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ARTICLE INFO ABSTRACT
Article history: Denderitic cells (DCs) exposed to tumor antigens followed by treatment with T, 1-polarizing differentiation
Received 3 June 2009 signals have paved the way for the development of DC-based cancer vaccines. Critical parameters for

Accepted 2 October 2009 assessment of the optimal functional state of DCs and prediction of the vaccine potency of activated DCs have

in the past been based on measurements of differentiation surface markers like HLA-DR, CD80, CD83, CD86,

gee{l "(‘j"r’lrt ‘liz :cells and CCR7 and the level of secreted cytokines like interleukin-12p70. However, the level of these markers does
MicroRNA not provide a complete picture of the DC phenotype and may be insufficient for prediction of clinical outcome

Immunotherapy for DC-based therapy. We therefore looked for additional biomarkers by investigating the differential
Biomarker expression of microRNAs (miRNAs) in mature DCs relative to immature DCs. A microarray-based screening
revealed that 12 miRNAs were differentially expressed in the two DC phenotypes. Of these, four miRNAs,
hsa-miR-155, hsa-miR-146a, hsa-miR-125a-5p, and hsa-miR-29a, were validated by real-time polymerase
chain reaction and northern blotting. The matured DCs from 12 individual donors were divided into two
groups of highly and less differentiated DCs, respectively. A pronounced difference at the level of miRNA
induction between these two groups was observed, suggesting that quantitative evaluation of selected
miRNAs potentially can predict the immunogenicity of DC vaccines.
© 2009 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights
reserved.

1. Introduction [5], with high expression of CD83 and T-cell costimulatory mole-
cules, such as CD40, CD80, CD86, and CCR7. This is crucial for their
ability to migrate to local lymph nodes and induce a T,1/CD8"
T-cell-driven tumor-specific immune response [6,7]. Furthermore,
it is preferable that immunogenic DCs capable of inducing a T} 1
response should also secrete the T, 1-promoting cytokine IL-12p70
and no immunosuppressive cytokines, such as IL-10 [5].

Functionally, immunogenic DCs can be obtained by numerous
methods, one of which is DC differentiation. DC differentiation is a
process influenced by various types of cytokines and Toll-like re-
ceptor ligands, leading to DCs with different phenotypes and capa-
bilities [8]. Moreover, any additional tool that allows a more spe-
cific phenotypic characterization of DCs would be beneficial both
for in vitro characterization of DC maturation and differentiation
and, importantly, for quality assurance in DC batches before clinical
application. As a result, microRNAs (miRNAs) represent such a new
class of molecules that could aid in the characterization of DC
phenotypes.

miRNAs are small (20-23 nucleotides) noncoding single-
stranded RNA molecules that regulate gene expression in plants,
"+ Corresponding author. animals, and humans [9]. miRNA molecules act by posttranscrip-

E-mail address: kho@bioneer.dk (K. Holmstrgm). tional control of gene expression through the mechanism of RNA

Several immunotherapeutic approaches for the treatment of
cancer have attracted attention in the past, including the use of
dendritic cell (DC)-based cancer vaccines. DCs are antigen-presenting
cells and are considered one of the most powerful regulators of
the immune system [1]. DC vaccination has been tested in numer-
ous clinical phase I and II trials [2-4] using various experimental
conditions for DC retrieval, differentiation, and maturation. Future
challenges in the field focus on optimization of DC preparation and
enhanced immunogenicity of the applied DC vaccines [3]. Most
trials utilize peripheral blood monocytes, which can be obtained
from patient blood or leukopheresis products and differentiated to
immature DCs using autologous plasma in the presence of growth
factors like granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin (IL)-4. Currently, attempts to optimize
DC vaccines with the most appropriate phenotype before vaccina-
tion are made by assuring that the DCs have a mature phenotype
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interference [10,11]. Recently, the role of miRNAs in the control of
the immune system has become evident [12-15]. In particular,
miR-155 is believed to be involved in immune functions [16-18].
Studies with miRNA-155K°-mic¢ demonstrated that these mice were
defective in adaptive immunity, with a decreased resistance
against a Salmonella infection after vaccination [19]. Furthermore,
DCs from these mice demonstrated a reduced ability to stimulate
antigen-specific proliferation of ovalbumin T-cell receptor trans-
genic cells [19]. Additionally, miR-155 and miR-146a/b expression
was induced in macrophages of both human and mouse origin
upon lipopolysaccharide (LPS) stimulation, demonstrating that
these miRNAs are involved in the regulation of pathogen-associated
molecular pattern signaling [20,21]. Finally, a recent study by Ceppi et
al. [22] indicated that miR-155 targets the IL-1 pathway in monocyte-
derived DCs in a possible negative feedback loop, indicating that the
level or prolonged expression of miR-155 could be critical for im-
mune function.

Because miRNAs, and in particular miR-155, seem to be criti-
cally involved in immune function, we examined whether specific
miRNAs could be linked to the functional state of DCs matured by
the classical DC maturation cocktail containing IL-18, IL-6, tumor
necrosis factor (TNF) «, and prostaglandin E, (PGE,) [1].

2. Subjects and methods
2.1. Access to human blood from different donors

Human blood samples in the form of buffy coat from 13 healthy
volunteers were supplied from the blood bank of both Gentofte
Hospital and Rigshospitalet in Copenhagen, Denmark.

2.2. Preparation of dendritic cells

DCs were prepared according to a modified protocol originally
described by Romani et al. [23]. Briefly, peripheral blood mononu-
clear cells (PBMC) were isolated by gradient centrifugation on lym-
phoprep (Nycomed, Oslo, Norway) and the isolated cells were sub-
jected to plastic adherence for 60 minutes, followed by the removal
of nonadherent cells. Adherent cells were cultured in the presence
of 700 U/ml hrIL-4 (Gentaur, Brussels, Belgium) and 1,400 U/ml
hrGM-CSF (Gentaur), as well as 1.2% autologous plasma, and re-
freshed after 5 days. For induction of maturation, DCs were stimu-
lated with 10 ng/ml IL-18 (Gentaur), 10 ng/ml IL-6 (Gentaur), 10
ng/ml TNF-« (Gentaur), and 1 ug/ml PGE, (Sigma Aldrich) on day 6,
and all DCs were harvested on day 7 of culture.

2.3. Flow cytometry

Cells to be analyzed were incubated for 15 minutes with 5%
human AB serum (Lonza, Basel, Switzerland) before labeling with
fluorescein-conjugated antibodies. For analysis of DCs, the follow-
ing mouse monoclonal antibodies were used: anti-HLA-D (Tv39,
Becton Dickinson [BD], San Jose, CA; recognizes HLA-DR/DQ/DP),
anti-CD80 (2D10.4, eBioscience), anti-CD86 (FUN-1, BD), anti-CCR7
(150503, R&D Systems, Abingdon, UK), anti-CD83 (HB15e, BD), and
appropriate isotype controls (eBioscience and BD). All labeled cells
were analyzed on a FACSCalibur (BD).

2.4. Cytokine enzyme-linked immunosorbent assay

DC culture supernatants were collected and stored at —80°C.
Amounts of IL-10, IL-12p70, and IL-23 were measured by standard
sandwich enzyme-linked immunosorbent assay using commer-
cially available antibodies and standards according to the manufac-
turer’s protocols (eBioscience).

2.5. miRNA array analysis

DCs were prepared from five different donors as described
above. Total RNA was extracted using the Trizol RNA isolation
protocol as outlined by the manufacturer (Invitrogen, Paisley, UK).

Two micrograms of total RNA was labeled with Hy5 for immature
and Hy3 for mature DCs and vice versa using the miRCURY LNA
array labeling kit (Exiqon, Vedbaek, Denmark). The labeled RNA
samples were mixed before hybridization to the microarray using
the miRCURY LNA microRNA array (Exiqon) corresponding to ver-
sion 8.1 of the Sanger miRBase. The version 8.1 microRNA array
contained probes against 474 human miRNAs representing the
earliest identified and most abundantly expressed miRNAs in hu-
man tissue. Following hybridization and washes in an HS-400-Pro
microarray hybridization station (Tecan, Grédig, Austria) according
to the manufacturer’s instructions, the dried slides were scanned in
an ArrayWoRx white-light CCD-based scanner (Applied Precision,
Issaquah, WA) at 10-um resolution. The resulting images were
imported into ImaGene 8.0 (BioDiscovery, El Segundo, CA), where
spot intensities and background measurements were calculated. To
identify differentially expressed miRNAs in mDC compared with
imDC, a ratio analysis was conducted using GeneSight-Lite 4.1.6
(BioDiscovery). Ratio values from all experiments were compiled
using both Lowess normalization (with a smoothing parameter of
0.2 and linear degree of fitness) and division by mean signal nor-
malization. Prior to statistical analysis, ratio values were log, trans-
formed and significance analysis of microarray (SAM) was con-
ducted on the data selecting only the miRNAs capable of fulfilling
the criteria of a false discovery rate of 0%.

2.6. Validation of miRNA differential expression using real-time
reverse transcription-polymerase chain reaction (RT-PCR)

Differential expression of selected miRNAs was validated using
the TagMan microRNA assays (Applied Biosystems, CA). Single-
stranded cDNA was synthesized from 10 ng of total RNA using the
looped primers of the TagMan microRNA assay and the TagMan
microRNA reverse transcription kit (Applied Biosystems). Each
cDNA generated was amplified by real-time PCR using the sequence-
specific primers from the TagMan microRNA assay. Real-time PCR
was performed using the standard TagMan microRNA assays pro-
tocol on the ABI StepOne Plus real-time PCR machine (Applied
Biosystems). The reactions were incubated in a 96-well plate at
95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds
and 60°C for 1 minute. Each sample was analyzed in triplicate in up
to three independent repetitions. The level of miRNA expression
was measured using C, (threshold cycle) according to the AAC,
method described by Livak and Schmittgen [24]. To normalize the
relative abundance of miRNAs, U6 snRNA was used as endogenous
control. U6 snRNA was detected using the TagMan microRNA assay
for U6 snRNA. The AC, was calculated by subtracting the C, of U6
snRNA from the C, of the respective miRNA. The AAC; was calcu-
lated by subtracting the AC, of the reference sample (immature DC)
from the AC, of the mature DC phenotype.

2.7. Validation of differential miRNA expression using
northern blot analysis

Further validation of selected miRNAs was conducted using north-
ern blot analysis employing total RNA from a single donor. According
to the method of Valéczi et al. [25], we used LNA-modified oligonu-
cleotide probes (Exiqon) for the specific hybridization to hsa-miR-
155, hsa-miR-146a, hsa-miR-125a-5p, and hsa-miR-29a. Briefly, 10
pmol of probes was 5’-end labeled with [y-32]P-ATP using T4
polynucleotide kinase. For hybridization we used the ULTRAhyb-
Oligo hybridization buffer (Ambion). Prehybridization was con-
ducted at 68°C for 30 minutes, and after the labeled probe was
added, hybridization was performed overnight at 42°C. Following
hybridization, the membranes were washed in 2x SSC +0.1% so-
dium dodecyl sulfate for 5 minutes at 42°C and at high stringency in
0.1x SSC +0.1% sodium dodecyl sulfate twice for 5 minutes at 65°C.
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2.8. Criteria for categorizing donors into two groups based on
expected immunogenicity

Based on the expression of the two important phenotypical
markers for mature DC function, CCR7 and CD83 [26,27], DCs from
the 12 donors were divided into two groups: highly differentiated
and less differentiated. The highly differentiated group included
donors whose DC population was >70% positive for both CCR7 and
CD83 (based on single staining and measured individually by flow
cytometry), whereas DCs that did not fulfill these criteria were
defined as less differentiated.

3. Results

3.1. Characterization of DC phenotypes using FACS analysis and
cytokine measurement

Monocytes derived from healthy human donors were differen-
tiated into immature DCs and treated with a classical maturation
cocktail containing IL-1g, IL-6, TNF-«, and PGE, commonly used for
DC vaccines in cancer immunotherapy [1]. Analysis of surface
marker expression for human leukocyte antigen (HLA)-D (HLA-DR/
DQ/DP), CD80, CD83, CD86, and CCR7 showed an increase in mean
fluorescence intensity (MFI) for all five markers (Fig. 1A and B).
Additionally, the culture supernatant after 24 hours of incubation
with the cocktail was collected and levels of cytokine secretion of
IL-10, IL-12p70, and IL-23 were measured in up to 11 donors (Fig.
2). When the average cytokine induction in mature DCs compared
with immature DCs of all donors was examined, IL-23 secretion
was significantly upregulated (p < 0.001, t test), but not that of
IL-12p70 or IL-10. However, 9 of 11 individual donors exhibited a
modest increase in IL-12p70 (>1.5-fold induction), whereas only 5
of 11 donors showed induction of IL-10 (>1.5-fold).

3.2. Identification of differentially expressed miRNAs using
microarray analysis

Five donors (D1-5) were used for the microarray screening. The
resulting SAM analysis on the calculated ratio values based on two
different normalization methods of the array data revealed that a
total of 12 miRNAs were differentially expressed between imma-
ture and mature DCs. Only log, transformed average ratio values
above or below 0.5 and —0.5, respectively, were taken into account.
Table 1 shows that five miRNAs were induced in mature DCs,
whereas seven miRNAs appeared to be more abundantly expressed
in immature DCs. In only two cases, hsa-miR-146a and hsa-miR-
155, more than a twofold difference (corresponding to log, trans-
formed ratio values above 1 or below —1) was seen between ex-
pression levels in immature and mature DCs. Hence, generally
moderate changes were observed in the miRNA profiles of DCs that
were undergoing a transformation from an immature to a mature
phenotype.

A B

imDC

3.3. Validation of differential expression of miRNAs in mature DC

Additional donors (D6-13) were enrolled in the validation of
selected miRNAs using TagMan based real-time RT-PCR. We fo-
cused our interest on 6 of the 12 identified differentially expressed
miRNAs and performed real-time PCR analyses on a total of 12
donors (D2-13).

As shown in Fig. 3, there was a significant (p < 0.01, one-class t
test) induction of hsa-miR-155, hsa-miR-146a, and hsa-miR-
125a-5p in mature DCs compared with the expression level in
immature DCs. Although a trend toward induction of hsa-miR-29a
in mature DCs was observed, the level of induction was not statis-
tically significant. In the case of hsa-miR-27a and hsa-miR-623, we
were not able to verify the observed differential expression in
mature DCs.

A single donor (D12) was selected for further validation using
northern blot analysis. Fig. 4 shows the results of the northern
analyses for hsa-miR-155, hsa-miR-146, hsa-miR-125a-5p, and
hsa-miR-29a. There was a clear induction of all four tested miRNAs
using both northern blotting and real-time PCR analysis in mature
DCs compared with the immature DCs, thus showing a good corre-
lation between the levels of induction measured by these methods.

3.4. miRNA markers to distinguish between highly and less
differentiated DCs according to their expression of CD83/CCR7

Criteria to control the quality of DCs used for immunotherapy
currently include the percentage of positive cells in the population
for expression of CD83 and CCR7[26,27]. Based on the expression of
these markers in the matured phenotypes, we divided the 12 do-
nors into a group of highly differentiated DCs (n = 6: D2, D3, D4, D5,
D9, D12), which all showed expression of CD83 and CCR7 in more
than 70% of the cell population, and a less differentiated phenotype
(n = 6: D6, D7, D8, D10, D11, D13), which did not fulfill these
requirements (Table 2).

We examined the average level of induction of all maturation
markers (HLA-D, CD80, CD83, CD86, CCR7, IL-12p70, and IL-23) in
the highly and less differentiated donor groups. The levels of sur-
face maturation markers were determined by FACS and expressed
as a fold increase in MFI compared with their corresponding imma-
ture DC phenotype (Fig. 5A). Similarly, the levels of secreted IL-
12p70 and IL-23 were compared between mature DCs and the
corresponding immature DCs and expressed as a fold increase for
the highly differentiated and the less differentiated DC groups.

Statistical evaluation using a two-sided, unpaired t test indi-
cated significantly higher CCR7 MFI values in the highly differenti-
ated group than in the less differentiated group, compared with
their corresponding immature phenotypes (p < 0.001).IL-23 secre-
tion was also significantly higher in the highly differentiated group
than in the less differentiated group (p < 0.043; Fig. 5A), whereas
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Fig. 1. Characterization of cell surface markers of immature and mature DC. DCs were generated in the presence of GM-CSF/IL-4 for 8 days, and the cells were collected and
examined for their surface antigen expression by flow cytometry. (A) Forward scatter/side scatter dot plot used for DC gating. (B) Shaded histograms show isotype-matched
controls, and open histograms show the staining with antibodies for indicated markers of immature (imDC) and mature (mDC) DCs, respectively. The data are one

representative of 10 individual experiments.
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Fig. 2. Secretion of IL-10, IL-12p70, and IL-23 from immature and mature DC. Cell culture supernatant of day 7 DCs treated for the last 24 hours without (immature DC [imDC])
or with (mature DC [mDC]) the maturation cocktail was collected, and the secreted amount of (A) IL-12p70 (n = 11), (B) IL-10 (n = 11), and (C) IL-23 (n = 9) was determined
by enzyme-linked immunosorbent assay. Each symbol (closed circle) indicates the concentration of secreted cytokine of each individual donor, and corresponding

measurements are connected with a line.

none of the other markers were significantly different between the
two differentiated groups of DCs.

Similarly, the miRNA induction levels of the highly and the less
differentiated DC donor groups were determined by averaging the
real-time RT-PCR results for each group of donors expressed as
—AACt values corresponding to the log, transformed fold increase
relative to the corresponding immature DCs (Fig. 5B). Four miRNAs,
hsa-miR-155, hsa-miR-146a, hsa-miR-125a-5p, and hsa-miR-29a,
were shown by a one-class t test to be significantly induced (i.e.,
significantly different from O in the group of donors representing
highly differentiated DCs; p < 0.0004, p < 0.002, p < 0.0007, and
p < 0.009, respectively; Fig. 5B). In the group of DCs from donors
with less differentiated DCs, only hsa-miR-155 and hsa-miR-146a
were still significantly induced (p < 0.0006 and p < 0.00005, re-
spectively; Fig. 5B). The induction of hsa-miR-155 in the highly
differentiated group of DCs was significantly higher than that of the
less differentiated group (p < 0.0006, Student’s t test; Fig. 5B).

These data indicated that the level of DC differentiation/matu-
ration potentially could be predicted by measuring the level of
induction of the maturation marker CCR7 and the secreted cytokine
IL-23, both of which were significantly increased in highly differ-
entiated DCs compared with less differentiated DCs. Differences in
the miRNA expression pattern in mature DCs compared with im-

Table 1

List of statistically significant differentially expressed miRNAs in mature versus
immature DCs determined by SAM using two different normalization algorithms
(global Lowess and divide-by-mean-density)

MicroRNA Log, transformed average Log, transformed average
ratio value ratio value
(mature/immature) (mature/immature)
(global Lowess) (divide-by-mean-density)
hsa-miR-21* —-0.72+0.79 —0.82 = 0.84
hsa-miR-27a 0.70 = 0.28 0.69 + 0.30
hsa-miR-29a 0.91 = 0.47 0.96 + 0.60
hsa-miR-125a-5p 0.76 = 0.52 0.88 + 0.54
hsa-miR-129-1 —-0.70 = 0.57 —0.87 £ 0.62
hsa-miR-146a 1.46 = 0.81 1.64 = 0.93
hsa-miR-155 2.78 = 1.52 2.49 = 0.81
hsa-miR-185* —0.76 = 0.64 —0.83 £ 0.53
hsa-miR-202 -0.44 +0.24 —0.63 = 0.45
hsa-miR-623 —-0.55 + 0.41 -0.92 = 0.78
hsa-miR-671-5p —0.65 = 0.46 —1.08 = 0.91
hsa-miR-744 -0.74 = 0.63 -1.09 = 0.84

Average ratio values *+ standard deviations are indicated.

mature DCs showed that induced levels of hsa-miR-155, hsa-miR-
1464, hsa-miR-125a-5p, and hsa-miR-29a, and in particular, hsa-miR-
155 could distinguish donors giving rise to highly differentiated DCs
from those giving rise to less differentiated ones. As an example, the
expression of hsa-miR-155 reached an average 8-fold increase in
the highly differentiated mature DCs compared with immature
DCs, whereas the less differentiated mature DCs reached only an
average 1.7-fold increase compared with immature DCs.

3.5. Correlation between miRNA and known markers

Finally, we tested whether the level of traditional differentiation
markers correlated positively or negatively with the induction of
any of the four miRNAs using the Pearson’s product moment cor-
relation. Of all the possible correlations tested (seven different
markers or cytokines against four different miRNAs), significant
correlations (expressed as log, transformed fold induction in the
differentiated DCs vs their immature counterpart) were reported

‘[ *
1 *i
hsa-miR-155 hsa-miR-125a-5p  hsa-miR-29a hsa-miR-146a hs. Ta hsa-m|R-623

2.00 4
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Fig. 3. Real-time PCR validation of differential expression of miRNAs in mature
versus immature DC. The columns represent average —AAC; values of 12 different
donors (D2-13) that indicate the relative expression of level of a given miRNA in
mature DC compared with the respective immature DC level. As calibrator in the
analysis, U6 snRNA were used. Significant differential expression of miRNAs in
mature DC versus immature DC is indicated by asterisks: **p < 0.01, one-class t test.
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Fig. 4. Validation of differential expression of microRNAs in a single donor (D12) using northern blotting and real-time PCR. (A) Total RNA loaded on the 15% polyacrylamide
gel (imDC, immature DC; mDC, mature DC), (B) northern blotting showing the mature form of the respective miRNAs and the U6 snRNA, which has been used as a
normalization reference in real-time PCR, and (C) results of real-time PCR analysis showing the —AAC; values using U6 snRNA as calibrator and immature DC as reference.

between CCR7 and hsa-miR-155 (r, = 0.85, p < 0.01; Fig. 6A) and
between IL-23 secretion and hsa-miR-155 (r, = 0.72, p < 0.05; Fig.
6B). A borderline significant correlation was observed between
secretion of IL-12p70 and hsa-miR-155 expression (r, = 0.59, p <
0.05; data not shown).

4. Discussion

We have demonstrated that DCs undergoing differentiation in-
duced by treatment with a maturation cocktail, commonly used to
obtain immunogenic DCs for cancer vaccine immunotherapy,
change their miRNA expression pattern. Of 12 miRNAs, which were
initially detected by microarray screening to be differentially ex-
pressed during the DC maturation process, 3 miRNAs (hsa-miR-
155, hsa-miR-1464a, and hsa-miR-125a-5p) were validated by real-
time PCR to be significantly differentially expressed in mature DCs
compared with immature DCs. Furthermore, when the DCs of the
12 donors in the validation study were divided into two groups
based on the percentage of receptor-positive cells of CD83 and
CCR7 (>70% CD83 and >70% CCR7), it was found that hsa-miR-29a
was significantly induced in the group of highly differentiated ma-
ture DCs.

The level of DC differentiation correlates with their immunoge-
nicity [28]. The ability to predict the immunogenicity of a given
DC-based vaccine before administration will most likely improve
the success of a given immunotherapeutic intervention. We have

Table 2

List of donors used in the study separated on the basis of the percentage of
positive cells for expression of CCR7 and CD83, respectively, in the

mature phenotype

% CCR7-positive cells % CD83-positive cells

Highly differentiated DCs

Donor 2 86.9 73.8
Donor 3 89.9 84.2
Donor 4 83.2 97.3
Donor 5 97.4 90.7
Donor 9 98.4 84.1
Donor 12 92.6 83.0
Less differentiated DCs
Donor 6 36.0 17.6
Donor 7 82.2 38.0
Donor 8 64.2 13.7
Donor 10 67.8 39.8
Donor 11 64.4 234
Donor 13 90.6 5.3

Donors with highly differentiated mature DCs are defined as having expression of both
CCR7 and CD83 in more than 70% of the cell population. Donors with less differentiated
mature DCs are defined as having either CCR7- or CD83-positive cells below 70%.

demonstrated that the level of hsa-miR-155 induction in particular
was significantly higher in a group of highly differentiated mature
DCs compared with a group of predicted less differentiated DCs.
Similarly, the significant upregulation of hsa-miR-29a, although
moderate, was only evident in the group of highly differentiated
mature DCs. In addition, hsa-miR-146a and hsa-miR-125a-5p had
slightly higher induction levels in the highly differentiated DCs
compared with the less differentiated mature DCs. Hence, by per-
forming up to four parallel simple quantitative real-time PCR anal-
yses, an evaluation could potentially be conducted to assess the
immunogenicity of a DC-based vaccine before administration.
Clearly, this needs to be further verified (e.g., by comparing the
ability of DCs belonging to either group of the DCs to elicit an
antitumor CTL response).

The fact that hsa-miR-146a did not seem to be related to DC
differentiation/maturation levels was in line with the data from our
previous study [29], where the elevation of hsa-miR-146a was also
observed in functionally regulatory DCs obtained by treatment
with 1,25-dihydroxyvitamin D5 and, subsequently, the maturation
cocktail.

Interestingly, in a very recent study three of the four validated
upregulated miRNAs (miR-155, miR-146a, and miR-125a-5p) were
found to be upregulated in mouse peritoneal macrophages during
infection with vesicular stomatis virus [30], thus indicating a sim-
ilar coordinated stimulation of miRNA-expression as we observed
in cocktail-induced DCs. These authors provided supporting evi-
dence that miR-146a directly controlled Toll-like receptor and cy-
tokine signaling through the NF-«B pathway by targeting TRAF6
and IRAK1, previously shown by Taganov et al. [20], and now also
IRAK2. MicroRNA miR-146a is thus a key regulator in the immune
system and its upregulation in response to viruses, LPS, and matu-
ration cocktails as used in this study most likely represents a very
early and fundamental property of the innate immune response.

We found that expression of CCR7 and secretion of IL-23 were
significantly different between the groups of highly and less differ-
entiated mature DCs and that the induction of CCR7, and IL-23 in
particular, in the individual donors correlated positively with the
induction of hsa-miR-155 (p < 0.01 and p < 0.05, respectively). This
positive correlation could indicate that hsa-miR-155 targets a neg-
ative regulator of CCR7 and potentially one or both of the IL-23
subunits, p19 and/or p40. To further validate the relationship
among miR-155, CCR7, and IL-23, knockdown studies of miR-155
should be performed to examine whether CCR7 expression and
IL-23 secretion are inhibited with a subsequent impairment of DC
maturation and function. Similarly, in vivo studies are needed to
determine whether different induction levels of miR-155, corre-
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Fig. 5. Marker profiles of donors categorized into two groups representing donors
with less and highly differentiated mature DCs. (A) Diagram showing the average
induction level of surface markers or secreted cytokines for the respective group. For
each marker the fold induction was calculated by dividing either the MFI value or the
concentration of secreted cytokines of each matured DC with the corresponding
values of the respective immature DC of each donor. For each group of donors the
average fold induction was subsequently calculated and depicted. Asterisks indicate
whether the difference between the two groups was statistically significant using a
two-side, unpaired t test (**p < 0.01 and *p < 0.05). (B) The results of real-time PCR
validation of miRNAs showing the average miRNA induction level of all donors in
each group. Asterisks indicate the level of statistical significance with which the
value was different from O (one-class t test) or whether there was a statistical
significant (Student’s t test) difference between the induction level between the two
groups of donors (**p < 0.01 and *p < 0.05).

sponding to less or highly differentiated DCs, will show different
functional immune effects. However, these studies were beyond
the scope of the present study.

Several validated human targets for miR-155 have been pub-
lished, including BACH1, CUTL1, and CEBPB [31]. In addition, Ceppi
et al. recently showed that an additional 20 genes were upregulated
after knocking down hsa-miR-155 in human monocyte-derived
DCs [22]. In particular, the TAB2 gene was further substantiated to
be a direct target of hsa-miR-155 in this study. TAB2 acts as a
multifunctional signaling molecule facilitating, for example, p38
MAPK activation. The authors proposed a model wherein high
levels of hsa-miR-155 induced by LPS silenced expression of IL-13
and other proinflammatory cytokines like IL-23-p19. In our study
we measured the accumulated IL-23 and IL-12p70 over a 24-hour
period after cocktail addition, whereas the hsa-miR-155 induction
level was determined as an end-point measurement at the 24-hour
time point relative to the level in untreated immature DCs. Thus,
our experimental setup did not allow us to observe any potential
negative feedback mechanism of excessive levels of hsa-miR-155
after 24 hours of treatment at the level of secreted IL-23 or IL-12p70
in the culture medium.

However, the level of induction of hsa-miR-155 determined by
Ceppi et al. reached 50-fold after 16 hours of LPS stimulation,
whereas we only observed an 8-fold induction of hsa-miR-155 after
24 hours of cocktail-stimulation. With the assumption that the

levels of hsa-miR-155 in the non-differentiated immature DCs in
these two separate studies were equal, this could indicate that the
highly differentiated mature DCs in our study had not reached the late
phase of DC maturation, where, according to Ceppi et al, the DCs
would begin to inhibit and silence inflammatory responses. Hence,
the study by Ceppi et al. combined with our present results could be
extremely important for future development of potent immuno-
genic DC-based vaccines. Apparently, the level of hsa-miR-155 is
important for the ability of DCs to induce a potent immune re-
sponse. This is a consideration where extremely high levels of
hsa-miR-155 might induce DC exhaustion by downregulation of
inflammatory cytokines like IL-1g. In this respect, DCs might in-
duce a more potent antitumor response in the patient if the DCs are
injected before hsa-miR-155 expression peaks or, alternatively, by
controlling levels of hsa-miR-155 to remain at a level where the
immunogenic response is constitutively high [22].

The importance of appropriately balancing the physiologic lev-
els of miR-155 expression was also seen by O’Connell et al., who
noted that myeloproliferative disorders could be caused either by
overexpression of miR-155 or specific knock-down of the inositol
phosphatase SHIP1, a primary target of miR-155 [32]. Furthermore,
miR-155 has also been shown to be overexpressed in myeloid
leukemias [33]. Taken together, these observations point toward a
fine-tuned balance of miR-155 expression in control of inflamma-
tory responses and the onset of myeloproliferative disorders and
leukemias. The delicate balance of miRNA expression and its quan-
titative impact on gene expression will in the future require tun-
able and inducible expression systems to study in more detail the
gain and loss of function of miRNAs, either alone or in combination
with other miRNAs.

In our study we observed only a modest induction of IL-12p70 in
the mature DCs upon stimulation with maturation cocktail. How-
ever, this was not surprising given that the maturation cocktail
contains PGE,, which suppresses the ability of DCs to induce IL-
12p70 [34]. DCs in this study were, however, not defective in the
production of IL-12p70 because upon further stimulation with LPS,
significant levels of IL-12p70 were secreted from the differentiated
DCs (data not shown).

The fact that LPS-treated DCs induced high levels of hsa-miR-
155, leading to activation of a negative feedback mechanism that
potentially decreases immunogenicity, could also indicate that the
use of TLR agonists in cocktails for DC vaccine applications should
be considered carefully, and the immunogenic potential should be
analyzed in detail after cocktail addition so as not to apply ex-
hausted DCs to the patients.

Improvements of the phenotypical and functional characteriza-
tion of DCs intended for vaccination applications are important to
accomplish. Currently, used markers like HLA-D, CCR7, CD80, CD83,
CD86, and IL-12p70 should preferably be supplemented with other
types of markers that more accurately characterize the function
and fate of DCs once administered in vivo, such as their viability,
migratory potential, sustained immunogenicity, and overall func-
tional stability.

Our study suggests that analyses of new biomarkers, such as
miRNA hsa-miR-155, could be included in future quality control of
the differentiation/maturation status of DC batches for vaccine use.
The ability to design a validated and simple quantitative real-time
PCR assay that only requires minute amounts of cells will enable a
fast and relatively inexpensive assessment of the induction level of
hsa-miR-155 of each batch of matured DCs. However, the use of
miRNA profiles as suggested in the present study is still in its
infancy, and further validation of our findings is required to apply
such markers in clinical settings. The perspective is that accumu-
lated knowledge of the function of specific miRNAs (e.g., in relation
to the lifespan, migration, and immunogenicity of DCs intended for
vaccine applications) may lead to the inclusion of miRNA-based DC
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markers as tools for quality control of DC vaccines in future clinical
trials that will ensure better patient survival.
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