
Introduction
Dendritic cell (DC)-based cancer vaccines are now widely explored
for the treatment of cancer [1]. Regulatory authorities around the
world are beginning to catch up with the biotechnology of such
cellular therapies making them increasingly the subject of govern-
ment regulation. Consequently, good manufacturing practice (GMP)

standards have become mandatory for the clinical development of
DC-based cancer vaccines. Advances made in the development of
clinical grade technologies for collecting cells or manipulating them
in vitro contribute toward the compliance of GMP standards in the
manufacturing of DCs for cancer vaccination.

Although DCs for cancer vaccination may be generated form
haematopoietic stem cells [2], they are more commonly differen-
tiated from peripheral blood monocytes by cultivation in inter-
leukin (IL)-4 and granulocyte-macrophage colony-stimulation
factor (GM-CSF) supplemented medium [3]. The initial step of DC
manufacturing is the collection of peripheral blood mononuclear
cells (PBMC) from a leucocyte apheresis product. From the
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PBMCs, monocytes may be enriched by several techniques.
Classically, the capacity of monocytes to adhere to plastic sur-
faces was employed to separate them from non-adherent lym-
phocytes [4]. More sophisticated technologies utilize magnetic
beads coated with either anti-CD14 for the selection of mono-
cytes [5, 6] or a combination of anti-CD2 and anti-CD19 antibod-
ies for the depletion of T and B lymphocyte from monocytes [5,
7, 8]. More recently an elutriation procedure was introduced for
monocyte enrichment from leucocyte apheresis products, which
is based on a counter-flow centrifugation principle [9–12]. All
three technologies are semi-automated in-line procedures using
clinical grade material. It seems therefore a reasonable and timely
measure for manufacturers of DC cancer vaccines to start imple-
menting one of these advanced monocyte enrichment
 technologies.

Other aspects of DC manufacturing for clinical application con-
cern the choice of a clinical grade culture medium that omits the
use of bovine serum or the selection of a suitable maturation stim-
ulus. In the majority of the recently conducted DC cancer vaccine
trials, the DCs were exposed to a cytokine cocktail comprised of
tumour necrosis factor (TNF)-�, prostaglandin (PG) -E2, IL-1�

and IL-6 [3]. Such DCs lack the capacity for IL-12 secretion and
thus for effective type I polarization of an immune response that
ultimately leads to the support of cytolytic immunity [13]. We,
thus have developed a DC cancer vaccine technology platform that
uses clinical grade lipopolysaccharide (LPS) and interferon 
(IFN)-� for DC maturation and has the capacity to trigger the
release of IL-12 [14, 15]. However, IL-12 secretion ceases 24 hrs
after exposure to LPS/IFN-� [16]. Thus, a hallmark of our DC
 cancer vaccine technology is that we apply DCs as soon as 6 hrs
after LPS/IFN-� activation enabling the release of IL-12 during
DC/T-cell interaction [17].

In a series of four clinical pilot trials for DC cancer vaccina-
tion we have so far treated more than 50 patients with paediatric
and adult malignancies using a conventional protocol [17]. The
improvement in the enrichment of monocytes using elutriation,
the successful implementation of a clinical grade DC culture
medium, as well as optimizations of the LPS/IFN-� maturation
using a clinical grade LPS preparation certified by the US
Pharmacopeia for the use in human beings [18] prompted us to
change our DC manufacturing standard protocol also in our clin-
ical trials. Analysing the first three DC cancer vaccines for
patients indicated that the modified procedure was also suitable
for patients resulting in the generation of DCs that fulfilled all
quality as well as potency criteria.

Material and methods

Leucocyte apheresis

Leucocytes were collected using an Amicus leucocyte apheresis device
(Baxter, Deerfield, IL, USA) from healthy volunteers and patients suffering

from various neoplasias treated in the context of clinical trials that were
approved by the responsible institutions review boards. All individuals
gave their informed consent to these studies according to the World
Medical Association Declaration of Helsinki. Cell numbers and subsets
were determined on a Sysmex cell counter (Sysmex, Bornbarch, Germany)
and/or by flow cytometry.

Monocyte enrichment

Monocytes were enriched by plastic adherence as described previously
[17] using AIM-V (Invitrogen, Carlsbad, CA, USA) supplemented with 1%
human pooled AB plasma (Octaplas, Octapharma, Vienna, Austria) or
CellGro medium (CellGenix, Freiburg, Germany). For the in-line proce-
dures, we followed the instructions provided by the manufacturers.
Using the Elutra cell separator (Gambro BCT, Lakewood, CO, USA),
monocytes were enriched from the leucocyte apheresis product by load-
ing into the elutriation chamber while maintaining the centrifuge speed at
2400 rpm. Thereafter, the centrifuge speed and the flow of elutriation
media (PBS/HSA Baxter, New Jersey, NJ, USA) were held constant for
cell fractionation. Selection of monocytes was done with the CliniMACS
cell selection system (Miltenyi, Bergisch Gladbach, Germany) that uses
CD14-coated magnetic beads to retain monocytes in a magnetic column.
Depletion of T and B lymphocytes for the enrichment of monocytes was
done using the Isolex 300i Magnetic Cell Selector (Nexell, Irvine, CA,
USA). Lymphocytes were retained in a magnetic column by connecting
them to CD2 and CD19 coated magnetic beads and collecting the flow
through. All semi-automated monocyte enrichment procedures are
designed to process a full leucocyte apheresis product. Each monocyte
enrichment procedure was performed with freshly isolated leucocytes.

Flow cytometry

Leucocyte apheresis and monocyte enrichment products were analysed
for total leucocytes, T lymphocytes, B lymphocytes, monocytes and
granulocytes by antibody labelling with anti-CD45-FITC, anti-CD3-
PerCP, anti-CD19-APC, anti-CD14-APC and anti-CD15-FITC (BD
Pharmingen San Diego, CA, USA), respectively, using the Trucount sys-
tem (Becton Dickinson, New Jersey, NJ, USA). Labelled cells were
analysed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain
View, CA, USA).

DC manufacturing

We followed a previously optimized protocol for the generation of DCs [5],
but exchanged research grade material against clinical grade culture
reagents and supplements. Monocytes isolated by the respective enrich-
ment procedures described above were cultured at a density of 1 � 106

monocytes/cm2 either in AIM-V medium supplemented with 2% pooled
human AB plasma or in CellGro DC medium at 37�C in a humidified incu-
bator for 6 days. Based on optimization and validation experiments, the
culture media AIM-V/2%OP or CellGro were supplemented with 1000
U/ml human GM-CSF and 300 U/ml human IL-4 (both from CellGenix,
Freiburg, Germany) and replaced with the same volume and units of
 medium plus GM-CSF and IL-4 on day 3. On day 6, the DC differentiation
culture was supplemented with 50 ng/ml IFN-� (Boehringer Ingelheim,
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Vienna, Austria) and lipopolysaccharide (LPS, E. coli strain O111:B4,
Calbiochem, San Diego, CA, USA), ranging from 1 to 1000 ng/ml, and cul-
tivated for 6 hrs  to generate semi-mature (sm) DCs that were subse-
quently frozen; patient’s DC vaccines were manufactured with clinical
grade LPS (US Pharmacopeia, Bethesda, MD, USA). Excess LPS was
removed using three washing steps and subsequent freezing of the DC
cancer vaccine. The biological effect of LPS on the DCs was quality con-
trolled by DC immune phenotyping, IL-12 secretion and an alloMLR (see
below). After discussion and in agreement with European (EMEA) and
Austrian (AGES PharmMed) regulators, no further assessment of the
amount of LPS or recombinant cytokines from the differentiation culture
as well as the multitude of molecules other than IL-12 released by the DCs
into the final product was done.

DC immune phenotyping

The maturation status of the DCs was determined using the following anti-
bodies: anti-CD86-APC (BD Pharmingen, San Diego, CA, USA), anti-CD80-
PE (Immunotech, Beckman Coulter, Fullerton, CA, USA), anti-CD83-APC
(all three from BD Pharmingen, San Diego, CA, USA), anti-MHC I-PE, anti-
MHC II-FITC (both from Dako Cytomation, Carpinteria, CA, USA) and anti-
CD45-PerCP (BD Pharmingen, San Diego, CA, USA). The viability of the
DCs was measured by propidium iodide staining (Sigma, St. Louis, MO,
USA). Cells were analysed using a FACS Calibur flow cytometer. The appro-
priate isotype control antibodies were included in the analysis.

IL-12 detection by ELISA

IL-12 concentrations in the supernatant of the DC cultures were measured
as described previously [17].

Allogeneic mixed leucocyte reactions

Stimulating DCs (10,000, 2000 or 400) were placed in triplicates with 105

allogeneic responder PBMCs in 200 �l AIM-V medium supplemented with
2% pooled human plasma on a 96-well round bottom plate. For a positive
reference, 105 responder cells were stimulated with 100 ng/ml staphylo-
coccal enterotoxin A/B (SEA/SEB, Toxin Technologies Inc., Sarasota, FL,
USA). On day 4, the co-culture was incubated for another 18 hrs  with 1
�Ci of tritium thymidine solution (NEN Life Science Products, Boston, MA,
USA). Finally, the cells were harvested with a Skatron harvester (Lier,
Norway). The incorporated tritium thymidine was counted using a Trilux �-
plate reader (Wallac Oy, Turku, Finland). Alternatively, allogeneic PBMCs
were labelled with Calboxy-fluorescein diacetate, succinimidyl ester (CFSE)
(Molecular Probes, Eugene, OR, USA) and mixed with DCs in a ratio of 1/5,
1/10, 1/20, 1/40 and 1/80. For the controls, no DCs or SEA/SEB was added.
Finally, the PBMCs were labelled with anti-CD3-PerCP and analysed using
a FACS Calibur flow cytometer. The percentage of CD3 positive CFSE neg-
ative T lymphocytes was determined.

Statistics

Statistical significance of all results was calculated by use of an unpaired
Student’s t-test. Results are given in mean � standard error of mean (SEM).

Results

Manufacturing of LPS/IFN-�-activated dendritic
cell-based cancer vaccines

We have established a standard operating procedure (SOP) for
the manufacturing of a cancer vaccine based on monocyte-
derived DCs that are pulsed with tumour antigen followed by
activation with LPS in the presence of IFN-� (Fig. 1A). This SOP
is the result of the experiments described in this paper that have
been performed over a time period of 3 years including prelimi-
nary optimization and validation experiments. Most extensively
we optimized the isolation of monocytes by comparing adher-
ence with the semi-automated methods, elutriation, selection
and depletion procedures using research and clinical grade
media (Fig. 1B).

Leucocyte apheresis

We analysed leucocyte apheresis products from 11 selected
healthy donors and three patients suffering from neoplastic dis-
eases (Fig. 2). The three patients received a DC cancer vaccine,
manufactured according to Fig. 1, in the course of a clinical trial
that was approved by the institutional review board of the Medical
University Vienna. The leucocyte apheresis products contained
4–10 � 109 PBMCs that included 0.6–3 � 109 monocytes for
 further enrichment. The products of healthy volunteers contained
71 � 3% lymphocytes, 19 � 3% monocytes and 5.6 � 1.4%
granulocytes, of patient donors 57 � 3%, 29 � 3% and 7.5 � 1.8%,
respectively.

Recovery and purity of monocytes after enrichment

The percentage of monocytes in the leucocyte apheresis products
from healthy donors before enrichment was similar for all enrich-
ment procedures. Among the enrichment procedures, illustrated
in Fig. 3, we isolated monocytes with a mean recovery for
 selection, depletion and elutriation of 59 � 4%, 41 � 3% and 87
� 7%, respectively. The purity was found to be 96 � 2% of leu-
cocytes for selection, and 61 � 4% and 82 � 3% for depletion
and elutriation, respectively. Product analysis could not be
 performed for monocytes enriched by adhesion without disrupting
the  culture.

Recovery and purity of semi-mature dendritic
cells after 6 hrs of LPS/IFN-� activation

Next, we analysed smDCs differentiated from monocytes followed
by 6 hrs DC maturation using LPS/IFN-�. In our cancer vaccine
design, smDCs are frozen in liquid nitrogen at this stage and
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Fig. 1 Dendritic cell (DC) manufactur-
ing. (A) Flow chart of the standard
operating procedure (SOP) for the
manufacturing of a cancer vaccine.
From patients undergoing tumour
surgery a piece of tumour tissue is
delivered to the manufacturing facility.
The tumour tissue is disrupted
mechanically, and the tumour cells are
lysed to enrich soluble protein con-
taining tumour antigens. After recov-
ery from surgery, leucocyte apheresis
is performed to collect peripheral
blood mononuclear cells (PBMCs)
from the patients, the monocytes are
enriched and cultivated for 6 days in
the presence of interleukin (IL)-4 and
granulocyte-macrophage colony-
stimulation factor (GM-CSF) in order
to obtain iDCs. The iDCs are charged
with tumour antigens, exposed to
LPS/IFN-� to trigger maturation and
cryopreserved until treatment. An
aliquot of the DC cancer vaccine is
subjected to quality control, a potency
assay and sterility control. If all crite-
ria are met the DC cancer vaccine is
released for treatment. (B) Flow chart
of DC manufacturing using different
monocyte enrichment protocols.
Monocytes are isolated from PBMCs
of a healthy donor or cancer patient
using leucocyte apheresis. The PBMCs
are further subjected to monocyte
enrichment using adherence, or semi-
automated elutriation, CD14 selection,
or CD2/19 depletion. The differentiation
into DCs is done in the same way inde-
pendently of the enrichment procedure
used (see Fig. 1A).
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applied to the patients immediately after thawing and washing
(Fig. 1A). We therefore froze the smDCs and measured recovery
and purity after thawing (Fig. 3). Mean recovery of adherence,
selection, depletion and elutriation was 7 � 1%, 8 � 1%, 22 � 4%
and 36 � 4%, respectively. Mean purity in the same sequence as
above was 63 � 14%, 97 � 1%, 49 � 9% and 92 � 5% smDCs
of leucocytes. No differences in yield and purity of smDCs were
found when comparing research or clinical grade medium for all
monocyte enrichment procedures.

Recovery and purity of mature dendritic cells after
48 hrs  of LPS/IFN-� activation

We re-cultivated smDCs recovered from freezing for 2 days and
determined recovery and purity (Fig. 3). Mean recovery of adher-
ence, selection, depletion and elutriation was 6 � 2%, 4 � 1%,
15 � 3% and 16 � 2%, respectively. Mean purity in the same
sequence as above was 62 � 5%, 97 � 0%, 42 � 8% and 93 � 2%
mDCs of leucocytes, respectively. Research and clinical grade
medium was equally suitable for manufacturing of mDCs from any
of the monocyte enrichment procedures.

DC quality and potency control

According to the quality control protocol (Fig. 1A), we determined the
immune phenotype by analysing the expression density of typical DC
membrane molecules, IL-12 secretion and the support of an alloMLR
during differentiation from smDCs into mDCs. MHC I and MHC II mol-
ecules, CD80 and CD86 co-stimulatory molecules of the B7-family and
CD83, a DC differentiation marker, were up-regulated, and IL-12 secre-
tion was induced independently of the culture medium or selection
procedure (adherence: 1.4 � 0.4; selection: 2.0 � 0.6; depletion: 1 �
0.5; elutriation: 3.6 � 15 ng/ml; Fig. 4A and B). All DCs manufactured
from monocytes enriched by the various procedures had a compara-
ble capacity for T lymphocyte activation in an alloMLR (Fig. 4C).

Optimization of conditions for LPS/IFN-� maturation

Based on this comparative evaluation of the different monocyte
enrichment procedures, we implemented elutriation and the clini-
cal grade medium in the SOP for the manufacturing of our DC
 cancer vaccine (Fig. 1A). In order to confirm that this procedure is
suitable for the manufacturing of an effective cancer vaccine, we

Fig. 2 Cell composition of leucocyte apheresis products. The leucocyte apheresis product as well as peripheral blood (PB) before and immediately
after leucocyte apheresis from healthy individuals (n 	 11) and patients (n 	 3) was analysed for the leucocyte number and distribution (monocytes,
lymphocytes, granulocytes), erythrocyte number, haematocrit and platelet number. Percentage and cell number are given as mean � SD. Comparisons
of whole leucocyte apheresis products as well as peripheral blood before and after leucocyte apheresis from healthy and patient donors show no
 statistically significant differences.
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further optimized the maturation with LPS/IFN-� together with the
DC freezing step after 6 hrs (Fig. 5). This represents the cancer
vaccine, which allows the secretion of IL-12 after administration to
the patients. We observed up-regulation of maturation-associated
DC membrane molecules as well as IL-12 secretion at LPS con-
centrations of 10–1000 ng/ml. The viability of DCs at those con-
centrations was higher than 80%. Freezing after 6 hrs  of matura-
tion did not affect the surface expression of DC maturation mark-
ers, IL-12 secretion and the viability of the DCs.

Feasibility of DC cancer vaccine 
manufacturing for patients

We have so far treated more than 50 patients in four DC cancer vac-
cine pilot trials. In these trials we used the conventional adherence

procedure to enrich patient’s monocytes from leucocyte apheresis
products. Based on the data above, we manufactured cancer
 vaccines for three patients following the novel SOP implementing
elutriation and clinical grade DC medium (Fig. 1A). We measured
a recovery of 29 � 7% of smDCs with a mean purity of 88 � 1%
(Fig. 6). The viability of smDCs and mDCs differentiated during the
quality control was above 80%. From all three patients we
obtained mDCs with a typical immune phenotype, IL-12 
(9.4 � 6.4 ng/ml) secretion and satisfactory stimulatory capacity
for allogeneic T lymphocytes meeting our quality criteria.

Discussion

DC-based cancer vaccines have the potential to become an inde-
pendent module in the treatment of tumours supplementing the

Fig. 3 Recovery and Purity of LPS/IFN-� activated-DCs manufactured by using different monocyte enrichment protocols. Six hours  (smDCs) and 48
hrs  (mDCs) LPS/IFN-�-activated iDCs were generated using monocytes from healthy individuals. Monocytes were enriched from leucocyte aphere-
sis products by plastic adherence, CD14 selection, CD2/CD19 depletion or elutriation (as indicated) using AIM V/Octaplas or clinical grade CellGro DC
Medium. Upper: The mean percentage � SEM of recovery of monocytes after enrichment, smDCs or mDCs, as indicated, is given relative to mono-
cytes in the leucocyte apheresis product. Lower: The mean percentage � SEM of monocytes before and after enrichment, smDCs and mDCs, as indi-
cated, is given relative to the total number of leucocytes. Number of independent DC preparations in AIM-V/Octaplas medium: adherence, n 	 10;
selection, n 	 5; depletion, n 	 9; elutriation, n 	 7; and CellGro DC medium: adherence, n 	 5, selection, n 	 3; depletion, n 	 2; elutriation, 
n 	 10. na, no data available; p, P 
 0.01.
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standard treatment regime that includes surgery, chemotherapy
and radiation therapy [1]. At the verge of widespread 
clinical application, it is mandatory that the safety of such pharma-
ceuticals is beyond doubt and that the manufacturing protocols
guarantee the quality of the DC cancer vaccines. During the last
years, we have continuously worked on the improvement of DC
manufacturing using LPS/IFN-� as the activation stimulus [5, 14,
15, 17, 19]. By comparing different monocyte enrichment proce-
dures in this study using leucocyte apheresis products from
healthy individuals, we designed a new SOP for the manufacturing
of clinically applied DCs implementing elutriation as the most effec-
tive enrichment procedure and a clinical grade culture medium that
did not impair DC quality. The feasibility of our newly established
protocol was confirmed by the manufacturing of LPS/IFN-�-acti-
vated smDCs for the treatment of three cancer patients. The DCs
complied with quality and potency criteria that have been defined

according to previous in vitro studies [14, 15]. The culture condi-
tions for monocyte differentiation into DCs are well established and
allow only minor modifications [20]. A more critical step in the
manufacturing of DC cancer vaccines is the enrichment of mono-
cytes from leucocyte apheresis products [5]. Classically adherence
to plastic surfaces was used to separate monocytes from other
PBMCs [4]. This method has clear advantages by being easy to
perform and by not requiring additional laboratory equipment.
However, it is an open method that makes it a weak link in the chain
of GMP manufacturing. Hence, technologies for in-line monocyte
enrichment were developed based on two major principles: mag-
netic cell sorting using monoclonal antibodies and counter flow
elutriation based on cell density [9–12]. Using monoclonal antibod-
ies two strategies are feasible: enrichment of monocytes using
magnetic bead-coupled monoclonal antibodies selecting CD14
expressing monocytes [5, 6]; or depleting CD2 or CD19 expressing

Fig. 4 DC quality control. Monocytes from healthy individuals were enriched from leucocyte apheresis products by different enrichment procedures,
as indicated, differentiated into DCs followed by activation with LPS/IFN-�. DC preparations using AIM-V/Octaplas or CellGro DC medium are com-
bined. (A) The left-hand panel shows the ratio of increase in the expression density � SEM of the indicated DC maturation markers measured 6 hrs
(smDCs) and 48 hrs  (mDC) after activation. DCs generated from elutriated monocytes (number of preparations, n 	 35) are analysed. The right-hand
panel compares the expression density mean fluorescence intensity (MFI) � SEM of maturation markers measured on mDCs that are generated from
monocytes isolated by the indicated enrichment procedures. MFIs of the isotype controls are below 5 (data not shown). (B) Secretion of IL-12 � SEM
secreted from mDCs analysed in (A) is illustrated. (C) Proliferation of allogeneic PBMCs in co-cultures with the DCs analysed in (A) is given relative
to PBMCs stimulated with the super-antigen staphylococcal enterotoxin A/B (SEA/SEB) (normalized to 100%) and the background proliferation of un-
stimulated PBMCs (normalized to 0%). Number of preparations in (B) and (C): adherence, n 	 10; selection, n 	 8; depletion, n 	 11, elutriation, n
	 35. Comparisons of the enrichment procedures in (A) to (C) show no statistically significant differences.
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T- and B lymphocytes from PBMCs [5, 7, 8]. All three techniques
may be performed as an in-line procedure, which is a significant
step towards GMP compliance and hence product safety. The
immune phenotype, IL-12 secretion, and the stimulatory capacity
of the DCs obtained by all methods were similar (Fig. 4). There may
be a tendency of lower IL-12 secretion when DCs where manufac-
tured from monocytes enriched by adherence, selection or deple-
tion, that because of considerable individual differences did not

reach statistical significance. However, DCs manufactured from
monocytes enriched by any of the four enrichment procedures
conferred full functional capacity to DCs. Significant differences
were observed in the purity and recovery of DCs (Fig. 3), identify-
ing elutriation as the most favourable method for the manufactur-
ing of DCs according to our technical requirements. Elutriation
yielded the highest recovery of monocytes with purity only slightly
lower as obtained with CD14 selection, the method that resulted in

Fig. 5 Optimization of DC maturation. Left-hand panels: Expression density (MFI) of the indicated DC membrane molecules and viability of mDCs as
well as IL-12 secretion during the differentiation of smDCs into mDCs is shown after exposure to increasing concentrations of lipopolysaccharide
(LPS) at constant IFN-� concentration. Data from two healthy donors are shown. Right-hand panel: LPS at a concentration of 30 ng/ml was applied
for 6 hrs (�) or the DCs were left immature (�) in the presence of IFN-�. According to the DC-manufacturing protocol for cancer vaccines, DC
 cultures were frozen after 6 hrs  in liquid nitrogen, recovered from freezing and re-cultured; or DCs were continuously cultured until hour 	 48 as
indicated. * Below the detection limit of the IL-12 ELISA.
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the purest monocyte population but had very poor recovery. Of
note, contaminating cells after elutriation were mainly granulo-
cytes, which do not survive the culture period or the freezing step
(data not shown). This mainly explains the increase in purity from
elutriated monocytes to differentiated mDCs. Using the other meth-
ods the main contaminating cells were lymphocytes, which survive
in the culture and thus remain as contaminants in the final cancer
vaccine product. CD2/CD19 depletion showed a considerably lower
recovery of mDCs compared to elutriation. CD2 is expressed by
monocyte/DC subsets in the peripheral blood, which might con-
tribute to the poor results of the depletion method [21]. In addition,
DCs generated with depleted monocytes showed lymphocyte con-
tamination similar to DCs manufactured from monocytes enriched
by adherence (data not shown).

For the manufacturing of the DC cancer vaccine described in
this paper, we elected to measure the immune phenotype and the
secretion of IL-12 as quality criteria 2 days after re-cultivation of a
thawed aliquot of 6 hrs  LPS/IFN-� matured smDCs. The stimula-
tory capacity of the smDCs in an alloMLR is used as potency assay.
The 2 days’ re-cultivation is intended to mimic the situation after

inoculation of the smDCs into the patient’s lymph node where the
final differentiation step from smDCs to mDCs is assumed to occur.
We could demonstrate that freezing of smDCs generated with elu-
triated monocytes did not impair the immune phenotype, IL-12
secretion or the viability of DCs also at high LPS concentrations up
to 1000 ng/ml. Having the option of giving high LPS concentrations
is critical as we observed high variations concerning LPS respon-
siveness in different donors (Fig. 5). For the manufacturing of a 
DC cancer vaccine for three patients according to a revised SOP
(Fig. 1A), we used a mean LPS concentration of 30 ng/ ml which
induced a mature phenotype meeting our quality criteria (Fig. 6).

After discussion and in agreement with European (EMEA) and
Austrian (AGES PharmMed) regulators we implied additional
 quality tests showing the absence of bacteria, mycoplasma and
selected viruses. Obviously, there are many more features that are
critically important for the quality and function of DCs such as the
ability to present specific antigens, the ability to cross-present
exogenous antigens on MHC class I, the nature of the cytokines
produced by T lymphocytes co-cultured with the DCs or the
migratory ability of DCs. However, we have shown previously that

Fig. 6 Validation of the DC manufacturing process for three patients. DC quality control of cancer vaccines from three cancer patients using mono-
cytes enriched by elutriation was performed according to the flow chart shown in Fig. 1A. For DC activation, 30 ng/ml LPS was used. (A) Purity, yield
and viability � SEM was assessed for monocytes, smDCs and mDCs as indicated. (B) Mean � SEM of IL-12 secreted from three vaccines. 
(C) Immune phenotype measuring the expression density of the depicted DC membrane molecules for three patients. (D) AlloMLR using CFSE dilu-
tion was performed as potency assay for the stimulatory capacity of smDCs at the indicated DC/PBMC ratios. The dot plots illustrate the gating for
proliferating CD3 expressing T lymphocytes that lost CFSE due to proliferation as shown in the histograms. As a negative control we used un-stimu-
lated PBMCs, as positive control PBMCs exposed to the super-antigen SEA/SEB (one representative experiment of three is given). The bar graph
shows the mean � SEM of the percentage of proliferating allogeneic T lymphocytes co-cultured with DCs from three patients.
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DCs matured by exposure to LPS/IFN-� are characterized by a
clearly defined phenotype, most importantly IL-12 secretion, and
have the capacity for the presentation of exogenous antigens to
MHC class I restricted cytotoxic T   lymphocytes. Also, T lympho-
cytes co-cultivated with LPS/IFN-�-activated DCs enabled for IL-
12 production, secrete IFN-�, which is a critical indicator of type I
polarization [14, 22]. The migratory capacity of DCs receiving a
strong maturation stimulus in vitro is considerably limited without
additional treatment with PG E2 [14, 22–24]. Thus, we chose the
intranodal application route in order to complement for this defi-
ciency of LPS/IFN-�-activated DCs [17]. In general, limitations of
patient’s material as well as time constraints in a clinical cancer
vaccination setting preclude extensive quality control emphasizing
the necessity of controlling carefully selected DC features that
reflect their stimulatory potential aimed for in clinical applications.

The majority of clinical DC cancer vaccine trials were per-
formed using monocyte-derived DCs. However, other methods are
available, one of which is the manufacturing of DCs from
haematopoietic stem cells [2]. A direct comparison of the specific 
features of monocyte versus stem cell-derived DCs as well as their
respective potential to induce anti-tumour immunity is not avail-
able but would benefit the design of DC cancer vaccines. Mouse
models are not suitable to answer this question, as it is not rea-
sonably possible to collect sufficient amounts of peripheral blood
monocytes for DC manufacturing and thus mouse models typi-
cally use stem cell-derived DCs. Another possibility for the design
of a DC cancer vaccine is the direct collection of DCs from periph-
eral blood [25, 26]. Such peripheral blood DCs expanded with Flt3
ligand represent potent antigen presenting cells to prime CD8� T
cells [27]. Although DCs may be readily isolated from mouse
spleen, it is not clear how such DCs compare to human peripheral
blood DCs. Thus, the utility of peripheral blood DCs in the design
of a cancer vaccine is currently uncertain.

More and more cell-based medicinal products enter the main-
stream of clinical research and development. Thus, it becomes
increasingly important that safety and quality issues are addressed in
the manufacturing of such medicines. For DC manufacturing, a mul-
titude of protocols has been used [20]. Here, only selected steps in
the highly complex procedure of DC cancer vaccine manufacturing,
which, however, we consider of critical importance, were analysed in

detail. Other important aspects include DC maturation using toll-like
receptor ligands, cytokine cocktails or T lymphocyte-derived signals.
A maturation stimulus more commonly used than LPS/IFN-� for the
manufacturing of DC-based cancer vaccines is a cocktail comprised
of TNF-�, PG-E2, IL-1� and IL-6. Recovery as well as purity of DCs
was not significantly different when we compared this cytokine cock-
tail and LPS/IFN-� to trigger maturation (data not shown). Further
aspects of cancer vaccine manufacturing include the cellular source:
haematopoietic stem cells or peripheral blood monocytes; antigen
loading: synthetic peptides, recombinant proteins, tumour cell mate-
rial, RNA or DNA vectors; the route of administration: intradermally,
subcutaneously, intravenously, intranodally or combinations thereof.
In order to reach the ultimate goal of demonstrating clinical benefit
of DC-based cancer vaccination, many of these variables may need
to be studied and their respective impact on the treatment procedure
evaluated. Also, in order to conduct meta-analysis of different DC
cancer vaccine trials, it may be important to define standards for DC
manufacturing to facilitate comparisons between clinical studies.
With this paper, we attempt a first step towards that goal by showing
the superiority of elutriation over other procedures for the enrich-
ment of monocytes in the manufacturing of DC-based cancer
 vaccines; the evaluation of a clinical grade culture medium; the
 optimization of a DC maturation procedure; and the development of
quality and potency assays for DC cancer vaccines.
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