Scientific Report 2012 | 2013
Helmholtz Centre for Infection Research

Immune Response
and Interventions

138 | Immune Response and Interventions

Topic Speaker

Prof. Dr. Dr. Carlos A. Guzmán
Department of Vaccinology and Applied
Microbiology (VAC)
cag@helmholtz-hzi.de

Topic: Immune Response and Interventions
During the last century, major advances in medicine and implementation of
vaccination campaigns resulted in the eradication or virtual elimination of major
scourges of mankind such as smallpox, polio, measles, mumps, rubella, diphtheria and tetanus. However, the development of efficient strategies to fight
infectious diseases continues to represent a major challenge. There are many
diseases for which prophylactic vaccines are still missing as well as diseases
against which the available vaccines are suboptimal or even ineffective. For example, current formulations of influenza vaccines need to be adapted yearly and
confer poor protection in high-risk groups, such as the elderly. Thus, the main
strategic aim of this topic is the development of novel immune interventions to
prevent or treat infections. Among the major factors hindering this process are:
(i) fragmentary knowledge of clearance and immune modulatory mechanisms
operating during infection, (ii) incomplete understanding of pathogen-specific immune evasion mechanisms, and (iii) lack of pathogen- and host-tailored immune
interventions to prevent or treat specific infections. Therefore, these problems
are to be tackled through the major strategic research aims of this topic:
• dissect transmission, immune modulation and clearance mechanisms of host
response to infections,
• unravel the immune evasion mechanisms used by pathogens, and
• develop new immune intervention strategies for prevention or treatment of
infectious diseases.
Research aim 1: Dissect transmission, immune modulation and clearance
mechanisms in infections
The clinical course of an infection depends on the interplay between transmission, susceptibility and immune response. The understanding of these processes
represents an essential knowledge for designing any intervention aimed at
treating or preventing infection. In this research aim, detailed knowledge will
be acquired of the processes that are involved in transmission of infections and
stimulation of an immune response during infection. The resulting knowledge will
provide the rationale for understanding the immunological effector mechanisms
needed to confer efficient protection against selected infections, as well as for
identifying novel intervention targets (e.g. vaccines, biologicals, small molecules). For this, the work carried out in this research aim involves: (i) unraveling
the dynamics of transmission and spread of infections in human populations, (ii)
dissecting the role played by innate immune cells and the interferon (IFN) system
during infection, (iii) analyzing T cell-mediated effector functions during infection,
and (iv) studying development of regulatory T cells (Tregs) and their functional
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properties during infection. Expected achievements: (1) identification of host
genetic and epigenetic determinants of human susceptibility and resistance to
infections; (2) elucidation of the mechanisms that need to be stimulated to clear
specific pathogens studied in the programme “Infection Research”; (3) development of strategies to strengthen effector T cells and T cell-dependent B cell
responses or to modulate Tregs.
Research aim 2: Unravel the immune evasion mechanisms operative
during infection
Pathogens have developed various strategies to subvert the host’s mechanisms
to detect and to clear infections. In addition, major physiological and pathological factors affecting immune homeostasis (e.g. aging and chronic infections) also
lead to a weakened response to infection. The understanding of these mechanisms is a cornerstone for the development of tailored approaches to interfere
with pathogen-specific evasion strategies, thereby supporting efficient clearance.
These activities represent the core of research aim 2 and they are expected to
provide new strategies for the development of innovative immune interventions.
Expected achievements: (1) unravel mechanisms of viral and bacterial antagonists of pattern recognition receptors (PRRs) and their downstream signalling
pathways; (2) understand molecular mechanisms by which pathogens avoid autophagic recognition and degradation; and (3) understand how chronic infections
disrupt the homeostatic balance of the immune system.
Research aim 3: Establish new strategies to prevent and treat infectious
diseases
After dissecting the effector mechanisms needed to achieve efficient pathogen
clearance upon infection, the most appropriate targets should be identified
(e.g. antigens). Then, it is crucial to select optimal tools (e.g. delivery systems,
adjuvants) to stimulate protective responses in a highly predictable manner after
vaccination or clearance following a therapeutic immune intervention. It is also
essential to tailor the interventions according to the needs of specific population
groups (e.g. the elderly). Thus, the major goal of this research aim is to establish
new tools and strategies to generate prophylactic or therapeutic interventions.
To this end, a research plan linked to the other Research Aims and the activities of the other topics was established. More specifically, candidate immune
interventions will be optimized according to the knowledge on immune clearance
(Research Aim 1), immune escape (Topic 1) and immune evasion (Research Aim
2) operating in the context of specific infections. Antigen identification will result
from the discovery programmes established in Topic 1 (e.g. hepatitis viruses,
influenza, streptococci), as well as from external strategic cooperation partners.
To foster the translational process, virtual Cross-Topic Foci Vaccine Strategies
will be established that will provide critical expertise, tools and infrastructure.
Expected achievements: (1) develop new live vectors and nanoparticles to generate strong, long-lasting and polyfunctional T cell responses; (2) develop new
adjuvants, including compounds interfering with the development or action of
Tregs; and (3) generate new immune interventions against infections.
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Vaccine Technologies
Vaccination success depends on the stimulation of well-defined effector
mechanisms, which are critical for protection against specific infectious
diseases. Our research focuses on the identification of novel adjuvants which
are able to stimulate predictable immune responses, particularly those
which are amenable for the establishment of mucosal vaccination strategies.
Among our candidate adjuvants are cyclic di-nucleotides (CDNs). In mouse
immunization experiments the CDN c-di-AMP is co-administered with model
antigens by intra-nasal (i.n.) route promoting humoral as well as cellular immune
responses. The analysis of the antibody class composition in serum and mucosal compartments, together with the cytokine profiles, revealed a potent and
balanced TH1/TH2/TH17 response (Ebensen et al, 2011). We also studied the
CDN c-di-GMP as an adjuvant to develop mucosal vaccination alternatives
without the risks associated with the access of vaccine components to the
central nervous system. The c-di-GMP exhibited potent adjuvant activity when
co-administered via sublingual route with an influenza H5N1 virosome-based
vaccine. Interestingly, this resulted in a shift from a TH2-skewed response to a
more balanced TH1 and TH2 response, associated with enhanced protection. The
stimulated CD4+ T cells also showed a strong cross-reactivity with other influenza strains (Pedersen et al, 2011).

The αGCPEG dependent block of TH17
polarization is mediated by natural killer T
cells (NKT).The x-axis reflects the proliferation state of stimulated CD4+ T cells analyzed by flow cytometry: the gradual loss
of the CFSE staining (arrows) reflects the
high proliferation of T cells, stimulated by
dendritic cells (DC) co-administered with
αGCPEG with and without NKT. In addition,
the y-axis reflects the expression of the
TH17 marker IL-17. The proliferation of TH17
cells is high when NKT are absent (red box
A), but is blocked in their presence (red
box B). Figure: HZI
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We likewise investigated the specific effects of a pegylated derivative of
α-galactosylceramide (αGCPEG) after i.n. immunization of mice. We found that
this adjuvant down-regulated the antigen-specific TH17 response by a mechanism that is mediated by natural killer T cell-secreted IL-4 and IFN-γ (figure). Of
particular note, the combination of αGCPEG with other adjuvants can modulate
their biological activities toward reduced TH17 polarization (Zygmunt et al, 2012).
This can be exploited as an option during vaccine design, when stimulation of
TH17 responses is not desired or even detrimental.
In the course of our efforts to identify the mechanisms of immune-response
regulation during vaccination, we found that IFN-γ-stimulated lymphatic endothelial cells (LECs) show increased MHC class II surface expression and IL-10
secretion which can impair dendritic cell-induced CD4+ T cell proliferation. We
also demonstrated the direct interaction of LECs with T cells in vitro by clustered
surface molecules: CD2 and LFA-1 (CD11a) on the T cells and CD58 and CD54
on the LECs. These findings give an example of immune-response regulation by
non-immune cells stimulated by immune signaling molecules (Nörder et al, 2012).
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The availability of cost-efficient animal models that allow prediction in humans
is a priority. A promising approach is the generation of chimeric mice with
human xenografts. To overcome macrophage-mediated rejection of xenogeneic
cells, human hepatocytes were transduced with a viral vector coding for a
mouse surface molecule, which acts as a “do-not-eat-me” signal. This measure
prevented rejection, led to a doubling of the liver repopulation efficiency, and
hence, contributes to the establishment of “humanized mice” as a useful tool in
preclinical validation (Waern et al, 2012).
Publications

The described insights demonstrate our continuous progress in the
development of vaccination strategies, especially with regard to
adjuvants and refined pre-clinical animal models. This approach will
be continued in the future to further the knowledge on successful
vaccination strategies and their transfer to the clinic.
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Mycobacterial Phagosomes and Immunity
The aim of our research is to give insights into two aspects of the infection
with Mycobacterium tuberculosis. On one hand, our research focuses on the
molecular mechanisms whereby M. tuberculosis manipulates the phagosomal environment and avoids killing by phagocytes. We aim to identify
bacterial factors that subvert the host cell machinery dedicated to eliminate
intracellular pathogens. On the other hand, we try to understand how host
phagocytes eliminate mycobacteria. This is important to find possible therapeutic strategies that enhance this natural response. Towards this goal, we
study the intracellular transport of mycobacteria in macrophages. We have
identified novel promising candidates for being involved in the phagosomemediated killing process, as well as in the molecular events linking innate
and adaptive immune responses.
RAW264.7 macrophages infected with
mycobacteria expressing Green Fluorescent protein (GFP, green) and expression
of CD36 (labelled in red). Cell nuclei are
labelled in blue. Figure: HZI / Vazquez
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The host perspective
RabGTPases and intracellular trafficking of phagosomes
The phagosome is an organelle that links innate and adaptive immunity. We
have identified membrane trafficking regulatory proteins regulated via NF-kB
during the early killing of mycobacteria by macrophages (Gutierrez et al. 2008;
Gutierrez et al. 2009; reviewed in Pei et al. 2012). Additionally, we found that
nuclear factors are required for mycobacterial killing in epithelial cells as well
(de Souza Carvalho et al. 2011). Our aim is to define the functional role of
these trafficking proteins in the biology of phagosomes and the innate immune
response. We have already identified two novel pathways by which selected
cargo is transported to the phagosome during maturation (Wähe et al. 2010,
Kasmapour et al. 2012). Moreover, some evidence of transcriptional modulation of intracellular trafficking during tuberculosis has been provided but the
molecular mechanisms remains to be elucidated (reviewed in Pei et al. 2012; Pei
et al. in preparation). We expect that the knowledge emerging from our studies
will identify novel and critical host anti-mycobacterial factors.
The pathogen perspective
Mycobacterial persistence is linked to two of the major obstacles against the
eradication of tuberculosis: a large reservoir of people without clinical symptoms
and complications in the treatment with antibiotics. However, the fundamental
biology of mycobacterial persistence remains a puzzle for biologists. This
situation is mainly due to the lack of good models of mycobacterial persistence.
In our group, we have established a simple but relevant model of persistence
that considers one of the most important aspects of mycobacterial lifestyle:
intracellularity. We were able to generate mycobacteria that persist within macrophages for periods of time longer than 2 years. Unexpectedly, the persisting
mycobacteria reside in phago-lysosomes and underwent an adaptation process
leading to profound changes in lipid metabolism. Our findings illustrate critical
events implicated in the establishment of a successful long-lasting persistent
infection and represent an invaluable tool for understanding the physiological
states of mycobacteria (Vazquez et al. submitted).
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Systems Genetics of Infection and
Immunity
Our research group is identifying genetic factors, which contribute to the
susceptibility or resistance of the host to influenza A infections. For these
studies, we are using mouse genetic reference populations consisting of
mouse strains with different genetic backgrounds as well as mouse mutants
which carry deletions in specific gene loci.
Every year, about 10,000 to 30,000 people die from influenza infections in
Germany. The most severe pandemic in recent human history, in 1918, has
claimed about 30-50 Million deaths world-wide. The influenza virus is able to
change its antigenic properties very rapidly. In addition, the viral genome is
segmented and these segments can be exchanged between different virus
subtypes. Such re-assorted viruses that arise in animals may then adapt to
the human host and cause new pandemics.
It has long been suspected that genetic factors may play an important role for
resistance or susceptibility to influenza infections in humans. However, such
studies are very difficult to perform in humans and are often blurred by environmental factors, e.g. other serious health conditions, nutrition or medication.
Therefore, we have established an experimental model in which we infect mice
with different influenza A viruses. In particular, we are studying mouse populations that were derived from laboratory-inbred mouse strains. One of these

BXD mice exhibit variable kinetics of weight
loss after infection with influenza A virus.
Mice from 53 BXD and the parental strains
were infected intra-nasally with 2×103 FFU
of PR8 virus. Weight loss and survival of
infected mice was followed over a period of
13 days. In some strains all infected mice
did not lose much weight whereas in other
strains all infected mice lost weight rapidly
and died soon after infection. For details
see Nedelko et al., 2012. Figure: HZI
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populations, the BXD recombinant inbred strain collection, descends from two
parental mouse strains. In the Collaborative Cross population eight parents
from five laboratory and three wild-derived strains were used to generate a
collection of about 500 strains. In addition, we are analysing the role of individual genes for the host defence to influenza infection by studying mouse lines
in which a single gene locus has been mutated by genetic engineering. In our
mouse studies, we demonstrated a very strong influence of the genetic background on host susceptibility. One inbred mouse strain, DBA/2J, was highly
susceptible to the PR8 H1N1 virus whereas another strain, C57BL/6J , was very
resistant. In the susceptible mouse strain the influenza virus replicated much
faster and the susceptible strain also exhibited a very strong innate immune
response. Our results suggest that the high viral load in the lungs and the hyperinflammatory response of the immune system are responsible for the fatal outcome of the infection in the susceptible strain. In addition, we showed in mouse
mutants that the Rag2, Serpine1 and Irf7 genes are important for the host to
survive an infection with influenza virus. We also performed genome-wide
gene expression analyses in the lung over the course of an infection to better
understand the host-pathogen interactions at the molecular level and to relate
changes in gene expression with cellular responses of the immune system and
pathologies in infected lungs.

Our results demonstrate a significant genetic influence in mouse models,
which strongly suggests that also in humans many genetic variations
may play a role for an efficient host defence. Our research activities
are integrated into several national and international networks. We
co-ordinate SYSGENET (European network for systems genetics to
understand human diseases), and we participate in FluResearchNet
(German influenza research network), Infrafrontier (European network
to establish mouse phenotyping and archiving infrastructures), and the
CTC (world-wide Complex Trait Consortium). In the context of a GermanEgyptian Research Project, we will characterize Egyptian H1N1 and H5N1
viral strains.
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Modulation of Innate Immunity by
Herpesviruses
Herpesviruses establish chronic, lifelong infections. To establish persistence,
herpesviruses have evolved multiple strategies to counteract the antiviral
immune response. A number of different innate immune sensors such as Tolllike receptors (TLR), RIG-I-like receptors, DNA sensors and Nod-like receptors
detect viral infection and initiate signalling cascades that result in the production of type I interferons and proinflammatory cytokines. The major focus
of our research is to decipher how the human herpesviruses cytomegalovirus
(HCMV) and Kaposi’s sarcoma herpesvirus (KSHV), as well as their murine
counterparts MCMV and MHV68 respectively, modulate the innate immune
response to create a beneficial environment for replication and persistence.
Herpesviruses target the innate
immune response at multiple levels.
Copyright: Melanie M. Brinkmann

Toll-like receptor signalling is shut down upon MCMV and MHV68 infection
in macrophages
Macrophages infected with MCMV or MHV68 do not respond to stimulation
with TLR agonists. By using MCMV deletion mutants in a FACS-based screen in
macrophages, we identified the M45 protein as a major modulator of the NF-κB
signaling cascade downstream of TLR. To identify KSHV-encoded modulators
of TLR-induced NF-κB signalling, we used a screening approach with ectopically
expressed KSHV open reading frames (ORF) in a transient reporter assay. We
identified two KSHV ORF with yet unassigned function as potent modulators of
NF-κB signalling downstream of TLR2 and are currently studying their mechanism of action.
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MCMV and KSHV block the type I interferon (IFN) response
We identified several MCMV and KSHV ORF that block activation of the
IFNalpha4 and IFNbeta promoter in transient reporter assays. By using a proteomics approach we aim to identify the cellular binding partners of the viral
modulators of the type I IFN response. Using bacterial artificial chromosome
(BAC) genetics, we will create single deletion mutants of MCMV and analyse the
mutant viruses lacking the IFN modulator(s) in vivo.
TLR9 traffics to endosomal and phagosomal compartments
We created a transgenic mouse model with TLR9 expressed as a green fluorescent protein fusion (TLR9-GFP). This model allows biochemical and cell biological analysis to better understand TLR9 trafficking and processing in primary
cells. We found that TLR9 proteolysis, which is essential for conversion of TLR9
into a functional signalling receptor, occurs at a faster rate in B cells than in
macrophages. This observation is consistent with an almost exclusive localisation to endolysosomes at the resting state in B cells. Using TLR9-GFP as bait,
we identified novel binding partners of TLR9 in macrophages that are currently
being studied.

Our aim is to identify novel targets for therapeutic intervention in chronic
herpesviral infections. Our studies on the identification of viral immune
modulators and their cellular targets will not only contribute to our
basic understanding of how herpesviruses interfere with their efficient
recognition by the innate immune system, but also help elucidate strategies for viral control.
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TLR9-GFP localises to the endolysosomal
compartment in primary B cells and
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Mucosal Immunity and Inflammation
The research group Immune Regulation focusses on dissecting the basic
mechanisms underlying the induction and regulation of T cell-mediated
inflammatory diseases of the lung, the gut and the pancreas. In recent projects we have investigated the impact of inflammation- and infection-related
modulation of host immune responses towards bacterial and viral pathogens
on the course of autoimmunity, immunopathology, pathogen persistence and
susceptibility to secondary infections. Another aspect we are interested in
is the peripheral induction, function and molecular plasticity of regulatory
T cells.

Cell-cell-interactions in the inflamed
alveolus. Picture: Jana Bergmann/Christian Hennig, MHH

CD8+ T cell tolerance in autoimmune-mediated lung inflammation
Deciphering the mechanisms controlling autoreactive CD8+ T cell reactivity in
the lung we could show that in the steady state, CD8+ T cells reside quiescently
next to the self-antigen in the alveoli. Inflammatory stimuli or epithelial injury
induces transient activation of self-aggressive CD8+ T cells in the respiratory
tract which, however, fail to acquire effector functions and do not precipitate
autoimmunity in the lung. We conclude that inadvertent activation of CD8+ T
cells in the lung is prevented in the absence of “danger signals”, whereas tissue
damage after infection or noninfectious inflammation create an environment
that allows the priming of previously ignorant T cells. Our data contributes to
a better understanding of the pathogenesis of chronic pulmonary diseases
such as COPD and sarcoidosis for which an autoimmune component has been
proposed.
IL-22 as a direct target gene for Foxp3
The transcription factor FOXP3 is expressed in regulatory T cells and is considered lineage determinative. Using ChIP-on-chip analysis we identified 90 FOXP3
target genes and demonstrated that IL-22 expression is directly regulated by
FOXP3 in human regulatory T cells. The FOXP3-dependent repression of Th17related IL-22 may be relevant to an understanding of the phenomenon of Treg/
Th17 cell plasticity which may have important implication for the development of
cell-based therapies of autoimmune diseases with known contribution of Th17
cells, such as multiple sclerosis.
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ChIP-on-chip analysis identifies IL-22 as novel target gene of FOXP3
in human regulatory T cells. Graphic: HZI/Andreas Jeron

TLR7 and influenza A – Streptococcus pneumonia superinfection
Influenza A virus infection modulates host immunity to secondary bacterial
infections. This increased risk for bacterial superinfections substantially contributes to the mortality caused by influenza A virus epidemics. We could show
that TLR7-deficient mice induced a potent antiviral response and showed a fatal
outcome in secondary pneumococcal infection during acute influenza similar to
wild-type (WT) hosts, despite significantly delayed disease progression. Also,
when bacterial superinfection occurred after virus clearance, WT and TLR7deficient hosts showed similar mortality. Even though we found the phagocytic
activity of alveolar macrophages from IAV-pre-infected hosts to be enhanced in
TLR7ko over WT mice. Thus, we show that a virus-sensing pattern-recognition
receptor TLR7 modulates the progression of secondary pneumococcal infection
following IAV and may, therefore, represent an interesting target for therapeutic
interventions.

Understanding the basic mechanisms that contribute to maintenance of
peripheral T cell tolerance to self-antigen, the specific conditions that
support breakdown of tolerance and therefore promote development of
autoimmunity as well as the impact of infections in modulating host responses toward self-tissue and secondary infections will help to develop
improved treatments of autoimmune and infectious disorders.

Macrophage ingesting bacteria (shown in
green). Photo: HZI/Manfred Rohde
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Development and Functional Properties
of Foxp3+ Regulatory T Cells

Fig. 1. (left) Foxp3 + Tregs within the thymus. T cells und Foxp3 + Tregs were stained
with fluorescently labelled antibodies in
red and green, respectively. Picture: Dr. Eberl,
Pasteur Institute, Paris, France.

Fig. 2. (right) Foxp3 + Treg interacting
with Yersinia pseudotuberculosis.
Picture: Dr. Manfred Rohde, HZI, Braunschweig.

Regulatory T cells (Tregs) play a key role for the maintenance of self-tolerance and can modulate type and strength of immune responses directed
against invading pathogens. Therefore, Tregs are considered as promising
therapeutic targets. On the molecular level, Tregs are characterized by the
expression of the transcription factor Foxp3, which is instrumental for the
Tregs’ unique phenotype. Epigenetic modifications within the Foxp3 gene
are required to stabilize Foxp3 expression and to ensure long-term lineage identity. The majority of Foxp3 + Tregs is already generated during the
development of T cells within the thymus. However, peripheral conversion
of conventional T cells into Foxp3 + Tregs takes place preferentially within
gut-draining lymph nodes, and it has been suggested that this conversion
is critical to tolerize non-pathogenic foreign antigens, including commensal
microbiota and food.
To be able to selectively modulate either development or suppressive activity of Foxp3+ Tregs, a comprehensive understanding of their biological
properties is of utmost importance. Thus, the major objective of this project
is to thoroughly characterize both cellular players and molecular mediators
controlling development and function of Foxp3+ Tregs and to identify molecular targets allowing their selective modulation.
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Results
To delineate those mechanisms leading to the epigenetic fixation of the Treg
lineage, we aimed to identify the time point during Treg development at which
the Foxp3 gene becomes epigenetically modified. We could demonstrate that
these modifications are introduced already during early stages of thymic Treg
development and involve active demethylation mechanisms (Toker et al., 2013).
Once being introduced, these and additional epigenetic modifications at other
Treg-specific genes operate as a kind of molecular switch, leading to the fixation
of the Treg lineage (Miyao et al., 2012; Ohkura et al., 2012).
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The preferential de novo generation of Foxp3+ Tregs within gut-draining lymph
nodes relies on unique properties of the lymph nodes’ stromal cells, as we
could demonstrate with the help of lymph node transplantations. Interestingly,
microenvironmental factors, such as commensal microflora or vitamin A, positively influence the Treg-inducing properties of gut-draining lymph nodes by
imprinting the tolerogenic phenotype within the stromal cells. In contrast, gastrointestinal infections were found to severly impair the Treg-inducing capacity
of gut-draining lymph nodes.
Finally, proteomic and phosphoproteomic profiling of Foxp3+ Tregs led to the
identification of putative molecular targets, which show unique expression or
phosphorylation patterns in Tregs and which are probably of central importance
for the Tregs’ functional properties.

• The thymic microenvironment contributes to the epigenetic ﬁxation of
the Treg lineage. We will use this knowledge to generate stable Foxp3+
Tregs for the therapeutic treatment of patients suffering from immunemediated diseases.
• Microenvironmental factors modulate the Treg-inducing capacity of
gut-draining lymph nodes. We aim to better understand the molecular
mechanisms behind this imprinting and will study the long-lasting effects of gastrointestinal infections.
• The unique protein expression and phosphorylation proﬁles of Foxp3+
Tregs will be used to develop Treg-modulating drugs that either selectively eliminate Tregs or transiently inhibit their suppressive capacity
during vaccinations against tumors and chronic infections.
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Cell Death Mechanisms in Immunity

Transcriptional regulation of the Foxp3
gene. The forkhead (Foxp3) gene, which is
located on the X chromosome, is evolutionary conserved. Next to the coding exons
and the promoter, three additional conserved non-coding sequences (CNS) were
identified that regulate Foxp3 expression.
CNS1 is sensitive to Smad transcription
factors, activated by transforming growth
factor beta (TGFβ). CNS2 (Treg-specific
demethylation region (TSDR)) is regulated
by epigenetic modifications. CNS3 is a
pioneer element involved in opening of
the gene locus. All regulatory sequences
contain binding sites for T cell receptor (TCR)-activated transcription factors
such as NFAT and NFκB. The novel Foxp3
regulator, IκBNS, is also induced by the TCR
and binds via NFκB proteins to the Foxp3
locus. HZI

An adaptive immune response against invading pathogens is orchestrated by
T lymphocytes and their activation is enabled by two fundamental processes
– apoptosis and autophagy. The latter is a lysosomal degradation pathway
that generates metabolites for macromolecular synthesis and energy production during T cell activation. Moreover, autophagy can act as an “intracellular immune system” by degrading intracellular pathogens. Apoptosis is a
form of programmed cell death that is important to down-regulate immune
responses, which is required to prevent autoimmunity. Next to apoptosis,
regulatory T (Treg) cells are important negative regulators of T cell responses.
All three mechanisms – autophagy, apoptosis and Treg cells – can be targeted by pathogens. Our research tries to uncover molecular mechanisms
that can be exploited for therapeutic interventions.
Apoptotic signal transduction
Death receptors such as CD95 (APO-1/Fas) play a crucial role in a number of
immunological processes such as T cell-dependent immune responses. Our
research concentrates on the FLICE-inhibitory proteins (FLIP) that are important
regulators of CD95 signaling. FLIP proteins have been identified in mammalian
cells (cellular FLIP = c-FLIP) as well as in γ-herpes viruses (v-FLIP). We showed
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that the long and short splice variants of c-FLIP are of different importance
for apoptosis resistance in different cells. Furthermore, we generated a novel
transgenic mouse model and demonstrated that constitutive expression of the
splice variant c-FLIPR converses resistance to CD8+ cytotoxic T cells and thus,
allows for a better immune response against the intracellular bacterium Listeria
monocytogenes.
Autophagy
Autophagy is a lysosomal degradation pathway that is important for cellular
homeostasis, mammalian development and immunity. On the one hand, autophagy is able to eliminate intracellular pathogens. On the other hand, however,
some pathogens use the autophagic pathway to escape immune recognition.
Though the process of autophagy has been elucidated on the molecular level in
recent years, little is known about signalling mechanisms regulating the effector functions of these molecules. We have recently uncovered a novel signalling
pathway involving Gadd45β and the stress kinase p38 that inhibits Atg5 activity,
which is an essential component of the autophagic pathway. We will address
the role of autophagy regulation for the intracellular survival of Staphylococcus
aureus in mammalian cells.
Regulatory T cells
The activity of the immune system is regulated by the balance of immunosuppressive regulatory T (Treg) cells and activated effector cells. Thus, Treg cells
set a threshold for T cell activation and are involved in the down-regulation of
an immune response. The transcription factor Foxp3 is essential for the regulation of Treg cell development and maintenance of their suppressive function.
Recent studies demonstrated that activation of the NFκB pathway is required
for Foxp3 induction. Our research group could show that Foxp3 induction critically depends on the atypical NFκB inhibitor IκBNS since it acts a transcriptional
co-factor for NFκB on the Foxp3 gene. As a consequence IκBNS -deficient mice
display a strong reduction of mature regulatory T cells. We also found using a
transfer colitis model an exacerbated disease course caused by the deficiency
of IκBNS.
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Immune Effectors: Molecules, Cells and
Mechanisms
Upon pathogen challenge, the so-called innate immune system, to which
specialized myeloid cells belong, reacts first. This normally results in an
inflammatory reaction that enhances first line reactions and alerts the
specific or adaptive immune system. The effector mechanisms elicited then,
clear the pathogenic challenge unless the pathogen or pathogenic conditions
subvert the reactions of the immune system.

Histology of the mesentery of a mouse
chronically infected with MAP. Left panel:
Zeel-Nielson staining. The red accumulations represent clusters of MAP’s. Right
panel: Hematoxilin-Eosin staining. The
accumulation of stained cells represents a
granuloma consisting of T cells and most
likely neutrophilic granulocytes. HZI

Induction of type I interferon (IFN) is one of the first defense reactions. Although
originally discovered as an anti-viral system, it is clear now that it plays also an
important role during many other infectious processes. We recently have introduced a novel reporter/conditional knock-out mouse to determine cells that are
responsible for the production of IFN-β, the most important type I IFN. Using
such mice, we noticed that tumours grew faster in the absence of a functional
IFN system. This was due to an increased influx of IFN regulated neutrophilic
granulocytes. Besides an increase in pro-angiogenic factors, such neutrophils
also produced more neutrophil-attracting chemokines (auto-attraction) and
survived longer in the absence of IFN. Thus, IFN is one of the natural tumour
surveillance systems that act partially via the regulation of neutrophil differentiation. These findings might eventually result in improved IFN cancer therapies.
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It is also one of our goals to use bacteria for therapy against solid tumours, in
our case Salmonella enterica serovar Typhimurium and Escherichia coli. When
applied intravenously to mice bearing a solid tumour, such bacteria selectively
colonise the neoplastic tissue. Often this results in growth retardation of the
tumour or even clearance. As a mechanism we could identify the induction of a
strong T cell response by CD8 as well as by CD4 T cells. Apparently, when the
bacteria invade the tumour and induce a large necrotic region tumour antigen
is liberated. Then, together with the adjuvant effect of the bacteria, the therapeutic immune response is elicited. We want to elaborate on this finding in the
future by strengthening the immune reaction in tumour systems which do not
readily respond to the bacterial therapy. In addition, we want to use such bacteria as carriers for therapeutic molecules. For a tumour-specific therapy we have
identified bacterial promoters that should restrict expression of toxic molecules
exclusively to the neoplasia. A very interesting side aspect of this work is that
many bacteria like Pseudomonas aeruginosa form biofilms in the neoplastic
tissue. This allows us now to test parameters that are required for the bacteria
to form biofilms but also to use it as an in vivo test system for anti-biofilm drugs.
We have successfully started such experiments.
We developed an additional animal model for Mycobacterium avium subspecies
paratuberculosis (MAP) infection. These bacteria are known to cause Johne’s
disease in ruminants and are suspected to initiate Crohn’s disease in humans
although this is still very controversial. To obtain more insight, we have intraperitoneally infected mice with MAP. Interestingly, when rechallenged by the
same bacteria, mice developed a transient diarrhea and show strong indications
of inflammatory bowel disease. As location where the bacteria chronically reside we could define the mesentery. These experiments should allow formulating testable hypothesis which should lead to novel diagnostic work with human
patients to clarify whether MAP is the causative agent of Crohn’s disease.
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Interferons in Viral Defense and Immunity
During infection, a pathogen invades into the host. The host recognizes the
pathogen and starts a defense programme to evade from the infection. The
type I IFN System is the first line of defense against viral infections. Cells
respond rapidly to infection with the induction of IFNs to protect themselves
and to minimize damage to the organism. In addition, IFNs contribute to
the coordination of a long lasting immune response and the elimination of
infected cells. The aim of the project is the understanding of the regulation
of the IFN response in single cells, cell populations and the whole organisms
to open new opportunities for the prevention of infections and diseases.
The IFN network
A well-orchestrated regulation of the IFN response is required for a complete
elimination of the infections and the induction of protective immune responses.
By live-cell imaging, we show that key steps of virus-induced signal transduction, IFN-β expression, and induction of IFN-stimulated genes (ISGs) are
stochastic events in individual cells. Mathematical modelling and experimental
validation show that reliable antiviral protection in the face of multi-layered
cellular stochasticity is achieved by paracrine response amplification. Achieving
coherent responses through intercellular communication is likely to be a more
widely used strategy by mammalian cells to cope with pervasive stochasticity in
signalling and gene expression.
Fail-safe pathway for antiviral activity
Hepatitis C virus (HCV) is a major cause of chronic liver disease in humans.
We found that the Interferon Regulatory Factor (IRF)-3 and the response to
type I IFNs are crucial in limiting HCV replication. Like many other viruses, HCV
developed strategies to inhibit the induction and function of type I IFN. We
found that in addition to type I IFN–mediated antiviral responses, IRF-1 and
IRF-5-dependent antiviral mechanisms restrict HCV replication. These IFN-independent mechanisms could be important to inhibit viral replication when the
virus escapes antiviral function of the IFN system.
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IRF-1 induces innate and adaptive immune responses
Circulating immune cells control the body to eliminate infected or transformed
cells, a process known as immune surveillance. Using a lung metastasis model
we could show that IRF-1 is important for IFN mediated immune surveillance in
metastasis. IRF-1 leads to an attraction and activation of natural killer cells and
thereby to the elimination of tumour cells. This mechanism is independent of
inhibitory receptors and cytotoxic granules but dependent on DNAM-1. Detailed
analysis of the microenvironment and the signalling cascades of the infiltrating
immune cells will elucidate the mechanism of immune response induction in the
future.
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Temporal variability of signalling events
in sister cells reveals stochasticity. Cells
expressing IRF-7-RFP were infected with
NDV and nuclear translocation was followed. A single cell (arrow) divides into two
sister cells (A and B). Sister cells A react to
virus infection with nuclear translocation
of IRF-7 7 hours earlier than sister cells B.
These data suggest variability in signalling
by stochastic events rather than genetic
events. HZI

Publications
Nandakumar, R., Finsterbusch, K., Lippsc C.,
Neumann, B., Grashoff, M., Nair, S., Hochnadel, I.,
Lienenklaus, S., Wappler, I., Steinmann, E., Hauser,
H., Pietschmann, T., & Kröger, A. (2013) Hepatitis
C Virus Replication in Mouse Cells is Restricted
by IFN-Dependent and -Independent Mechanisms.
Gastroenterology, doi:pii: S0016-5085(13)01230-4.
10.1053/j.gastro.2013.08.037. [Epub ahead of print]
Rand, U., Rinas, M., Schwerk, J., Nöhren, G., Linnes,
M., Kröger, A., Flossdorf, M., Kály-Kullai, K., Hauser,
H., Höfer, T., & Köster, M. (2012) Multi-layered
stochasticity and paracrine signal propagation shape
the type-I interferon response. Molecular Systems
Biology 8, 584. doi: 10.1038/msb.2012.17.
Ksienzyk, A., Neumann, B., & Kröger, A. (2012) IRF-1
is critical for IFNγ mediated immune surveillance.
Oncoimmunology 1(4), 533-534.
Ksienzyk, A., Neumann, B., Nandakumar, R., Finsterbusch, K., Grashoff, M., Zawatzky, R., Bernhardt,
G., Hauser, H., & Kröger, A. (2011) IRF-1 expression
is essential for natural killer cells to suppress metastasis. Cancer Research 71(20), 6410-6418. doi:
10.1158/0008-5472.
Datta, S., Hazari, S., Chandra, P.K., Samara, M., Poat,
B., Gunduz, F., Wimley, W.C., Hauser, H., Koster, M.,
Lamaze, C., Balart, L.A., Garry, R.F., & Dash, S. (2011)
Mechanism of HCV‘s resistance to IFN-α in cell culture
involves expression of functional IFN-α receptor 1.
Virology Journal 8, 351. doi: 10.1186/1743-422X-8-351.

158 | Immune Response and Interventions

Project Leader

Prof. Dr. Lars Zender
former: Junior Research Group Chronic
Infection and Cancer at HZI
current address: Division of Translational
Gastrointestinal Oncology, University Hospital
Tübingen
lars.zender@med.uni-tuebingen.de

Direct InVivo RNAi Screening for
Therapeutic Targets to Increase
Liver Regeneration
The liver harbours a distinct capacity for endogenous regeneration, however
liver regeneration is often impaired in disease and, therefore, insufficient
to compensate for the loss of hepatocytes and organ function. To identify
potential targets for treating liver disease, we developed an unbiased screen
to search for genes that regulate liver regeneration in animal disease models.
After interfering with the expression of hundreds of genes in mouse livers,
we found that MKK4 inhibition increased the regeneration and survival of
hepatocytes after acute and chronic liver damage, resulting in healthier
livers and an increase in the long-term survival of mice. Moreover, MKK4
inhibition increased the survival and long-term viability of hepatocytes in
culture, offering a much-needed strategy for improving cell transplantation
in patients with liver disease.

Pools of small hairpin RNAs (shRNAs)
were directly and stably delivered into
mouse livers to screen for genes modulating liver regeneration. The dual-specific
kinase MKK4 as a master regulator of liver
regeneration was identifi ed. MKK4 silencing robustly increased the regenerative
capacity of hepatocytes in mouse models
of liver regeneration and acute and chronic
liver failure. Mechanistically, induction of
MKK7 and a JNK1-dependent activation of
the AP1 transcription factor ATF2 and the
Ets factor ELK1 are crucial for increased
regeneration of hepatocytes with MKK4
silencing. HZI
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Highlights
Direct in vivo RNAi screening for modulators of liver regeneration is feasible
We established a system to conduct direct in vivo RNAi screens for genes that
positively or negatively impact the regenerative capacity of hepatocytes. This
system permits direct in vivo screening and target cells for shRNA expression,
which are never taken out of their natural tissue microenvironment.
Identification of MKK4 as a master regulator of liver regeneration
We identified MKK4 as a master regulator of liver regeneration. MKK4 represents a dual-specific protein kinase that is essential for liver organogenesis.
MKK4 inhibition in adult hepatocytes greatly enhances their proliferative and
regenerative potential.
MKK4 is a potential therapeutic target in acute and chronic liver disease
MKK4 inhibition could mobilize regenerative reserves of hepatocytes under liver
damage and showed robust therapeutic efficacy in mouse models of acute and
chronic liver failure. Our data suggest that MKK4 suppression or altered function may contribute to tumour progression in some settings. We believe that a
therapeutic window for transient and intermittent pharmacological MKK4 inhibition to increase liver regeneration exists.

In summary, we identified the dual-specific kinase MKK4 as a master
regulator of liver regeneration. Our data shows that MKK4 inhibition increases the regenerative capacity of hepatocytes in settings of acute and
chronic liver failure, and pharmacological MKK4 inhibitors may therefore
represent a strategy for the treatment of patients with acute or chronic
liver disease.
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Systems Immunology

Steady state frequency of nodes of degree
k=1-3 (red, green, blue) in dependence of
the fusion and fission rates. Each pair of
rates corresponds to a specific mitochondrial architecture, depicted in the black
boxes. Generated by Valerii Sukhorukov,
previously published in Sukorukov et al,
2012. HZI

Systems Immunology describes the dynamics of the immune system with
methods stemming from physics and mathematics. The project focus is
on spatio-temporal multi-scale models of immune homeostasis, immune
responses to pathogens, and deregulated immune responses in the context
of diseases. The models help the understanding of mechanisms relevant for
the dynamics of immune responses and help optimise disease treatment.
Mitochondrial network dynamics
Mitochondria are the key elements of energy supply in eukaryotic cells. Mitochondria organise as intracellular networks by fusion and fission. The dynamics
of mitochondria fusion and fission is likely related to quality control of mitochondria but is not well understood. Starting from image analysis of confocal micrographs, we proposed a model for the network dynamics based on the simple
processes of tip-to-tip and tip-to-side fusion and fission. Using an agent-based
stochastic mathematical model a relation of the fusion and fission rates and the
resulting mitochondrial network architecture could be identified. Interestingly,
the network operates in the vicinity of a percolation threshold (Sukhorukov et
al, 2012). This implies that cells can easily switch between fully fragmented
and fully connected mitochondrial networks, as observed in the course of cell
division. These results open a new perspective regarding mitochondria fragmentation during ageing.
Asymmetric division in germinal centres
Germinal centres are the sites of optimisation of antibodies for a specific
pathogenic challenge and of memory formation, in particular, in the context of

Photoactivation experiments in germinal
centres in silico. Photoactivation in the LZ
(upper row) and in the DZ (lower row) reveals asymmetric frequencies of transzone
migration of B cells. Generated by Michael
Meyer-Hermann, previously published in
Meyer-Hermann et al, 2012. HZI
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vaccination. Based on data from multi-photon imaging (Victora et al, 2010) and
asymmetric B cell division we have proposed a novel model of germinal centre
B cell selection, division, and exit (Meyer-Herrmann et al, 2012), called the LEDA
model, which predicts that B cells leave the germinal centre through the dark
zone, in contrast to what was believed so far. It further shows that asymmetric
division leads to faster generation of high-affinity clones (Meyer-Herrmann et al,
2012) and that this path induces a ten-fold larger population of antibody producing plasma cells (Dustin & Meyer-Hermann, 2012). This result has major implications for the control of antibody responses and vaccination protocols.
Insulin carrying granule content of pancreatic β-cells
Pancreatic β-cells provide insulin in order to control metabolism. This is deregulated in type II diabetes. In a combined approach of electron microscopy, image
analysis and 3D reconstruction of β-cells, we have found that the total amount
of insulin carrying granules is more than two-fold less than taken for granted
since 40 years (Fava et al, 2012) and that their size is substantially smaller. This
result changes the view of how much insulin is carried by each granule and
therefore redefines the impact of stimuli on insulin production and turnover.

• Mitochondrial networks of eukaryotic cells function in the vicinity of
a percolation threshold. Implications of this result on mitochondria
quality control will be investigated.
• Asymmetric division and exit through the dark zone of germinal centre
B cells induces faster and ten-fold stronger antibody responses. These
results will be used to identify ways of improving antibody responses.
• Insulin carrying granules in pancreatic β-cells are less and smaller than
believed so far. These results will be used to model the motility and the
exocytosis dynamics of granules in β-cells with the aim of improving
insulin turnover.
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Effect of Chronic Infections on the
Adaptive Immune System
Epidemiological longitudinal studies of elderly volunteers identified immunerisk phenotypes that predicted poor survival, and these phenotypes coincided with seropositivity to cytomegalovirus (CMV). If a ubiquitous agent,
such as CMV, would contribute to immune aging, this would have a huge
impact on our understanding of the immune aging process in the general
population. We have developed an in vivo model that allows us life-long
immune monitoring of mice and we have used it to monitor the effect of
CMV infection on the aging host.

Dekhtiarenko et al. J. Immunol. 2013

MCMVie2SL

IFNγ

Immune dominance to CMV antigens
critically depends on the context of gene
expression. Immune responses to the
SSIEFARL peptide upon infection with
recombinant MCMVs expressing the peptide in the context of the immediate-early
2 gene (MCMVie2SL) or the M45 gene
(MCMVM45SL) were measured in the CD8
subset of blood T-lymphocytes. Blood was
harvested at day 180 post infection, leukocytes were in vitro re-stimulated with the
SSIEFARL peptide for 6 h, and the fraction
of CD8 T-cells responding to the peptide
was measured by intracellular staining
for interferon gamma (IFNγ) production.
Numbers indicate the percentage of CD8
T-cells in the IFNγ positive gate adapted from

CMV results in a significant increase of effector memory CD8 cells in the blood
and spleen and of central memory CD8 cells in the lymph nodes of virus-infected
mice. These increases are permanent because they are maintained upon the
clearance of lytically replicating virus from the blood. Challenge of CMV-infected
mice with emerging pathogens, such as the influenza or the West-Nile Virus,
resulted in CD8 T-cell responses to the novel pathogen which were significantly
reduced as compared to littermate controls which were not CMV infected.
While the mechanism of this phenomenon remained elusive, we observed that
CD8 T-cell recruitment and/or activation in the draining lymph nodes of CMV
infected mice was reduced as compared to control mice (results published this
year in PLOS Pathogens).

MCMVM45SL
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More recently we identified the accumulation of memory CD8 cells as a major
contribution to the weak responses to superinfecting pathogens. Namely,
depletion of memory CD8 cells, by means of monoclonal antibody depletion
resulted in a vigorous increase of relative and absolute counts of blood CD8
cells responding to challenge with Vesicular stomatitis virus. These effects were
restricted to the CD8 compartment, as there was no loss in CD4 responses and
were restricted to the CMV infection, because infections with other herpesviruses did not compromise the immune response upon challenge. Efforts to
characterize the responses in various lymphatic compartments (e.g. spleen,
lymph nodes, bone-marrow) are underway.
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In parallel we have identified a novel mechanism by which the CMV evades
the immune system. We showed that MCMV causes disease and death in mice
lacking lymphocytes because its gene M36 blocks programmed cell death, or
apoptosis. MCMV lacking the M36 gene grew thousand folds less well in these
mice, which significantly improved survival. This was because M36 deletion
made MCMV susceptible to the action of macrophages, cells that secrete soluble factors inducing apoptosis. Importantly, viral growth and virulence of the
M36-deficient MCMV could be restored by blocking apoptosis by other means,
showing that the block of apoptosis was critical for viral replication. Therefore,
our data implies that viral inhibition of apoptosis may be a key molecular target
for antiviral strategies in immunodeficient hosts.

• CMV infection induces a strong and permanent accumulation of effector/memory CD8 cells which impairs CD8 responses to challenge with
live virus.
• To study the molecular mechanisms of this phenomenon we need to
define the organs in which the changes take place.
• CMV blocks death-receptor apoptosis and thus protects itself from the
antiviral activity of macrophages.
• It remains unclear if this mechanism impairs the antiviral activity of
CD8 cells, which is part of our ongoing efforts.
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Interaction between Innate and
Adaptive Immunity
Usually, within hours following viral infection, type I interferon responses
are induced which secure the initial survival of the host. It is approximately a
week later that adaptive immunity is activated to an extent that it is able to
eradicate the infecting pathogen. In earlier studies we found that upon viral
infection a small number of highly specialised immune cells, also addressed
as plasmacytoid dendritic cells (pDC), produce large quantities of protective
type I interferon. Practically, all viruses that were examined more closely
developed countermeasures that inhibit the induction or the function of
such type I interferon responses. We are investigating how different viruses
induce type I interferon responses, which strategies they deploy to undermine these responses and how interferons secure the survival of the host.
Fig. 1. Upon MVA challenge, depletion of
CD4+ T cells (anti-CD4 treatment on day -2
and -1) significantly reduces the expansion
of virus-specific CD8 + T cells (Kremer et
al., 2012). In previous studies we found
that also type I interferon signalling was
needed for efficient T cell expansion.
These experiments illustrate, that (i) MVA
treatment induces massive expansion of
antigen-specific T cells resulting in more
than 20 % of all endogenous CD8 + T cells
being antigen-specific, and that (ii) T cell
expansion not only depends on type I
interferon as a third signal but also on the
provision of sufficient Thelp . These results
qualify MVA as an excellent vaccination
vector. HZI
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Mechanisms of type I interferon induction and its protective function
The molecular mechanism of type I interferon induction may vary depending
on the inducing agent and the analysed tissues or cells. We study in the mouse
model how viruses are recognized by cross-talk of Toll-like receptors and RIG-I
like helicases and how the resulting type I interferon responses inhibit the entry
of the vesicular stomatitis virus (VSV) into the central nervous system. Furthermore, we analyse which influence type I interferon responses may have on
immune cell functions. In this context, we found that the attenuated vaccinia
virus variant “modified vaccinia virus (MVA)” triggers strong type I interferon
responses, which play a crucial role in the expansion of virus-specific T cells.
Under such conditions, in addition to type I interferon stimulation of antigenpresenting dendritic cells and T cells, provision of Thelp is needed (also see
Fig. 1). Moreover, we investigate the influence of virus-induced type I interferon on hematopoietic stem cells and on the induction of long-lasting antibody
responses. This work plays an important role for the development of new
vaccination strategies.
Hepatitis C virus-mediated activation of human pDC
Depending on the genotype of hepatitis C virus (HCV), chronically infected patients show different response rates to interferon-alpha / ribavirin combination
therapy. So far it is unclear whether acute HCV infection sufficiently triggers
the body’s own interferon system and whether different HCV variants induce
interferon responses of different magnitudes. We investigate HCV and / or
host encoded factors influencing the strength and composition of HCV-induced
cytokine responses of human pDC. This work is carried out in vitro with primary
human pDC isolated from blood samples from healthy donors. In the future also
experiments with pDC from chronically HCV infected patients.
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An improved understanding of the multiple functions of type I interferon
can help to optimize type I interferon-based therapies of tumours, autoimmune diseases and viral infections. Furthermore, deeper knowledge
of the viral mechanisms of immune stimulation and evasion will provide
new approaches for vaccine development.
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Structural Biology of Autophagy in
Infection and Disease

Left: The autophagy pathway
Deretic & Levine, Cell Host & Microbe 2009, modified)

Right: Crystals of a regulatory ATG-protein
Photo: Stefan Leupold

Autophagy is a cellular process that is dedicated to the degradation of
intracellular components. Autophagy activation leads to the formation of
autophagosomes, specialized double membrane structures, which engulf
cytoplasmic components and subsequently fuse with lysosomes, resulting in
degradation of the engulfed cargo. Initially identified as a starvation induced
process in yeast, autophagy has recently been shown to be involved in a
large number of immunity-related processes in mammalian cells. Defects
in autophagy have been implicated with cancer, neurodegeneration and
chronic inflammatory diseases of the intestine. Autophagy emerged as
powerful cellular defense mechanism to counteract infections and mediate
pathogen clearance by direct engulfment and degradation via autophagy.
However, various pathogens have evolved strategies not only to evade
autophagic detection and degradation, but also to exploit autophagy for their
own benefit. Despite the current research on autophagy, the basic processes
that regulate different stages of autophagy, as well as the strategies pathogens use to evade or exploit autophagy, are not well understood. Using X-ray
crystallography in combination with proteomics, biochemical/biophysical
and cell biological methods, we want to gain an insight into the central processes in autophagy and the pathogenic evasion mechanisms.
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Regulation of autophagy
Autophagy is controlled by more than 30 autophagy proteins of the ATG-protein
family. In order to understand how pathogens exploit autophagy and evade
from autophagic detection and degradation, we first have to shed light onto the
basic regulatory processes of autophagy controlled by the ATG-proteins during
infection. Thus, we are currently investigating the interplay of the key regulatory
ATG-proteins with cellular and pathogenic proteins in autophagy during infection
with a particular focus on protein-protein interactions and post-translational
modifications.
Pathogenic strategies to counteract or exploit autophagy
The co-evolution of pathogens and the human host has led to the development
of sophisticated strategies used by pathogens to specifically counteract or even
exploit the host cell defense mechanism autophagy. These strategies are not
restricted to bacterial pathogens, such as Shigella spp., Listeria monocytogenes
and Staphylococcus aureus. Viral pathogens including herpesviruses, human
immunodeficiency virus-1, influenza A virus and Hepatitis C virus have evolved
a set of tools to modulate autophagy at various stages as well. We are currently
expressing and purifying target proteins from pathogens that modulate autophagy and aim at structurally and biochemically characterizing their function in
the context of host cell defense by autophagy and immune evasion.

The structural and functional characterization of host-derived and pathogenic proteins will greatly contribute to our understanding of pathogenic
immune evasion strategies and may help to find novel ways of treatment
of infectious diseases. Using a combination of protein biochemistry/
proteomics, cell and structural biology, we aim at:
•
•
•
•

Analysing regulatory mechanisms in autophagy
Understanding pathogen detection mechanisms at the molecular level
Unravelling the structural basis of pathogenic evasion mechanisms
Utilizing the gained knowledge to interfere with pathogenic evasion
processes
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Cellular Models
In this group we investigate the host response to infection with new experimental systems. In vitro cell systems as well as novel mouse models are
specifically engineered with the aim to reflect natural processes. Thereby,
novel experimental approaches are enabled to elucidate specific questions
in infection biology.
Growth controlled cellular infection systems
To expand mammalian cells on command, we recently designed a strategy
that enables controlled proliferation of cells. Primary cells of various species
and differentiation states are immortalized upon lentiviral (co-)transduction
of selected proliferation genes. Infected cells become immortalized and are
characterized with respect to the cell type specific features. To timely restrict
the action of the proliferator genes we employ expression modules that can
be externally controlled by addition of Doxycycline. Importantly, since cellular
proliferation is strictly dependent on Doxycycline, control of cell growth can be
achieved. This allows expanding cell populations on command.
Conditionally immortalized endothelial
cells form tube like structures in Matrigel
(A). Upon transplantation into immune
compromised mice, conditionally immortalized human endothelial cells form perfused
vessels (B). Engraftment of luciferase
tagged cells is detected upon staining with
an anti-luciferase antibody (C). HZI

A

Following this strategy, we immortalized endothelial cells from mouse and man.
The phenotypic properties and the function were confirmed in vitro. Moreover,
the cells could be transplanted into immunedeficient mice and could establish
functional vessels. Further, we investigated if these cells could be used as novel
model systems for pathogens that specifically infect endothelial cells. We could
show that HUVEC derived conditionally immortalized cells are readily infected
C

B

Blood filled vessels
Human
cells

A: Conditionally immortalized endothelial cells form tube like structure in
Matrigel
Upon transplantation to immune compromised mice, conditionally
immortalized human endothelial cells form perfused vessels (B SStaining
with anti-luciferase antibody ©
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with Kaposi’s sarcoma-associated herpesvirus (KSHV) as well as group A
streptococci. Accordingly, conditionally immortalized liver endothelial cells from
mouse can be infected with mouse cytomegalovirus (MCMV). These proliferation controlled cell lines represent model systems to elucidate the pathogenic
mechanisms in controlled conditions as well as for screening approaches.
Mouse models for infection
Recently, we established murine embryonic stem cell lines in which the
ubiquitously expressed Rosa26 locus is tagged with FRT sites. By Flp recombinase mediated cassette exchange (RMCE), cassettes can be specifically
integrated into this chromosomal site with high efficiency (Sandhu et al., 2011).
Various constitutive and inducible expression cassettes were validated in this
site thereby allowing prediction of the expression characteristics in transgenic
mice. Using this technology, we generated mouse models for tissue specific and
inducible antigen expression that mimic hepatotropic viral antigen expression
upon infection.
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Prevention of microbial biofilms on medical implants
Another activity concern aims at developing strategies to prevent infections of
medical implants. Slow release coatings were developed with the aim to provide
bactericidal activity for a critical period after implantation. Several different
strategies were employed. The most efficacious coatings were obtained from
antibiotic loaded structured nanoparticle suspensions. These prevented infections by P. aeruginosa for over one week after implantation.

• Novel cell lines providing growth control serve as novel cellular models
for infection and for screening
• Fast track to generate transgenic mouse models with predictable
expression
• Improvement of medical implants by obviating microbial bioﬁlms
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Molecular Epidemiology of
Acute Respiratory Infections
Human susceptibility to acute respiratory infections (ARI)
Very little is known about genetic determinants of human susceptibility to
ARI at the population level. We have been aiming to develop cost-efficient
research tools for the identification of incident cases of ARI in the general
population. Our approach is based on combining modern communication
methods such as Email and SMS (to get real-time information about ARI
symptoms) with self-collection of biosamples by the study participants (to
reduce personnel expenses and to increase convenience of the participants).
In addition, we are developing a questionnaire to identify individuals with
unusually frequent or severe ARI.

Left: Upregulation of several miRNAs in
mouse lung during influenza A virus infection. HZI
Right: G-Swab study: detection of human
coronavirus 229E/NL63 by RT PCR in
self- and staff-collected nasal swabs from
a participant with symptoms of an acute
respiratory infection. The arrow points
to the diagnostic 375 bp amplification
product. HZI

The i-Swab study (i = “interactive, individual”)
This prospective study (n=53) was conducted during the 2009/2010 acute
respiratory infection (ARI) season to examine the feasibility of the combined approach of using Email to detect specific episodes of ARI and nasal self-swabbing
to collect nasal secretions for pathogen detection. The study design proved to
be highly feasible. Importantly, real-time detection by Email was significantly
more sensitive in capturing mild ARI episodes than personal recall after the end
of the ARI season. Data analysis and preparation of a manuscript were completed in 2011.
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The G-Swab study (G = “gold standard”)
This study (n=84) was conducted during the 2010/11 ARI season in order to
compare pathogen detection rates in staff-collected and self-collected nasal
swabs. Staff- and self-collected nasal swabs were obtained during ARI episodes
in parallel from the participants and a trained staff member. Laboratory analyses demonstrated full equivalence of staff- and self-collected swabs.
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The s-Swab study (s = “serial”) is included among the projects described on
page 126-127 (Dept. of Epidemiology)
Infection risk questionnaire
A short (<10 minutes) questionnaire was devised to assess human susceptibility
to a variety of common acute infections, including ARIs.
Micro RNAs in the host response to acute respiratory infection
miRNAs are small RNAs that play regulatory roles in nearly all aspects of
biology and can be detected in tissue and blood samples that have been
stored for several years. We are evaluating the expression of miRNAs in
the host response to acute viral respiratory infections, aiming to identify
miRNAs that play key roles in host defense and can also serve as markers
for diagnosis and risk stratification of patients. Using lung tissue from inbred
mouse strains with different susceptibility to influenza A virus infection, we
are searching for miRNAs that are differentially regulated during infection
and might also relate functionally to the host response agains the virus.
Using lung tissue from different inbred mouse strains infected with influenza
A virus, we found that miR-155-5p and miR-223-3p are induced within 48h of
infection; importantly, both were induced to higher levels in the more susceptible (DBA/2J) than the resistant strain (C57B/6J). Using deep sequencing of
small RNAs (RNAseq) to profile differential expression of miRNAs, we identified
additional miRNAs that are induced during influenza A virus infection. In general,
significantly regulated miRNAs were more abundant in the DBA/2J mouse strain.

We have developed cost-effective tools for epidemiological field research
on respiratory infections in humans. We are now getting ready to apply
these tools to large population-based studies, such as the National Cohort, in order to identify individuals with increased susceptibility to acute
respiratory infections and to then search for the corresponding genetic
and epigenetic determinants.
We have identified several miRNAs that are induced during influenza A
virus infection in mice. We are now planning to evaluate their human
counterparts as biomarkers for early diagnosis and/or risk stratification
in influenza infection.

Collection of a nasal swab. The soft tip
of the swab is inserted into the anterior
naris to obtain secretions that may contain
particles of the causative virus. HZI
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Infection, Neuroinflammation and
Neurodegeneration: A Highly Complex
Interdependency
The focus of our group is to determine the influence of an infection and of
the immune system on the onset and on the progression of neurodegenerative diseases. Particularly, we are investigating the role of the initiation and
regulation of inflammatory processes and their involvement in the development of the Alzheimer´s disease (AD). Thus, better understanding of the
influence exerted by the immune system on the onset of neurodegenerative
processes could improve the therapeutic approach in neurodegenerative
disease.
Neurodegenerative diseases are the result of a progressive impairment in the
structure and the function of neurons, leading to their death and resulting in an
impairment of neurological functions, like memory loss. Learning and memory
processes are most likely accomplished via activity-dependent changes in the
strength of synapses called synaptic plasticity, which is investigated in our laboratory since many years. Taken together, we think that an inflammatory reaction
may have detrimental effects on the central nervous system and we are applying two approaches to test this hypothesis:
1. Together with Dr. Ildiko Dunay/Prof. Drik Schlüter (University of Magdeburg)
we study direct infections of the CNS caused by infection with Toxoplasma
gondii.
2. In cooperation with the Prof. Michael Heneka (University of Bonn/DZNE) we
are using different infection mouse models to analyse the initial phase and/or
the progression of AD due to inflammatory responses due to a sepsis. Our working hypothesis is that an improper inflammatory response may lead to neurodegeneration through the activation of an inflammasome, which is responsible
for activation of inflammatory processes. In the case of AD the activation of the
inflammasome might result in negative effects on neurons and glia cells of the
central nervous system. To assess the effect of NLRP3-inflammasome deficiency
on neuronal function and structure in a murine model of AD, we determined
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Acute hippocampal slice of a transgenic
mouse showing GFP-fluorescent hippocampal neurons. HZI

Picture of a typical CA1 pyramidal neuron of the hippocampus showing its very complex
dendritic tree. In the insert a high magnification image of the dendrite showing several
dendritic spines. Spines can be classified in thin-, mushroom- and stubby-type spines. HZI

hippocampal synaptic plasticity by measuring long term potentiation (LTP) and
studying in detail the neuronal morphology (dendritic complexity, spine number
and shape). NLRP3 deficiency completely prevented LTP suppression in hippocampal slices from APP/PS1 mice, a mouse model for AD typically showing
memory impairment. An analysis of spine morphology revealed significant reduction of spine density in the pyramidal neurons of APP/PS1 mice, which was
again prevented by NLRP3 deficiency (Heneka et al., 2013). These results reveal
an important role for the NLRP3 in AD pathogenesis, and suggest that NLRP3
inflammasome inhibition might represent a novel therapeutic intervention for
AD. It is also noteworthy, that this study implies that the inflammatory response
might not only be important in the last phase of AD, but might also be involved
in the origin of the disease. This is indicated by the fact, that different molecular
species of Aβ, a peptide known as component of amyloid plaques associated
with AD, might have a different toxicity. Indeed, we could show, again with the
Heneka lab, that Aβ is changed to the more toxic form so called nitrosylated Aβ
after Nitric oxide (NO) action, which is produced by immune cells in the brain
that are activated as an inflammatory response (Kummer et al., 2011).
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Inflammation and Regeneration
Infection of tissues, trauma, shock and sepsis induce a severe inflammatory
response. In contrast to acute inflammation, chronic inflammation leads to a
progressive shift in the type of cells which are present at the site of inflammation and, in general, leads to the destruction of the tissue in or near the
inflammatory process.
We follow the hypothesis that inhibition of the inflammatory signalling cascades
will allow the design of new anti-inflammatory and therapeutic modalities.
We investigate the role of caveolin-1 in inflammation in general and in virus
infection in particular. Cav-1 represents a multifaceted membrane protein. It
interacts with the human influenza virus (IAV) M2 matrix protein and supports
virus production in MDCK cells. We found that Cav-1 restricts influenza A virus
propagation in mouse fibroblasts. In line with the investigation on IAV restriction
a new suspension duck cell line (sEFB1) could be established that gives rise to
high titer of IAV particles (in cooperation with V. Jäger, RPEX). Thus, Cav-1 has
the potential to serve as a new target for therapeutic intervention.
Rheumatoid arthritis (RA) is a severe chronic, systemic, inflammatory and
autoimmune disorder that may affect many tissues and organs. This disorder
may lead to a substantial loss of mobility and patients suffer from serious pain
and are afflicted by an increased mortality. It is well known that multipotent
Murine lymphocytes (spleen; blue) adhere
to an activated mesenchymal stem cell
(MSC; green). MSCs were treated with
LPS inducing an inflammatory response.
HZI / Manfred Rohde
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mesenchymal stem cells (MSCs) secrete factors which are able to exert immunosuppressive activities by interfering with T- and B-cell proliferation and
inflammatory cytokine production. We developed the notion that expression of
these factors in MSCs might be a promising tool for the therapy of autoimmune
disorders.
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Our hypothesis was tested in a mouse model for RA (collagen-induced arthritis
in DBA/1 mice). After the onset of RA (curative treatment), native or modified
MSCs expressing high levels of immunosuppressive factors were only able to
exert moderate therapeutic effects. In contrast, when immunosuppressive
factors were applied before onset of RA (preventive treatment), application of
modified and native MSCs resulted in a therapeutic effect. Analyses of T-cell
proliferation and mixed lymphocyte reactions (MLRs) showed that MSCs exert
a biphasic effect. An immunostimulatory, inflammatory potential was evident
at low cell numbers and the desired immunosuppressive activities only were
observed with increasing cell numbers. Our investigation emphasizes the role
of application time and MSCs numbers to exert anti-inflammatory and immunosuppressive properties in a chronic inflammatory disorder such as RA.
Induction of acute as well as chronic inflammation is often accompanied by
an essential and massive increase of new blood and lymph vessel formation.
With mouse endothelial precursors isolated from lung tissue we can induce the
formation of both vessel types in mouse models if the microenvironment in the
matrix is substituted with endothelial cell growth factors. However, mesenchymal stem cells (SMCs) from the bone marrow can release factors, inducing and
activating endothelial cells to form new vessels in mouse models. Positive and
negative regulators of blood and lymph vessels were detected by microarrays
when released from MSCs into the supernatant. These factors were characterized and quantified by immunoassays. In vivo they produce blood vessels as
well as lymphatic vessel-like structures. So far, we could not observe functional
lymphatics by injection of fluorescent particles into new vascularised collagen
implants.
As another anti-inflammatory strategy we are developing specific intrabodies
which are able to retain the Toll-like receptors 2 and 9 (TLR2 / TLR9) in the
endoplasmic reticulum (ER). We could already demonstrate that an adenovirus
vector-dependent, systemic expression of an anti-TLR2 intrabody has the capacity to provide resistance to a lethal septic challenge with Bacillus subtilis. In
another approach we could show that new intrabodies inhibit the polysialysation
of the neural adhesion molecule expressed on the surface of rhabdomyosarcom
tumour cells. These intrabodies had an inhibitory effect on tumour metastasis in
a xenograft tumour mouse model.
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Therapeutic Cellular Vaccines

Fig. A. The osteogenic cell line MC3T3
was transduced with an adenoviral vector
expressing a histone H2B-rfp-reporter
protein. The red-fluorescent nuclei of the
cells growing on the bars of the NH2-modified scaffold are detected by fluorescence
microscopy M. Genth, HZI and Fraunhofer IST
Fig. B. Scanning electron micrograph
showing the 3D structure of a PEOT/PBTscaffold seeded with an osteogenic cell
line, bar represents 100 µm. HZI

A

Cell based immuno-therapeutics have great potential for the treatment of
tumours and persistent infections. Vaccination with dendritic cells presenting the relevant antigens and adoptive transfer of antigen specific T-cells can
help to overcome immune escape mechanisms in these conditions. However, such a strong induction of the immune response bears the danger of
inducing pathogenic autoimmunity. These adverse events could be treated
by immuno-suppressive cells like mesenchymal stromal cells (MSC). The
aim of this project is to analyse the feasibility of these approaches for controlled activation and suppression of the immune response and to develop
tools for the generation of the corresponding primary human cells according
to regulatory requirements.
The influence of therapeutic vaccination and adoptive T-cell transfer was investigated in a transgenic murine model system based on the expression of influenza
HA in islet cells and tumours in combination with adenovirally modified dendritic
cells presenting HA and HA-specific T-cells. Protection against tumour could be
achieved by vaccination and adoptive T-cell transfer. Control of autoimmunity
requires further investigation. For the analysis of cell interactions, sophisticated

B
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techniques for ex vivo and in vivo imaging were established covering the range
from whole animals down to macromolecular structures. For this purpose
luminescent nano-particles were developed for IVIS imaging (coop. C. Feldmann,
KIT). Confocal laser scanning microscopy was applied for in vivo imaging and
electron microscopy was used to visualise cell and tissue structures at high
revolution (coop. M. Rohde, H. Lünsdorf, HZI).
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For translation of cell therapy into clinical practice it is necessary to facilitate
the generation of therapeutic primary human cells according to regulatory requirements. For this purpose we developed closed bag systems for the generation of dendritic cells. We extended this concept for adherently growing cells
by specifically modifying the bag surface using dielectric barrier discharge to
support growth of adherent primary human MSC (coop. M. Thomas, Fraunhofer
IST, H. Garritsen, Klinikum Braunschweig).
Mesenchymal stromal cells derived from bone and from umbilical cord matrix
could be expanded in the surface modified bags. MSC’s grown on plasmamodified surfaces were compared extensively to conventional MSC cultures.
Analysis of cell surface markers, adipogenic and osteogenic differentiation,
adenoviral gene transfer efficacy and global expression profiles did not show
significant differences.
Cultivation of adherent cells on plasma-modified surfaces was extended into
the 3rd dimension. Surfaces of 3D-scaffolds (L. Moroni, Twente, NL) modified
by plasma coating supported growth of adherent cell lines and primary MSC.
The 3D structure of the cell culture will allow investigating cell behaviour in a
more “natural” environment including diffusion barriers and gradients.
Publications

Analysis of the functional consequences of cell-cell and cell-surface
interactions will be the focus of our research in the near future. Innovative nanoparticle based systems for the analysis of cell activation and
surface modified bag cultivation systems will be developed further to
support the generation of safe and functional therapeutic cells.
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Clinical Outcomes of Infectious Diseases
One of the challenges of translational research is that interventions proven
to be successful in experimental or even clinical trials might not translate
into improvement of outcomes in routine care. A potential explanation is that
transmission dynamics of infectious diseases in the real world differ from
the experimental setting. We therefore use special epidemiological methods
to address these phenomena and conduct studies in which also the natural
variability of immune responses in humans is considered. The overall goal of
this project is to apply epidemiological methods to improve our understanding of infection transmission, how infections lead to clinical diseases, how
individual factors modify outcomes, and finally to improve individual outcomes. The project has also joint activities with the project “Epidemiological
determinants for viral and bacterial infections in human populations”.

Fig. 1. Schematic model of varicella infection, immunity and vaccination effects HZI
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Viral shedding in respiratory infections as a component of transmission
models
Viral shedding is one of the major components defining transmission dynamics
of respiratory diseases. It might or might not be associated with clinical symptoms, and clinical symptoms might not be a sufficient proxy of infectiousness.
Viral pathogens causing respiratory infections can have different characteristics with respect to duration of shedding. Furthermore, there can be individual
differences in shedding duration and intensity. Preparatory work for studies
addressing viral shedding was conducted by the Department of Epidemiology
(Krause) in collaboration with the Research
Group “Molecular Epidemiology” (Pessler). A
Herpes zoster after wild
VZ
joint DFG project is being prepared, which will
type varicella infection
link determination of pathogens with symptom
diaries
and the measurement of the duration
ZSN
ZIN
ZRN
of viral shedding in a population based study
in collaboration with the Robert Koch-Institute.
ZSB
ZIB
ZRB
Quantitative assessment of viral shedding will
allow development of a novel class of mathHerpes zoster after
V
breakthrough varicella
ematical models explicitely accounting for
Z
exposure parameters.
Waning of vaccine protection
Boosting immunity
Varicella vaccination
Zoster vaccination

Modelling long-term effects of vaccination
Due to the dynamic nature of infections transmission, long-term effects of some vaccinations are particularly difficult to predict. For
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example, a newly developed mathematical model predicted that it will take 80
years until all effects of HPV vaccines will become fully visible. The time horizon
for the establishment of the effects of varicella vaccines on the herpes zoster
incidence is even longer.
Development of immune response
Intra-individual development of immune response during childhood is a still unresolved mystery. We are currently establishing contacts with two birth cohorts
about to start in order to supplement research questions related to infectious
diseases. We are further preparing a new birth cohort dedicated solely to research on infectious diseases (Figure 2).
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Fig. 2. Design of the planned birth cohort
with focus on infections HZI

Individualized health care
Clinical outcomes are often determined not only by the available therapy but
also how it is applied in routine settings. We work on the development of
interventions which can effectively improve clinical practice and we designed
a randomised intervention trial employing education measures to increase
vaccination rates among asplenic patients in collaboration with the Integrated
Research and Care Center for Sepsis in Jena.
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We plan to continue the work on respiratory pathogens and link
empirical estimates of viral shedding with transmission models.
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We will procede in applying mathematical models to study long-term
effects of vaccination strategies.
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We will deepen our focus on immune response during childhood.
We will continue our engagement in development of population level
interventions to address individual patients needs.
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