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ABSTRACT

Abstract
Immunophenotyping of mouse models after influenza A infections
Leonie Dengler
Influenza A virus (IAV) infections are a serious threat to human and animal health. The
mouse represents an important model to study the host response to IAV. Susceptibility to IAV
infections strongly varies among different inbred mouse strains. DBA/2J mice (D2) exhibit
severe symptoms for clinical and mouse-adapted IAV isolates whereas C57BL/6J (B6) are
more resistant. The objective of this thesis was to immunophenotype D2 and B6 mice and
to determine host immune cell properties that may account for susceptibility and resistance
to IAV infections.
In my thesis work, I demonstrated that D2 mice, although highly susceptible when infected
as naïve mice, are nevertheless able to establish protective adaptive immunity after prior
immunization with viable IAVs. D2 mice mounted a virus-specific IgG response and did not
lose any weight upon subsequent infection. In addition, this study showed that D2 mice
may serve as a highly valuable mouse model to evaluate the pathogenicity of newly emerging
human IAV strains without the need for prior adaptation to the mouse species. The results
of this study were published in Virology Journal (Dengler et al., 2012).
Furthermore, I investigated the changes in the lung and peripheral blood in B6 and D2 mice
after PR8 IAV infection in my thesis. Kinetics of body weight loss, survival, cellular infiltrates
and histopathological changes were monitored to evaluate particular phenotypes after lethal
or non-lethal infection with different virus variants. These studies revealed that, in addition
to body weight loss and reduced oxygen saturation, the granulocyte to lymphocyte ratio in
the blood represents a very early indicator of disease progression already at day one post
IAV infection. Moreover, hematocrit and hemoglobin correlated with disease severity. The
results have been described in a manuscript that was submitted to PLoS ONE.
Further analyses were performed in my thesis to elucidate other aspects of the host response
to IAV infection. B6 and D2 mice were infected at a dose which resulted in comparable
levels of virus in the lung for both mouse strains. However, also in this scenario, B6 mice are
much more capable of rapidly clearing the virus than D2. In another experimental set-up,
the role of immune cells, derived from B6, was studied in chimeras. After transfer of B6
bone marrow cells into irradiated D2 mice, the recipients exhibited a D2-like susceptibility
to IAV infections. This suggests that the difference in susceptibility of D2 mice is not caused
by a deficiency in immune cells. Furthermore, the depletion of NK cells in B6 and D2 mice
by antibody injection revealed a beneficial or adverse role regarding the survival after IAV
V
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infection, depending on the virulence of the virus and the genetic background of the host.
In summary, the results of my thesis demonstrated differences of the cellular immune response
in accordance with the severity of the infection process in the lung and that these differences
are also apparent in the blood. Intensive immunological studies of B6 and D2 mice revealed
that the reason for the different susceptibility is most probably not related to immune cells.
In the future, further host factors need to be investigated to identify the crucial differences
between susceptibility and resistance in D2 versus B6 mouse strains.
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ZUSAMMENFASSUNG

Zusammenfassung
Immunphänotypisierung von Mausmodellen nach Influenza
A-Infektion
Leonie Dengler
Influenza A Virus (IAV)-Infektionen stellen eine sehr ernste Bedrohung für die Gesundheit
von Mensch und Tier dar. Mäuse dienen als wichtiges Modell zur Untersuchung der Wirtsantwort auf das Influenzavirus. Die Anfälligkeit auf IAV-Infektionen variiert stark zwischen
unterschiedlichen Mausinzuchtstämmen. DBA/2J-Mäuse (D2) entwickeln schwere Symptomatiken auf klinische und mausadaptierte Isolate während C57BL/6J-Mäuse (B6) resistenter sind. Die Zielsetzung dieser Doktorarbeit war, D2- und B6-Mäuse zu immunphänotypisieren und Eigenschaften der Immunzellen des Wirts zu bestimmen, welche ursächlich in
Zusammenhang mit Anfälligkeit und Resistenz auf IAV-Infektionen stehen.
Ich zeigte in meiner Doktorarbeit, dass D2-Mäuse, welche höchst anfällig sind, wenn sie
als naive Mäuse infiziert werden, trotzdem fähig sind eine schützende adaptive Immunität
durch vorangegangene Immunisierung mit wachstumsfähigen Viren aufzubauen. D2-Mäuse
entwickelten eine virusspezifische IgG-Antwort und verloren kein Gewicht nach darauffolgender Infektion. Zusätzlich konnte gezeigt werden, dass D2-Mäuse als verlässliches Mausmodell
für die Evaluierung der Pathogenität neuaufkommender humaner IAV-Stämme dienen können, ohne dass die Viren zuvor an die Maus adaptiert werden müssen. Die Ergebnisse dieser
Studie wurden im Virology Journal publiziert (Dengler et al., 2012).
Desweiteren untersuchte ich Veränderungen in der Lunge und im peripheren Blut von B6und D2-Mäusen nach IAV-Infektion in meiner Doktorarbeit. Die zeitlichen Verläufe des Körpergewichtsverlusts, Überlebens, zellulärer Infiltrate und histopathologischer Veränderungen
wurden beobachtet, um einzelne Phänotypen nach der Infektion mit verschiedenen Virusvarianten zu evaluieren, die zu nichtletalen und letalen Verläufen führen. Die Studien ergaben,
dass zusätzlich zum Verlust von Körpergewicht und der Reduktion der Sauerstoffsättigung,
das Verhältnis von Granulozyten zu Lymphozyten im Blut einen sehr frühen Indikator für
den Krankheitsverlauf schon einen Tag nach Infektion darstellt. Zusätzlich korrelierte der
Hematokrit- und der Hemoglobinwert mit der Schwere der Erkrankung. Diese Ergebnisse
wurden in einem Manuskript beschrieben und bei PLoS ONE eingereicht.
Weitere Analysen wurden für meine Doktorarbeit durchgeführt, um andere Aspekte der Wirtsantwort auf IAV-Infektionen aufzuklären. B6- und D2-Mäuse wurden mit Dosen infiziert
die zu vergleichbaren Viruslasten in der Lunge führen. Auch in diesem Szenario waren B6Mäuse im Vergleich zu D2-Mäusen deutlich fähiger das Virus schnell zu beseitigen. In einem
VII
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anderen Versuchsaufbau wurde die Rolle von Immunzellen, die aus B6 gewonnen wurden,
in Chimären studiert. Nach dem Transfer von B6-Knochenmarkzellen in bestrahlte D2Mäuse entwickelten die Empfängertiere eine D2-ähnliche Anfälligkeit auf IAV-Infektionen,
was darauf hinweist, dass die hohe Empfindlichkeit in D2-Mäusen nicht auf einen Defekt in
einer Immunzellpopulation zurückzuführen ist. Weiterhin konnte ich zeigen, dass die Dezimierung von NK-Zellen durch Antikörperinjektion in B6- und D2-Mäusen einen förderlichen
oder ungünstigen Einfluss auf das Überleben nach IAV-Infektion hatte, abhängig von der
Virulenz des Virus und dem genetischen Hintergrund des Wirts.
Zusammengefasst zeigte ich in meiner Doktorarbeit Unterschiede in der zellulären Immunantwort, welche mit der Schwere des Infektionsprozesses in der Lunge übereinstimmen und, dass
diese Unterschiede auch im Blut sichtbar sind. Intensive immunologische Studien in B6- und
D2-Mäusen ergaben, dass die Gründe für unterschiedliche Anfälligkeiten höchstwahrscheinlich nicht in Zusammenhang mit Immunzellen stehen.
In Zukunft sollten weitere Wirtsfaktoren evaluiert werden, um die entscheidenden Unterschiede zwischen Anfälligkeit und Resistenz im Vergleich der D2- und B6-Mausstämme zu
identifizieren.

VIII

1

Introduction

Influenza disease (also named the flu) caused by infection with influenza viruses is a serious
problem in our present society. Besides the death of 250,000 to 500,000 infected persons per
year (Thompson et al., 2004), the economic damage due to influenza-caused incapability is
significant.
Seasonal epidemics can be observed every year. Severe cases mostly affect young children
and the elderly. Pandemics can occur at unpredictable intervals. The most serious pandemic
was in 1918 when an estimated 30% of the world’s population was infected and millions
succumbed to the infection (Taubenberger and Morens, 2006). In 2009, a triple-reassortant
with segments associated to swine influenza virus, originated from Mexico, spread world-wide
(Lagace-Wiens et al., 2010).
Even if the pathogen has been well known for decades and the scientific focus on this topic
increases every year, the options to control influenza are limited.

1.1

Influenza A Virus - The Pathogen of the Flu Disease

Influenza viruses belong to the virus family Orthomyxoviridae and are separated into three
distinct types. These types differ in their pathogenicity and host tropism. Type B and C
exclusively infect humans, whereby type C only shows a very low pathogenicity. The original
host of influenza A viruses (IAVs) are waterfowl. Next to waterfowl, IAVs are able to infect
other birds and mammals, including humans.
The big challenge to fight IAV is its high genetic variability. Thus, new variants can appear
that are able to escape from existing immunity in the human population. This is mainly
realized by two mechanisms. Due to its segmented genome (Chap. 1.1.1 on the following
page) the virus has the ability to reassort its genome (genetic shift) resulting in new influenza subtypes. Point mutations occur with every replication cycle due to the lack of
proofreading function of the virus ribonucleic acid (RNA) polymerases (genetic drift) and
RNA recombination (Webster et al., 1992; Lange et al., 1999).

1.1.1

Morphology and Proteins of Influenza A Virus

Influenza viruses are spherical (diameter: 80-120 nm) or pleomorphic RNA viruses with a
negatively orientated reading frame. Viral particles are enveloped by host membrane (Webster et al., 1992).
On the surface of the virion, receptors are present which radiate outward and look like
1
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spikes. These proteins are the rod-shaped hemagglutinin (HA) and the mushroom-shaped
neuraminidase (NA) (Kilbourne et al., 1987).
The viral RNA (vRNA) is organized in eight independent gene segments (Fig.1.1). Each
segment is associated with ribonucleoproteins (RNPs). RNPs consist of nucleoproteins (NP)
and the polymerase proteins PB1, PB2 and PA. Each RNA segment encodes for one or more
viral proteins as presented in table 1.1. Segment two additionally encodes PB1-F2 and PB1N40 and segment three PA-X proteins. In total, the translation of 13 influenza proteins has
been confirmed but further proteins are discussed.
The HA protein is responsible for the attachment of the virus to the host cell. This is
mediated by the binding to sialic acid (SA) residues on the cellular surface. Thus, the virion
can fuse into the cell (Lamb and Choppin, 1983). The HA has to be cleaved from its inactive
precursor HA0 into the two subunits HA1 and HA2 by proteases to get activated (Nicholson
et al., 1998).
NA proteins are able to cleave SAs from glycoproteins or glycolipids and can thereby set the
virion free from host receptors. This is essential for the virus release out of the cell and the
spread throughout the tissue.
The M1 protein is associated with the virus envelope and has body-shaping properties. Even
if nothing is known about enzymatic activity, the M1 protein seems to play a crucial role
regarding the assembly of new virions. M2 is an integral membrane protein and works as a
proton channel. Thus, the M2 protein can control the pH value in the endosome and support
the confirmative changes of the HA and the virus uncoating.
The NP protein covers the viral genome and mediates the transport of the RNPs to the
nucleus. It also controls the viral genome replication. PB1 is an enzyme which contains
typical sequence motifs of RNA polymerases and is thought to be the transcriptase itself. Its
N-terminally truncated version PB1-N40 lacks transcriptase function. PB1-F2 contributes
to virulence and enhances the virus pathogenicity (Leymarie et al., 2013). The PB2 protein
captures the 5’cap structure of host cell mRNA (cap-snatching) which is then used as a
transcription primer for viral mRNA. The PA protein induces proteolytic processes that
affect co-expressed proteins and it is suggested to take part in the vRNA synthesis (Huarte
et al., 2001). The recently detected PA-X protein seems to influence the pathogenicity of the
IAV without affecting viral replication (Jagger et al., 2012).
2
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Table 1.1: Gene Segments and Proteins of Influenza A Viruses. Gene segments,
associated proteins with their abbreviation and main function (Lange et al., 1999; Nicholson
et al., 1998).
Segmet Protein

Abbr. Function

1

Polymerase basic protein 2

PB2

cap-snatching

2

Polymerase basic protein 1

PB1

transcription

3

Polymerase acidic protein

PA

viral RNA synthesis

4

Hemagglutinin

HA

attachement to host cell

5

Nucleoprotein

NP

RNP protection

6

Neuraminidase

NA

budding process

7

Matrixprotein 1

M1

assembly of new virions

Matrixprotein 2

M2

pH control

Nonstructural protein 1

NS1

viral mRNA translation; protection

Nonstructural protein 2

NS2

RNP transport

8

Figure 1.1. Influenza A Virus. Schematic illustration of influenza A virus with segmented
genome and proteins (Source: http://what-when-how.com/molecular-biology/influenza-virusmolecular-biology/, December 2013).
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Two major functions are known for the NS1 protein. One is to increase the initiation of
viral mRNA translation and the other is to bind to double stranded RNA to prevent NFκB
activation (Hale et al., 2008). The export of newly assembled RNPs out of the nucleus is
mediated by the NS2 protein. Hence, the NS2 protein is also known as nuclear export protein
(NEP) (Paterson and Fodor, 2012).
IAV subtypes are distinguished based on their HA and NA protein composition. Currently,
18 HA and 11 NA types are known (Tong et al., 2013). Typical human HA subtypes are H1,
H2 and H3 while H5 and H7 are avian subtypes, for instance.

1.1.2

Replication Cycle of Influenza A Virus

Influenza virions infect cells from the respiratory tract of the host (Fig.1.2). The main targets
of IAVs are epithelial cells (Short et al., 2014).
Cleaved HA binds to glycosylated oligosaccharides terminating in a SA residue. Human
influenza viruses primarily bind to α2,6 SA receptors on type I pneumocytes after entering
the alveolus whereas avian viruses recognize α2,3-linked receptors that are mainly expressed
on type II pneumocytes (Ibricevic et al., 2006). The attached virion enters the cell through
formation of an endosome. After conformation changes of the HA2 due to the pH value of
the endocytotic vesicle, the viral and host membrane fuse. This results in a release of the
viral components into the cytoplasm.
The RNPs enter the nucleus where the polymerase complex starts with the transcription of
viral messenger RNA (mRNA). In this initial stage, genes are transcribed whose products
are important for the further infection process in the cell (M, NP & NS). The transcription is
followed by the translation of viral mRNA in the cytoplasm while translation of host mRNA
is suppressed. After this translation, M1, NP and NS1 proteins are transported back into the
nucleus where synthesis switches from mRNA to copy deoxyribonucleic acid (cDNA) for the
production of new vRNA. The newly synthesized vRNA serves as a template for the second
transcription phase of viral mRNA. Especially HA and NA are translated in this phase. The
posttranslationally modified HA and NA proteins are transported to the cell surface and
integrated into the membrane. Afterwards, all other viral components migrate to the cellular
membrane. Through the interaction with the other earlier membrane-associated proteins the
budding process is initiated and new virions enter the extracellular space.
After cleavage of the HA precursor by host proteases the replication process is completed
(Krug et al., 1989).
4
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Figure 1.2. Replication Cycle of Influenza A Virus. Viral HA attaches to
the cell surface and the virion enters the cell by endosome formation (1). The viral gene segments are released in the cytoplasm and transported into the nucleus (2).
The mRNA of viral genes is transcribed (3a) and translated subsequently in the cytoplasm by host ribosomes (4). Viral RNA is simultaneously replicated in the nucleus (3b).
For regulation processes, completed NP, NS1 and M1 molecules are transported back to
the nucleus (5a) while other proteins are modified in the Golgi apparatus and accumulate at the cell membrane (5b). Newly synthesized RNPs are transported to the membrane (6) where the virion is being assembled and buds from the host cell (7). (Source:
http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid=10239&hopt=scheme, December 2013).

1.2

The Mouse as a Model for Influenza Research

To understand crucial steps of IAV replication in the lung and the flu disease, it is important
to not only investigate the virus but also the host. Although a few studies of (experimentally) influenza-infected volunteers have been published (Carrat et al., 2008), obvious ethical
limitations do not allow extensive experimental studies in humans. In addition, there are
5
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several scientific reasons why animal models should be preferred. In humans, there is a high
genetic variability among individuals and only certain samples (blood, bronchial or nasal
washes in the case of IAV) can be obtained. Furthermore, the influence of environmental and
individual parameters, like obesity, smoking or preexisting illnesses, are strong confounding
factors that would need to be controlled, but often cannot, in human studies.
Therefore, animals are used as a model system to evaluate different aspects of IAVs like
transmission, host response, vaccine testing or genetic factors of the virus and the host in a
defined experimental setting. Various animal species can be used for influenza research but
in general, mice and ferrets are the most preferred ones.
In 1933, ferrets were used the first time as an infection model for IAV by chance, because
other viruses (dog distemper virus) were already successfully investigated in this species
(Smith et al., 1933). Ferrets are a valuable model for influenza research reasoned by similar
disease symptoms as humans (fever, nasal secretion, coughing, serum abnormalities etc.)
(Belser et al., 2011). Due to the analog clinics, including sneezing and coughing, ferrets are
essential for studying the airborne transmission of IAV (Herlocher et al., 2001). Additionally,
prior adaptation of human isolates to ferrets is not required (Smith and Sweet, 1988). But
there are also strong limitations. Buying and keeping ferrets is very expensive (Hers and
Mulder, 1961). The biggest disadvantage is the absence of specific reagents which restricts
the analysis of immunological issues. Furthermore, ferrets are outbred, what eliminates the
possibility for genetic studies (van der Laan et al., 2008).
Another species that compensates these drawbacks is the mouse. The first report in which
mice were used as an experimental model for influenza infection dates back to 1934 (Andrewes
et al., 1934). Since then the mouse gained more and more importance in infection research.
A big advantage of mice is that keeping and breeding them is quite cheap and fast with
limited required place allowing to use sufficiently large treatment groups. Additionally, the
mouse is well studied; there exists extensive knowledge about its biology and a huge amount
of research reagents. Also well-defined mouse inbred strains are available which ensure a high
reproducibility (van der Laan et al., 2008). Since these mouse strains are also fully genotyped,
they are suitable for detailed studies on genetic host factors. Parameters which are commonly
monitored in mice after influenza infection are body weight loss and survival, viral load in
the lungs, lung consolidation and histopathology (Sidwell, 1999; Wilk and Schughart, 2012).
Nevertheless, the limitations of murine models also have to be considered. Mice do not show
the same disease symptoms as humans, they do not sneeze, cough or develop fever. Signs in
mice are body weight loss, lethargy, stop of grooming and restricted movement (Belser et al.,
2011). Usually, IAV isolates have to be adapted via several lung passages to be pathogenic
6
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in mice (Hirst, 1947). Especially for human viruses the adaptation is necessary since mouse
epithelial cells predominantly express α2,3-linked SA receptors and human viruses generally
bind to α2,6 SA residues (Ibricevic et al., 2006). Exceptions are highly pathogenic viruses,
like the avian H5N1 IAV (Maines et al., 2005), or highly susceptible mice.
Regarding vaccine studies in mice, it has to be considered that mice show a higher intertypical effectiveness in their immune response compared to humans. Therewith, mice have a
higher ability to establish cross-reactive immunity (Tamura et al., 2005).
As already mentioned before, inbred mouse populations enable scientists to perform genetic
studies. Host resistance and susceptibility factors and the role of individual genes for the host
defense can be investigated thereby. Tools are, for example, the creation of genetic reference
populations (GRPs), the transcriptome analysis of tissues or the usage of transgenic and
knock-out mice.
As published in 2008 and 2009, the host genetic background of mice strongly influences
the outcome of an IAV infection (Trammell and Toth, 2008; Boon et al., 2009; Srivastava
et al., 2009). Some laboratory strains, like FVB/NJ or SJL/JOrlCrl, show a more resistant
phenotype while others are highly susceptible to IAV infections (DBA/2J (D2) & A/J).
Commonly used mouse strains like BALB/cJ and C57BL/6J (B6) have an intermediate
phenotype post IAV inoculation. Depending on the pathogenicity of the virus, B6 mice
survive or die after infection with influenza H1N1 viruses (Blazejewska et al., 2011).
B6 and D2 mice were chosen to establish the BXD GRP. Resistant B6 and susceptible D2 mice
were crossed and made inbred over 20 generations to reach a homozygous status (BXD lines).
The lines possess a defined and fixed genetic architecture. 50 of those lines were infected with
IAV to identify quantitative trait loci (QTL) regulating resistance or susceptibility (Nedelko
et al., 2012; Boon et al., 2009).
To further improve genetic studies in mice, a novel GRP, the Collaborative Cross (CC), was
initiated in 2002 and first lines are becoming available (Chesler et al., 2008). The CC consists
of five laboratory inbred mouse strains and three wild-derived strains. On the account of these
eight founder strains, the genetic diversity of the GRP increases dramatically. Over 30x106
single nucleotide polymorphisms exist in the CC lines and thus reflect the genetic variation
of the present human population (Roberts et al., 2007).
Another way to identify candidate genes is the global transcriptome analysis of different
infected tissue samples. With this method, up- and down-regulated genes in context to
influenza infection are registered (Pommerenke et al., 2012).
For the study of candidate genes, mice provide another big advantage. Especially the creation
of transgenic mice by mouse genome engineering (Glaser et al., 2005) allows to investigate
7
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the functions of single genes in knock-out mice. Also the introduction of a gene variant or
additional copies is possible (knock-in and transgenic) (Skarnes et al., 2011). Randomized
induction of mutations can also lead to interesting phenotypes that represent a starting point
for further genetic research (Jaeger et al., 2012).
For decades, one gene has been known that has a huge impact on resistance to influenza virus
infections: myxovirus resistance 1 (Mx1 ) (Arnheiter et al., 1976). Mice with a functional Mx1
gene are much more resistant to IAV infections, even with highly pathogenic viruses and high
doses. The homolog in humans is called MxA and serves as an example for an important gene
which was firstly found in mice and afterwards in humans (Aebi et al., 1989). After infection
with IAVs, the Mx1 gene is induced very rapidly due to the increase of type I interferons
(IFNs) in infected cells (Chap. 1.3.1 on the next page). The Mx1 protein is suggested to block
several steps of the viral replication cycle and retard the viral mRNA synthesis (Krug et al.,
1985). It can inhibit the function of RNPs by interrupting the interaction of PB2 and NP
(Verhelst et al., 2012). Another important point is the strong down-regulation of an excessive
cytokine response by the Mx1 protein and with this its immune response modulating effects
(Song et al., 2013). It has to be mentioned that most laboratory mouse strains do not have
a functional Mx1 allele.

1.3

Host Response to Influenza A Virus

The innate immune response is responsible for limiting the infection process after the entrance of viral particles into the respiratory tract. It tries to prevent the viral spread at
this early stage. Since this unspecific arm of the immune system cannot completely inhibit
viral proliferation, the activity of the specific adaptive immunity is required to eliminate the
pathogen (Fig.1.3). After an effective clearance of the virus, a memory is established which
response quickly and specific after a secondary contact with the same pathogen.
1.3.1

Host Response to Viral Infections

The defense against the viral pathogen starts directly at the very beginning in the mucus of
the respiratory tract. Inhibitory factors, like specific antibodies, mucin or soluble proteins,
reduce the ability of the virus to infect host cells (Shugars, 1999).
However, if a cell is infected, pattern-recognition receptors recognize the vRNA. Toll like
receptor (TLR) 7 binds single-stranded vRNA, whereas TLR3 and retinoic acid inducible
gene-I (RIG-I) bind double-stranded RNA (Kreijtz et al., 2011). Several studies indicate
that in case of IAV infection RIG-I is the most important receptor (Nakhaei et al., 2009).
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After recognition of the viral particle, the infected cell starts to produce cytokines, like type I
IFNs (IFN-α/β). IFN-α/β have strong antiviral effects via recruiting and activating inflammatory cells to the infection side and by regulating the major histocompatibility complex
(MHC) protein expression of the cells. This expression is combined with an enhanced processing of viral peptides for an efficient antigen presentation to dendritic cells (DCs) (Guidotti
and Chisari, 2001).
Furthermore, type I IFNs induce the expression of interferon-stimulated genes by activating
the JAK/STAT signaling pathway (Holzinger et al., 2007). One of these interferon-stimulated
genes is the already mentioned Mx1 gene (Chap. 1.2 on the facing page). The associated
protein, MxA (human) or Mx1 (mouse), represents a GTPase that can inhibit influenza virus
replication and has strong antiviral effects (Haller et al., 1998).
The pulmonary levels of IFN-α/β directly correlate with the rate of viral replication in different host species (Husseini et al., 1982). The induction of these cytokines is considered to
be the most rapid and essential response to viral infections (Thomson, 1998).
Next to infected cells, immune cells, also called leukocytes or white blood cells (WBCs)
in the periphery, are the major cytokine and chemokine producers. Granulocytes, mainly
neutrophils, macrophages and DCs play a crucial role in the control of viruses in the early
phase of infection.
Neutrophils, that are attracted by chemokines produced from infected cells, enter the infected
side and phagocytose pathogens already in the first days after infection. The pathogen is
killed by toxic compounds in their phagosomes. Additionally, granulocytes are a source for
immunoregulatory cytokines (tumor necrosis factor (TNF) α, interleukin (IL)-1, IL-6, etc.)
supporting an antiviral state of neighboring cells (Guidotti and Chisari, 2001).
Macrophages take part in the clearance of the virus by ingesting the pathogen and infected or
apoptotic cells (Short et al., 2014). Macrophages and DCs secrete proinflammatory cytokines
like IL-1, IL-6, IL-12, IL-18 and TNF-α. IL-12 and IL-18 support the attraction of natural
killer (NK) cells and with this the increased production of IFN-γ.
NK cells are part of the innate immunity by killing infected or abnormal cells and interfere
with the adaptive immune system by secreting cytokines and chemokines (IFN-γ). They limit
viral spread by unspecific perforin-mediated killing of virus infected cells (Welsh, 1981) and
are able to detect infected cells by various mechanisms. NK cells permanently stay in contact
with their environment by multiple inhibitory and activating receptors. If inhibitory signals,
like the expression of MHC class I molecules, are missing, NK cells kill the cell even if it
does not present activating receptors. The expression of MHC I molecules is downregulated
in infected cells. This is known as “missing-self hypothesis” (van de Sandt et al., 2012).
Another way of NK cell activation is the recognition of pathogen-specific antibodies (Abs) on
9
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the surface of infected cells, called antibody-dependent cell-mediated cytotoxicity (ADCC).
Macrophages and DCs are classified as professional antigen presenting cells (APCs). APCs
are important players in the initiation of the adaptive immune response. Tissue derived DCs
deliver debris of infected cells to regional lymph nodes to train T cell populations (CD4+
and CD8+ T cell precursors) which then proliferate and move to the infection area. CD4+
precursors mainly evolve into T helper (Th) 1 and 2 cells. The development to Th1 cells is
supported by IL-12 (Monteiro et al., 1998). Th1 cells are a source of IFN-γ and IL-2. IL-2
promotes the production of IgG2a from Ab-forming cells and enhances CD8+ cell proliferation
(Riberdy et al., 2000). Th2 cells secrete IL-4, IL-5 and IL-13 and promote B cells to secrete
IgA, IgG1 and IgE Abs against IAV (Ada and Jones, 1986). Abs inhibit viral spread via viral
neutralization by binding viral antigens (Yoshikawa et al., 2004).

Figure 1.3. Immune Response to Influenza A Virus. IAV infects and replicates
in epithelial cells which produce type I IFNs as a response. Infected cells present infectioninduced molecules to APCs. APCs modulate the immune response by secreting cytokines
and chemokines attracting and activating further immune cells or by direct interaction with
lymphoid cells. Virus clearance is mediated by neutralizing antibodies, by lysis of infected
cells or a blockade of virus replication (Source: Tamura et al., 2005).
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A very relevant population in viral infections are CD8+ cytotoxic T lymphocytes (CTLs).
CTLs recognize infected cells via MHC class I-antigenic peptide complexes on their surface
and destruct the cells by Fas-FasL interactions (Topham et al., 1997) or exocytosis of granules.
Perforin permeabilizes the cell membrane so that granzymes can enter the cell and induce
apoptosis (Metkar et al., 2008). NK cells use the same mechanism to kill infected cells.
Another responsibility of CTLs is the secretion of chemokines (chemokine (C-C motif) ligand
(CCL) 3, 4 & 5), regulatory cytokines (IL-10) and effector cytokines (IFN-γ and TNF-α)
(Sun and Braciale, 2013). IFN-γ and TNF-α recruit and activate macrophages, NK cells and
T cells, polarize the T cell function towards an antiviral status in a feedforward manner and
support the antigen processing for the MHC presentation in the infected cell. Additionally,
IFN-γ and TNF-α have direct antiviral activities (Guidotti and Chisari, 2001).
After clearance of the virus, most effector cells are removed by apoptosis (Badovinac et al.,
2004). But some cells persist and establish a permanent pool of memory cells in peripheral
and lymphoid tissue. Memory T cells can be distinguished into two subsets. Effector memory
T cells (TEMs) can be found in the periphery and central memory T cells (TCMs) accumulate
in lymph nodes and bone marrow (Sallusto et al., 1999). TEMs are found in the tissue directly
after infection where they can react very rapidly to a new exposure to the pathogen. But
the amount of TEMs decreases over time. If a second infection occurs within several months
after the first infection, TCMs will control virus spread. Due to the fact that these cells have
to bridge the distance from the lymph nodes to the infected lungs, this process is slightly
slower compared to the local TEM reaction. But it is still more rapid than the first response
to a newly emerging virus in a naïve organism (Kohlmeier and Woodland, 2009).
Next to T cells, B cells will also mount an immune memory after viral infection. Two types
of memory B cells are known. Plasma cells migrate from the germinal center to the bone
marrow where they continuously secrete virus-specific Abs. In contrast, memory B cells
reside in different tissues in an inactive state and only start to produce Abs after a secondary
exposure.
Abs are very effective in neutralizing virus particles and provide an optimal prevention by
decreasing viral spread, but only if the secondary infection is caused by the same or a similar
virus strain as the first one. Otherwise, Abs can hardly bind efficiently to the virus due to
the variability of its surface proteins. However, in this case, the T cell-mediated immunity
can control the infection. T cell epitopes target mainly internal IAV proteins which are
highly conserved. They change to a much lesser extent and are similar for many different
IAV subtypes. This cross-reactive T cell immunity may provide a broader protection against
several influenza subtypes (Woodland and Scott, 2005).
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In severe cases, the immune system fails to protect the host from the viral infection. Such
complications are mainly induced by highly pathogenic viruses such as the avian H5N1 subtype or the pandemic strain from 1918. But seasonal or less virulent viruses (pandemic
H1N1 virus from 2009) may also result in excessive public health problems, especially when
the population does not have preexisting immunity against this variant.
Susceptibility to influenza infections is frequently associated with fatal pneumonia accompanied by acute respiratory distress syndrome (ARDS) (Perez-Padilla et al., 2009). The exact
mechanisms for ARDS are not fully understood. It is thought that a hyperinflammatory
response caused by a “cytokine storm” is responsible for the establishment of ARDSs (Bhatia and Moochhala, 2004). The accumulation of proinflammatory cytokines attracts further
inflammatory cells, like mononuclear cells and neutrophils, which then produce even more
cytokines. Although the immune system shows a very strong response, it appears that viral
replication is poorly controlled (Peiris et al., 2009). However, the impact of individual predispositions to overreact vs. excessive viral replication is not elucidated yet.
ARDS is observed in humans as well as in other mammals like mice and ferrets. Exceptions
are swines which seem not to be affected by hyperinflammatory responses to IAV infection
(Tisoncik et al., 2012).

1.3.2

Immunization for the Prevention of Infections

As described above (Chap. 1.3.1 on the previous page), the host generates a protective
memory after infection with a pathogen. The goal of vaccination is to establish such an
immunological memory but without a prior infection.
Virus preparations are used to stimulate the host immune system to produce antiviral antibodies and at best a T cell memory. Current influenza vaccines consist of inactivated whole
virus, subunits or splits of the virus. They induce the secretion of strain-specific antibodies
against the surface molecules HA and NA of the most frequently circulating IAV strains. A
T cell memory cannot be established by this because nonpathogenic virus parts do not enter
host cells. Due to genetic shift and drift of IAVs and the fact that vaccine-induced Abs do
not cross-react, new viruses can escape from neutralizing Abs. A life-long protection cannot
be achieved with such a non-live vaccine immunization. Thereby, an annual vaccination is
necessary.
The goal of current research is to develop vaccines which generate either broadly neutralizing
antibodies or favored long-lasting heterosubtypic CTL responses (van de Sandt et al., 2012).
A broadly neutralizing Ab that binds to all HA subtypes could be already identified. The
Ab was selected from human plasma cells and can be potentially used for passive protection
12
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(Corti et al., 2011). For the induction and production of broadly neutralizing antibodies,
inactivated vaccines could be directed against more conserved viral epitopes, like the stemregion of the HA (Steel et al., 2010) or internal proteins like M2 (Song et al., 2011) or NP
(Lamere et al., 2011).
For the initiation of a cellular immune response the virus has to enter cells without the risk
to trigger illness. Attenuated live virus which infects cells but does not spread is used for this
approach. Attenuation is achieved by different methods, like adaptation to cold temperatures,
that allow replication only outside of mammalian organisms, or gene modifications (Kreijtz
et al., 2011). Also the combination of viral antigens with various cytosolic delivery systems
(recombinant viral vectors, immune stimulating complexes, etc.) enables the induction of a
T cell memory (Berthoud et al., 2011; Garcia-Sastre and Mena, 2013).
It is extremely important to bring these new strategies into clinics to achieve influenza immunizations which are not just protective against seasonal viruses but also against newly
emerging IAV strains.
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Objectives

Influenza A virus (IAV) infections are a serious threat worldwide. One major aspect of current
research is to devise new strategies that allow a better control of the disease. Recent reports
have shown that, in addition to IAV virulence factors, host factors influence resistance and
susceptibility to infection. Not only environmental or acquired host factors like smoking,
obesity, comorbidities or other preexisting infections (Karlsson et al., 2012) but also host
genetics (Srivastava et al., 2009) play an important role in this respect. However, until now
it remained unclear which host parameters influence susceptibility to viral infections. The
cellular immune system represents a likely component of the host influencing disease severity.
The objective of my thesis was to analyze the cellular innate immune response after IAV
infection in mice of different genetic background to identify crucial immune response factors
that may control susceptibility or resistance. As experimental model system, two inbred
mouse strains, the highly susceptible D2 and the resistant B6 mice, should be compared
after infection with IAV of different virulence (the more virulent PR8F and the less virulent
PR8M (Blazejewska et al., 2011)).
The kinetics of different immune cell populations after IAV infection should be investigated
to evaluate their role in the host response for viral clearance. Blood and lung samples should
be phenotyped before and after infection with different IAVs to determine crucial host factors.
Furthermore, immunization studies in D2 mice should be performed to determine if vaccination of highly susceptible mouse strains is possible and if they are able to mount a protective
immune response.
Susceptibility is associated with higher viral loads in infected lungs of susceptible compared
to resistant mice. To determine if pathogenicity is associated with the amount of viral particles in the lung, the impact of infection dose and viral load should be studied.
Moreover, it should be ascertained whether the high susceptibility in D2 mice represents a
deficiency in the immune cell populations. Therefore, an allogeneic bone marrow transplantation from B6 hematopoietic cells into D2 recipients and subsequent infection of chimeric
mice with IAV should be executed.
Finally, the role of NK cells in the host response to IAV should be elucidated by performing
NK cell specific depletion experiments.
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Manuscript I: Immunization with live virus vaccine protects highly
susceptible DBA/2J mice from lethal influenza A H1N1 infection
Dengler, L., May, M., Wilk, E, Bahgat, M.M., and Schughart, K. (2012).
Virol J. 2012 Sep 19;9:212. doi: 10.1186/1743-422X-9-212.
Background: The mouse represents an important model system to study the host response
to influenza A infections and to evaluate new prevention or treatment strategies. We and
others reported that the susceptibility to influenza A virus infections strongly varies among
different inbred mouse strains. In particular, DBA/2J mice are highly susceptible to several
influenza A subtypes, including human isolates and exhibit severe symptoms after infection
with clinical isolates.
Findings: Upon intramuscular immunization with live H1N1 influenza A virus (mouseadapted PR8M, and 2009 pandemic human HA04), DBA/2J mice mounted virus-specific IgG
responses and were protected against a subsequent lethal challenge. The immune response
and rescue from death after immunization in DBA/2J was similar to those observed for
C57BL/6J mice.
Conclusions: DBA/2J mice represent a suitable mouse model to evaluate virulence and
pathogenicity as well as immunization regimes against existing
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Manuscript II: Cellular changes in blood indicate severe respiratory
disease during influenza infections in mice
Dengler, L., Mehnert, N., Shin, D.-L., Hatesuer, B., Wilk, E., and Schughart, K. (2013).
Submitted.
Influenza A infection is a serious threat to human and animal health. Many of the biological mechanisms of the host-pathogen-interactions are still not well understood and reliable
biomarkers indicating the course of the disease are missing. The mouse is a valuable model
system enabling us to study the local inflammatory host response and the influence on blood
parameters under controlled circumstances.
Here, we compared the lung and peripheral changes after PR8 (H1N1) influenza A virus
infection in C57BL/6J mice using virus variants of different pathogenicity resulting in nonlethal and lethal disease. We monitored body weight loss, survival, cellular infiltrates and
histopathological changes. These results were then correlated with oxygen saturation as well
as hematological and immunological parameters in the blood. Our study revealed that the
granulocyte to lymphocyte ratio in the blood represents an early indicator of severe disease
progression already two days after influenza A infection in mice. Furthermore, hematocrit,
hemoglobin and plateletcrit correlated with disease severity.
These findings might be relevant to optimize early diagnostic options of severe influenza
disease and to monitor successful therapeutic treatment in humans.
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Abstract
Influenza A infection is a serious threat to human and animal health. Many of the biological
mechanisms of the host-pathogen-interactions are still not well understood and reliable
biomarkers indicating the course of the disease are missing. The mouse is a valuable model
system enabling us to study the local inflammatory host response and the influence on blood
parameters under controlled circumstances. Here, we compared the lung and peripheral
changes after PR8 (H1N1) influenza A virus infection in C57BL/6J mice using virus variants of
different pathogenicity resulting in non-lethal and lethal disease. We monitored body weight loss,
survival, cellular infiltrates and histopathological changes. These results were then correlated
with oxygen saturation as well as hematological and immunological parameters in the blood. Our
study revealed that the granulocyte to lymphocyte ratio in the blood represents an early indicator
of severe disease progression already two days after influenza A infection in mice. Furthermore,
hematocrit, hemoglobin and plateletcrit correlated with disease severity. These findings might be
relevant to optimize early diagnostic options of severe influenza disease and to monitor
successful therapeutic treatment in humans.
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Introduction
Each year the influenza A virus infects approximately 500 million people worldwide, of which
about 500,000 die [1]. In recent history, the emergence of new influenza subtypes has caused
severe pandemics [2,3]. The pandemic of 1918, the most severe to date, led to 30–50 million
deaths worldwide [4]. A new variant of a seasonal H1N1 virus, pH1N1, caused a worldwide
pandemic in 2009 [5,6]. In addition, avian viruses, such as H7N9 and H5N1, are also able to
infect humans with high mortality rates [7-9]. In humans it is very difficult to predict the course
and severity of an influenza infection in the lung and to monitor the efficacy of therapies [10,11].
Currently, blood analysis is performed which mainly consists of measurements of general
inflammatory markers that do not allow evaluating the actual status of the disease. IL6 has been
suggested as a potential biomarker for severe H1N1 infections in humans [12]. One study has
so far been performed in humans in which blood transcriptome analysis was implemented in
experimentally infected human volunteers [13].
A large amount of information has been accumulated from experimental animal studies [14-19].
However, these data were very seldom correlated with biomarkers in body fluids. Thus, there is
an urgent need for reliable biomarkers to identify parameters for early prognosis of severe
disease progression in humans. The use of systematic experimentally well controlled studies in
animal models will represent an important step forward in this respect.
Here, we investigated the host response of C57BL/6J mice to infections with PR8 (H1N1) virus
variants displaying different pathogenicity. The general phenotype and local responses in the
infected lungs were investigated by monitoring body weight loss, oxygen saturation, viral load,
histology and cellular infiltrates. Our results indicate that a severe course of the disease is
reflected early after infection in several peripheral parameters. Especially the granulocyte to
lymphocyte ratio could be identified as indicative parameter for the disease severity already on
day two after infection.
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Results
C57BL/6J mice infected with lethal or non-lethal variants of PR8 (H1N1) influenza A virus
exhibited large differences in body weight loss, viral load, oxygen saturation and
histopathology
To compare the host response in infection models of different severity, we used two variants of
PR8 virus with different pathogenicity, PR8M and PR8F. These two PR8 variants were derived
from the same ancestor but have different passage histories and were propagated in different
laboratories (PR8M in Muenster [20] and PR8F in Freiburg [21]).
Infection of C57BL/6J mice with 2x103FFU (focus forming units) PR8F virus resulted in
continuous body weight loss and all animals succumbed to the infection on day five to six post
infection (p.i.) (Figure 1A, right). Viral loads in PR8F infected lungs could already be detected 12
hours after infection and reached a level of about 100-fold higher compared to PR8M infected
mice (Figure 1A, left). Histological analyses revealed a massive and more pronounced myeloid
cell infiltration already by day 2 p.i. in PR8F (Figure 1B.h) compared to in PR8M infected mice
(Figure 1B.b). Damage to lung epithelial cells was also more advanced after infection with PR8F
virus (Figure 1B.h, i and b, c). Furthermore, oxygen saturation in the blood decreased already by
day 3 p.i. in the lethal model (PR8F), indicating the early impact of the infection process on lung
function (Figure 1A, right).
After infection with 2x103FFU of the non-lethal PR8M, C57BL/6J mice lost weight until day 8 p.i.
but then regained weight and survived the infection (Figure 1A, left). The weight loss correlated
with the viral load in the lung. After infection with PR8M, an increase in viral load was observed
as of day 1 p.i. and remained high until day 6 p.i. On day 7 p.i., no more infectious virus could be
detected. Histological sections of the lungs revealed not only a lesser amount of myeloid cells on
days 2 and 4 than following the lethal infection but also the most abundant infiltration of immune
cells (mainly lymphocytic) on days 8 to 10 p.i. (Figure 1B.b-f). This peak of the immune response
is accompanied by formation of BALT and regeneration of lung tissue (Figure 1B.e-g). These
findings can be related to reduced oxygen saturation levels of the blood. Oxygen saturation
decreased steadily from day 5 to day 8 p.i. in parallel with the expanding infiltration of
lymphocytic cells. From day 8 to day 14 the oxygen saturation increased again but did not reach
the initial level observed before infection (Figure 1A, left). Our results confirm previously
published observations of a direct correlation between oxygen saturation and lung pathology
after PR8 infection in mice and its impact on disease outcome [22].
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C57BL/6J mice infected with lethal or non-lethal variants of PR8 revealed quantitative and
qualitative differences in immune cell infiltrates of the lung
Next, we determined the quantity and quality of cellular infiltrates of lungs in lethal and non-lethal
infections on days 2, 3 and 5 in both groups and days 8 and 14 in the latter group by flow
cytometry. Despite a higher number of leukocytes infiltrating the PR8F infected lungs (SI Figure
V), we found a more pronounced myeloid response compared to PR8M infected mice at days 3
and 5 p.i. (Figure 2). A higher number of Ly6G+CD11bhigh (granulocytes) and CD115+ cells
(macrophages) were detected in PR8F compared to PR8M infected mice (Figure 2A, B).
Analysis of CD11b+CD115+ cells revealed a prominent infiltration of cells from the
monocyte/macrophage lineage. Expression levels of the cell surface molecules MHC II and
CD11c allow distinguishing between resident macrophages (CD11chighMHCIIlow), exudate
macrophages (CD11cintMHClow) and inflammatory dendritic cells (DCs) (CD11chighMHCIIhigh)
[23,24]. Using these markers, we found that the relative amounts of the respective cell types
differ largely between PR8F and PR8M infected mice (Figure 2C). Especially the population of
highly activated inflammatory myeloid DC was much more distinctive in PR8F compared to
PR8M infected mice (Figure 2C, left). On day 5 p.i., PR8M infected lungs contained a higher
proportion of lymphocytes compared to lethally infected PR8F mice (Figure 2D). A strong
increase of CD3+ cells (T cells) starting from day 5 p.i. indicated the onset of the adaptive
immune response in PR8M infected animals. These T cells increased from 21% on day 3 to its
maximum of 46% on day 8. Otherwise, in PR8F infected mice the innate immune cells were still
dominating at day 5 p.i. and a switch to the adaptive immune cells was not detected at all; the
number of CD3+ cells remained at a low level in PR8F infected animals.
To associate the changes in cellular infiltrates with severity of infection, we calculated different
ratios of cell populations in the two infection models. The ratios of Ly6G+CD11bhigh cells vs. CD3+
or NKp46+ (natural killer (NK)) cells were the best indicative parameters for a lethal infection.
They were significantly higher on day 5 in the lethal compared to the non-lethal infection (Figure
2E).

Changes in peripheral markers are indicative for lethal versus non-lethal outcome of infection
To correlate the host response in the lung with changes in the periphery, we generated
hemograms of the blood (Figure 3, supporting information (SI), tables I-III). Non-lethal infections
with PR8M induced a lymphopenia during the first three days p.i. followed by an increase of
absolute numbers of lymphocytes and total white blood cells (WBC) (Figure 3A, left), resulting in
a leukocytosis on days 6 to 8. Only a slight increase in neutrophils and monocytes was observed
until day 6 p.i.
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The normalized ratio of granulocytes to lymphocytes calculated from absolute cell counts
increased in PR8M infected mice until day 6 p.i. (Figure 3B and Figure SIV). At this critical point
the host was able to control and clear the virus and the infected animals started to regain weight
(Figure 1A) indicating that the course of the granulocyte/lymphocyte kinetics (Figure SIV)
indicates the viral clearance (Figure 1A).
On the contrary, during the lethal infection with PR8F a steady decrease of lymphocytes and a
concomitant increase of granulocytes were observed (Figure 3A, right). These changes resulted
in a significantly higher granulocyte to lymphocyte ratio compared to PR8M infections. The
higher ratio was already evident on day 1 p.i. and continued during the subsequent days. This
parameter differed strongly between lethal PR8F and non-lethal PR8M infections on days 3 to 5
p.i (Figure 3B). In addition, the absolute amount of monocytes was five times higher in blood of
PR8F versus PR8M infected mice (Figure 3A, SI tables I-III).
To further validate the granulocyte to lymphocyte ratio as an indicator for the severity of
influenza A infection, we additionally infected mice with a very highly virulent variant of PR8
(hvPR8) [25]. In this case, the increase of the granulocyte to lymphocyte ratio was even more
pronounced than for lethal PR8F infections revealing a significant difference between PR8F and
hvPR8 infections on day 2 p.i. (Figure 3B).
In addition, we investigated the host response in DBA/2J mice that are highly susceptibility to
influenza A infections. An infection with 2x103FFU PR8M virus results in a lethal outcome in this
model on days 6 to 7 days p.i. [14,21]. The observed phenotype was very similar to infections of
C57BL/6J mice with the more virulent PR8F virus (SI figure I, A-C; SI table IV). Furthermore
different doses of the PR8M were tested in C57BL/6J mice (data not shown), revealing that also
different severity, but still 100% survival, caused by a higher dose of 2x105 FFU was displayed in
the hematological parameters. Thus, the severity of the infection is also reflected in the
hemogram if the fatal outcome is due to increased genetic susceptibility of the host or induced
by higher doses of the pathogen. Although the PR8M already lead to death in DBA/2J, the
higher virulence of PR8F and hvPR8 was still inducing even higher granulocyte to lymphocyte
ratios (SI figure I, C). However, it should be noted that DBA/2J mice already revealed a higher
level of granulocytes in the non-infected state.
A more detailed investigation of the blood by flow cytometry confirmed the high level of
granulocytes in C57BL/6J mice after PR8F infection. In particular a strong increase of
Ly6G+CD11bhigh cells (granulocytes) was detected on day 3 p.i. in PR8F infected mice (Figure
4A). A higher proportion of CD115+ cells (monocytes) was observed during the initial response
after a non-lethal PR8M infection (Figure 4A). Furthermore, PR8F infected mice exhibited a
similar increase of NKp46+ (NK) cells compared to PR8M infected mice but a more prominent
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decrease in percentages of CD19+ B cells, CD4+ T helper cells and CD8+ cytotoxic T cells
(Figure 4A). Indeed, significant differences between PR8M and PR8F infected mice were
observed for almost all calculated immune cell ratios on day 3 after infection, except for
NKp46/CD8 (Figure 4B). In summary, the pronounced innate immune response in PR8F
infected mice and the onset of the adaptive response in PR8M infected mice as observed in the
lung is well reflected in the periphery.
In addition to WBC, also red blood cell related parameters revealed significant differences
between PR8M and PR8F infected mice (Figure 5A; SI, figure II). The changes in hemoglobin
(HGB) and hematocrit (HCT) were significantly different between lethally and non-lethally
infected mice on day 5 p.i. corresponding to the virulence of the virus (Figure 5A). Furthermore,
the increase of plateletcrit (PCT) correlated positively with the severity of infection on day 5 p.i.
(Figure 5B), whereas other platelet-associated parameters could not be associated with the
course and severity of disease (SI, figure III).
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Discussion
Experimental animal model systems represent an extremely important tool to identify suitable
markers indicating the severity of diseases. The interpretation of human studies on the host
response and severe outcomes after influenza A infections are often limited by too many
cofactors that cannot be controlled, such as previous vaccinations, infections, other diseases
and treatments as well as nutrition, age and the general physiological condition. Another great
limitation in humans is the difficult access to specimens from patients. Correlating changes in the
blood with tissue damage, viral load or cellular infiltrates in the infected lung is not feasible. On
the other hand, most studies that have been performed in animal models investigate in detail the
primary organs affected but almost never correlate these results with changes in the peripheral
blood. Therefore, we determined the changes in infected lungs and in the periphery in a wellcontrolled mouse model system in order to correlate peripheral markers with severity of disease,
disease progression and lethal or non-lethal outcome after infection with influenza A virus.
We infected C57BL/6J mice with different variants of the mouse-adapted PR8 (H1N1) virus that
are increasingly virulent (PR8M, PR8F, and hvPR8). The non-lethal infection with PR8M virus in
C57BL/6J mice revealed maximal body weight loss at day 7. At this time point infectious viral
particles were no longer detectable in the lungs. Pathological changes in the lung, determined by
oxygen saturation level and histopathology, were at their maxima on days 8 to 10 p.i. Oxygen
saturation levels in the blood indicate the phase of respiratory insufficiency resembling the acute
respiratory distress syndrome described in humans. Our findings underline the potential negative
impact of the immune response on the lung tissue and function at a time when the virus has
already been cleared. In the lethal infection model (PR8F), viral load in the lung was about 100
fold higher than in PR8M infected animals. Damage to the lung was much more pronounced
from the beginning, associated with the accumulation of myeloid cells in the lungs and reduced
oxygen saturation from day 3 on. The results presented here are consistent with our previous
findings [14,19,21].
Our data indicate a crucial role of granulocytes in influenza pathology. This is consistent with
reports investigating the excessive infiltration of innate immune cells in mice and nonhuman
primates after infection with highly pathogenic influenza A viruses [26,27]. It was demonstrated
that the role of neutrophils varies depending on the severity of the infection, and that low dose
neutrophil depletion increased survival of PR8 infected mice by reducing the damaging effects of
these cells, whereas the total depletion of granulocytes caused an increase in mortality [28-30]
Here, we identified a strong accumulation of Ly6G+CD11b+ cells in the lung after lethal PR8F
infections accompanying an even earlier increase of granulocytes in the blood.
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The comparison of hematological and immunological analyses is limited by the fact that the
definition of granulocytes is not congruent. Cells expressing CD11b and Ly6G (Gr-1) are defined
as granulocytes but also as myeloid-derived suppressor cells (MDSC). The MDSC reflect a
heterogeneous population of myeloid cells including progenitors and immature cells that expand
during infection and inflammation with the potential to suppress T cells [31]. Furthermore, other
markers like CD115 might be coexpressed defining subsets of MDSC [32]. It was demonstrated
that MDSC increase upon infection with PR8 [33] and exhibit a suppressive function on the
adaptive immune response [33,34]. Thus, to distinguish the different populations of the myeloid
lineage in the lung during the infection process, more markers and more additional future studies
will be required. In line with suppressive effects associated with MDSC, we did not observe
infiltration of lymphocytic immune cells into the lungs of PR8F to the same extend as in PR8M
infected mice. In the blood from the latter, we detected an almost 2-fold augmentation of the
lymphocyte concentration already from day 3 on. This could be interpreted as the first peripheral
signs of adaptive immune cell activation and was not observed in the lethally infected mice.
In addition, analysis of the lung infiltration revealed that the antibodies used do not only expose
quantitative but also qualitative differences in the activation and maturation of e.g.
MHCII+CD11c+ cells in the lung. Mice infected with PR8F demonstrated a higher relative amount
of MHCII+CD11c+ in the lung with more cells expressing a MHCIIhighCD11chigh phenotype. This is
indicative for a stronger inflammatory response already on day 3 p.i. [23,24].

The investigation of hematological data revealed that non-lethally infected mice showed an initial
parallel leuko- and lymphopenia followed by a leuko-/lymphocytosis, whereas lethally infected
animals displayed a characteristic opposing trend of decreased lymphocytes versus increased
granulocytes. For humans, leukopenia is described to reflect severe virus infection, whereas in
milder cases a lymphocytosis can be detected [35]. Clinical studies in Taiwan could associate
low lymphocyte counts with respiratory failure [36]. In humans the ratio of neutrophils to
lymphocytes was also suggested as a diagnostic tool for differentiating pH1N1 infections from
other influenza-like illnesses [37]. Also, the lymphocyte to monocyte ratio was proposed as a
blood marker for pH1N1 [38]. Thus, our results in the mouse model and studies in human
patients suggest that these changes in the hemogram are valuable markers to confirm an
influenza infection and distinguish it from other influenza-like illnesses. However, in order to
correlate blood received results in the mouse with those from human patients, one has to
consider the timing of the host response after infection. Additionally, it should be noted that an
increase of blood cells might also be due to hemoconcentration during days 4 to 7 when mice
demonstrate signs of severe sickness and may not eat or drink much. In our mouse model no
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interventions such as infusions or drug treatments were performed. This aspect has to be taken
into account as well when data from mouse models are compared to results from human
studies. Most remarkably, we found that the ratio of granulocytes to lymphocytes serves as a
highly sensitive marker in the blood that reliably correlated with lung infection by influenza A
virus and its severity in mice already at day 2 p.i.
The results of the hematology analysis were verified by analyzing Ly6G+CD11bhigh cells
(granulocytes) via flow cytometry, thus confirming the dominance of this population in PR8F
infected animals compared to PR8M. Also, the same variation in the ratios of granulocytes to
lymphocytes was found on day 5 p.i. in lung infiltrating immune cells. The fact that this ratio was
more pronounced and occurred earlier in the periphery than in the lung supports the notion that
it represents a very valuable blood indicator for influenza infection processes in the lung at least
in our experimental model.
Using an additional mouse inbred strain, DBA/2J, with a known high susceptibility to influenza A
infection, we verified that the characteristics of blood parameters may predict the infection
process also if the genetic susceptibility of the host, and not the pathogen, is causing a severe
course of the disease.
Red blood cell parameters increased soon after infection, and hemoglobin and hematocrit
revealed a correlation with disease severity. It is likely that this increase is caused by two major
circumstances. On the one hand, infected mice reduce their liquid intake and on the other hand
they are confronted with a massive lack of oxygen what can also lead to increased hemoglobin
levels. In humans, an increase of these parameters is associated either with a lack of oxygen
due to environmental conditions, stress or pulmonary diseases or dehydration [35].

The influence of different human virus isolates on hematological parameters was investigated
previously in BALB/c and C57BL/6 mice ascertaining the impact of host and pathogen
determinants on the pathogenicity [17].
Ferrets are considered as another well suitable animal model to study especially influenza
transmission and pathological symptoms [39]. In this model, clinical parameters, including
peripheral markers, have been investigated and correlated with disease severity [40]. Similar to
our murine study, ferrets exhibited a lymphopenia during the first five days after infection. The
decrease of lymphocytes, MCV (mean corpuscular volume), platelets and body weight were
identified as parameters associated with mortality after infection with highly pathogenic avian
influenza. Like in our mouse model, the decreasing percentage of lymphocytes is accompanied
by an increase of neutrophils. The change in these parameters is also depending on the
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virulence and serotype of the virus used. In addition, hemoglobin and hematocrit also increased
and correlated with virus pathogenicity [40].
In conclusion, we identified several parameters in the blood, notably the granulocyte to
lymphocyte ratio that correlated with lethal or non-lethal infections in mice. These were also
indicative for the state and timing of the host immune response in the infected tissue. Our results
might serve as a valuable basis for future investigations searching for highly predictive
biomarkers in humans.

27

3 RESULTS

Materials and methods
Ethics statement
All experiments in mice were approved according to the national guidelines of the animal welfare
law in Germany. The protocol used in these experiments has been reviewed by an ethics
committee and approved by the authorities (LAVES, Oldenburg, Germany; permit number:
33.9.42502-04-051/09).

Viruses and mice
Original stocks of viruses were obtained from Stefan Ludwig, University of Münster (PR8M,
A/PuertoRico/8/34 H1N1, Münster variant) and from Peter Stäheli, University of Freiburg (PR8F,
A/PuertoRico/8/34 H1N1, Freiburg variant and hvPR8). Characteristics of these viruses were
described previously [21]. Virus stocks were prepared by infection of 10-day-old embryonated
chicken eggs as described [18]. Inbred mouse strains C57BL/6J and DBA/2J were obtained from
Janvier, France and maintained under specific pathogen free conditions, according to the
German animal welfare law.

Mouse infections
Female mice (10-12 weeks of age) were anesthetized by intra-peritoneal injection with ketaminxylazine solution (85% NaCl (0.9%), 10% ketamine, 5% xylazine; 200µL per 20g body weight)
and then infected intra-nasally with a dose of 2x103FFU (Focus Forming Units) in 20µL sterile
PBS. Body weight was monitored every day. Mice showing more than 30% of body weight loss
were euthanized.

Viral load in lungs
Viral load in infected lungs was determined on MDCK II (Madin-Darby Canine Kidney II) cells
using the FFU assay as described [21,41]. For determination of viral load, lungs of mice were
homogenized in PBS with 0.1% BSA using the Poly Tron 2100 homogenizer. Debris was
removed by centrifugation for 10 min at 1000 rpm. The samples were stored in aliquots at -70°C.
Serial 10-fold dilutions of lung homogenates in DMEM containing 0.1% BSA were prepared and
viral titers determined by the FFU assay.
Histology
Lungs were prepared from mice in toto on indicated days after infection and immersion-fixed for
24-72h in 4% buffered formaldehyde solution (pH 7.4), dehydrated in a series of graded alcohols
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and embedded in paraffin. Sections (0.5µm) were cut with the microtome and stained with
hematoxylin and eosin.
Hematology
For monitoring hematological parameters, mice were euthanized with CO2 asphyxiation and
blood was derived by heart puncture and collected in EDTA tubes. Blood was measured
immediately in the hematologic system VetScan HM5 (Abaxis). The following parameters were
analyzed: lymphocytes (Lym), granulocytes (Gr) and monocytes (Mon); red blood cells (RBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and red blood cell
distribution width (RDWc); platelets (PLT), plateletcrit (PCT), mean platelet volume (MPV), and
platelet distribution width (PDWc).To determine the ratio of granulocytes to lymphocytes in the
blood, we used the absolute cell counts of each population measured, took the quotient and
relate the value to data from non-infected control animals.

Arterial oxygen saturation
Arterial oxygen saturation of infected mice was monitored by using the pulse oxymeter
MouseOx® (Starr life sciences corp.). The sensor clip was fixed in the neck of a single mouse
which was anesthetized with isoflurane in a narcosis chamber (2% of isoflurane in pure oxygen)
during the procedure. When constant signals were reached, recording was stopped and data
were saved digitally.
Flow cytometry
Immune cell populations were analyzed in cell suspensions derived from homogenized lungs or
whole blood. Blood was collected as described for the hematological investigations. To prevent
unspecific binding to Fc receptors, antibody against CD16/32 (clone 2.4G2) was added. Cells
were directly stained in two different panels with the following antibodies: αCD4-PE (BD
Bioscience, Europe), αCD8-APC, αCD11b-APC, αCD19-FITC, αCD115-Alexa Fluor 488, αLy6G/Ly-6C-PE and αNKp46-PerCP-eFluor 710 (eBioscience). After incubation (4°C, 30min, in the
dark), erythrocytes were lysed and cells fixed (FACS Lysing Solution, BD Bioscience), and
washed twice with PBS/2%FCS.
Lungs were isolated and passed through a 40µm-cell strainer. Two to three homogenized lungs
were pooled and a density centrifugation using Lympholyte M (Cedarlane) was performed. After
washing the cells twice with PBS/2%FCS, Fc receptors were blocked with αCD16/32 and
subsequently stained with αCD45-APC (eBioscience)

or αCD45-FITC (ImmunoTools,
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Friesoythe, Germany). In addition to the antibodies described above we used: αCD3ε-FITC,
αCD11b-PE

(ImmunoTools,

Friesoythe,

Germany),

αCD11c-PE

and

αMHCII-FITC

(eBioscience). To exclude dead cells, propidium iodide was added to each sample. Samples
were measured using an Accuri C6 flow cytometer (BD Bioscience) and data were analyzed
using FlowJo version 7.6.5 (Tree Star, Ashland, Oregon).

Statistics
Data were analyzed using GraphPad Prism version 5.04 for Windows (GraphPad Software, San
Diego, California). Mean±SEM were calculated for all groups. The non-parametric MannWhitney-U-test was used to determine p-values for the significance of differences between
groups. P-values of ≤0.05 were considered significant.
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Figure legends
Figure 1: Infections with PR8M and PR8F resulted in different disease outcomes in C57BL/6J
mice.
Female C57BL/6J mice were infected intra-nasally with 2x103FFU. Body weight loss (n=9), virus
titer (n=3) and oxygen saturation (n=9) were monitored until day 14 p.i. in surviving animals
(PR8M) (A, left) or until death (PR8F) (A, right). Representative histological sections of lungs (B)
from non-infected controls (a) and mice infected with PR8M (b-g; days (d) 2, 4, 5, 8, 10, 14) or
PR8F (h-j; d 2, 4) were prepared and stained with HE (n=3).
Figure 2: Flow cytometric analyses revealed quantitative and qualitative differences of the host
response to PR8M versus PR8F infection.
Lungs from infected C57BL/6J mice (2x103FFU) were extracted and cell suspensions were
analyzed by flow cytometry on days 0, 2, 3, 5, 8 and 14 p.i. After excluding dead cells and gating
on leukocytes (CD45+), four combinations of fluorochrome-labeled antibodies were used to
differentiate various immune cell populations: CD11b + Ly6G (granulocytes, A); CD11b + CD115
(macrophages, B); CD11c + MHCII (dendritic cells, C); NKp46 + CD3 (NK and T cells, D). The
left panel illustrates the results of day 3 p.i. and indicates the population analyzed in the right
panel. The right panel shows percentage of individual cell populations over time (mean±SEM).
For each measurement two to three lungs were pooled and data from two independent
experiments were combined (n=3-6). Ratios of Ly6G+CD11bhigh cells (granulocytes) vs. T cells
(CD3+) or NK cells (NKp46+) in PR8M and PR8F infected mice revealed significant differences (p
value as indicated) on day 5 p.i. (E). Data were analyzed for statistically significant differences
using non-parametric Mann-Whitney-U-test. *p-value<0.1; **p-value<0.01.

Figure 3: Hematological parameters in the blood exhibited distinct differences in PR8M
compared to PR8F infected mice.
Blood of infected C57BL/6J mice (2x103FFU) was analyzed for hematological parameters. The
upper graphs depict the kinetics of absolute numbers of white blood cells, lymphocytes (Lym),
granulocytes (Gr) and monocytes (Mon) of PR8M (left) or PR8F (right) infected animals. In the
lower panel the relative amount of lymphocytes, monocytes and granulocytes are illustrated (A).
The

normalized

ratio

of

granulocytes

to

lymphocytes

(ratio(dx)=([granulocytes(dx)]/[lymphocytes(dx)])/ratio(d0)) was calculated from absolute cell
counts (B). Results are presented as mean±SEM and are based on two independent
experiments for the first five days p.i. (n=10) and from one experiment for days 6-14 (n=5). Data
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were analyzed for statistically significant differences using non-parametric Mann-Whitney-U-test.
*p-value<0.1; **p-value<0.01; ***p-value<0.001; ****p-value<0.0001.
Figure 4: Flow cytometric studies of blood leukocytes distinguished PR8M from PR8F infected
mice.
WBCs from infected C57BL/6J mice (2x103FFU) were differentiated with respect to the
expression of various cell surface markers: Ly6G/CD11b (granulocytes), CD115 (monocytes),
CD19 (B cells), NKp46 (NK cells), CD4 (T helper cells) and CD8 (cytotoxic T cells). The
percentage of the individual cell populations gated in relation to CD45+ leukocytes is depicted for
days 1 to 14 (PR8M) or for days 1 to 5 (PR8F) p.i., respectively. Mean±SEM values were
calculated from two independent experiments (n=6) (A). The pair-wise ratios of the lymphocytic
cell populations on day 3 p.i. were calculated and revealed significant differences for all pairs (as
indicated in the graph), except for the NKp46/CD8 ratio (B). Data were analyzed for statistically
significant differences using non-parametric Mann-Whitney-U-test. *p-value<0.1; **p-value<0.01.

Figure 5: Red blood cell and platelet related parameters correlated with severity of disease.
Two erythrocyte parameters, hemoglobin (HGB), hematocrit (HCT), were significantly different
between PR8M, PR8F and hvPR8 infected mice (2x103FFU) on day 5 after infection (A). Also
changes in the plateletcrit (PCT) values were significantly different between PR8M, PR8F and
hvPR8 infected mice (2x103FFU) on day 5 (B). Data were collected from two independent
experiments (n=10) for the first five days p.i. Data were analyzed for statistically significant
differences using non-parametric Mann-Whitney-U-test. *p-value<0.1; **p-value<0.01; ***pvalue<0.001.
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Figure 3
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Figure 5
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2
3
4
5
6
8
10
12
14
33
10
10
10
10
12
5
5
5
5
5
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
12.31
0.96
7.15
0.54
7.73
1.09
6.83
0.49
10.04
1.54
13.53
1.40
18.89
1.50
21.89
1.02
16.73
1.11
16.29
0.81
15.45
2.08
9.66
0.66
6.31
0.49
6.23
0.97
5.46
0.39
7.54
0.97
9.99
0.79
13.25
1.55
16.85
1.03
13.02
1.16
13.26
0.80
11.29
1.74
0.36
0.08
0.15
0.04
0.27
0.08
0.17
0.04
0.40
0.15
0.49
0.16
0.99
0.41
0.13
0.00
0.34
0.24
0.46
0.25
1.11
0.44
2.48
0.36
0.69
0.10
1.22
0.19
1.21
0.12
2.10
0.54
3.05
0.66
4.64
0.50
4.32
0.61
3.37
0.26
2.57
0.36
3.06
0.40
80.92
1.41
88.20
1.24
79.37
2.02
80.01
1.39
78.00
2.64
75.80
2.15
69.16
3.82
76.74
1.07
77.36
1.90
81.28
1.29
71.86
2.76
2.61
0.46
2.27
0.55
3.67
0.90
2.31
0.45
3.21
0.74
3.33
0.83
4.84
1.85
0.60
0.00
2.24
1.64
2.84
1.52
6.24
2.30
16.47
1.38
9.54
1.02
16.95
2.02
17.68
1.20
18.78
2.44
20.87
2.23
26.00
5.12
22.66
1.07
20.46
2.03
15.88
2.25
21.86
4.86
9.47
0.17
10.20
0.15
11.02
0.88
9.95
0.23
10.50
0.18
10.49
0.11
9.65
0.43
10.71
0.12
11.27
0.98
9.65
0.10
10.08
0.33
13.88
0.28
14.40
0.33
14.49
0.75
14.39
0.20
14.78
0.16
15.08
0.11
15.04
0.20
16.36
0.17
15.56
0.21
14.70
0.11
15.28
0.25
40.58
0.70
43.61
0.62
48.20
4.15
42.52
0.95
44.85
0.68
44.40
0.47
40.57
1.79
45.43
0.57
42.39
0.77
39.68
0.55
41.60
1.17
42.88
0.16
42.90
0.23
43.60
0.27
42.80
0.13
42.80
0.20
42.25
0.13
42.20
0.20
42.20
0.20
41.20
0.37
41.00
0.32
41.40
0.24
14.62
0.10
14.14
0.30
13.48
0.63
14.50
0.23
14.09
0.17
14.38
0.11
15.76
0.94
15.30
0.04
15.14
0.17
15.22
0.08
15.16
0.32
34.15
0.29
33.05
0.68
30.99
1.52
33.94
0.52
32.99
0.32
33.98
0.27
37.50
2.26
36.00
0.12
36.68
0.40
37.06
0.42
36.74
0.63
18.32
0.08
18.56
0.09
19.15
0.48
18.19
0.10
18.15
0.14
18.15
0.12
18.32
0.19
21.24
2.70
18.64
0.10
19.30
0.51
19.00
0.15
511.32
54.33 656.30
98.67 1025.20 341.42 727.10
32.03 601.10
68.62 594.25
77.16 343.60
49.11 378.00
44.71 284.60
27.91 199.20
9.32 214.80
28.53
0.33
0.04
0.43
0.07
0.71
0.25
0.45
0.02
0.38
0.04
0.38
0.05
0.27
0.05
0.31
0.04
0.22
0.03
0.15
0.01
0.16
0.03
6.54
0.12
6.61
0.06
6.67
0.14
6.16
0.06
6.30
0.10
6.51
0.12
7.66
0.27
8.10
0.35
7.42
0.32
7.52
0.18
7.50
0.32
32.44
0.58
33.14
0.66
32.46
0.72
30.00
0.20
30.89
0.43
32.22
1.03
37.04
0.70
37.26
0.90
35.42
0.82
35.40
0.37
34.44
1.31

Supporting information: Table I – C57BL/6J mice infected with
PR8M
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Supporting information: Table II- C57BL/6J mice infected with
PR8F

B6 PR8F2x10^3
day post infection
n
WBC [10^9/L]
Lym [10^9/L]
Mon [10^9/L]
Neu [10^9/L]
Lym [%]
Mon [%]
Neu [%]
RBC [*10^12/L]
HGB [g/dL]
HCT [%]
MCV [fL]
MCH [pg]
MCHC [g/dL]
RDWc
PLT
PCT
MPV
PDWc
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0
1
2
3
4
5
33
10
10
10
10
12
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
12.31
0.96
13.39
1.52
10.27
0.74
14.00
1.06
11.33
1.79
14.26
1.70
9.66
0.66
10.18
1.07
7.24
0.53
7.01
0.67
6.13
1.18
8.70
1.11
0.36
0.08
0.39
0.16
0.47
0.09
0.94
0.22
0.76
0.22
1.08
0.23
2.48
0.36
2.82
0.59
2.56
0.28
5.75
0.52
4.45
0.51
4.48
0.68
80.92
1.41
77.01
2.37
70.64
1.62
53.13
2.16
52.21
1.98
60.49
3.20
2.61
0.46
3.13
1.20
4.58
0.82
6.07
1.17
5.70
1.03
7.39
1.18
16.47
1.38
19.86
3.01
24.79
1.91
40.80
1.75
42.10
2.66
32.11
3.47
9.47
0.17
9.86
0.13
10.53
0.16
11.10
0.14
11.04
0.15
10.60
0.20
13.88
0.28
14.32
0.07
15.89
0.08
16.43
0.22
16.31
0.16
15.99
0.26
40.58
0.70
42.21
0.49
45.11
0.50
47.02
0.54
46.80
0.67
45.32
0.97
42.88
0.16
42.80
0.20
42.70
0.30
42.30
0.15
42.40
0.31
42.80
0.76
14.62
0.10
14.54
0.17
15.13
0.22
14.81
0.09
14.78
0.17
15.11
0.27
34.15
0.29
33.95
0.37
35.26
0.38
34.92
0.21
34.87
0.38
35.36
0.70
18.32
0.08
18.05
0.10
17.81
0.08
18.00
0.13
17.92
0.18
17.91
0.21
511.32
54.33 411.10
64.69 628.00
44.20 614.90
62.29 607.80
59.24 975.00 241.15
0.33
0.04
0.26
0.04
0.40
0.03
0.40
0.04
0.38
0.03
0.68
0.20
6.54
0.12
6.47
0.11
6.35
0.07
6.44
0.09
6.25
0.10
6.68
0.32
32.44
0.58
32.80
0.96
31.14
0.43
31.98
0.65
30.98
0.74
31.56
1.16

Supporting information: Table III-C57BL/6J mice infected
with hvPR8

B6 hvPR8 2x10^3
day post infection
n
WBC [10^9/L]
Lym [10^9/L]
Mon [10^9/L]
Neu [10^9/L]
Lym [%]
Mon [%]
Neu [%]
RBC [*10^12/L]
HGB [g/dL]
HCT [%]
MCV [fL]
MCH [pg]
MCHC [g/dL]
RDWc
PLT
PCT
MPV
PDWc

0
1
2
3
4
5
33
10
10
10
10
10
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
12,31
0,96
15,50
1,19
9,90
1,13
14,51
1,67
12,78
1,97
11,36
2,24
9,66
0,66
10,98
0,73
5,74
0,72
7,46
1,03
6,66
1,17
6,12
1,23
0,36
0,08
1,05
0,17
0,50
0,10
1,62
0,76
1,12
0,24
1,13
0,27
2,48
0,36
3,47
0,51
3,67
0,44
6,15
0,55
5,00
0,64
4,11
0,82
80,92
1,41
71,59
1,99
57,44
2,16
51,04
1,87
50,56
2,65
53,74
3,30
2,61
0,46
6,84
1,08
5,20
0,89
5,47
1,22
8,37
0,95
8,93
0,65
16,47
1,38
21,57
2,44
37,37
2,31
43,50
2,18
41,08
2,48
37,35
3,29
9,47
0,17
9,92
0,13
10,75
0,12
11,11
0,10
11,11
0,21
11,64
0,24
13,88
0,28
14,69
0,12
15,83
0,21
16,36
0,14
16,62
0,13
17,44
0,22
40,58
0,70
42,58
0,54
45,82
0,55
47,16
0,41
47,02
0,94
50,11
0,93
42,88
0,16
43,10
0,10
42,60
0,16
42,40
0,16
42,50
0,34
43,22
0,97
14,62
0,10
14,81
0,16
14,73
0,16
14,73
0,14
15,03
0,28
15,03
0,26
34,15
0,29
34,49
0,37
34,58
0,44
34,72
0,38
35,48
0,66
34,87
0,44
18,32
0,08
18,04
0,11
18,00
0,13
18,03
0,12
17,94
0,24
18,26
0,15
511,32
54,33 435,90
49,60 642,90
81,85 656,20
70,10 786,90
49,68 1015,65 334,18
0,33
0,04
0,28
0,03
0,41
0,05
0,42
0,05
0,52
0,03
0,93
0,19
6,54
0,12
6,61
0,17
6,42
0,12
6,37
0,14
6,70
0,16
6,84
0,30
32,44
0,58
32,04
0,86
32,36
0,83
31,89
0,76
31,75
0,92
33,26
0,69

43

3 RESULTS

Supporting information: Table IV- DBA/2J mice infected with PR8M

D2 PR8M2x10^3
day post infection
n
WBC [10^9/L]
Lym [10^9/L]
Mon [10^9/L]
Neu [10^9/L]
Lym [%]
Mon [%]
Neu [%]
RBC [*10^12/L]
HGB [g/dL]
HCT [%]
MCV [fL]
MCH [pg]
MCHC [g/dL]
RDWc
PLT
PCT
MPV
PDWc

44

0
1
2
3
4
5
24-29
10
9
10
10
12
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
Mean SEM
16.15
0.77
8.25
0.59
7.72
0.88
7.35
0.25
11.85
1.87
15.48
1.75
11.15
0.53
6.73
0.42
4.38
0.62
3.82
0.21
6.75
1.12
8.99
1.12
0.51
0.12
0.21
0.03
0.33
0.05
0.41
0.07
0.52
0.14
0.69
0.18
4.50
0.29
1.29
0.18
3.02
0.31
3.13
0.18
4.57
0.78
5.80
0.76
69.39
1.14
82.40
1.26
55.41
2.91
51.87
2.22
57.13
2.10
57.99
3.25
3.05
0.68
2.62
0.38
4.24
0.61
5.55
0.82
4.88
0.96
4.46
0.88
27.56
1.25
14.98
1.32
40.33
2.64
42.61
2.16
37.99
1.46
37.54
3.46
10.89
0.13
11.11
0.18
10.34
0.68
11.93
0.12
12.11
0.20
12.87
0.20
14.70
0.06
14.53
0.23
13.13
0.85
15.64
0.13
15.99
0.20
16.95
0.34
45.48
0.54
47.12
0.70
44.37
2.76
49.78
0.48
50.00
0.71
52.42
0.82
41.75
0.25
42.30
0.33
42.89
0.45
41.80
0.25
41.30
0.26
40.70
0.21
13.55
0.17
13.08
0.12
12.74
0.15
13.10
0.14
13.21
0.16
13.16
0.07
32.44
0.42
30.84
0.33
29.61
0.39
31.41
0.30
32.02
0.34
32.34
0.27
19.88
0.15
20.38
0.12
20.52
0.23
20.04
0.22
19.95
0.44
19.77
0.29
342.79
59.22 683.20 103.20 680.78 112.85 937.20
68.67 692.30 126.79 706.10 136.73
0.23
0.04
0.47
0.07
0.49
0.09
0.66
0.05
0.48
0.09
0.51
0.10
6.68
0.11
6.76
0.15
7.11
0.14
6.97
0.19
6.76
0.20
7.09
0.18
34.01
0.47
34.33
0.50
35.56
0.74
34.65
0.97
34.84
0.98
36.61
0.90

Supporting information: Figure I:
Phenotyping data from PR8M infected DBA/2J mice.
The disease severity depends on the virulence of the pathogen but also on the susceptibility of the
host. To test the influence of the genetic background, DBA2/J mice were infected (2x103FFU) and
characterized as described for C56BL/6J mice. Body weight, virus titer and oxygen saturation were
measured until day 5 post infection (A). Blood was analyzed for hematological parameters (B) and
the ratio of granulocytes to lymphocytes was calculated ratio(dx)=([granulocytes(dx)] /
[lymphocytes(dx)]) / ratio(d0)) (C). Data were collected from two independent experiments (n=10).
Data were analyzed for statistically significant differences using non-parametric Mann-Whitney-Utest. *: p value<0.1; **: p value<0.01; ***: p value<0.001.
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Supporting information: Figure II: red blood cell parameters
Several hematological parameters were determined from PR8M (red) and PR8F (blue) infected
C57BL/6J mice (2x103 FFU) on days 1 to 5 p.i.: red blood cells (RBC), hemoglobin (HGB),
hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), and red blood cell distribution width
(RDWc). Data were collected from two independent experiments (total n=10) for the first five
days p.i. Data were analyzed for statistically significant differences using non-parametric MannWhitney-U-test. *: p value<0.1; **: p value<0.01; ***: p value<0.001.
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Supporting information: Figure III: platelet parameters
Various platelet associated parameters were determined in the blood of PR8M (red) and PR8F
(blue) infected C57BL/6J mice (2x103FFU) during the course of infection: platelets (PLT),
plateletcrit (PCT), mean platelet volume (MPV), and platelet distribution width (PDWc). Data
were collected from two independent experiments (total n=10) for the first five days p.i. Data
were analyzed for statistically significant differences using non-parametric Mann-Whitney-U-test.
*: p value<0.1.
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Supporting information: Figure IV: granulocyte to lymphocyte
ratio of PRM-infected C57BL/6J mice indicates time of viral
clearance
The normalized ratio of granulocytes to lymphocytes
(ratio(dx)=([granulocytes(dx)]/[lymphocytes(dx)])/ratio(d0)) was calculated. Results are
presented as mean±SEM and are based on two independent experiments for the first five days
p.i. (n=10) and from one experiment for days 6-14 (n=5).
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Supporting information: Figure V: Flow cytometry – absolute
leukocyte counts
Flow cytometric analyses revealed quantitative differences of immune cell infiltration after PR8M
versus PR8F infection. Lungs from infected C57BL/6J mice (2x103FFU) were extracted and cell
suspensions were analyzed by flow cytometry on days 0, 2, 3, 5, 8 and 14 p.i. After excluding
dead cells leukocytes (CD45+) were gated. For each measurement two to three lungs were
pooled and data from two independent experiments were combined (n=12-26). Data were
analyzed for statistically significant differences using non-parametric Mann-Whitney-U-test. *pvalue<0.1; ****p-value<0.0001.
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Contribution to Manuscripts
Manuscript I
For this manuscript, I performed the majority of the experimental studies. I immunized
and infected DBA/2J mice with the PR8M and HH05 pH1N1 virus. Subsequently, I monitored body weight loss and survival. Analysis of the antibody response by enzyme linked
immunosorbent assay was partially performed by me. Furthermore, I analyzed the data and
made major contributions to writing and reviewing of the manuscript.
Manuscript II
I was centrally involved in the study design and performed almost all experiments described
in this paper. I infected the mice and determined body weight loss, viral loads and cell
compositions in lungs and periphery. I analyzed the data, generated most of the figures and
made major contributions to the writing of the manuscript.
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4
4.1

Unpublished Data
Sublethal Influenza Infection for Reaching Similar Viral Loads
in D2 and B6 Mice

The differences of viral loads in D2 and B6 mice after infection with low virulent PR8M virus
(2x103 foci forming units (FFUs)) have been reported previously (Chap. 3 on page 16). It
was hypothesized that the enhanced inflammatory responses in D2 mice were directly related
to the amount of viral particles in the lungs. However, an alternative hypothesis is that D2
mice mount a hyperinflammatory response per se. Therefore, D2 and B6 mice were infected
with a dose which resulted in equal viral loads in both strains. In a first step, I determined
a sublethal dose for D2 mice.

Materials and Methods
Sublethal dose for D2 and B6 mice were determined for PR8M infections using different
infection doses (D2: 1x100 FFUs - 1x101 FFUs; B6: 1x106 FFUs). Ten D2 and ten B6 mice
(female, 10-12 weeks old) were infected intranasally. Mice were sacrificed on day two and
three post infection and viral loads in the lungs were measured by foci assay (Srivastava
et al., 2009).

Results and Discussion
A dose of 10 FFUs was sublethal for D2 mice whereas B6 mice survived challenge with a
dose of 1x106 FFUs but exhibited pronounced body weight loss.
Viral loads in D2 and B6 were similar on day two post infection. B6 already started to clear
the virus on day three whereas the level remained the same in D2 mice (Fig.4.1). In general
high variations in FFU counts from the lungs of infected D2 mice were found after infecting
with 10 FFUs. This can be explained due to the fact that even small aberrations during the
experimental infection process with such low doses can lead to pronounced deviations. The
earlier decrease of viral titer in B6 mice can be interpreted in the way that B6 have a higher
potential to clear the virus than D2 mice at comparable viral lung titers.
However, it remains unclear why very low levels of viral particles in the lungs of D2 mice
lead to such a strong phenotype.
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4 UNPUBLISHED DATA

Figure 4.1. Sublethally Infected B6 and D2 Mice. Viral load in the lungs of D2 and
B6 mice two and three days after PR8M infection (n=5). D2 mice were infected with a dose
of 1x101 FFUs and B6 mice with a dose of 1x106 FFUs.

4.2

Allogeneic Transplantation of Hematopoietic Cells in Mice

Bone marrow transplantation (BMT) is a common treatment of leukemia and other blood
disorders in humans. Today, the hematopoietic stem cells for transplantation are mainly
derived from peripheral blood or bone marrow. The development of this therapy was highly
dependent on mouse models. In addition, the transplantation of hematopoietic cells enables
to study the role of donor immune cells in mice.
Hematopoietic cells (pluripotent hematopoietic stem cells and more mature myeloid, lymphoid and erythroid hematopoietic cells) are harvested from the bone marrow or peripheral
blood of the graft and injected into the host. The immune cells of recipient have to be
removed beforehand to prevent a rejection of the transplanted cells. Rejections are caused
by genetical disparities of the host and the recipient with respect to their MHC haplotypes
(allogeneic transplantation). Thereby, an immune response in the recipient is induced. To
inhibit the risk of such a response, immune cells can be eliminated previously by whole-body
irradiation. However, irradiation itself can lead to sickness because of radiation-damaged
tissue.
The response of donor cells to recipient’s tissue after transplantation is another side effect.
The clinical signs of this are named graft-versus-host disease (GVHD). GVHDs are also
caused be the differences in the MHC haplotype of the graft and the recipient (Petersdorf,
2013). The prior depletion of T cells in the donor cell suspension decreases the hazard of
GVHDs (Sung and Chao, 2013).
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4.2 ALLOGENEIC TRANSPLANTATION OF HEMATOPOIETIC CELLS IN MICE
The peripheral lymphohematopoietic reconstitution of all cell lineages generally needs 21
days after successful transplantation and proper engraftment. But is has to be considered
that they might be not fully functional yet. This may lead to an immunocompromised status
of the recipient (Duran-Struuck and Dysko, 2009).
I performed a transfer of B6 bone marrow cells into irradiated D2 mice to investigate the role
of immune cells in a susceptible phenotype post IAV infection. If the high susceptibility of
D2 mice is caused by a deficiency in the immune cell compartment, an increased resistance of
D2 mice would be expected after transfer of hematopoietic cells from the resistant B6 strain.

Materials and Methods
A pilot experiment was performed to investigate lethal irradiation doses for B6 and D2 mice.
Testing doses were chosen based on previous trials and literature. The RS 2000 X-Ray
Biological-Research Irradiator (Rad Source Technology, USA) was used. 11 Gy were lethal
for B6 and 10 Gy for D2 (n=3).
Eight D2 mice and five B6 control mice (female, 8-10 weeks old) were irradiated twice with
a dose of 5,0 Gy, or 5,5 Gy, respectively, at an interval of six hours. Bone marrow cells of
seven B6 mice were prepared in the meantime.
Bone marrow of thigh and shank bones (femur and tibia) were prepared and gradient-purified
by using Lympholyte Cell Separation Medium M (CedarlaneLabs, CAN). T cells were removed from the cell suspension by utilizing the EasyStep Mouse CD90.2 Positive Selection
Kit (STEMMCELL Technologies, FR). Cells were diluted to a concentration of a minimum
of 8x106 cells per mouse and injected intravenously into lethally irradiated mice with a 28gauge needle. Mice were monitored for a period of two months. An antibiotic containing
enrofloxacinum was added to the drinking water to prevent infections due to their compromised immune status after irradiation.
Before I infected the mice with IAV, the engraftment of the transplanted cells in the recipient
was confirmed by flow cytometric analysis with specific antibodies against the individual
MHC haplotypes. B6 mice express the H-2kb locus whereas D2 mice have the H-2kd type.
The leukocytes of each mouse strain can be distinguished by this method. The engraftment
was successful for every trial with a chimerism of almost 100%. Subsequently, mice were
infected intranasally with PR8M (2x103 FFUs) two months after successful BMT.
Body weight loss was monitored for three days after infection. On day three, mice were
sacrificed and viral load (foci assay) and hemogram (VetScan (Chap. 3 on page 16)) were
determined.
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Results and Discussion

Figure 4.2. Body Weight Curves after BMT. Left graph illustrates body weight loss of
D2 mice with transplanted B6 hematopoietic cells (D2 BMT) and D2 controls after PR8M
infection with 2x103 FFUs (n=8). On the right hand, body weight loss of B6 mice that received
B6 hematopoietic cells (B6 BMT; n=2) and B6 controls (n=5) after PR8M infection (2x103
FFUs) is shown.

In the first experiment, only two D2 and one B6 mouse survived the first two weeks post
transplantation.
It is very likely that the high mortality was caused by an insufficient number of donor cells in
the inoculums. An adequate amount of hematopoietic cells is required for proper engraftment
and survival of recipients (Ema et al., 2006).
One D2 mouse seemed to recover but showed secondary body weight loss. Initial body weight
loss post transplantation is usual due to the follow-up of the irradiation or less donor cells,
but a secondary can be a sign for GVHD or an infection (Duran-Struuck and Dysko, 2009).
More mice survived in the second experiment and all successfully transplanted mice were
used for influenza infection. The loss of body weight was monitored over a period of three
days (Fig.4.2). D2 mice with engrafted B6 cells lost 15% of their starting body weight,
similar to non-treated control D2 mice that lost 17%. Also B6 mice transplanted with B6
hematopoietic cells showed no difference in body weight loss compared to non-treated B6
mice. Data from two transplanted and infected mice indicated that viral titers remained at
the same level for transplanted mice compared to the controls. Numbers of mice had to be
increased for statistical analysis.
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Figure 4.3. Hematological Analysis after BMT. Graphs show absolute WBC numbers
(left), lymphocyte percentage (middle) and granulocyte percentage (right) in the blood of D2
mice that received B6 hematopoietic cells (D2 BMT; n=8), control D2 mice (n=10) and
control B6 mice (n=10) three days post intranasal PR8M infection (2x103 FFUs). Unpaired
t test was applied for calculating significances (***: p=0.0001 - 0.0009; ****: p<0.0001).
Remarkably, significant differences were found by analyzing the hemogram of the mice
(Fig.4.3). The amount of WBCs in the blood of transplanted D2 mice (18,12x109 cells/L)
was significantly higher compared to control D2 (7,35x109 cells/L). This was mainly caused
by a three-fold increase in lymphocyte counts. A significantly higher percentage in the relative granulocyte counts was observed in control animals. Due to the fact that transplanted
animals exhibited a leukocytosis, more absolute numbers of granulocytes were present in the
blood of these mice compared to untreated D2 mice. Therewith, a proper engraftment of
immune cells in BMT treated mice could be confirmed. However, this seems not to influence
the response to IAV infection.
In conclusion, the immune cells in D2 mice are not deficient and the susceptibility is most
likely due to other host factors, like differences in the lung tissue. Boon et al. explained their
similar results with genetic polymorphisms in epithelial cells of the respiratory tract which
promote viral replication (Boon et al., 2011).
The present study was only performed until day three post infection caused by two reasons.
First, the major difference observed between D2/B6 is the much higher viral load in D2
already one day after infection. An effect of the transplantation would thus be expected to
become evident by day three post infection. Second, incompatibility of the MHC haplotypes
just allows to investigate the impact of non-lymphocytes. The activation of T cells is MHC
restricted and consequently not functional in an allogeneic environment. This results in an
absence of antigen specific immune response. In addition, it is likely that the highly activated
immune cells after infection also attacks host tissue and a GVHD appears. To avoid these side
effects, the use of a graft with the same MHC haplotype as the recipient would be preferable.
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B10.D2 mice do express the H2kd haplotype and may be used for further investigations to
address the role of B and T cells in this setting. Unfortunately, these mice were not available
from breeders at this time.

4.3

Role of NK Cells in Host Response to Influenza A Infection

The role of NK cells in viral infections can be majorly distinguished into two responsibilities.
First, lysis of infected cells by exocytosis via perforin and granzymes, by apoptosis induction
or ADCC-dependent inhibition of viral replication (Jost and Altfeld, 2013). Second, next
to this direct effector functions, NK cells are able to modulate the immune response by
producing soluble factors like cytokines and chemokines, mainly IFN-γ (Culley, 2009).
NK cells reside in healthy lungs (Stein-Streilein et al., 1983) and get activated by different
mechanisms upon infection. Type I IFNs and IL-12, 15 and 18 play an important role in
the direct activation of NK cells (Hwang et al., 2012). Additionally, NK cells express many
activating and inhibitory receptors. For example, the receptors of the Ly49 family. Ly49s
can be either activating or inhibiting. Activating ones recognize infection-induced molecules
on infected host cells while inhibitory Ly49s interact with specific MHC I molecules. If the
amount of MHC I molecules decreases on the surface of cells, the inhibitory effect disappears
and the NK cells get activated. This activation mechanism is called “missing-self hypothesis”
(Belanger et al., 2012).
With respect to IAV infection it has been reported that the activating receptor NKp46 plays
a key role in stimulating NK cells. It has been observed that NKp46 can directly interact
with viral HA (Mandelboim et al., 2001). But the role and importance of NK cells in IAV
infection is discussed controversially in the field. In principle, it is accepted that NK cells can
kill IAV infected cells and shape immunity by the production of cytokines and chemokines.
But it is suspected that they may also contribute to influenza-mediated immunopathology.
However, NK cells are not able to eliminate the IAV infection in humans (Jost and Altfeld,
2013).
Several laboratories reported a negative effect of the depletion of NK cells in mice, resulting
in higher morbidity and mortality (Stein-Streilein and Guffee, 1986; Nogusa et al., 2008). On
the other hand, Abdul-Careem et al. described an increase in survival after IAV infection
of NK cell depleted mice (Abdul-Careem et al., 2012). Also infections in different knock-out
models of the NKp46-encoding gene Ncr1 revealed opposing observations. Whereas Gazit et
al. detected a negative impact of the Ncr1 knock-out in mice regarding survival after IAV
infection (Gazit et al., 2006), the effect observed by Narni-Mancinelli et al. was improvement
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of the disease phenotype in another mutant Ncr1 null allele, named Noé (Narni-Mancinelli
et al., 2012).
Comparing results from different labs has the limitation that conditions regarding virus
isolate/batch, dose, age, sex, hygiene status of mice etc. are different. Therefore, I decided
to elucidate the role of NK cells in our established mouse/influenza model by depleting this
cell population prior to IAV infection. In addition, I intended to compare the mutant Ncr1
lines side-by-side in our laboratory. Infection study was performed by using low virulent
PR8M and high virulent PR8F viruses.

Materials and Methods
NK cells were depleted in vivo by intraperitoneal injection of various Abs diluted in PBS
(αCD122 Ab (clone TM-β1) 180µg and αNK1.1 Ab (clone PK136) 200 µg/mouse). Five to
seven days post treatment, successful depletion was confirmed by flow cytometric analysis of
peripheral blood using specific fluorochrome-labeled antibodies (αNK1.1-FITC and αNKp46PerCP). Mice (B6 and D2, female, 10-12 weeks old) were infected intranasally with IAVs
(PR8M and PR8F) at different doses after anesthesia.
Survival was monitored for 14 days post infection. Mice showing more than 30% of body
weight loss were euthanized.

Results and Discussion
I observed different phenotypic responses to IAV infection in NK cell depleted mice (Fig.4.4).
It depended on the virulence of the IAV isolate and the infected mouse strain. NK cell
depleted B6 mice revealed a decrease in survival rates when infected with PR8M. All control
animals survived the infection whereas mice treated with αCD122 Ab exhibited a lower
survival rate of 94.7% (2x103 FFUs) or 80.0% (2x105 FFUs).
On the other side, increased survival was seen when B6 mice were infected with the more
pathogenic PR8F virus (2x103 FFUs). In this case, all untreated animals succumbed to the
infection whereas within the NK cell depleted group some mice survived (αCD122: 14.8%;
αNK1.1: 20.7%).
In the very susceptible mouse strain D2 a benefit of the NK cell depletion could also be
observed. NK cell depleted mice died significantly later than control animals post 2x103 FFUs
PR8M infection. After infection with a dose of 1x102 FFU, the survival rate significantly
increased from 7.1 to 26.3% in NK cell depleted D2 mice compared to controls.
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Similar results were obtained when NK cell depletion was achieved by using αAsialo-GM1
Ab.

Figure 4.4. Survival Curves after NK Cell Depletion. (A) presents survival curves
of NK cell depleted B6 mice and controls infected with PR8M 2x103 or 2x105 FFUs. No
significant differences were observed. (B) illustrates survival of NK cell depleted B6 mice and
controls infected with PR8F 2x103 FFUs. Depletion was achieved by injection of αCD122or αNK1.1-antibodies. Survival rates exhibited significant variations after αNK1.1-antibody
treatment (p=0.0049). (C) Survival curves of αCD122 NK cell depleted D2 mice and controls infected with PR8M 1x102 or 2x103 FFUs. For both doses, survival curves of depleted
mice were significantly different compared to controls (1x102 FFUs: p=0.0237; 2x103 FFUs:
p=0.0037). Experiments were repeated at least twice (n=13-29) and significances were calculated by applying Mantel-Cox test.
In summary, I measured increased as well as decreased survival, depending on the infection
mouse model, after NK cell depletion and IAV infection. In case of a resistant infection
model (B6 with PR8M) a negative impact of the depletion with more lethal outcomes was
observed. Otherwise, in case of a susceptible infection model, independent if the susceptibility
is mediated by host factors (D2 with PR8M) or virulence of the influenza strain (B6 with
PR8F), the depletion enhanced the general condition of the mice combined with increased
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survival rates. One possible explanation provided by Abdul-Careem et al. to explain their
contrary results to Stein-Streilein et al. was dose dependencies. This hypothesis was recently
confirmed by Zhou et al. (Zhou et al., 2013). They showed that the depletion of NK cells in
high-dose IAV infections increased survival rates while they observed a decrease in survival
when they infected with a low dose. They assume a deleterious impact of NK cells in severe
IAV infections. Our results are consistent with this hypothesis. I already started infection
experiments with Ncr1 knock-out mice to exclude side effects of the depletion. But numbers
are not yet high enough to draw statistically based conclusions.
Results observed in my investigation indicate that NK cells support overshooting inflammatory processes in severe IAV infections. Their depletion leads to a limitation of the inflammation and subsequently reduced immunopathology and increased survival. On the other
side, NK cells play potentially a crucial role if the mouse is non-lethally infected. It can be
hypothesized that NK cells are involved in controlling virus replication in the early infection
phase. A deficiency of NK cells in this case has a negative influence.
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Discussion

It was reported previously that different inbred mouse strains react with diverse susceptibilities to IAV infections. While D2 mice are very susceptible and succumb to the infection
with nearly every IAV strain even at low doses of infection, B6 mice are more resistant and
survive infection with various IAVs.
Susceptibility in mice is accompanied by rapid body weight loss, severe decrease of oxygen
saturation in the peripheral blood and high viral titers already one to two days post infection.
In humans, large differences have been observed in the severity of disease after epidemics and
pandemics that are not associated with other adverse health conditions. Genetic variation in
essential host defense genes has been proposed to be responsible for the different outcomes
of influenza infections in humans. However, the immunity to influenza is also influenced
substantially by earlier infections and vaccinations. Thus, I investigated host factors that
influence the disparity in susceptibility between the D2 and B6 mouse strains. This knowledge
may provide important insights into genetic predisposition towards high susceptibility. In
addition to genes that play a role in infected epithelial cells, genes which regulate the function
of immune cells represent the most likely candidates for the individual response of different
hosts to the virus. Thus, the major objective of my work was to characterize the cellular
immune response of B6 and D2 mice after IAV infection.
In a first approach I tested if D2 mice are in principle able to mount a protective adaptive
immune response. This aspect was investigated by immunizing D2 mice and challenging
them with IAV afterwards (Chap. 3 on page 15).
For this, mice were immunized once or twice with viable virus by intramuscular injection and
subsequently infected with mouse adapted H1N1 virus strain (PR8M) or a human isolate,
A/Hamburg/05/2009 (H1N1) (HH05 pH1N1), that had not been adapted to mice.
In all cases, the immunized D2 mice survived the infection while control naïve mice died.
Specific anti-influenza IgG levels in the blood increased after each immunization and were
highest in surviving mice after infection. Interestingly, titers were lower in mice immunized
and infected with HH05 pH1N1 virus compared to other viral strains. This virus is known
to be less antigenic than other isolates (Suphaphiphat et al., 2010; Otte and Gabriel, 2011).
The adaptive immune response in D2 mice was similar to B6 mice, demonstrating that D2
mice do have a functional adaptive immune system.
From this data I also concluded that D2 mice represent a valuable, immunocompetent model
system. It can be used to evaluate virulence and pathogenicity of different human influenza
strains without the need to firstly adapt the human virus to mice. In addition, it may also
be helpful for testing vaccine strains and vaccine protocols.
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In contrast to human patients, the access to tissue and blood samples is possible in experimental mouse models. Hence, there is a strong demand identifying parameters in the
periphery of human patients which reflect ongoing processes in infected lungs in order to
predict severity and outcome of infections. An advantage of the mouse model is that the
disease process can be followed until the animals succumb to the infection. Human patients
receive medical care in case of severe IAV infections. These intensive care treatments, like
artificial respiration or administration of intravenous fluids and antivirals, make it difficult
to describe the underlying biological processes. Investigations of the host response without
these treatment effects can be performed in mice. Additionally, in such an experimental
mouse model system the quality and quantity of the pathogen and the particular time of
infection are known. Furthermore, environmental effects and other confounding factors, like
age, sex or diet, can be controlled.
Despite a few publications describing the phenotype of the immune response in certain compartments of mice after influenza infection (Toapanta and Ross, 2009; Trammell et al., 2012;
Otte et al., 2011), a direct analysis and correlation of ongoing processes in lung tissue and
the periphery has not been performed yet. Therefore, I used the susceptible mouse strain D2
in comparison to the much more resistant B6 mice for this study to investigate the cellular
innate immune response after IAV infection in the periphery and in the lung of these two
mouse inbred strains.
I performed a detailed comparative phenotyping of the immune cell populations in lung tissue
and blood of D2 and B6 mice after IAV infection (Chap. 3 on page 16) to identify possible host
factors that contribute to susceptibility and resistance regarding the immune response. Of
special interest were the time-dependent changes of specific immune cell populations during
the infection.
Flow cytometric analysis of B6 mice infected with PR8M or PR8F virus or D2 mice infected
with PR8M virus revealed a strong increase of proinflammatory cells in the lungs of lethally
infected animals. Due to the influx of CD11b+ cells, the percentage of leukocytes increased
from 15% to 40% in PR8M infected B6 mice. But in infections with a severe and lethal
course of disease, the percentage of leukocytes increased to 60% or more. Whereas single cell
populations in lungs of uninfected mice could be well distinguished with available antibody
markers, this became increasingly difficult when inflammation advanced after infection of
mice with IAV. All CD11b+ cells also expressed Ly6G, CD115, CD11c and MHC II. Based
on literature, these cells are most likely highly activated proinflammatory cells like granulocytes, particularly neutrophils, recruited macrophages, DCs and myeloid-derived suppressor
cells (MDSCs) (Gabrilovich and Nagaraj, 2009). To further distinguish between these different cell populations, more extensive studies with additional markers are required.
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It was reported that the distinct differences in CD11b+ cells between lethal and non-lethal
infections are associated with an increased expression of proinflammatory genes and that the
massive infiltration of myeloid cells is supported by a feedforward pathway (Brandes et al.,
2013). Infiltrating inflammatory cells, mainly neutrophils, produce chemokines to attract
more of these cells which then secrete even more inflammatory chemokines themselves. This
recruitment of neutrophils was associated with acute lung inflammation leading to death
(Perrone et al., 2008). Neutrophils affect the inflammation process and cause tissue damage
through the production of reactive oxygen species and the release of cytokines in response to
influenza infection.
Recruited macrophages may also damage the epithelial-endothelial barrier, where gas exchange takes place, majorly in three ways. Firstly through the induction of epithelial cell
apoptosis, secondly by increasing nitric oxide concentration and lastly via the production of
proinflammatory cytokines like IFN-β (Short et al., 2014; Hogner et al., 2013).
The damage to the lung tissue by inflammation impairs lung function and subsequently leads
to a drop in blood oxygen saturation. The decrease in oxygen saturation in case of severe
influenza infections could be shown in my study by using the pulse oximeter MouseOx.
It was published that MDSCs suppress the function of the adaptive immune system by extenuating the T cell response (Nagaraj et al., 2013). This could be confirmed in my investigations
by observing an increase of CD3+ T cells in infected lungs after non-lethal infection. The infiltration of T cells started at day three reflecting the onset of the adaptive immune response
but was not detected at all in lethally infected mice.
In conclusion, the changes in infiltrating immune cell populations in lungs after IAV infection
in D2 mice are different to those in B6 mice after infection with the same virus, PR8M. The
infiltration of inflammatory cells, like neutrophils and macrophages, is more pronounced in
susceptible D2 mice whereas the onset of the adaptive immunity, namely the increase of
lymphocytes, is only observed in resistant B6 animals. However, B6 mice infected with the
high pathogenic PR8F virus develop a D2-like phenotype.
To address the question whether the observations made in D2 after IAV infection are just
due to a higher viral load in these mice, both inbred mouse strains were infected with virus
doses that were adjusted to be sublethal for the respective strain (Chap. 4.1 on page 51).
The applied dose of PR8M for B6 mice was 10,000 times higher than for D2 mice. After
infection, both mouse strains lost weight but survived. Viral load in infected animals reached
the same levels in D2 and B6 on day two but decreased earlier in B6.
Taken together, these results demonstrate that viral particles have a higher and faster replication rate in D2 mice. Furthermore, it was not possible to detect a distinct cell type in the
lungs of D2 mice which may be associated with the poor survival after IAV infection.
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To monitor cellular changes in the peripheral blood, I established a hematological assay.
Therewith, time-dependent investigations of major immune cell populations and other hematological parameters after IAV infection could be performed. Leukopenia and lymphopenia
were observed during the first days followed by a strong increase of lymphocytes starting at
day four after a non-lethal infection with considerable weight-loss. On the other hand, in
infections with a lethal, also named severe, outcome, the amount of WBCs remained on an
almost steady level. This is due to a decrease of lymphocytes and an increase of granulocytes.
A subsequent increase of lymphocytes was not detected. This is in line with the observations
in lung tissue.
In humans, lymphopenia is considered to be an indicator for severe virus infections whereas
lymphocytosis is associated with milder cases (Fischbach and Dunning III, 2009). The fact
that a lymphopenia was noticed during the first days in a non-lethal infection in mice but
not in humans may be explained by the fact that humans will consult their physicians when
they already show symptoms, several days after the initial infection event. At this stage, also
infected mice exhibit a lymphocytosis.
A major conclusion from my studies was that an increased ratio of granulocytes to lymphocytes appears to represent a reliable marker in the peripheral blood for disease progression.
In our mouse model the normalized ratio was able to predict the severity of an infection
already on day one. The higher this ratio the more severe was the course of disease. It has
to be pointed out that this was also true for susceptible D2 mice. When they were lethally
infected with a less virulent virus the increase of the ratio was not as strong as after infection
with a highly virulent virus.
In addition, this ratio also increased in infected lungs, but it started markedly later. The
ratio decreased when virus had been cleared from the lung.
These observations suggest that the ratio of granulocytes to lymphocytes in the periphery
may also represent a very sensitive and early parameter in humans to indicate a severe course
of infection at early time points and also the clearance of the pathogen.
Flow cytometry was used as another phenotyping tool for the identification of immune cells
in blood samples. Regarding overall WBC populations, flow cytometry confirmed the observations from the VetScan hematological analyses. However, variations with respect to the
composition of lymphocytes were observed.
The most prominent lymphocytes in the blood of B6 mice were CD19+ B cells, while CD4+ T
helper cells were most abundant in D2 mice. But minor amounts of B cells in the blood of D2
mice can hardly explain their increased susceptibility. As described above, I already showed
that D2 mice are able to mount protective immunity after vaccination, which is mostly B
cell dependent.
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Additionally, two-fold higher numbers of NK cells were noticed in the susceptible D2 mouse
strain compared to B6 mice. However, the percentage of NK cells in the blood of B6 mice
increased after infection, whereas it remained at the same level in D2 mice.
In addition to WBCs, red blood cell parameters were measured with the help of the hematology system. These parameters can also function as markers for disease severity. Typical red
blood cell related values like hemoglobin and hematocrit increased significantly stronger after
severe IAV infections. It is very likely that these parameters increased due to the low blood
oxygen saturation. The mammalian organism tries to compensate the lack of oxygen by
increasing the number of red blood cells (Hochachka, 1998). However, a lower water uptake,
which represents a general behavior associated with an infection, can also cause increasing
red blood cell related values.
Thus far, the phenotyping studies showed differences in the kinetic of immune cell populations
in D2 mice compared to B6 when infected with PR8M. But B6 mice responded to PR8F
infections with a D2-like phenotype. It is thus unlikely that the high susceptibility in D2
mice is due to abnormal immune cells. To investigate this point further, I performed BMT
from B6 hematopoietic cells into D2 recipients (Chap. 4.2 on page 52).
In allogeneic bone marrow transfer experiments in mice, body weight changes can only be
performed for a limited time period after IAV infection, because host versus graft reactions
are induced. Nevertheless, my results revealed that transplantation of B6 hematopoietic cells
into D2 mice did not rescue the recipients from body weight loss during the first three days
after IAV infection. Viral titers at this time point were similar to D2 control mice that were
not treated. Thus, transfer of B6 immune cells did not lead to a higher resistance in a D2 host
suggesting that the high susceptibility in D2 mice is caused by a defect in the non-immune
cell compartment. Similar results were obtained by Boon et al. validating our findings (Boon
et al., 2011).
To investigate this aspect in more detail and over a longer time period, a more suitable model
that allows transfer of immune cells from resistant mice that carry the D2 MHC haplotype
would be needed. However, the appropriate mouse strain, B10.D2, was not available at the
time of my thesis and these experiments could not be performed.
A widespread impact of NK cells in the flu disease has been shown in humans (Jost and
Altfeld, 2013). Direct binding of the NK cell receptor NKp46 to the HA influenza protein
was shown to be associated with killing of infected cells (Mandelboim et al., 2001). The
same group noticed a significant decrease in the survival rate after PR8 influenza infection
in Ncr1 knock-out mice (Gazit et al., 2006). However, this effect was only observed at one
infection dose. Another group generated a knock-out mouse with a single point mutation in
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the Ncr1 gene that encodes for the NKp46 protein. These mice, called Noé, do not express
a functional NKp46 protein. Surprisingly and in contrast to the other NKp46 mutant data,
Noé mice are more resistant to PR8 infection than wild-type mice (Narni-Mancinelli et al.,
2012).
To address the role of NK cells and to resolve the controversial observations, I performed an
NK cell depletion study (Chap. 4.3 on page 56). In our laboratory, I have the capability of
using the mouse strains, B6 and D2 mice, as well as infecting mice with virus variants of
different virulence.
I depleted NK cells by antibody injection prior to IAV infection. While the depletion had
a negative effect on the survival of B6 mice infected with the PRM virus, they showed a
decreased susceptibility when infected with the more virulent PR8F variant. The depletion
of NK cells in highly susceptible D2 mice led to a more resistant phenotype. From this
depletion study I conclude that the absence of NK cells has a negative impact in non-lethal
influenza infections whereas it is positive in cases of lethal infections.
Also after infection with respiratory syncytial virus infection in mice, NK cell depletion leads
to reduced lung inflammation and tissue damage resulting in a decreased body weight loss (Li
et al., 2012). NK cells are required for killing infected cells but they may also cause acute lung
injury. Also for another intracellular pathogen, Listeria monocytogenes, a positive impact on
survival after NK cell blocking was described and correlated with a decrease in granulocyte
mobilization (Viegas et al., 2013).
These results support the hypothesis that severely influenza infected mice benefit from NK
cell depletion because of the reduction of destructive inflammatory processes. On the other
hand, in mild infections a reduction of NK cells removes an essential component of the host
defense system.
To further support this hypothesis, a detailed analysis of the inflammation processes and
viral spread in infected lungs after NK cell depletion is required. Infection experiments with
Ncr1 mutant mice, excluding the side effects of Ab-mediated depletion, have been already
started.
In conclusion, other determinants than functional differences of immune cells have to be
considered to be responsible for the disparity in susceptibility of D2 and B6 mice to IAV
infections.
Viral titers increase very rapidly in D2 mice, suggesting that very early determinants are
responsible for the high susceptibility. One factor may be the receptor binding specificity
of the influenza HA protein. A better matching of the HA to the host cell would increase
pathogenicity. This was observed for PR8 variants that exhibited varying degrees of virulence
in mice (Koerner et al., 2012). The same report mentions that tolerance to elevated pH values
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increases membrane fusion in highly pathogenic viruses.
Another recent publication hypothesizes that a differential host response, like the diverging
activation of signaling pathways, correlates with viral pathogenicity rather than replication
efficiency (Askovich et al., 2013). One important signaling pathway in this respect may be
the apoptotic signaling pathway (Herold et al., 2012).
The interaction of certain viral proteins, like the NS1 or the viral polymerases, with host
compartments may also influence viral replication (Park et al., 2014; Gabriel et al., 2005).
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Conclusion & Outlook

In this thesis, I demonstrated that a lethal outcome of IAV infection is associated with a
pronounced body weight loss, high viral titers, and strong inflammatory responses caused
by the high influx of innate immune cells, like neutrophils and recruited macrophages, into
the lung. Destruction of lung respiratory epithelium by virus and immune cells results in
the decrease of blood oxygen saturation. The severe course of influenza disease could be
predicted by the ratio of granulocytes to lymphocytes in peripheral blood already one day
post infection. Hence, this ratio is a good indicative parameter for IAV infection severity in
mice and may also represent a useful marker in humans.
The cellular host responses were similar for all lethal infections regardless whether a severe
phenotype was caused by host genetics or virus virulence. D2 mice infected with the low
virulent PR8M showed similar disease manifestations as B6 mice when infected with the
more virulent PR8F virus.
D2 mice possess a functional adaptive immune system which is able to mount a protective response after vaccination. Thus, D2 mice represent a valuable model for testing pathogenicity
and immunogenicity of newly emerging human and avian viruses without prior adaptation
to the mouse species.
Additionally, transplantation of B6 bone marrow cells into D2 mice did not result in an
improved control of the disease suggesting that the susceptibility of D2 is not caused by
deficiency of hematopoietic cells.
To identify the host factors for susceptibility and resistance, further studies using the BXD
genetic reference population are required (Chap. 1.2 on page 7). Besides body weight loss,
survival rate and mean time to death, which has already been measured in BXD mice and
which identified several QTLs, other parameters, like viral load, will have to be performed
to identify the factors which contribute to rapid increase in viral titers early after infection.
The role of NK cells in the host defense against IAV infection still remains unclear. More
detailed phenotype studies in NK cell knock-out mice are required to better understand the
bivalent role of NK cells in viral respiratory infections.
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