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Abstract

Emerging data support the immunosuppressive nature of the tumour microenvironment, which interferes with
the efficacy of Dendritic Cells (DCs) used in cancer vaccination not only by rendering these immune cells unable to
induce specific immune responses, but also by turning them into promoters of tumour growth.

A characteristic feature within the tumour microenvironment of advanced solid tumours is the necrotic cell death
with subsequent release of necrosis-/Damage-Associated Molecular Patterns (DAMPs). DAMPs are known to
induce tissue healing processes including angiogenesis and immune suppression, thus necrotic tumours harness
the regenerative capacities of the host for their own survival and proliferation.

We examined the impact of DAMPs including S100A4 on DC-induced T cell proliferation. Human monocyte
derived DCs were pulsed with DAMPs obtained from necrotic tumour material or the specific DAMP-member
S100A4. Pulsed DCs were subsequently co-cultured with autologous T cells. We could show enhanced metabolic
activity and proliferation of CD4+CD25+FoxP3+regulatory T cells, which were capable of suppressing allogeneic
lymphocytes in the mixed lymphocyte culture.

Given that necrotic material is generally found within advanced tumour tissue, there is an urgent need to
characterize specific members of DAMPs and their impact within the tumour microenvironment. By pointing out
the crucial effect of S100A4 protein our results shed some light into the underlying mechanisms playing important
roles in adaptive immune response to tumours. Given that S100 proteins are sensitive to oxidation it is conceivable
that induction of oxidative microenvironmental conditions within the tumour tissue could abrogate necrosis induced

immune suppression.
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Introduction

Considerable efforts have been made in order to develop strategies
for using DCs to induce tumour-specific immunity, including more
than 100 clinical trials designed to evaluate their safety or efficacy
in humans [1]. In general, although several reports indicate that DC
vaccines are able to induce immune responses in cancer patients, they
only rarely result in objective clinical responses based on the response
evaluation criteria in solid tumours (RECISTs) and no indication or
evidence has been obtained supporting the notion that DC vaccines
are superior to other vaccination strategies for cancer patients [2]. One
of the main reasons why DC vaccines have been suboptimal in clinical
trials might be the inhibitory effect of the tumour microenvironment.
Indeed, tumour-associated DCs are usually described as immature
cells with low expression of co-stimulatory molecules and incapable of
inducing robust anti-tumour immune responses [3-7].

Feijoo et al. [8] showed in a clinical trial that ex vivo matured
DCs, loaded with tumour antigen, are trapped by the tumour
microenvironment and thus incapable of migrating into regional
lymph nodes. Tumour-associated DCs are often incapable of inducing
specific cytotoxic immune responses, or can even induce regulatory T
cell expansion. In particular, DCs showing low levels of co-stimulatory
molecules have been detected in tumours expressing high levels of
VEGF [9] resulting in enhanced angiogenesis with the improved
nutrient supply to the tumour that supports tumour growth and
proliferation.

Current strategies to circumvent the immunosuppressive influence
of the tumour microenvironment target either local bioactive factors

as cytokines and chemokines, or tumour-associated cells like myeloid
derived suppressor cells and regulatory T cells (T regs). Indeed,
depletion of Tregs before vaccination with Carcino Embryonic Antigen
(CEA) pulsed DCs can enhance specific T-cell response to CEA [10],
similar effect of Treg depletion could be observed in patients with
metastatic renal cell carcinomas [11], underlining the deleterious effect
of tumour associated Tregs for the host.

Besides cytokines and chemokines which are released from tumour
cells or tumour-associated cells, Damage-Associated Molecular
Patterns (DAMPs) belong to the prevailing bioactive factors which
critically impact the tumour microenvironment by enhancing
angiogenesis or influencing the immune response [12,13]. Necrotic cell
death with subsequent release of DAMPs is a characteristic feature of
advanced solid tumours regardless of the origin and site of neoplastic
cells. Necrosis (thus the release of DAMPs) is found within the tumour
tissue due to three circumstances: 1) inadequate nutrient supply to
tumour cells as a consequence of an imbalance between tumour growth
and angiogenesis, 2) the host’s cytotoxic immune response to the
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tumour, and 3) downregulation of programmed (apoptotic) cell death
by the tumour itself [13]. Identified DAMPs —shared by almost all cell
types - include high mobility group box 1 (HMGB1), uric acid, ATP,
hyaluronan, heat shock proteins, heparan, syndecan, versican, and S100
proteins [14].

S100A4 is a member of the S100-calcium-binding family, and is
involved in regulation of angiogenesis, cell motility, invasion and cell
survival [15]. The expression of S100A4 is known to be increased in
colorectal cancer cells [16], and its elevated concentration within the
tumour tissue or in serum is indicative of tumour progression and
lymph node metastasis with subsequent poor prognosis for the patients
[15-18].

Given that S100 proteins are sensitive to oxidation, and considering
our published observations that oxidized DAMPs lose their biologic
activity [19,20], we focussed our further experiments on S100A4 as a
DAMP member being possibly responsible for observed effects.

In our previous studies we could show that DAMPs obtained from
lysed colorectal tumour cells are capable of inducing the maturation
of human monocyte derived DCs in terms of up-regulation of CD40,
CD80, and CD86 [21]. We could also demonstrate that DAMPs are
capable of enhancing the chemotaxis and proliferation of mesenchymal
stromal cells (MSCs) [20]. MSCs accumulates within solid tumours
and are associated with a poor prognosis of cancer patients possibly
by virtue of their immunosuppressive capacities [22]. We now sought
to determine the impact of S100A4 on the biologic activity of DCs
encountering necrosis within the tumour tissue assuming that S100A4
may be responsible for the induction of regulatory DCs promoting
generation of Tregs within the tumour.

Materials and Methods

Ethics statement

This study was conducted according to the principles expressed in
the Declaration of Helsinki. The study was approved by the Institutional
Review Board (Ethical Committee) of the University of Ulm.

Standard cell culture conditions and used cells

As standard cell culturing media phenol-red free DMEM (Gibco)
supplemented with 10% human serum of blood group AB (German
Red Cross Blood Services Baden-Wiirttemberg-Hessen) was used. All
cells (HCT-116, CACO-2, monocytes, dendritic cells, lymphocytes)
were incubated in a humidified atmosphere at 37°C with 5% CO,.

The colorectal tumour cell lines HCT-116 and CACO-2 which
were lysed to obtain necrotic material were purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig).

Quantitative real time RT-PCR for detection of Homo sapiens
S$100A4 (Entrez Gene ID: 6275) transcripts

For quantitative detection of S100A4 the following TagMan® Gene
Expression Assays from Applied Biosystems® (Foster City, U.S.A) were
used: S100A4=Hs00243202_m1, GAPDH = Hs02758991_gl. For
total RNA extraction QIAGEN® RNeasy® Mini Kit (Cat No. 74104) in
combination with QIAGEN® RNase-Free DNase Set (Cat No. 79254)
and for reverse transcription reaction QIAGEN® Omniscript® RT
Kit (Cat No. 205111) was used. Quantitative PCR was performed on
an Applied Biosystems® 7500 Fast Real-Time PCR System by using
Applied Biosystems® TagMan® Fast Universal PCR Master Mix (2X),

No AmpErase” UNG (Part No. 4352042). All kits were used according
to the manufacturers’ manuals. Data were analysed using 7500 System
SDS v2.0.4 and Microsoft Office Excel 2003 software.

Preparation of cell lysates and soluble DAMPs

Colorectal tumour cell lines HCT-116 and CACO-2 were cultured
in our standard cell culturing media containing human (not bovine)
serum (see above). At confluencies between 70% and 80%, adherent
cells were harvested using trypsin/EDTA (0.05/0.02%). Remaining
trypsin, culturing media and possibly contaminating necrotic material
from dead cells was removed by washing and resuspending the
harvested viable cells in sterile PBS (Lonza). At concentrations of 107 to
10* HCT-116 cells/ml PBS, cells were lysed by 4 cycles of freeze-thawing
(F/T). The viability following F/T treatment was assessed using trypan
blue exclusion and was always below 0.1%. In order to obtain soluble
DAMPs, lysates were spun down hard (16,300 x g) twice and the
supernatants (soluble DAMPs) were used at indicated concentrations,
alternatively recombinant human S100A4 (R and D systems) was used
to pulse Dendritic Cells (DCs).

Total protein concentrations within generated soluble DAMPs was
assessed by using a BCA protein assay kit (Thermo Scientific Pierce
Protein Biology Products, Germany) according to manufacturer’s
instructions.

Monoclonal mouse anti human S100A4 (Genovac, Germany)
at indicated concentrations was added to the cell culture in order to
deplete S100A4 from the necrotic material.

Isolation of peripheral blood mononuclear cells and
purification of monocytes and autologous lymphocytes

Human peripheral blood mononuclear cells (PBMC) were purified
from whole blood by density gradient centrifugation using Biocoll
(Biochrom AG, Germany). Monocytes (CD14-positive selection)
and CD4+ lymphocytes (CD4-negative selection) were purified from
PBMC by performing MACS procedure (Miltenyi Biotec, Germany)
following manufacturer’s instructions.

Generation of monocyte derived human DCs

Immature DCs (iDCs) were generated from human monocytes
within 5 days in the presence of IL-4 (500 U/ml) and GM-CSF (1000 U/
ul) [23] (both cytokines from R&D Systems). iDCs were harvested by
using EDTA, resuspended in our standard media and transferred into
a flat bottom 24 well plate (Nunc) at a density of 3 to 4 x 10° iDCs per
well and 500 pl. iDCs were stimulated with indicated concentrations of
individual tumour cell lysates for 3 further days and harvested then by
using EDTA to detach the DCs.

Flow cytometric assessment of marker expression on
lymphocytes

Fluorescent labelled antibodies to human CD4, CD25, FoxP3,
respective isotype controls as well as cell fixation and permeabilization
buffers were purchased from BD Biosciences. The fluorescence of
stained cells was assessed using BD FAC Scan (BD Biosciences). At least
20,000 events were acquired in all flow cytometric analyses.

Assessement of lymphocyte proliferation and metabolic
activity

DCs (10" /well) which had previously been stimulated with tumour
cell lysate (DAMPs) for 3 days were co-cultured with 10° fluorescent-
labelled (Cell Trace from Invitrogen) CD4+ autologous lymphocytes
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in a 96 well plate. After a week floating/non-adherent lymphocytes
were separated from culture flask-adherent DCs by careful pipetting
and residual contaminating DCs were gated out based on their side
and forward scatter when performing flow cytometry. Cell division
correlated with loss of fluorescence signal which was assessed using BD
FACScan (BD Biosciences).

In order to assess viability and metabolic activity, WST-1
assay (Sigma Aldrich) was performed according to manufacturer’s
recommendations. Like other tetrazolium salts, WST-1 is reduced and
thus cleaved to formation due to the mitochondrial dihydrogenase
activity of cells. An expansion in the number of viable cells results
in an increase in the overall enzyme activity leading to an increased
amount of formazan dye resulting in enhanced absorbance which is
measured at 450 nm. The WST-1 assay was used to confirm lymphocyte
proliferation but also to assess metabolic activity which being a
measure for performance-is best indicated as WST-1 cleavage/h. Given
the non-dividing nature of DCs and considering that the number of
contaminating DCs was more than tenfold lower, WST-1 assays were
performed without separating DCs from lymphocytes resulting in a
small background noise which was corrected by calculating the relative
(%) increase of WST-1 cleavage, as indicated in the figures.

Mixed lymphocyte reaction was performed for 7 days by adding
10° allogeneic HLA-A2 mismatched PBMC to 10° lymphocytes which
were previously co-cultured with DAMP-pulsed autologous DCs as
mentioned above. Autologous lymphocytes were distinguished from

allogeneic lymphocytes based on their HLA-A2 expression.
Statistics

Student’s t test for means (paired two samples) was used for
calculating significance, and p-values equal or below 0.05 were
considered as significant.

Results

DCs pulsed with DAMPs enhance the proliferative response
and metabolic activity of autologous lymphocytes

Based on our published results confirming that DAMPs from
lysed colorectal tumour cells are capable of enhancing the expression
of maturation markers CD40, CD80, and CD86 on human monocyte
derived DCs [21], we now aimed to measure the ability of thus
pulsed/matured DCs to induce lymphocyte proliferation. DCs which
were pulsed for three days with indicated concentrations of necrotic
material (DAMPs) induced a dose-dependent proliferative response
of co-cultured autologous lymphocytes. S100A4 (1 pg/ml)-a specific
member of DAMPs which is thus also found within the tumour
microenvironment-showed a similar stimulatory effect (Figure 1A).
Performing WST-1 assays on the DC/Lymphocyte co-cultures we
confirmed our flow cytometric results on the proliferative response
of autologous lymphocytes, but also provided evidence for the dose-
dependent enhanced metabolic activity of these lymphocytes which
were co-cultured with autologous DC pulsed with graded concentrations
of DAMPs, or alternatively pulsed with S100A4 at 1 ug/ml (Figure 1B).
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Figure 1: DCs pulsed with DAMPs enhance the proliferative response and metabolism of autologous lymphocytes.

Human monocyte derived DCs were pulsed for three days with graded concentrations of DAMPs obtained from necrotic material from lysed HCT-116 colorectal
tumour cells, or with a fixed concentration of S100A4 (1ug/ml). Thus, pulsed DCs were co-cultured with autologous lymphocytes for 5 (+1) days.

Panel A shows the mean percentage (+SEM) of proliferated lymphocytes compared to total lymphocyte count with asterisk indicating p < 0.05.

Panel B shows increased metabolic activity of above mentioned lymphocytes compared to lymphocytes which were co-cultured with non-pulsed autologous DCs.
Metabolic activity was assessed by measuring the amount of WST-1 cleaved per hour and increased activity was shown in percent increase. Asterisks indicate p <

Panel C confirms the expression of S100A4 by HCT-116 cells which were used to obtain DAMPs. Shown are results from RT-PCR analysis of S100A4 expression
in three proliferating and 70-80% confluent colorectal tumour cell lines (HCT-116, COLO-678, CACO-2) and a cervical carcinoma cell line (HeLa). HCT-116 shows
the highest and CACO-2 the lowest S100A4 expression, while CACO-2 lysate containes about double as much total protein compared to HCT-116 lysate (Panel D).
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Figure 2: S100A4 is a key element within the necrotic tumor material.
Human monocyte derived DCs were pulsed for three days with DAMPs
obtained from necrotic material of 10° lysed HCT-116 colorectal tumor cells/
ml, or with S100A4 (1pg/ml) in the absence or presence of anti-S100A4
antibodies. Thus pulsed DCs were co-cultured with autologous lymphocytes
for 5 (+1) days. Shown is the increased metabolic activity (mean + SEM)
of lymphocytes compared to lymphocytes co-cultured with non-pulsed
autologous DCs. Metabolic activity was assessed by measuring the amount of
WST-1 cleaved per hour and increased activity was shown in percent increase.
Asterisks indicate p < 0.05.
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Figure 3: S100A4-pulsed DCs induce proliferation of regulatory T cells.
Human monocyte derived DCs were pulsed for three days with indicated
concentrations of S100A4 and co-cultured afterwards with autologous
lymphocytes for 5 (1) days. Shown is increased percentage of
CD4+CD25+FoxP3+ lymphocytes (Tregs) compared to the condition with
lymphocytes co-cultured with mock-treated autologous DCs.

S100A4 is expressed in tumour cells.

S100 proteins, including S100A4, belong to DAMP members
constitutively expressed in almost all cells. Appreciating the fact that
neoplastic cells may lose the expression of proteins which are found
in healthy cells, we confirmed-as a proof of principle-the presence of
S100A4 in the neoplastic colorectal cell lines, which were used in our
assays to obtain DAMPs (Figure 1C).

In order to better estimate the concentration of S100A4 needed to
induce a similar effect as could be seen for DAMPs from lysed HCT-
116 cells, we assessed the whole protein concentration of tumour lysates
(Figure 1D). About 10°lysed HCT-116 cells contained approximately
100 ng S100A4 (data not shown).

S$100A4 as a key element within the necrotic tumour material.

Given that DCs pulsed with S100A4 induced a strong proliferative
lymphocyte response compared to the effect of whole tumour cell lysate
(Figures 1A and 1B) it seemed conceivable that S100A4 plays a key
role in the sum effect, thus inhibition assays with specific antibodies
to S100A4 were performed. Anti-S100A4 inhibited dose-dependently
the observed effect of tumour cell lysate and S100A4 protein on
lymphocyte proliferation, whereas isotype control antibodies did not
show any inhibitory effect ruling out the possibility of non-specific
inhibition (Figure 2).

S100A4-pulsed DCs induce proliferation of regulatory T cells

Flow cytometric assessment of markers specific for regulatory T cells
confirmed the enhanced proliferation of CD4+CD25+FoxP3+ Tregs
(Figure 3) when DCs were pulsed with SI00A4 before co-culturing with
autologous lymphocytes. In order to confirm the immunosuppressive
capacity of these phenotypically described lymphocytes, functional
assays were performed. For functional assays DCs were pulsed with
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Figure 4: S100A4 induced Tregs are functional.
Human monocyte derived DCs were pulsed for three days with indicated
concentrations of S100A4 and co-cultured afterwards with autologous
lymphocytes for 5 (+1) days. Thus treated lymphocytes were co-cultured with
HLA-A2 mismatched allogeneic lymphocytes for further 5 (+1) days in a 1:1
ratio and proliferation was assessed by flow cytometry. Inhibited proliferation
of allogeneic lymphocytes is shown in panel A demonstrating unchanged cell
count, while the number of whole autologous lymphocytes and CD4+CD25+
autologous lymphocytes increased significantly at about 25% (B) and 50% (C),
respectively. Asterisks indicate p < 0.05.
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Figure 5: S100A4 induces IL-10 release.

Human monocyte derived DCs were pulsed for three days with indicated
concentrations of S100A4 and co-cultured afterwards with autologous
lymphocytes for 5 (+1) days. Multiplex analysis of co-culture supernatant
shows dose-dependent increase of IL-10 production due to S100A4 stimulation
of DCs. S100A4 effect could be inhibited using specific antibodies. Asterisks
indicate p < 0.05.

S100A4 at concentrations which are found within DAMPs obtained
from 3 x 10* to 10° lysed HCT-116 cells/ml, i.e. 3 to 100 ng S100A4/
ml, pulsed DC were co-cultured according to previous experiments
with autologous lymphocytes to generate Tregs; thus generated Tregs
were co-incubated with allogeneic PBMC in a mixed lymphocyte
culture demonstrating their inhibitory effect on the proliferation of
allogeneic HLA-A2 mismatched lymphocytes (Figure 4A), while the
number of (CD4+CD25+) Tregs increased significantly at about 50%
(Figures 4B and 4C), the optimal effect could be observed when DCs
were pulsed with 6 ng S100A4/ml. This observation was consistent with
our previous data (Figures 1A and 1B) and (Figure 2) demonstrating
the optimal effect when DCs were pulsed with lysates from 10° HCT-
116 cells/ml, given that about 10 ng S100A4 is obtained from 10° lysed
HCT-116 cells (data not shown).

Consistent with the immunosuppressive nature of S100A4 the
supernatant of autologous DC-lymphocyte co-culture showed a
dose-dependent increase of IL-10 (Figure 5), which is considered as
an immunoregulatory/anti-inflammatory cytokine to facilitate the
tissue-healing process in injuries and to repress proinflammatory
responses, and thus limit unnecessary tissue disruptions caused by
inflammation [24].

Discussion

Current studies and therapeutic strategies addressing the
immunosuppressive nature of tumour microenvironment focus
on cytokines and chemokines released from a tumour or tumour-
associated cells but under appreciated the biologic activity of DAMPs,
and thus the impact of necrosis within the tumour milieu. We
have recently shown that necrotic material (DAMPs) enhances the
chemotaxis and proliferation of MSCs [20] which - given their strong
immunoregulatory capacity-may interfere with effective cytotoxic
immune response to the tumour. We now demonstrate here a further
mechanism how DAMPs may impair anti-tumour immunity by
inducing regulatory DCs and characterize now S100A4 as a specific
DAMP member responsible for a major part of the observed effect.
When applied extracellularly, S100A4 is able to promote metastasis,
stimulate angiogenesis, induce cell motility and increase expression of

matrix metalloproteinases [25-28] partially explaining the association
of S100A4 with poor prognosis of cancer patients [15-18]. The receptor
for advanced glycation end products (RAGE) which is also expressed
on monocytes and DCs is a putative receptor for S100A4 [15,29] but is
not involved in S100A4 induced activation of NF-xB [30], thus further
studies on S100A4 receptors and signaling pathways in DCs need to be
performed in order to develop therapeutic strategies to abrogate the
immunosuppressive effect of S100A4 on DC and thus on the adaptive
immune response.

Of note, SI00A4 belongs to oxidation sensitive proteins losing its
stimulatory capacity following oxidation. Given the insufficient blood
and oxygen supply to advanced tumour cells with subsequent reducing
conditions prevailing within the tumour microenvironment, tumour-
associated S100A4 is protected from inactivation due to oxidation.
Interestingly, we could observe that the stimulatory effect of DAMPs
on immunosuppressive MSCs was abrogated following oxidation
of these factors [20]. Even though we did not perform any oxidation
experiments on S100A4, these two notions suggest the therapeutic
potential of strategies providing oxidizing conditions which could
possibly abrogate the immunosuppressive activity of DAMPs in terms
of DAMPs activity on tumour associated MSCs and DCs. Induction
of reducing conditions may be considered on the other hand, when
MSCs are used as novel cellular therapeutics for tissue regeneration and
wound healing.
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