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Abstract Severe trauma and the systemic inflammatory
response syndrome (SIRS) occur as a result of a cytokine
storm which is in part due to ATP released from damaged
tissue. This pathology also leads to increased numbers of
immature antigen presenting cells (APC) sharing properties
of dendritic cells (DC) or macrophages (MΦ). The
occurrence of immature APC appears to coincide with the
reactivation of herpes virus infections such as Epstein Barr
virus (EBV). The aim of this study was the comparative
analysis of the ultrastructural and functional characteristics
of such immature APC. In addition, we investigated EBV
infection/ reactivation and whether immature APC might be
targets for natural killers (NK). Significant macroautoph-
agy, mitochondrial degradation and multivesicular body
formation together with the identification of herpes virus
particles were morphological findings associated with
immature APC. Exogenous stressors such as ATP further
increased morphological signs of autophagy, including LC3
expression. Functional tests using fluorescent bacteria

proved impaired phagolysosome fusion. However, imma-
ture APC were susceptible to NK-92-mediated cytolysis.
We found evidence for EBV latency state II infection by
detecting EBV-specific LMP1 and EBNA2 in immature
APC and in whole blood of these patients. In summary,
trauma-induced cytokine storms may induce maturation
arrest of APC, promote ATP-induced autophagy, support
EBV persistence and impair the degradation of phagocy-
tozed bacteria through inefficient phagolysosome fusion.
The susceptibility to NK-mediated cytolysis supports the
hypothesis that NK function is likely to contribute to
immune reconstitution after major trauma by regulating
immature APC, and ATP-induced autophagy and survival.
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Introduction

After trauma, damaged cells and tissues release a number of
molecules which are members of danger-associated molec-
ular patterns (DAMPs), one of which is ATP (Willart and
Lambrecht 2009). ATP may stimulate macrophages as well
as dendritic cells via the P2RX7 receptor to release IL-1ß
and initiate an inflammatory cascade. IL-1ß is able to up-
regulate TNF-α as well as a number of cellular processes
including proliferation, apoptosis and autophagy. Using cell
culture techniques we established the enrichment of antigen
presenting cell (APC) cultures from patients with severe
sepsis and septic shock following a major trauma. For
comparison, we isolated a similar cell type from healthy
donors’ buffy coat cells and studied this cell type by flow
cytometry, ultrastructural and functional methods. More-
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over, we addressed the questions whether chronic virus
infections play a role and whether these immature APC
respond to the danger signal ATP. The susceptibility to
NK-mediated cytolysis was investigated by caspase 3/7
measurements of co-cultures with the NK-92 cell line.

According to Hotchkiss and Karl, inflammation is
initiated by trauma, leading to a DAMP-induced cytokine
storm, which appears to condition for immune non-
responsiveness and culminate in severe sepsis and septic
shock (Hotchkiss et al. 2009; Hotchkiss and Karl 2003).
Several mechanisms have been proposed which could
explain the profound immune suppression associated with
multi-organ failure and death. Common denominators of
the human disease and experimental animal models have
been summarized by Efron and Moldawer (Efron and
Moldawer 2003; Efron et al. 2004a,b). The authors also
provided evidence that the immune-suppressive dendritic
cells constitute major effectors of anergy. A CD11c-positive
dendritic cell subpopulation and a high dendritic cell
turnover are essential for surviving a septic condition in
mice (Scumpia et al. 2005). In contrast, Oberholzer and
colleagues favor IL-10-producing immature dendritic cells
to be beneficial by attenuating the pro-inflammatory
response induced by sepsis (Oberholzer et al. 2005). When
comparing systemic inflammatory response syndromes
(SIRS) with physical stress syndromes occurring through
high endurance exercise, heat shock protein expression
appeared to be one parameter of “training against stress”
which would facilitate the a non detrimental DAMP
signaling response in high endurance exercises but not in
trauma associated SIRS (Fehrenbach and Schneider 2006).
Importantly, heatshock expression primes NK effectors,
which contribute to the above mentioned dendritic cell
turnover.

Materials and methods

Cell culture of patients’ APC

Ficoll-isolated peripheral blood mononuclear cells were
depleted from non-adherent cells following 2 h of plastic
adherence. During 3–4 weeks of in vitro culture in
RPMI1640 (Invitrogen.com) supplemented with 10% fetal
calf serum (FCS) (selected for a very low endotoxin
content, <2 endotoxin units (EU)/ml), 25 mM HEPES and
antibiotics, a morphologically homogeneous cell population
was enriched which expressed markers for APC. The
phenotype of these APC is patient specific and can be
reproduced by a second cell culture initiated from frozen
mononuclear cells of the same isolate. From 5 ml of
heparinized blood, 2–3×106 mononuclear cells with a
proportion of 10–15% of cells expressing markers for

monocytes (CD14+) or dendritic cells (CD11c, CD123/DR)
were obtained. The enriched antigen presenting cells per
2–4×105 adherent cells did not display a proliferative
capacity beyond one or two cell divisions. After 2–4 weeks
of in vitro culture, the cell concentration of 1–1.5×105

immature APC/ml remained constant. According to propi-
dium iodide exclusion and morphology by Giemsa-stained
cytopsin preparations, the viability was >90%. Overall, cell
death was less than 5% during days 14–40 of in vitro
culture. Immature APC were amoeboid, floating or loosely
adherent and could be readily harvested by gentle agitation.

Cell culture of APC derived from healthy donors

In contrast to patients’ adherent cell fractions following
Ficoll-isolation, healthy donors’ blood samples did not give
rise to immature APC cultures. However, when we used
buffy coat preparations which were isolated from blood
units stored for 24 h before preparation of erythrocyte
concentrate, we were successful in obtaining higher
amounts of mononuclear cells (>2×108 MNC as compared
to 2×106 MNC from patients), that were seeded for
adherence, such that a morphologically similar cell popu-
lation could be generated.

Cell culture of IL-2-activated lymphocyte populations

IL-2-activated T-cell lines were generated by culturing
peripheral blood mononuclear cells in the presence of
103 IU/ml of rhIL-2 (Proleukin/Aldesleukin Novartis-
Behring.de) in medium containing 10% FCS in RPMI1640,
25 mM Hepes using 24-well cluster plates. Cultures were
split at cell densities of >8×105 c/ml.

Proliferative response of cultured APC and spontaneous
caspase activity

Adherent cells were removed after 7 days, 14 days, 21 days
and 28 days following culture initiation. Cells were seeded
into 96-well round-bottomed microtiter plates and labeled
with 3H-methyl thymidine (0.5 μCi/well) for 16 h and
thymidine incorporation was determined by ß-plate count-
ing (Perkin Elmer.com). Spontaneous caspase activity and
caspase activity induced by 3 h of staurosporin (1 μM)
activation were determined simultaneously.

Electron microscopy

For electron microscopy a high-pressure freezing method
was applied as described by Buser and Walther (Buser and
Walther 2008), with minor modifications. The cells
were mounted onto sapphire discs and frozen via high
pressure directly from the living state using a Compact-01
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(Wohlwend GmbH, Sennwald, Switzerland). The freeze-
substitution medium consisted of acetone with 0.2%
osmium tetroxide, 0.1% uranyl acetate and 5% water. Both
chemically fixed and high-pressure frozen samples were
embedded in EPON 812. Ultra thin sections (80 nm) were
cut on a Leica microtome E, stained with 0.2% lead citrate,
and imaged using an EM 10 (Zeiss, Oberkochen, Germany)
at an accelerating voltage of 80 kV.

Multiplex PCR for EBV-encoded genes

Seven sets of oligonucleotide primers for the EBV genes
targeted by the multiplex PCR are listed in Table 1.
Aminolevulinate delta-synthase 1 (ALAS1) served as an
internal control for the multiplex PCR (see below) and was
purchased from Thermo Scientific (thermoscientific.com).

The Namalwa cell line (donated by Michael Pawlita,
DKFZ, Heidelberg, Germany) served as a positive control
for detecting virus genes while the Jurkat cell line (ATCC)
served as a negative control. The genomic DNA from
whole blood, isolated peripheral blood mononuclear cells
and from cultured sepsis-APC was isolated by Qiagen
columns (Qiagen.com). For multiplex PCR (25 μl) 2×
master mix (Multiplex PCR kit, Qiagen.com) with Hot-
StarTaq DNA polymerase, MgCl2, dNTPs, 1× PCR buffer,
200 pmol specific primer pairs for EBV genes or internal
control (see Table 1), and 1 μl of sample genomic DNA as
a template were mixed. PCR was carried out as follows:
95°C 15 min, 45 cycles of denaturation 94°C 30 s,
annealing 62°C 90 s and extension 72°C 90 s, 1 cycle

final extension at 72°C for 10 min on the Palm-Cycler
96-PCR machine (Corbett Robotics; Qiagen.com).

Detection and analysis of PCR products

PCR products were loaded onto 8% polyacrylamide gels on
a vertical electrophoresis system and run at 250 V for
30 min. Gels were stained with silver nitrate and fixed with
formaldehyde.

Fluorescence labeling of extracellular membranes
and organelles

PKH67 green (Sigma 128 K0791) and PKH26 red (Sigma
077 K1774) were used for membrane labeling. Cells were
washed in Hank’s balanced salt solution (Invitrogen.com)
and a cell pellet of 100 μl was mixed with 100 μl of dye
buffer containing 2 μM of dye. Cells were incubated for
5 min at room temperature, thereafter complete medium
containing endotoxin-free FCS in RPMI1640, 25 mM
Hepes was added for a single washing step. Phagocytosis
assays were performed with red fluorescent bacteria (a kind
gift of Joerg Wiedenmann (Natl. Oceanographic Centre,
Southampton, UK) and lysosomes were stained with
Pepstatin A or Lysotracker Yellow (Invitrogen.com).

Confocal scanning microscopy

Cell specimens were appropriately labeled with fluorescent
dyes and cultured in 15-well-slide™ from Ibidi™ (Ibidi.

Table 1 Primers for EBV multiplex PCR

Target gene Sequence Length Location in genomic gene References

BNRF1 Sense 5′-GGAACCTGGTCATCCTTGC-3′ 74 bp 4733–4753 (Niesters et al. 2000)

Anti-sense 5′-ACGTGCATGGACCGGTTAAT-3′ 4695–4679

EBNA2 Sense 5′-CCAGAGGTAAGTGGACTT-3′ 124 bp 14614–1463 (Saito et al. 1989)

Anti-sense 5′-GACCGGTGCCTTCTTAGG-3′ 14735–14718

EBNA1 Sense 5′-GTCATCATCATCCGGGTCTC-3′ 220 bp 96822–96841 (Telenti et al. 1990)

Anti-sense 5′-TTCGGGTTGGAACCTCCTTG-3′ 97091–97072

LMP1 Sense 5′-GACATGGTAATGCCTAGAAG-3′ 259 bp 168130–168149 (Midgley et al. 2003)

Anti-sense 5′-GCGACTCTGCTGGAAATGAT-3′ 168389–16

BMLF Sense 5′-CACCACCTTGTTTTGACGGG-3′ 304 bp 83037–83056 (Pedneault and Katz 1993)

Anti-sense 5′-GTCAACCAACAAGGACACAT-3′ 83340−83321
EBNA3C Sense 5′-CAATCGCACCTGCAAGCGCTA-3′ 518 bp 100362–100383 (Midgley et al. 2003)

Anti-sense 5′-GACACCCATGAAACGCACGAAATC-3′ 100806–100785

BZLF1 Sense 5′-ATTGCACCTTGCCGCCACCTTTG-3′ 608 bp 103194–103180 (Luo et al. 2005)

Anti-sense 5′-CGGCATTTTCTGGAAGCCACCCGA-3′ 102486–102463

ALAS1 Sense 5′-CTGGGGCAGGTGGTACTAGA-3′ 804 bp 1161–1180 Designed by Primer3
input0.4.0

Anti-sense 5′-TCATTGTGGCGGAAGATGTA-3′ 1417–1397 online software
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com). A confocal laser scanning microscope (Zeiss Meta
501) equipped with a 37°C incubation chamber and a Plan-
Apochromat 63× oil immersion objective was used to
monitor cell-cell interactions.

Caspase measurement

The Caspase-Glo® 3/7 luminescent assay measures
cysteine- and aspartic acid-specific caspase-3 and -7
activities. The luminogenic substrate contains the tetrapep-
tide sequence DEVD and generates a luminescent signal
proportional to the amount of caspase activity generated in
the cell incubation assay. The luminescent signal peaks in
approximately one hour and is maintained for several hours
(G8090, Promega.com). Luminescence was measured in a
GLOMAX luminometer (Promega.com).

Flow cytometry

Cultured APC were washed in PBS and stained with
monoclonal antibodies against the surface antigens (all
from BD Biosciences, if not indicated differently) CD2,
CD11c, CD14, CD163 (Abcam.com), CD95, CD205,
CD207, CD208, CD209 (ebiosciences.com), CD282 (toll-
like-receptor 2, TLR2) (Invivogen.com) CD284, (TLR4)
(Morphosys.com), Trail receptor DR4 (ebiosciences.com),
HLA-DR, CCR7, and CD68.

A fraction of the cultured cells was fixed in Perm/Fix
solution (BD Biosciences), washed in Perm/Wash buffer (BD

Biosciences), underwent Fc-receptor blocking (by adding
10% of normal rabbit IgG (Dako)) and labeled for cytoplas-
mic antigens (TLR3 (Imgenix.com), CD178 (Alexis.bio-
chemicals.com), and LC3, clone ab6717 (Abcam.com)).
Antigen expression was quantified using flow cytometry
(FACScalibur, BD Biosciences) and Cellquest software (BD
Biosciences). Mean fluorescence intensities (MFI) were
calculated by multiplying the percent positive cells x the
mean channel of fluorescence detection.

Results

Properties of cultured antigen presenting cells isolated
from peripheral blood of patients with severe sepsis
and septic shock

The adherent fraction of peripheral blood mononuclear cells
from patients with severe sepsis and septic shock gave rise
to large, pleomorphic and floating antigen presenting cells.
For convenience these phagocytic cells with dendritic or
monocyte/macrophage differentiation antigens were called
sepsis-derived antigen presenting cells, (sepsis-APC). The
enriched APC cultured from adherent fractions of healthy
blood donors were named blood donor-APC.

Remarkably, the phenotypes of individual patient’s
isolates were >90–95% homogeneous in that all cells of a
cell culture expressed the same antigens. Figure 1 summa-
rizes the phenotype analysis of cultured blood donor-APC

Expression pattern of cultured blood donor-APC vs. sepsis-APCFig. 1 Expression pattern of
cultured blood donor-APC and
sepsis-APC. Cultured APC were
harvested between day 14 and
day 40 after culture initiation,
and tested for surface marker
expression analysis using flow
cytometry. Cytoplasmic expres-
sion was determined for TLR3,
CD178, CD207, and CD208
using fixed cells. MFI were
calculated by multiplying per-
cent positive cells x mean chan-
nel of fluorescence detection.
When less than 4 cultured APC
isolates were available for test-
ing, or when expression densi-
ties were very different, results
are shown as scatter plots. An
apparently separate subpopula-
tion in the sepsis-APC group
(TLR3 staining) has been
encircled
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as compared to sepsis-APC. In each group, 3–10 different
isolates were tested with some variation of the culture time
(14 days to 40 days). Surface antigen expression was
compatible with an immature, mostly CCR7-negative,
myeloid dendritic cell type sharing some macrophage
antigens, including CD68. There was no variation in antigen
expression with respect to the culture time in vitro (data not
shown). The dendritic cell phenotype was prominent due to
low CD14, very high CD11c-expression and positivity for
CD178 (Fas-ligand), CD205, CD207 (Langerin), CD208
(LAMP3) and CD209 (DC-SIGN). Remarkably, cultured
blood donor-APC were phenotypically similar to cultured
sepsis-APC. The most prominent difference was the low
HLA-DR-expression in sepsis-APC. Furthermore, CD178
was less, but CD209 and CD163 were more prominent in
sepsis-APC than in controls. A distinct subpopulation of
sepsis-APCwas indicated by its low TLR3 expression profile.

All isolates had a high capacity to ingest particles as well
as bacteria. However, the ingested pathogens were not
rapidly degraded, rather remained structurally intact in the
cytoplasm of the cells for at least 13 h. The delayed
digestion of engulfed material is demonstrated in Fig. 2,
where fluorescent bacteria were followed in pepstatin-
stained viable sepsis-APC. The persistence of non-
degraded bacteria is possibly due to impaired phagolyso-
some fusion (Fig. 2a–c). In addition, many lysosomes in
cultured APC were extremely large and only faintly stained
with lysosome-specific dyes (Fig. 2d). The swollen lyso-
somes were often as large as the autophagy vacuoles.
Autophagy vacuoles however appeared empty and never
stained for either pepstatin or lysotracker dyes. Figure 3a,b
shows the morphology of cultured sepsis-APC by conven-
tional Wrights Giemsa staining, and similar to the fluores-
cence microscopy, the autophagy vacuoles appeared empty.
When subjected to electron microscopy, the vacuoles were
filled with engulfed cytoplasm which was less electron
dense (Fig. 3c,d). In addition, some vacuoles also contained
multivesicular bodies or mitochondria with various signs of
structural degradation (Fig. 3c,d). Phenotypic results, such
as low HLA-DR expression and immaturity imply that APC
of patients with sepsis or septic shock are incapable of
raising a T helper-1 response, even though sepsis is a
unique, highly pro-inflammatory condition. To test this
hypothesis, lymphocytes isolated from the same blood
samples as the corresponding APC were propagated in
medium containing high concentrations of IL-2. The
proliferating lymphocytes were tested for surface antigens
and cytokine production. The majority of the T lympho-
blasts expressed CD4 (>65% of total lymphocytes) and
secreted high amounts of IL-10 (Fig. 4).

In contrast, IL-2-cultured T lymphocytes from blood
donors secreted only low amounts of IL-10 (Fig. 4) and a
larger proportion expressed NK antigens (data not shown).

We therefore concluded that sepsis-APC appear to condi-
tion for an immunosuppressive microenvironment which
supports the proliferation of IL-10-secreting T lympho-
cytes, whereas the morphologically and phenotypically
similar blood donor-APC did not.

EBV detected in antigen presenting cells of patients
with severe sepsis

Due to high IL-10 concentrations measured in T cell
cultures with sepsis-APC we considered whether chronic
EBV-infections may play a role in sepsis associated
immune anergy. DNA prepared from cultured sepsis-APC
and cultured blood donor-APC was subjected to a multiplex
PCR designed to detect EBV encoded genes (Fig. 5). We
found LMP1 in two and EBNA2 in seven out of nine
cultured sepsis-APC isolates. For the other 5 marker genes
none was found. In the corresponding whole blood
specimen, prepared from the same patients, we detected
LMP1 in none and EBNA2 in four DNA preparations.
These results suggest that the EBV genes are found more
often in enriched sepsis-APC. We also tested 56 whole
blood samples of eight patients with septic shock and found
EBNA2 in 31 individual blood samples.

In addition to the identification of EBV-specific genes,
morphological evidence for persisting herpes viruses was
provided by electron microscopical examination of sepsis-
APC. Figure 6 shows virus particles in the extracellular
space as well as in the cytoplasm of a sepsis-APC (Fig. 6).

P2RX7 stimulation by ATP causes inhibition of apoptosis

ATP is one of the danger-associated molecular patterns
(DAMP) expected to play a major role in trauma-associated
inflammation and cytokine storm. Dendritic cells express
an important receptor for ATP, termed P2RX7, which
constitutes the major calcium influx channel in these cells.
We tested the effect of ATP on control blood donor APC as
well as sepsis-APC. ATP at 1 mM activated the P2RX7 and
a characteristic electrophysiological response was detected
by patch clamping (supplementary Fig. 1). The electro-
physiological signal obtained was more than 10 times larger
as compared to the P2RX7 signal of fresh dendritic cells or
of dendritic cells differentiated from peripheral blood
monocytes (data not shown). Moreover, P2RX7 activation
by 1 mM ATP stimulated 3H-thymidine incorporation
(supplementary Fig. 2). The incorporation of radioactive
nucleotide is, however, much extremely low since down-
cultured APC did not proliferate much. Exogeneous ATP
also down-modulated the spontaneous caspase 3/7 activity
of cultured APC (Fig. 7). The low background caspase
activity reflects the low proliferative capacity (suppl. Fig. 2)
in that cultured APC exhibited neither significant prolifer-
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ation nor cell death during 14–40 days of in vitro culture.
When cultured APC were labeled with a calcium-sensitive
dye such as Fluo4-AM, stimulation with ATP caused a
cytoplasmic and nuclear calcium response followed by the
generation of autophagic vacuoles (supplementary Fig. 3).
The same type of P2RX7 activation by ATP also increased
the expression of LC-3 as determined by flow cytometry
(supplementary Fig. 4). The functional organization of the
P2RX7 ion channel with the inflammasome, the protein
machinery which generates IL-1ß from pro-IL-1ß in APC,
was tested by priming sepsis-APC with endotoxin (10 nM
LPS, overnight) and continued the culture with and without
1 mM and 5 mM ATP. Inflammasome activation in sepsis-
APC was proven by the very large amounts of IL-1ß found
in the supernatant (supplementary Fig. 5).

In summary, extracellular ATP contributes to the survival
of IL-10-inducing sepsis-APC, and an immunosuppressive
microenvironment may persist which also facilitates the
persistence of infectious viruses such as EBV. When
considering the potential counter regulatory mechanisms,
it has previously been proposed that natural killer (NK)
cells would be important in controlling immature dendritic
cells. In mice, NK cells specifically regulate the number of
immature dendritic cells present in lymph nodes (Giroux et
al. 2007). In hemophagocytic diseases, genetic and acquired
NK deficiencies appear to be responsible for the extensive
proliferation of immature dendritic cells and the persistence
of acute virus infections (Schneider et al. 2003). In our
IL-2-stimulated cultures performed with adherence-
depleted NK cells, it was difficult to enrich autologous

NK cells; which could in part be due to very low precursor
frequencies or an as yet unexplained pathology. We
therefore used the NK-92 cell line to test sepsis-APC as
targets. Results displayed in Fig. 8a confirmed that NK-92
cells do indeed activate caspase 3/7 in sepsis-APC targets.
In order to prove, that the caspase released in NK-92/
sepsis-APC co-cultures was derived from the sepsis-APC
target, confocal scanning microscopy was applied to study
effector/target interactions. As shown in Fig. 8b, red
fluorescent (PKH26-labeled) sepsis-APC and green fluo-
rescent (PKH67-labeled) NK-92 interacted with prominent
microvillous membrane protrusions before the lytic event
took place (arrows in Fig. 8b). Sepsis-APC lysis was
associated with prominent blebbing of the plasma membrane
after 60 min of co-incubation with NK-92 (Fig. 8c). Although
sepsis-APC were primed for death, they ingested plasma
membrane-derived microparticles of the green fluorescent
NK-92 effectors. In overlay images, the NK-92-derived
membrane derivatives occur as yellow particles in the
cytoplasm of the dying sepsis-APC (Fig. 8c, overlay image).

Discussion

This study describes how a major SIRS, followed by severe
sepsis and septic shock results in the activation and
persistence of immunosuppressive APC with an immature
phenotype (Fig. 1). The high precursor frequency of this
cell type facilitated our functional and phenotypic analysis.
The dendritic nature of the cultured APC was proven by the

Fig. 2 Twenty-one-day cultured
sepsis-APC derived from 3 dif-
ferent patients (a, b, c) were
incubated with red
fluorescently-labeled E. coli for
3 h, followed by labeling of
lysosomes with pepstatin A
(green fluorescent). None of the
bacteria had entered the lyso-
somes. Individual phagocytes
show swollen lysosomes (d),
here stained with lysotracker
yellow. Autophagy vacuoles
(arrows) appear empty
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extensive surface and cytoplasmic staining for differentia-
tion antigens expressed by these cells. Interestingly, the
same cell type could be enriched from healthy blood
donors, when leukocyte fractions of a whole blood unit
were used for enrichment. This fact is evidence for i) a non-
malignant nature and ii) for significantly increased precur-
sor frequencies in patients encountering SIRS and other
trauma-related stimulation in vivo. There was one subtle
difference between APC-cultures of individual patients and
the cultures derived from healthy blood donors: Some
patients-derived APC-cultures contained very small
lymphocyte-like cells in the vicinity of individual loosely
adherent dendritic cells. After a few days, these small cells
grew larger and made up small clusters with the original
larger APC in the center. These small clusters (made up of
5–10 cells) were non-adherent and subsequently dissemi-
nated to individual floating APC with the characteristic
morphology of an immature APC. However, when we
made this observation on day 7 after culture initiation, other

leukocytes were still present, and flow cytometry was not
expected to support a reasonable analysis of this phenom-
enon. Since cultured APC lack the TNF-RI protein on the
surface (data not shown), this property may hint at a
mechanism for increased survival as described earlier (Funk
et al. 2000). In addition to the myeloid-specific DC antigen
CD11c, the APC enriched by cultures beyond 14 days
displayed two differentiation profiles: One was the high
expression of endocytosis-related antigens, and the other
was the expression of dermal and epithelial-specific
Langerin (CD207). It can be concluded that the cytokine-
free and LPS-free (to low) culture conditions applied here
favored the survival of this cell type without measurable
proliferation after 14 days of in vitro culture. Only ATP led
to a marginal effect on thymidine incorporation (supple-
mentary Figure 2). When we tried to identify this cell type
in healthy blood donors, about 20–100 times more blood was
necessary to enrich a similar antigen presenting cell type
which survived a prolonged time of in vitro culture. Surface
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Fig. 3 Autophagy in 21-day
cultured sepsis-APC. Vacuolar
structures (Wrights Giemsa
stain: a, b). Cytoplasm contain-
ing multivesicular bodies (mvb)
and mitochondria (m) in various
states of structural disintegration
(c, bar: 500 nm)); enlarged
mitochondria (d, bar: 100 nm)

Autophagy and ATP-induced anti-apoptosis in antigen presenting cells (APC)... 151



and cytoplasmic antigens were compared with sepsis-APC by
flow cytometry. In both sepsis-APC and blood donor-control
APC the enriched dendritic cell type was immature. The
individual isolates were homogenous but there were differ-
ences between individual patients. Few isolates were tested
after different culture periods and the individual phenotype
appeared to be stable. LowCD14 and a number of functioning
endocytosis receptors were found in all isolates. The CD205
antigen is an endocytic receptor mediating efficient processing

and presentation of antigens in vivo, which leads the way to
the induction of T cell immunity or tolerance (Bonifaz et al.
2002). CD207, Langerin is a C-type lectin, localized in the
Birbeck granules of Langerhans cells which play a role in
nonclassical antigen-processing (Bedoui et al. 2009).
CD205 plays a unique role in virus control (de Witte et
al. 2007) and collaborates with the classical DC-specific
antigen CD209 (de Witte et al. 2008). Finally, we found a
remarkable density of CD208, the lysosome-associated
membrane glycoprotein 3 (LAMP3), which is highly
homologous to the mannose receptor CD68, another
strongly expressed antigen. CD208 is not only expressed
in dendritic cells but also in type II pneumocytes and is
transiently found in the MHC class II processing machin-
ery (Arruda et al. 2006). Although CD208 is an early
marker of dendritic cell maturation, its expression is
related to arrested DC maturation in the context of
malignancies (Elliott et al. 2007). Major differences
between sepsis-APC and blood donor-APC were the
significantly lower HLA-DR expression as well as a trend
to express more CD209 (DC-SIGN), more CD163 and
somewhat less CD178 in the case of sepsis-APC.

These 3 properties imply effects related to virus
infections, which have been exemplarily studied by our
multiplex EBV PCR. Herpes viruses down regulate HLA-
antigens as a major immune evasion strategy. In terms of
EBV, productive virus production is difficult to address
experimentally. A previously proposed experimental model
(Ressing et al. 2005) may support future studies to clarify
whether cultured sepsis-APC does indeed produce infec-

Fig. 4 IL-10 concentrations of IL-2-cultured peripheral blood cells
derived from healthy blood donors (upper part: healthy control) and
from patients with SIRS and sepsis (lower part: inflammation-derived
lymphocyte cultures). Each bar is the amount of IL-10 [pg/ml] secreted
in individual cultures of 5–10×106 lymphocytes/ml during 4 days of
in vitro culture
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tious viruses as suggested in the present study (Fig. 5) here.
The high level of DC-SIGN (CD209) expression is
expected to affect a number of different virus infections
other than HIV such as Herpes Virus 8 (HHV8) (Rappoc-
ciolo et al. 2006). Further DC-SIGN may cooperate with
mannose-binding lectin structures such as MBL2. The
relevance of MBL2 polymorphisms associated with sus-
ceptibility to virus infection (Acioli-Santos et al. 2008),
including EBV (Friborg et al. 2010), are interesting in the
context of the high expression density of CD68 by the
cultured APC described here (Fig. 1).

In addition to phenotypic properties of sepsis-APC
providing links to virus infections and endocytic activity,

morphological features have been addressed. In order to
prove whether the large vacuoles of the cultured sepsis-
APC play a role in phagocytosis, we used fluorescent
bacteria and found that phagocytosed particles do not
colocalize with these vacuoles. In addition, fusion of
bacteria-loaded phagosomes with lysosomes was not
observed within the first 3 h of co-incubation (Fig. 2).
According to ultrastructural investigations, the vacuoles not
only contained engulfed cytoplasm but also partially-
degraded mitochondria, suggesting that these organelles
must have entered the phagolysosomal compartment
(Fig. 4). This process of autophagy-related mitochondrial
degradation has been called mitophagy (Kim et al. 2007)
and plays a major role in the longevity of cells and tissues
with autophagy. In inflammatory and infectious diseases,
autophagy and impaired phagolysosome fusion processes
have been described (Fortunato and Kroemer 2009), which
culminate in, or are associated with immune dysfunction.
We found many cultured sepsis-APC with enlarged and
swollen lysosomes, an observation indicating increased pH
in lysosomes, which is related to impaired antigen process-
ing and T cell activation (Lem et al. 1999; Wubbolts et al.
1996). Since Lamp-2 has been recently described to play a
major role in the acidification of the lysosome (Fortunato et
al. 2009), and that molecular defects of this molecule have
been detected in a number of diseases with impaired
lysosomal functions (Ruivo et al. 2009), future studies in
patients with severe sepsis and immune anergy should
concentrate on the regulation of LAMP-2 expression as
well as function.

Immature dendritic cells, possibly harboring viruses and
expressing a low density of MHC antigens, are likely
targets for NK-mediated cytolysis. However, high dose
IL-2 cultures did not activate NK cells but rather induced a
population of CD4 T cells secreting immune suppressive
IL-10 (Fig. 4). IL-10 has been described as a cytokine
which may be beneficial by attenuating the pro-

Fig. 7 Down-modulation of caspase 3/7 after 3 h stimulation with
1 mM ATP in cultured sepsis-APC of different patients. Different
Sepsis-APC cultures (x-axis) were harvested and plated into 96-well
non-transparent microtiter plates (1×104 c/well) in the presence or
absence of 1 mM ATP (pH 7.35 in RPMI 1640). After 3 h, lysates
were measured for caspase activity (cps/well: y-axis) using chemilu-
minescence assays (Caspase Glo®, Promega.com)

2 µm 

Fig. 6 Identification of herpes
virus particles (right; arrows:
inserted image) in 21-day cul-
tured sepsis-APC (left: overview)
of a patient with septic shock. The
extracellular virus particle (arrow)
shows spiny protrusions contact-
ing the electron dense area of the
plasma membrane. Intracellular
virus particles (2 arrows) lack the
outer capsid structures seen in
the extracellular virus particle.
The cytoplasm of the APC
contains multiple autophagy
vacuoles containing less electron
dense cytoplasm
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inflammatory SIRS syndrome (Oberholzer et al. 2005), but
may also be detrimental when specific immune activation is
necessary to combat infectious antigens, as in severe sepsis
(Hughes et al. 2009; Marie et al. 1998). In addition to
bacteria and fungi, which invade the septic patient, the
importance of virus reactivation syndromes has been
recently documented (Limaye et al. 2008). Along these
lines, we found Epstein Barr virus-specific genes in blood
samples of patients with severe sepsis and septic shock.
Approximately half of the patients’ blood samples investi-
gated by a specifically developed multiplex PCR were
found to be positive for EBV-specific genes. The detection
of EBV-encoded EBNA2 and LMP1 in cultures of sepsis-
APC is of interest with respect to the concept that multiple
viruses may be enriched in such immature and immuno-
suppressive APC. A preliminary study also demonstrated
that EBV can even be detected in single cells using a low
volume PCR protocol (uni-ulm.de/expane/quagsic). Al-
though the nature of the herpes virus particles could not
be proven on an ultrastructural level, it is highly likely that
EBV particles were detected in sepsis-APC (Fig. 6).

In summary, massive tissue trauma appears to condition
for the improved survival and/or accumulation of immature
APC by DAMP receptor ligands such as ATP. DAMP
signaling appears to be distinct from pathogen-derived
signaling (PAMP), which plays a role later in the disease
process of a critically ill patient. Unique DAMP receptors

activate the inflammasome and caspase 1 (Dinarello 2009),
the key enzyme responsible for the activation and release of
IL-1ß (Martinon 2008; Martinon and Tschopp 2007). Data
shown here support the idea that trauma-associated extra-
cellular ATP serves as a danger ligand in cultured APC to
activate a major calcium influx via P2XR7 (suppl. Fig. 3)
(Franchi et al. 2007; Martinon 2008). Further proof has
been provided by patch clamping (suppl. Fig. 1), by some
activation of thymidine incorporation (suppl. Fig. 2), by a
calcium flux-associated vacuole formation and microparti-
cle release (suppl. Fig. 3), by increased LC3 expression
(suppl.Fig. 4) and by ATP-stimulated IL-1ß production
(suppl. Fig. 5). Previously, we described the activation of
caspase 3 by ATP stimulation in whole blood (Schneider et
al. 2006). In contrast to apoptosis induced by ATP in whole
blood, we observed anti-apoptosis by ATP in a dendritic
cell type which is rare in healthy blood donors. The here
characterized trauma- and DAMP signaling-associated
imbalance of immature APC may be responsible for
SIRS-conditioned sepsis. Sepsis and acquired immune
dysfunction would then be executed by IL-10-producing
T cells.

The immunological control of immature antigen present-
ing cells by NK effectors has been described to be impaired
in various diseases with an inflammatory phenotype
(Fauriat et al. 2005; Walzer et al. 2005). When we
investigated whether NK cells were able to recognize

AA

CCBB

APCAPC
APCAPC

*
*

NK-92NK-92

Fig. 8 Cytolysis of cultured
antigen presenting cells by
NK-92 effector cells. NK-92
cells (2×105) were co-incubated
with 2×104 cultured antigen
presenting cells or 1×103 APC
(*) from different patients (x-
axis). Caspase 3/7 activity mea-
sured by chemiluminescense
(cps) after 3 h of incubation
(y-axis); open columns indicate
the sum of spontaneous caspase
activity of NK-92 plus cultured
APC (∑), grey columns indicate
caspase 3/7 activity of NK-92-
APC co-cultures (a).
Membrane-stained NK-92-
(green) and APC- (red) forming
aggregates after 10 min of
co-culture (b), and after 60 min
intense blebbing occurs in
sepsis-APC targets as well as
phagocytosis of NK-92
membrane components
(yellow vesicles in the
sepsis-APC’s cytoplasm
(red/green overlay image in c)).
Bar is 5 μm
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sepsis-APC, neither high dose IL-2 nor IL-15 (data not
shown) generated autologous NK cell populations from
patients’ blood. To overcome this obstacle, we used NK-92
cells to test sepsis-APC as NK targets. Conveniently,
NK-92 cells lack the majority of inhibitory receptors and
could be used for all sepsis and control-APC. The majority
of target cells were successfully lysed by NK-92 as shown
by caspase 3 activation. However, microscopical examina-
tion suggests that cultured APC target cells endocytosed NK
effectors before undergoing cytolysis. Due to this unique
observation it may be hypothesized that low NK cell numbers
or NK functional deficiency may in part explain the
persistence of immunosuppressive APC and profound im-
mune dysfunction in critically ill patients. Multiple surgical
interventions in ICU patients may provide waves of extracel-
lular ATP stimulating the DAMP signaling, and perpetuating
the vicious cycle of P2RX7-mediated inflammation and
autophagy in immunologically-uncontrolled APC.
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