatment was described to induce
MDSC apoptosis and necrosis,35,36 which advised GEM for
combining with immunotherapy.28 The tyrosine kinase inhibi-
tor Sunitinib (Sun), also used in adjuvant PaCa therapy,37 pro-
vides an additional drug to interfere with MDSC by inhibiting
STAT3, c-Kit and VEGFR activation and additionally decreas-
ing Treg.36,38,39

A promising option in cancer immunotherapy is active vac-
cination with autologous DC, engineered or loaded to present
tumor-associated peptides,40 an approach also recommended
for PaCa.41,42 We recently elaborated in a murine myeloid leu-
kemia and a renal cell cancer the superiority of loading DC
with tumor-derived exosomes (TEX),43 which has several
advantages: (i) there is strong evidence that TEX carry the
majority of tumor-associated antigens;44-46 (ii) uptaken TEX
are preferentially recruited into the MHCII-loading compart-
ment,43,47 which implies a minor loss by degradation in

lysosomes and enriched presentation in newly delivered
MHCII molecules with preferential CD4C helper T cell activa-
tion;47,48 (iii) DC express LFA1 at a high level, which is a major
ligand for exosomes.49 The high therapeutic efficacy of DC-
TEX vaccination demanded for a control in devasting PaCa,
particularly when embedded in the tumor and host stroma,
which opposes drugs and immune effector cells. We focused on
coping with MDSC, elaborating whether driving into differenti-
ation, blocking activation or attacking mature MDSC or combi-
nations thereof may increase the therapeutic efficacy of DC-
TEX vaccination. We confirmed the efficacy of DC-TEX vacci-
nation in PaCa after s.c. application. Weaker therapeutic effi-
cacy upon intrapancreatic growth was compensated by
concomitantly attacking MDSC. Blocking both MDSC matura-
tion and activation further strengthened the therapeutic effi-
cacy of DC-TEX vaccination.

Results

Immunotherapy is an efficient adjuvant treatment in many
tumor entities. However, in PaCa it is hampered by the strong
immunosuppressive features of this tumor. Therefore, we
explored in a murine PaCa model, whether vaccination with
TEX-loaded DC shows any therapeutic efficacy and whether
this can be strengthened by concomitantly attacking MDSC.

DC loading with PaCa-derived exosomes and DC
distribution in the tumor-bearing host

UNKC6141 (UNKC) is a PaCa line derived from a Kras
(G12D);Pdx1-Cre mouse.50 Aiming to vaccinate UNKC-bear-
ing mice with TEX-loaded DC (DC-TEX), TEX and BMC-
derived DC-TEX and for comparison BMC-derived MDSC
were characterized. In addition, the most prominent targets
and in vivo homing features were defined.

Culture supernatant-derived TEX, which were used for DC-
loading, express PaCIC markers (CD44v6, c-MET, EpCAM,
CD104, CD49f, CD184, Tspan8, CD133, CD24, ALDH1/2), sev-
eral common tumor markers (S100A4, CD138, CD90, TGFb1,
MAGE9, Kras, ThbSp, HSP70) and constitutive exosome
markers including tetraspanins (Fig. S1A). DC-TEX express
CD11c, MHCI, MHCII at high, CD40, CD80 and CD86 at
medium level. MDSC mostly express CD11b, Ly6C and Ly6G.
DC-TEX express the homing receptors CCR6, CCR7 and
CXCR4 at medium level. However, the chemokine receptors
CCR6 and CXCR4 are also expressed by MDSC (Fig. S1B).

Coculture of biotinylated DC-TEX with LNC, SC and BMC
from UNKC-bearing mice revealed that biotin from DC was
only transferred to T cells, preferentially activated (CD69C) T
cells and progenitor cells, but not NK cells, MF or B cells.
Instead, biotin from MDSC, in vitro generated or isolated from
UNKC-bearing SC, was recovered in all major leukocyte subpo-
pulations and also in progenitor cells (Fig. S1C). CFSE-labeled
DC-TEX or BM-derived MDSC (1 £ 107), i.v. injected in naive,
UNKC-bearing and UNKC-bearing DC-TEX vaccinated mice
were recovered after 48 h in LN, spleen, BM, the intrapancre-
atic tumor and the lung. DC-TEX recovery in LN, spleen,
tumor and lung was higher in vaccinated than non-vaccinated
mice, but recovery in LN, spleen and BM was reduced
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compared with naive mice. In line with homing receptor
expression, MDSC were also recovered in lymphoid organs, the
tumor and the lung, recovery mostly exceeding that of DC-
TEX. Distinct to DC-TEX, recovery of MDSC was increased in
the TB spleen and BM. Despite vaccination, recovery of MDSC
also increased in tumor and lung (Fig. S1D).

Taken together, the recovery of tumor markers on TEX sug-
gests TEX to be a suited antigenic entity for DC-loading. DC-
TEX preferentially interact with activated (CD69C) T cells and
home into LN, BM and in vaccinated mice more efficiently in
tumor and lung. However, homing of MDSC in tumor and
lung is also promoted by vaccination. Thus, the question arose,
whether DC vaccination surmises suppressive elements in PaCa.

Vaccination with DC-TEX prolongs the survival time
and affects UNKC dissemination

In view of the immunosuppressive and tumor growth promot-
ing features of the TB pancreatic stroma, we first controlled for

the efficacy of DC-TEX vaccination after s.c. injection of 1 £
106 UNKC. Starting after 1 d, mice received weekly i.v. injec-
tions of 2 £ 106 DC-TEX. Vaccination delayed the onset of
tumor growth and the survival time was significantly prolonged
in DC-TEX treated mice (Fig. 1A). Furthermore, vaccination
affected UNKC dissemination, particularly recovery in the PB
being strongly reduced (Fig. 1B).

As DC vaccination exerted some therapeutic efficacy, the
experiment was repeated starting DC-TEX treatment after exci-
sion of the primary tumor 5 week after s.c. application. All ani-
mals developed local recurrence, which was significantly
delayed by DC-TEX treatment (Fig. 1C). However, whereas
tumor cells were recovered in PB, BM and lung of all untreated
mice, tumor cells were recovered in PB, BM, LN and liver of
only 1 of 5 mice and in the lung of 2 of 5 mice (Fig. 1D), which
indicated that vaccination was efficient in eradicating UNKC
that had already settled in distant organs.

DC-TEX vaccination supported T cell activation. In the
UNKC-bearing mice the percent of CD4C LNC was strongly

Figure 1. Prolonged survival time by DC-TEX vaccination after subcutaneous tumor cells application. (A, B) C57BL6 mice (5/group) received an s.c. injection of 1 £ 106

UNKC and weekly i.v. injections of 2 £ 106 DC-TEX. (A) Tumor growth rate, survival time and mean§ SD survival time; significant differences between untreated and vac-
cinated mice are shown. (B) At autopsy, dispersed cells of the indicated organs were maintained in culture for up to 6 week to survey tumor cell growth. The number of
organs with disseminated tumor cells are indicated. (C, D) C57BL6 mice (5/group) received a s.c. injection of 1 £ 106 UNKC. Tumors were excised reaching a mean diame-
ter of 0.5–0.8 cm. Starting at the day of excision, mice received weekly i.v. injections of 2 £ 106 DC-TEX. (C) Local recurrence, survival time and mean § SD survival time
after excision of the primary tumor; significant differences in the survival time between untreated and vaccinated mice are shown. (D) At autopsy, dispersed cells of the
indicated organs were maintained in culture for up to 6 week to survey tumor cell growth. The number of organs with disseminated UNKC are indicated. (E) LNC and TIL
were stained with anti-CD4C, -CD25 and -FoxP3 (Treg); BMC, SC and TIL were stained with anti-CD11b and -Gr1 (MDSC); the mean percent § SD of Treg and MDSC in 3
mice/group is shown; significant differences between untreated and DC-TEX-treated UNKC-bearer: �. (F) Treg and MDSC were enriched by magnetic bead sorting of LNC
(Treg) or SC (MDSC). LNC of naive mice were cocultured with Treg or MDSC at a 1:1 ratio for 72 h in the presence of 20 U/mL IL2, adding 3H-thymidine during the last
16 h of culture. The percent inhibition compared with LNC cultured in the absence of Treg or MDSC is shown (mean § SD of triplicates); differences to Treg or MDSC
from naive mice: �; differences between untreated vs. vaccinated UNKC-bearing mice: s. (G) LNC (5 £ 105) of naive and untreated or vaccinated UNKC-bearing mice were
cultured for 72 h in the presence of 1 £ 105 DC-TEX. During the last 16 h, 10 mCi/mL 3H-thymidine were added; 3H-thymidine uptake (counts § SD of triplicates/5£ 105

LNC after subtracting 3H-thymidine uptake by DC); differences to LNC from naive mice: �; differences between untreated vs. vaccinated UNKC-bearing mice: s. DC-TEX
vaccination suffices for prolonged survival of UNKC-bearing mice and a reduction of tumor cell dissemination. The latter becomes stronger, when vaccination was started
immediately after excision. Treg and MDSC of TB mice exhibited stronger inhibitory potential than Treg and MDSC of naive mice. Notably, Treg expansion was only
reduced, when vaccination started after excision.
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decreased. Vaccination rescued CD4C LNC and was accompa-
nied by upregulation of CD154C and CD40C LNC, but did not
correct CD25 upregulation in LNC of UNKC-bearing mice.
These findings also accounted for TIL (Fig. S2A and B) and fit-
ted to a higher percent of Treg (CD4CCD25CFoxP3C) in LNC
and TIL of UNKC-bearing mice irrespective of vaccination,
although a decrease was noted, when mice were vaccinated
after excision of the primary tumor (Fig. 1E). Increased inflam-
matory, immunosuppressive and immunostimulatory cytokine
expression in LNC and TIL of UNKC-bearing mice was not
strongly affected by DC-TEX vaccination (Fig. S2C and D) and
might support MDSC activation. The latter are high in the TB
BM and spleen. Only in the BM a decrease was seen in mice
vaccinated after tumor excision (Fig. 1E). In addition, Treg and
MDSC of TB mice exhibited a strong proliferation inhibitory
potential, only Treg activity being mitigated in vaccinated mice
(Fig. 1F). Nonetheless, vaccination strongly increased the pro-
liferative activity of LNC from TB (Fig. 1G).

The findings confirm immune response induction by DC-
TEX vaccination accompanied by a strong reduction of migrat-
ing and metastasizing UNKC. However, vaccination did not
efficiently cope with immunosuppression, as revealed by
MDSC expansion in SC and TIL. This demanded for a support-
ive MDSC attacking regimen.

The immunosuppressive milieu generated by orthotopic
tumor growth

In advance of trying to cope with MDSC activity, the impact of
intrapancreatic UNKC growth on the pancreatic stroma was
evaluated, PaCa being known to induce a strong stroma reac-
tion supporting tumor growth and immunosuppression, at
least partly, via MDSC.

UNKC cells grew more rapidly in the pancreatic environ-
ment and reached a mean diameter of 0.8 cm already 21 d after
application (data not shown). Compared to the naive pancreas,
the matrix of the tumor-loaded pancreas showed a higher den-
sity of collagen (coll) I, coll IV, laminin (LN)111 and LN332,
vessel density and VEGFR2 expression were significantly
increased and lymphatic vessels (VEGFR3, Lyve) were strongly
upregulated. Very few CD4C, CD8C and GITRC cells were
recovered in the healthy pancreas. CD4C and CD8C cells were
increased in the TB pancreas, but T cells were mostly recovered
at the tumor rim and in close proximity to vessels, whereas
strongly increased MDSC were spread through the tumor tis-
sue. NK cells were recovered in the naive and TB pancreas
(Fig. 2A). Flow cytometry of a small and less granulated popu-
lation (leukocyte-enriched) in the dispersed naive and TB pan-
creas revealed no change in the relative percent of T cells, a
decrease in CD154C T cells and an increase in Treg
(CD4CCD25CFoxP3C), CD11bC and MDSC (CD11bCGr1C) in
the TB pancreas (Fig. 2B). The inflammatory cytokines TNFa,
IL1b and IL6 and the immunosuppressive cytokines IL4 and
IL10, but also IFNg as well as several chemokines engaged in
MDSC maturation and activation, like GM-CSF, CCL2, CCL4,
CCL5, CCL25, bFGF, VEGF, OPN and LIF (Fig. 2C), the latter
being involved in fibroblast activation, are upregulated in the
TB pancreas. This also accounted for the death receptors
CD120a, CD120b, CD253 and CD254. Accordingly, the

number of apoptotic TIL slightly exceeded that of intrapancre-
atic leukocytes (Fig. 2D). Finally, already at 3 week after o.t.
application tumor cells were recovered from the peritoneal cav-
ity and the lung of all three mice, from liver and BM of two
mice and from blood and spleen of one mouse (Fig. 2E).

In brief, intrapancreatic UNKC growth induces a strong
stroma reaction with enrichment of suppressor cells, suppressive
factors and chemokines attracting MDSC, the immunosuppres-
sive elements being stronger than in mice carrying s.c. tumors.

Coping with MDSC expansion, activation and recruitment

To cope with immunosuppression by MDSC, we evaluated the
efficacy of drugs described to interfere with MDSC expansion,
activation and recruitment. C57BL6 mice received an o.t. injec-
tion of UNKC and were concomitantly treated with ATRA,
interfering with MDSC maturation,33 or Sun, hampering
MDSC differentiation,36 or GEM, which drives MDSC into
apoptosis.36 Mice concomitantly received DC-TEX, which
allowed controlling for a negative impact of the cytotoxic drugs
on T cells. The impact of the drugs on MDSC was evaluated in
BMC, SC and TIL, the impact on T cell activation was con-
trolled in draining LNC and TIL.

Factors known to drive myelopoiesis and to inhibit differen-
tiation like SCF, GM-CSF, VEGF and IL6 and expression of the
corresponding receptors were not strongly affected in the BM
and tumor tissue of ATRA-treated mice. This also accounted
for TLR2 and TLR4 and downstream signaling molecule
MyD88 (data not shown). However, a reduction of NFkB was
seen in BMC and of iNOS and IL10 in BMC, SC and TIL of
ATRA-treated mice (Fig. S3A). It is noteworthy that ATRA did
not affect chemokine expression in BMC and TIL, including
CCL2 and CXCL12, particularly engaged in MDSC recruit-
ment. Only T cell recruiting CXCL10 expression was slightly
affected, indicating that ATRA hardly interfered with MDSC
and T cell recruitment into the tumor (data not shown).

The impact of ATRA on T cells differed between LNC and
TIL. In LNC ATRA supported CD8C expansion and accessory
molecule expression. In TIL, CD25 and CD28 expression was
reduced, but rescued upon concomitant vaccination, which also
boosted CD152C and CD154C T cells. In LNC, ATRA treatment
was accompanied by a reduction in inflammatory, immunosup-
pressive and immunostimulatory cytokines, only IFNg being res-
cued upon vaccination. The latter also accounted for TIL, the
impact on cytokines delivered by TIL being less pronounced
(Fig. S3B). Immunohistochemistry confirmed enrichment of
CD4C and CD8C TIL, but free distribution into the tumor tissue
was still hampered. Immunohistochemistry also indicated a
strong reduction in MDSC (GITRC, Ly6CC) (Fig. S3C). Flow-
cytometry reassured a significant reduction of CD11bCGr1C TIL,
BMC and SC, which was maintained in concomitantly vaccinated
mice. An increase in Treg was only seen in LNC and was waved
upon concomitant vaccination (Fig. 3A).

ATRA treatment supported the proliferative activity of LNC
and SC in response to DC-TEX, the proliferation of LNC from
ATRA-treated plus DC-TEX vaccinated mice exceeding that of
vaccinated mice (Fig. 3B). CTL activity of LNC and SC of
ATRA-treated and concomitantly vaccinated mice, evaluated
after in vitro (re)stimulation with DC-TEX, was significantly
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Figure 2. The impact of UNKC on the pancreas stroma. C57BL6 mice received an intrapancreatic (o.t.) injection of 5 £ 105 UNKC. Mice were killed after 3 week with a
small palpable tumor mass in the upper abdomen. (A) The cancerous pancreatic gland and the pancreatic gland of healthy mice was excised, shock frozen and sections
were stained with the indicated antibodies. (B–D) Flow-cytometry analysis of pancreas resident leukocytes and TIL (encircled population in the forward/sideward scatter)
after dispersion of pancreas and tumor tissue of (B) leukocyte markers, Treg (CD4CCD25CFoxP3C), MDSC (CD11bCGr1C), (C) cytokines, chemokines, chemokine receptors,
(D) death receptors and apoptotic cells. (B–D) Mean percent § SD (3 mice/group) of stained cells; significant differences between intrapancreatic leukocytes and TIL: �.
(E) Recovery of disseminated UNKC cells in tissue cultures from organs collected at autopsy. Matrix proteins, particularly LN332 are more abundant in the UNKC-bearing
pancreas. Vessel density is increased and only in the cancerous pancreas lymphatic vessels are abundant. There was a slight increase in infiltrating T cells and a strong
increase in Treg and MDSC. Inflammatory and immunosuppressive cytokine expression is mostly increased in TIL. Furthermore, MDSC recruiting and angiogenesis promot-
ing chemokines are strongly upregulated. The percent of apoptotic leukocytes is slightly increased, but only TNFRI and TNFRII expression is strongly upregulated. Notably,
UNKC were recovered in 3/3 mice in the peritoneal cavity and the lung already 3 week after o.t. application.
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increased compared with that of LNC and SC from non-vacci-
nated or vaccinated, but not ATRA-treated mice (Fig. 3C).
However, ATRA treatment did not suffice to prolong the sur-
vival time of UNKC-bearing mice and did not exert an additive
effect on DC-TEX vaccination, the latter being less efficient
than in mice bearing an s.c. tumor (Fig. 3D). It affected UNKC
migration (recovery in the blood), settlement in BM, LN and
weakly lung, the effect remaining below that of DC-TEX vacci-
nation (Fig. 3E).

Taken together, ATRA drives myeloid progenitor cells into
differentiation with reduced recovery of MDSC in BM, spleen
and TIL. This is accompanied by an improved T cell response
in DC-TEX vaccinated mice. Despite these promising effects,
ATRA treatment concomitantly with vaccination did not pro-
long the survival time and had a weak impact on tumor cell set-
tlement in distant organs.

The tyrosine kinase inhibitor Sun interferes with myeloid pro-
genitor differentiation into MDSC. Flow-cytometry analysis of
BMC-derived MDSC cultured in the presence of Sun revealed an

increase in CD45C cells, a decrease in CD11bC, Gr1C and GITRC

cells and an increase in CD11cC, CD40C, CD80C, CD86C and
MHCIIC cells. These changes were accompanied by reduced
GMCSF and TNFRI expression and a reduction in NFkB,
cyclinD1, BclXl, cMyc, iNOS and MMP9 expressing MDSC
(Fig. 4A). Despite a decrease in CD11bCGr1C cells, accompanied
by an increase in Gr1C cells, there was a slight increase in apopto-
tic cells in cultures containing Sun (Fig. 4B). When culture-
derived MDSC were cocultured with SC of naive mice in the
presence of IL2, the proliferation inhibitory potential of MDSC
matured in the presence of Sun was reduced (Fig. 4C).

Similar effects were observed treating TB mice with Sun,
which was accompanied by reduced BMC and SC recovery
(Fig. 4D). BMC, SC and TIL contained fewer CD11bCGr1C

cells and in LNC and TIL Treg were reduced, but partly
regained in TIL of concomitantly vaccinated mice (Fig. 4E).
Isolated CD11bCGr1C cells from BM and spleen of Sun-treated
TB mice poorly suppressed naive LNC proliferation, the sup-
pressive capacity being further reduced, when MDSC were

Figure 3. ATRA treatment strengthens the efficacy of DC-TEX vaccination: C57BL6 mice with o.t. injected (1 £ 106) UNKC were treated with a s.c. depot of ATRA (5 mg),
which was repeated after 3 week, and/or weekly i.v. applications of DC-TEX (2 £ 106). (A) Flow-cytometry analysis of MDSC in BMC, SC and TIL and Treg in LNC and TIL of
ATRA-treated and/or vaccinated mice; mean values § SD of 3 mice/group; significant differences between untreated and ATRA-treated: �; significant differences between
ATRA-treated vs. ATRA-treated plus vaccinated mice: s. (B) LNC and SC (5£ 105) were cultured for 3 d in the presence of 5£ 104 DC-TEX, adding 3H thymidine during the
last 16 h of culture; mean cpm § SD (triplicates)/5 £ 105 cells after subtraction of values of DC-TEX; (C) LNC and SC were (re)stimulated in vitro for 10 d in the presence of
5 £ 104 DC-TEX. Cells were harvested and seeded on 1 £ 104 3H-thymidine-labeled UNKC or syngeneic blasts and incubated for 8 h; the % cytotoxicity § SD (triplicates)
is shown; (B,C) significant differences by ATRA treatment: �, significant differences between ATRA vs. ATRA plus DC-TEX treatment: s. (D) The mean survival time of the
four groups of mice (5 mice/group) is shown; significant differences to untreated UNKC-bearers and the differences between ATRA vs. ATRA plus DC-TEX treated mice are
indicated. (E) Recovery of disseminated tumor cells was evaluated by culturing dispersed organs collected at autopsy. The number of MDSC is reduced in ATRA-treated
mice, but in LN the number of Treg is increased. ATRA does not affect proliferation or cytotoxicity, but strengthens proliferation and cytotoxic activity of concomitantly
vaccinated mice. Nonetheless, ATRA and ATRA plus DC-TEX treatment does not suffice to significantly prolong survival.
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isolated from vaccinated mice. Notably, the impact of Sun was
stronger on BM- than spleen-derived MDSC (Fig. 4F). Finally,
»10% of naive SC were driven into apoptosis, when cocultured
with MDSC from BM of TB mice. MDSC of Sun treated mice
displayed lower cytotoxic activity, the percentage of AnnVC/
AnnVC/PIC SC being further decreased with MDSC from Sun-
treated, vaccinated mice (Fig. 4G).

Analyzing freshly harvested LNC and TIL of Sun-treated TB
mice revealed a reduction in CD4C cells, which was compen-
sated in LNC, but not TIL of vaccinated mice, where CD8C T
cells became enriched. Reduced accessory molecule expression
in Sun-treated mice was restored by vaccination and upregula-
tion of CD152C TIL by Sun was compensated (Fig. S4A). With
the exception of IL12 and IFNg, cytokine expression is reduced
in LNC, but not TIL of Sun-treated mice, but is rescued in con-
comitantly vaccinated mice (data not shown). Immunohistol-
ogy revealed large necrotic areas in the tumor. In the alive
tumor tissue, despite low recovery, CD4C cells were well dis-
tributed and CD8C cells were enriched in the tumor tissue of

Sun-treated mice. Furthermore, GITRC, but not CD11bC cells
were reduced, indicating that recruitment and/or differentia-
tion toward MF was not affected by Sun (Fig. S4B).

Proliferation of LNC and SC from TB mice in response to
DC-TEX was not affected by Sun-treatment, but was signifi-
cantly strengthened in concomitantly vaccinated mice
(Fig. 4H). Sun treatment hardly affected cytotoxic activity and
Sun-treated, DC-TEX vaccinated mice displayed high cytotoxic
activity toward UNKC (Fig. 4I).

Thus, Sun drives BMC into differentiation and additionally
promotes apoptosis of MDSC and T cells. MDSC escaping Sun
have weakened suppressive activity, but surviving lymphocytes
strongly respond to DC vaccination. Accordingly, immune
response induction by DC-TEX is strengthened in Sun-treated
mice, which appeared promising for prolonged survival.
Indeed, though Sun-treatment did not prolong the survival
time of UNKC-bearing mice, the survival time of concomi-
tantly vaccinated mice was significantly increased (Fig. 4J).
Recovery of migrating UNKC was less severely affected by Sun

Figure 4. Sunitinib interferes with MDSC generation. (A–C) BMC were cultured in the presence of GM-CSF, IL6 and PGE2, where indicated cultures contained 20 mg/mL
Sun. Flow-cytometry analysis of (A) MDSC marker and signaling molecules engaged in MDSC activity, (B) CD11bC/Gr1C and apoptotic (AnnV/PtdIns stained) cells; (A,B)
mean § SD of three assays are shown, significant differences in the presence of Sun: � (C) MDSC were generated in the absence or presence of Sun as indicated above.
CD11bCGr1C MDSC were separated and cocultured with naive SC for 3 d in the presence of 100 U/mL IL2, adding 3H-thymidine during the last 16 h of culture; mean
cpm § SD (triplicates)/2 £ 105 SC after subtraction of counts of MDSC are shown; significant differences in the suppressive activity of purified MDSC generated in the
presence of Sun: s. (D–K) C57BL6 mice received an o.t. injection of 1 £ 106 UNKC and weekly Sun injections (20 mg/g, i.v.) and with 3 d delay i.v. injections of 2 £ 106

DC-TEX. (D–I) Mice were killed after 4 week. (D) No of cells recovered in BM and spleen. (E) Flow-cytometry analysis of MDSC (CD11bCGr1C) in BM, SC and TIL and of Treg
(CD4CCD25CFoxP3C) in LNC and TIL; (D,E) mean percent cells § SD (3 mice/group); (F) titrated number of MDSC (CD11bCGr1C) isolated from BM and spleen were cocul-
tured with naive SC. Cultures were maintained for 3 d in the presence of 100 U/mL IL2. Proliferation was evaluated after adding 10 mCi 3H-thymidine during the last 16 h
of culture; mean cpm§ SD (triplicates); (G) MDSC isolated from SC were cocultured for 3 d in the presence of 100 U/mL IL2 with naive SC. The mean percent§ SD of apo-
ptotic cells was evaluated by flow-cytometry; (H) proliferative activity of LNC and SC was evaluated after 3 d of culture in the presence of DC-TEX (5 £ 104), adding 10 mCi
3H-thymidine during the last 16 h of culture. Mean cpm § SD (triplicates)/2 £ 105 cells; (I) LNC and SC were (re)stimulated in vitro for 10 d with 5 £ 104 DC-TEX. Cells
were harvested and seeded on 1 £ 104 3H-thymidine labeled UNKC. Cytotoxicity was determined after 8 h incubation; the % cytotoxicity § SD (triplicates) is shown; (D–
I) significant differences by Sun-treatment: �, significant differences between Sun- vs. Sun- plus DC-TEX-treatment: s. (J) Survival time and mean § SD survival time of the
three groups of mice (4 mice/group) is shown; significant differences to untreated UNKC-bearers and between Sun- vs. Sun- plus DC-TEX-treated mice is indicated. (K)
Recovery of disseminated tumor cells was evaluated by culturing dispersed organs collected at autopsy. In vitro and in vivo Sun-treatment is accompanied by a significant
reduction in the generation of MDSC, which in part relies on apoptosis induction. Furthermore, MDSC generated in the presence of Sun exhibit reduced suppressive activ-
ity. Sun does not affect proliferative and cytotoxic activity of surviving lymphocytes. It does not prolong the survival time, but supports the impact of DC-TEX. This also
accounts for the hindrance of metastatic settlement.
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than ATRA (Fig. 4K). We interpret these findings that Sun effi-
ciently hampers MDSC activation. Accordingly, DC-TEX vac-
cination gains in efficacy. There remains the drawback of an
overall strong reduction of leukocytes including T cells and,
possibly as a consequence, the low efficacy of Sun in preventing
metastatic spread.

GEM, frequently used in adjuvant PaCa therapy, might drive
MDSC into apoptosis.

In vitro treatment of LNC and BMC with 30 nM GEM
induced a minor increase in apoptotic cells. Ex vivo analysis of
LNC, BMC and TIL of UNKC-bearing, GEM-treated mice
indicated rather apoptosis protection in TIL and LNC and no
increase in apoptotic BMC (Fig. 5A). CD4C and CD8C TIL and
CD11bC and CD11bCGr1C BMC were reduced in GEM-
treated mice. However, only few GEM-treatment surviving cells
were apoptotic (Fig. 5B). In vivo GEM-treatment impaired acti-
vation of STAT6 and the transcription factors HIF1a and
NFkB the latter becoming activated via TLR and MyD88.
Reduced activation was accompanied by impaired IL1b, IFNg,
cyclinD1, BclXl, survivin and iNOS expression in MDSC from
GEM-treated mice (Fig. 5C).

CD4C, CD8C, CD28C and CD154C TIL were reduced in
GEM-treated mice, but rescued in concomitantly vaccinated
mice. GEM-treatment did not affect CD4C and CD8C LNC.

The T cell activation-support by concomitant vaccination was
similar to that in TIL (Fig. S5A). Neither in the draining node
nor in TIL, GEM sufficed for a reduction in Treg (Fig. S5B).
Inflammatory, immunosuppressive and immunostimulatory
cytokine recovery in TIL of GEM-treated mice was mostly
reduced, but was rescued in vaccinated mice (data not shown).
GEM hardly affected MDSC- and T cell-recruiting chemokine
expression in TIL, which was increased in concomitantly vacci-
nated mice (Fig. S5C). The impact of GEM on cytokine and
chemokine expression in LNC was weak (data not shown).
Immunohistology of tumor sections confirmed the increase in
activated T cells, a clustered enrichment of CXCR4C cells and a
reduction in GITRC cells in GEM-treated, vaccinated mice.
High recovery of CD95LC TIL in GEM-treated vaccinated mice
could indicate pronounced cell death (Fig. S5D).

GEM treatment supported the cytotoxic activity of LNC and
SC and enhanced the stimulation by DC-TEX vaccination
(Fig. 5D). Distinct to ATRA and Sun, GEM treatment sufficed
for a significant prolongation of the survival time and the sur-
vival time of concomitantly vaccinated mice was further pro-
longed, the prolongation not reaching statistical significance
(Fig. 5E). GEM treatment had a minor impact on tumor cell
migration and settlement in liver and lung, but strengthened
the impact of vaccination (Fig. 5F).

Figure 5. The impact of Gemcitabine on MDSC activation, apoptosis induction and vaccination. (A) Flow-cytometry analysis of apoptosis (AnnV/PtdIns staining) in LNC
and BMC cultured for 48 h in the presence of GEM and in freshly harvested LNC, BMC and TIL of mice 4 week after o.t. UNKC (5 £ 106) application. (B) Flow-cytometry
analysis of leukocyte subpopulations including apoptotic cells from GEM-treated TB mice. (C) Flow-cytometry analysis of transcription factor and related gene expression
in CD11bCGr1C SC from naive and GEM-treated mice; (A–C) the percent( § SD) of stained cells; significant differences by GEM treatment: �. (D–F) Mice received an o.t.
UNKC (1 £ 106) injection, weekly i.v. injections of GEM and with 3 d delay weekly i.v. DC-TEX (2 £ 106) injections. (D) Mice were killed after 4 week. LNC and SC were (re)
stimulated for 7 d with DC-TEX. LNC and SC were seeded on 3H-Thymidine-labeled UNKC at the indicated ratios. Cytotoxic activity was evaluated after 8 h coculture. The
mean % cytotoxicity § SD (triplicates) is shown; significant differences by GEM treatment:�, significant differences between GEM vs. GEM plus DC-TEX treatment: s. (E)
Survival time and mean § SD survival time (5 mice/group) is shown; significant differences to untreated UNKC-bearers and between GEM- vs. GEM- plus DC-TEX-treated
mice is indicated. (F) Recovery of disseminated tumor cells was evaluated by culturing dispersed organs collected at autopsy. In in vitro cultures, GEM promotes apoptosis,
the effect being not seen ex vivo after 4 week GEM treatment. Instead, the impact of GEM on transcription factor and related gene expression in MDSC is more pro-
nounced after in vivo treatment. GEM treatment strengthens the cytotoxic potential of surviving leukocytes, which is reflected by prolonged survival. In combination with
DC-TEX vaccination the survival time becomes further prolonged and metastatic spread is nearly abolished.
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Although we could not demonstrate direct cytotoxic activity
of GEM toward MDSC, only few activated MDSC were recov-
ered after in vitro or in vivo GEM-treatment, which sufficed for
an increase in cytotoxic activity, a prolongation of the survival
time and a reduction in metastatic spread in concomitantly
DC-TEX vaccinated mice.

Attacking MDSC maturation and activation strengthened
the efficacy of DC-TEX vaccination

ATRA, GEM and Sun (AGS) distinctly affecting MDSC, we
considered the possibility that blocking MDSC maturation,
activation and survival might exert an additive effect on the
therapeutic efficacy of DC-TEX vaccination.

Mice received a high dose of UNKC (5 £ 106, o.t.). Starting
1 d after tumor cell application mice received weekly injections
of GEM and Sun (i.v.) and an s.c. depot of ATRA and, starting
4 d after UNKC application, weekly i.v. injections of 2 £ 106

DC-TEX. The immune status of the mice was controlled 3 d
after the second DC-TEX application. Leukocyte recovery was

strongly reduced in LN, BM and spleen (Fig. 6A). MDSC were
reduced in BMC, SC and TIL and Treg were decreased in LN
and TIL of AGS-treated and concomitantly vaccinated mice
(Fig. 6B). Activated T cells (CD25C, CD28C, CD154C) were
strongly reduced, but immunosuppressive T cells (CD152C)
were overpresented in AGS-treatment surviving TIL. CD40C

TIL were also diminished, but costimulatory molecules were
rescued by vaccination. AGS also affected IL1b, IL6 and IL4,
but not IL12 and IFNg expression in TIL (Fig. S6A). No major
changes were seen in the very few AGS-treatment surviving
LNC (data not shown). Instead, chemokine expression was
affected in LNC and the tumor stroma, with an increase in SCF
and CXCL12 in LNC and stroma. Reduced CCL5 expression
was rescued by vaccination. CXCR4 was only upregulated in
LNC and CXCL10 only in the stroma of vaccinated mice
(Fig. S6B). Importantly, as revealed at autopsy, AGS-treatment
also affected the stroma induction by UNKC. Immunohistology
revealed a reduction in collagen, LN111 (data not shown) and,
particularly, LN332 deposits; SMAC cells, though still present,
were more dispersed not forming a strong shield preventing

Figure 6. Preventing MDSC maturation and activation additively supports vaccination. (A,B) Mice received an o.t. injection of UNKC (5£ 106); after 1 d they received a s.c.
pellet of ATRA and an i.v. injection of Sun and GEM. Sun and GEM treatment was repeated weekly. After 4 d and in weekly intervals mice received in i.v. injection of 2 £
106 DC-TEX. Mice were killed 3 d after the third DC-TEX vaccination. (A) No of leukocytes (mean § SD, 3 mice/group); (B) mean percent § SD (3 mice/group) of MDSC in
BMC, SC and TIL and of Treg in LNC and TIL; (C) MDSC were isolated from BM and spleen and cocultured for 72 h with SC from naive mice in the presence of 100 U/mL
IL2, adding 10 mCi 3H-thymidine during the last 16 h of culture. 3H-Thymidine incorporation (mean § SD, triplicates) is shown; (D) MDSC isolated from BMC and SC
were cocultured with naive SC for 3 d. The mean percent § SD (triplicates) of AnnV/AnnV/PtdIns stained cells was evaluated by flow-cytometry; (E) titrated number of
LN and SC were (re)stimulated in vitro with DC-TEX for 72 h, adding 10 mCi 3H-thymidine during the last 16 h of culture. 3H-Thymidine incorporation (mean § SD, tripli-
cates) is shown; (F) LNC and SC were (re) stimulated in vitro for 7 d with DC-TEX. Cells were seeded at the indicated ratios on 3H-thymidine-labeled UNKC or syngeneic
blasts. The % cytotoxicity (mean § SD, triplicates) was evaluated after 8 h; (A–F) significant differences compared with untreated UNKC-bearing mice: � and between
AGS vs. AGS plus vaccinated mice: s. (G,H) Mice received 1 £ 106 UNKC, o.t. and were treated as described above; (G) survival time and mean § SD survival time of
6 mice/group; significant differences by AGS- or AGS- plus DC-TEX-treatment are indicated. (H) At autopsy, cells of the indicated organs were maintained in culture to sur-
vey UNKC outgrowth. The numbers of mice with disseminated UNKC are shown. AGS treatment significantly affects leukocyte survival. Nonetheless, the reduction in
MDSC is dominating such that few surviving lymphocyte show increased proliferative and cytotoxic activity. However, due to a collapse of the immune system by the
combined cytotoxic drugs, mice finally develop tumors despite concomitant DC-TEX vaccination, but, with the exception of draining LN, metastatic spread was
prohibited.
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TIL infiltration. Indeed, though T cells were rare in AGS-
treated mice, in concomitantly vaccinated mice, they were well
distributed throughout the tumor tissue as demonstrated for
CD8C T cells. Additionally, CD31C and VEGFR2C cells were
reduced; lymphangiogenesis (VEGFR3, Lyve) appeared less
severely affected (Fig. S6C).

MDSC isolated from BM and spleen of AGS-treated mice
poorly suppressed proliferation of SC from naive mice, loss of
suppressive activity being most pronounced in spleen-derived
MDSC (Fig. 6C). Furthermore, naive SC were not driven into
apoptosis in coculture with MDSC from spleen or BM of AGS-
treated mice (Fig. 6D). In line with the impaired suppressive
activity of MDSC, the low number of AGS-surviving LNC and
SC showed increased proliferative activity toward DC-TEX and
in concomitantly vaccinated mice proliferation was signifi-
cantly increased (Fig. 6E). The cytotoxic activity of AGS-treat-
ment surviving LNC and SC was slightly increased and was
significantly strengthened in concomitantly DC-TEX vacci-
nated mice with a minor increase in autoreactivity (Fig. 6F).

AGS sufficed for a borderline significant prolongation of the
survival time of mice receiving a medium high dose of UNKC
(1 £ 106, o.t.). Instead, no palpable tumor mass was observed
in AGS-treated, DC-TEX vaccinated mice until 50 d after
tumor cell application, when mice of the control group were
already killed due to the tumor mass in the pancreatic gland.
Nonetheless, mice additionally receiving DC-TEX started to
lose weight after AGS-treatment of 60—70 d and succumbed
with the tumor with a 2-fold increased mean survival time
(Fig. 6G). At autopsy, BMC and SC recovery was strongly
reduced and LNC were hardly recovered (data not shown),
indicating exhaustion of the immune system by the persisting
drug treatment as the major contributor waving the efficacy of
DC vaccination. Nonetheless, tumor cells were rarely recovered
in PB, BM and liver. But, in 3/6 mice UNKC grew in long-term
LN and lung cultures, suggesting spread via the lymphatic
route. In AGS-treated, vaccinated mice UNKC were only recov-
ered in the draining LN of 2 mice (Fig. 6H).

Taken together driving myeloid progenitor cells into differ-
entiation and preventing activation of remaining MDSC,
though not curative by itself, most efficiently supports an active
vaccination with DC-TEX. As AGS-treatment also attacks
immune effector cells, a split approach between cytotoxic drugs
and DC vaccination is desirable for patients with excisable
PaCa, where a high cure rate becomes likely.

Discussion

Immunotherapy is a promising option in adjuvant cancer ther-
apy as it acts systemically and is less burdened by severe side
effects.51 However, immunotherapeutic trials frequently do not
fulfill expectation, which counts particularly for most aggressive
PaCa.6,7 Thus, life expectation prolonging combinations of
adjuvant therapies become an important task. Our trial was
based on the experience that TEX-loaded DC are a superior
vaccine compared with peptide-loaded DC.43 In view of the
immunosuppressive properties of PaCa,12 which in part are
due to MDSC activation and recruitment,31 we combined DC
vaccination with three chemotherapeutic drugs, ATRA, Suniti-
nib, Gemcitabine, described to affect different stages of MDSC

activation.33,36,37 Each of the drugs hampered MDSC activity,
but also affected immune cells. Only in combination with DC-
TEX vaccination, survival time became prolonged and meta-
static spread was strongly impaired.

Suitability of the murine model for controlling the efficacy
of DC vaccination in PaCa

UNKC, spontaneously arising in a Kras(G12D) mouse,50

express human PaCIC markers,52,53 some common tumor
markers, all described to contribute to PaCa progression54-58

and tumor-associated MAGE9.59 Thus, UNKC appear suited to
replace human PaCa.

UNKC preferentially settle in LN, BM and lung, whereas
human PaCa preferentially settle in LN, BM and liver. The
metastasis profile of both, UNKC and human PaCa argues for
hematogeneous and lymphatic spread with a preponderance of
the latter. The high recovery rate of UNKC in the BM and the
lung suggests preferential lodging and survival within a pre-
pared premetastatic niche,60,61 where c-MET accounts for shift-
ing hematopoiesis toward myelosuppression62,63 and the TEX
tetraspanin/integrin profile accounts for preferential homing to
distant organs. UNKC TEX express the Tspan8/a6b4 complex,
which shows a strong affiliation to lung fibroblasts.63,64 UNKC
hardly express the aV integrin (data not shown), which pro-
motes settlement in the liver.63 This latter difference to human
PaCa may account for the partly distinct metastatic organ pref-
erence. Nonetheless, early spread and the partly overlapping
settlement in liver and lung confirm UNKC suited as alterna-
tive to human PaCa.

PaCa induce a strong stroma reaction that supports tumor
growth and progression, shields the tumor from defense mech-
anisms and actively suppresses immune effector mecha-
nisms.10-12,65 A comprehensive histological analysis of the
UNKC-bearing pancreatic stroma showed abundance of ECM
elements, induction of angiogenesis and lymphangiogenesis
and recovery of T cells only in close vicinity to vessels. Instead,
MDSC and Treg were distributed throughout the tumor and
were enriched compared with the normal pancreas. Further-
more, chemokines engaged in attracting MDSC were abun-
dantly expressed. Thus, immunotherapy of UNKC likely is
burdened by an immunosuppressive environment as described
for human PaCa.

Suitability of UNKC TEX loaded DC as vaccine and the
likelihood of DC-TEX to reach their target

UNKC TEX express the tumor markers and several tetraspa-
nins including CD81, which is important for antigen presenta-
tion by DC. Exosomes taken up by DC are preferentially
guided to the MHCII-loading compartment with CD81 being
involved in the vesicle transport.66,67 This implies that UNKC
tumor markers expressed in TEX are preferentially digested in
the MHCII-loading compartment and peptides are loaded into
newly synthesized MHCII.43,48 Tetraspanins are also engaged
in TEX binding and TEX uptake.68,69 Confirming the suitability
of DC-TEX as vaccine, trogocytosis, the transfer of plasma
membrane fragments70 from DC, was mostly observed in acti-
vated T cells. Some DC-TEX membrane exchange with
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haematopoietic progenitors was considered to be not of rele-
vance for our vaccination protocol and was not further
analyzed.

Finally, taking into account the altered stroma and the abun-
dance of MDSC in PaCa, it became important to control for the
homing of i.v. injected DC-TEX. Recovery of DC-TEX in LN is
strongly reduced in the TB compared with the naive host. In
the tumor tissue, recovery is low. However, recovery in LN,
lung and tumor is increased after repeated DC-TEX applica-
tion. The mechanisms underlying the changed homing profile
remain to be defined. High level CCR6 and CXCR4 expression
may support DC-TEX recruitment by CCL20 and CXCL12 in
the tumor stroma.71,72 But, MDSC also preferentially home
into the tumor of vaccinated mice, where CCL2, CXCL5,
CXCL12 and SCF in the tumor tissue support recruitment.32,73

In brief, DC-TEX preferentially target activated T cells.
Homing is impaired in the TB host, but becomes improved
upon repeated vaccination possibly via high CXCR4, CCR7
and CCR6 expression. Nonetheless, in the TB pancreas MDSC
exceeds DC-TEX recruitment, which demanded for dampening
MDSC to assist DC-TEX vaccination.

Coping with MDSC expansion and activity in PaCa during
active vaccination

From the list of drugs affecting MDSC we selected ATRA, Sun
and GEM.

ATRA drives iMC into differentiation via upregulation of
GSH, which reduces the level of ROS.33 From the factors
known to drive iMC into activated MDSC,74 only GM-CSF
expression was reduced in the BM. Nonetheless, iNOS and
IL10 expression was decreased in BMC, SC and TIL of ATRA-
treated TB mice. Upregulated CCL5 expression in the tumor
tissue argues against ATRA affecting MDSC recruitment. Thus,
lower MDSC recovery in TIL likely is a sequel of the reduced
generation in the BM. There was additional evidence for pro-
nounced T cell activation in LNC, which became stronger in
DC-TEX vaccinated mice and was accompanied by higher pro-
liferative and cytotoxic activity of LNC from ATRA-treated
vaccinated mice. However, this support of immune response
induction did not suffice for a prolongation of the survival time
beyond that of vaccinated mice, which might be due to the
overall reduced number of T cells that did not become balanced
by improved activation. Nonetheless, ATRA-supported T cell
activation sufficed to reduce recovery of UNKC in PB, BM and
LN.

The tyrosine kinase inhibitor Sun prevents MDSC accumu-
lation and initiates a shift toward type 1 MF. By targeting tyro-
sine kinase receptors in the tumor surrounding and tumor
cells, it also directly affects tumor cells and TAM through Stat3
inhibition, which in MF drives IL12 and TNFa secretion, but
inhibits IL10. In tumor cells, it accounts for inhibition of apo-
ptosis; downregulation of the PDGFR drives EC in apoptosis.
In addition, it strengthens the CXCR3-/CXCL9/CXCL10 axis,
but downregulates CCL2, CCL17, CCL20 and CXCL12, which
attract MDSC and Treg, but also effector T cells (CXCL12).75,76

Thus, Sun concomitantly affects immunosuppression and T
cell activation. Our in vitro studies confirmed that Sun drives
iMC toward DC and mature MF and revealed that the low

number of CD11bC/Gr1C cells developing in the presence of
Sun exhibited reduced inhibitory potential. However, in vivo
Sun treatment was not accompanied by a shift toward APC,
CD4C cells were reduced in LNC and TIL, fewer T cells
expressed activation markers and only in LNC IL10 expression
was mitigated. Despite the strong mitigation of in vivo T cell
activation by Sun, in combination with DC vaccination the
impact of Sun on MDSC maturation became dominant, which
sufficed for T cell activation/expansion and pronounced
recruitment into the tumor.

In brief, Sun efficiently copes with MDSC expansion and
activation and the negative impact on T cell activation and
recruitment into the tumor can be overcome by vaccination.
Thus, Sun appears well suited to back cancer immunotherapy.77

As therapeutic weaknesses and strengths of ATRA and Sun dif-
fer, a combined treatment could provide further therapeutic
advantages.

GEM is a cytidine analog. After uptake it undergoes conver-
sion to GEM-diphosphate, which potentially hampers several
steps in DNA synthesis including repair mechanisms.78 GEM is
used as a cytotoxic drug in many tumors including PaCa, where
it is frequently given preference.79 It is supposed to drive
MDSC into apoptosis via BAX upregulation and inhibition of
Bcl2 and BclXl phosphorylation.80 In patients with PaCa and in
animal models GEM was repeatedly demonstrated to support
DC vaccination.24,25,81 In a murine PaCa model GEM did not
exert a life prolonging effect, but efficiently supported active
DC vaccination due to downregulation of MDSC and Treg,
which was accompanied by DC reprogramming with upregula-
tion of IFNg.28

We noted that in vitro, but not in vivo GEM treatment is
accompanied by increased leukocyte apoptosis. However, the
opposing in vivo finding does not exclude apoptotic cell death
in advance of harvesting. Instead, in vitro and in vivo GEM
treatment was accompanied by a blockade of MDSC activation
with reduced expression of pStat6, MyD88 and downstream
NFkB and HIF1a. As a consequence, IL1b, IFNg, cyclinD1,
BclXl, survivin and iNOS expression was reduced in MDSC.
The impact of GEM on TIL was similar to that described for
Sun, except for more pronounced reduction of immunosup-
pressive and immunostimulatory cytokines, a stronger reduc-
tion in MDSC, but a weaker impact on Treg. Nonetheless, the
survival time of GEM treated mice is prolonged and further
expanded by concomitant vaccination. In addition, GEM
together with the DC vaccine reduced tumor cell spread and
settlement in distant organs more efficiently than ATRA and
Sun.

We had expected similar therapeutic efficacy of Sun and
GEM. We suggest that the superiority of GEM is due to its
activity being restricted to dividing cells such that the 3 d win-
dow between GEM and DC application suffices for an unim-
paired/minimally impaired T cell activation after DC binding.
In addition, there was no evidence for GEM affecting angiogen-
esis (data not shown). This may facilitate tumor spread, but
obviously the better access of activated T cells to the tumor tis-
sue was surmounting.

Despite the efficacy of GEM, we considered it worthwhile to
combine ATRA, Sun and GEM treatment as a possible means
to most efficiently eradicate MDSC. First to note, AGS
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treatment strongly affected leukocyte recovery, which was not
efficiently coped by concomitant vaccination. Nonetheless,
CD11bCGr1C cells were strikingly reduced and DC vaccination
sufficed for a strong recruitment of CD4C and CD8C T cells
into the tumor. Furthermore, BM-derived MDSC showed a sig-
nificant loss in suppressive activity and that of spleen-derived
MDSC was nearly waved. Despite the reduced leukocyte count,
CD4C and CD8C cells were not selectively reduced and T cell
activation was largely unimpaired. In LN and TIL immunosti-
mulatory cytokines were dominating. The reduced expression
of inflammatory cytokines in TIL of AGS treated mice requires
further exploration. Increased CXCR4 expression in LNC could
well support leukocyte egress/T cell migration with high level
CXCL10 and CXCL12 expression in the tumor tissue support-
ing leukocyte recruitment. Furthermore, AGS did not affect the
proliferative activity of surviving LNC and SC and strongly
increased proliferation and cytotoxic activity in response to
DC-TEX. In fact, no tumor mass was palpable in AGS plus
DC-TEX vaccinated mice, when all control and AGS-treated
mice had to be killed. However, after prolonged AGS applica-
tion, mice developed tumors and at autopsy, only very few leu-
kocytes were recovered from BM, LN and spleen.
Immunohistology confirmed a striking stroma reduction, par-
ticularly of LN332, a disorganization of the shielding SMAC

cells, a reduction in angiogenesis and, less pronounced, lym-
phangiogenesis. All these features support an additive effect of
ATRA, GEM and Sun, without evidence for a mutual interfer-
ence. The poor recovery of migrating and metastasizing tumor
cells despite the breakdown of the immune system underlines
the efficacy of combining MDSC elimination with active
vaccination.

Conclusion and outlook

Immunotherapy of PaCa is particularly burdened by immuno-
suppressive features of the tumor and the tumor-induced
stroma and strong immunosuppression by MDSC and Treg.
We confirmed immunogenicity of PaCa by response-induction
via TEX-loaded DC, TEX-loading being well suited to present a
wide panel of PaCa-associated antigens. As TEX can be recov-
ered from the patients’ blood concomitantly with DC, this per-
sonalized vaccination approach becomes independent of the
availability of tumor tissue. Confirming the strong interference
of MDSC with immune response-induction toward PaCa,
attacking iMC maturation, MDSC activation and driving
MDSC toward apoptosis additively cope with PaCa-induced
immunosuppression. The protocol requires further refinement
as the repeated application of ATRA, Sun and GEM provoked
a partial collapse of the immune system. The exact pausing
should possibly be decided on the basis of the patient’s immune
status and the recovery of MDSC. Finally, though we did not
take care on stroma-induced reactions besides coping with
MDSC and Treg, according to the histological appearance after
AGS treatment, no additional action might be required. How-
ever, this should be explicitly explored for PSC, TAM and TAF.
Despite this open question, the data suggest that by attacking
MDSC DC-TEX vaccination becomes a most promising
approach in PaCa, where the cure rate of excisable tumors,
even after metastatic spread, can be strongly uplifted.

Material and methods

Cell line: UNKC6141 (UNKC), kindly provided by SK Batra, is
a pancreatic adenocarcinoma spontaneously arisen in a Kras
(G12D);Pdx1-Cre mouse.50 Cells were maintained in ISCO-
VE’sMEM medium supplemented with 10% fetal calf serum
(FCS), L-glutamine and antibiotics. Confluent cells were trypsi-
nized and split.

Antibodies and chemicals: Suppl. Tab. 1.

Tissue preparation, cell isolation and purification: Mice were
killed by cervical dislocation or were anaesthetized in CO2

for collecting heparinized PB by heart puncture. Single cell
suspensions of excised organs were prepared by pressing
through fine gauze; BMC were flushed from femora and
tibiae; PBL were collected after FicollHypaque centrifuga-
tion. DC and MDSC were generated from BMC. For DC
induction, BMC (2 £ 106) were cultured in 10 cm diameter
Petri-dishes in 10 mL RPMI1640/10%FCS, supplemented
with recombinant mouse GMCSF (10 ng/mL) and IL4
(2 ng/mL), adding after 8 d 100mg/mL TEX for uptake,
loading and peptide presentation concomitantly with 0.1
mg/mL LPS to induce DC maturation.43 MDSC were
induced by culturing BMC in RPMI1640/10%FCS supple-
mented with 20 ng/mL GMCSF, 5 ng/mL IL6 and 1 nM
PGE2 for 5 d, where indicated cultures containing 20 mg/
mL Sun or 30 mM Gem. Where indicated, DC and MDSC
were CFSE labeled (5 mM/106 cells). Treg, CD4C, CD8C

and CD11bCGr1C cells were enriched by magnetic bead
sorting.

TEX preparation: UNKC6141 were cultured (48 h) in serum-
free medium. Cleared supernatants (2 £ 10 min, 500 g, 1 £
20 min, 2000 g, 1 £ 30 min, 10,000 g) were centrifuged
(120 min, 100,000 g), the pellet was washed (PBS, 90 min,
100,000 g), resuspended in 40% sucrose overlaid by a discontinu-
ous sucrose gradient (30–5%) and centrifuged (16 h, 100,000 g).
Exosomes were collected from the 10–5% sucrose interface. The
protein concentration was determined by Bradford.

Flow cytometry: Cells (5 £ 105) were stained according to
routine procedures. TEX (10 mg) were coupled to 1 mL Latex
beads. After blocking (100 mM glycine) and washing, TEX-
loaded beads were stained using the same protocol as for cells.
For intracellular staining, cells or bead-coated TEX were fixed
and permeabilized in advance. Apoptosis was determined by
AnnV/PtdIns staining. Samples were analyzed in a FACSCali-
bur using the CellQuest program.

Trogocytosis:82 Loaded DC and MDSC (10 £ 106) were
resuspended in PBS containing 1 mg/mL Sulfobiotin-X-NHS
and incubated for 10 min at 25�C. After adding an equivalent
volume of FCS, cells were incubated for an additional 10 min at
4�C. Washed biotinylated DC/MDSC were cocultured with
LNC, SC or BMC at a ratio of 2:1 (2 h, 37�C). After washing
(2 mM EDTA/PBS), LNC, SC and BMC were stained with
APC-labeled antibody and counterstained with Streptavidin-
FITC. Trogocytosis (transfer of biotinylated membrane par-
ticles) was evaluated by flow-cytometry.

Immunohistochemistry: Snap frozen tissue sections (8 mm)
were fixed, incubated with antibodies, washed, exposed to
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biotinylated secondary antibodies and alkaline phosphatase
conjugated avidin-biotin solution. Sections were counter-
stained with hematoxilin. Digitized images were generated
using a Leica DMRBE microscope.

T cell proliferation: LNC and SC were seeded in U-shaped 96
well plates (2 £ 105–2.5 £ 104/well) in the absence or presence
of MDSC or DC at the indicated ratios. Cells were cultured for
3 d adding 3H-thymidine (10 mCi/mL) during the last 16 h.
Plates were harvested and 3H-thymidine incorporation was
evaluated in a b-counter. Mean values § SD of triplicates are
presented.

Cytotoxicity assay: CTL activity was evaluated after in vitro
restimulation of LNC or SC by 3H-thymidine release from
labeled (12 h, 10 mCi/mL 3H-thymidine) target cells (104/well),
seeded on titrated numbers (1 £ 106–6 £ 104) of effector cells
in 96 well plates. After 8 h at 37�C, cells were harvested, and
radioactivity was determined in a b-counter. Cytotoxicity is
presented as % cytotoxicity D 100 £ (counts in control wells ¡
counts in test wells)/(counts in control wells). The spontaneous
release of tumor cells ranged between 5% and12%, and of lym-
phoblasts (ConA stimulated LNC) between 8% and 20%. Mean
values § SD of triplicates are presented.

In vivo assays: C57BL6 mice received a subcutaneous (s.c.)
or orthotopic (o.t.) injection of 5 £ 106 or 1 £ 106 UNKC cells.
Where indicated s.c. growing tumors were excised reaching a
mean diameter of 0.5–0.8 cm. For o.t. tumor cell application
and for tumor excision mice were anaesthetized with Isofluran.
For immune response induction, mice received weekly 2 £ 106

TEX-loaded DC (DC-TEX), i.v., starting 4 d after tumor cell
application. ATRA, GEM and Sun application started 24 h after
tumor cell application. An ATRA depot pellet (5 mg) was s.c.
administered, application was repeated in 3 wk intervals. GEM
(100 mg/g) and Sun (20 mg/g) were weekly i.v. administered.
Mice receiving an i.v. injection of CFSE-labeled DC or MDSC
were killed after 48 h. In other experiments, the time point of
killing is indicated. Mice were killed latest, when the s.c. or o.t.
tumor mass reached a mean diameter of 1 cm or after 120 d.
Animal experiments were Government-approved (Baden-
Wuerttemberg, Germany).

Statistics: p values <0.05 (in vitro assays: two-tailed Stu-
dent’s t-test, in vivo assays: Kruskal–Wallis test) were consid-
ered significant.
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