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1 Summary

1.1 Introduction and Results

1.1.1 Disease

In 2013, 10.3 million new strokes occurred globally; 67% of these strokes were ischemic and 6.5
million persons died from their stroke (Feigin et al., 2015; Hankey, 2013). Stroke is the 2nd
leading cause of death worldwide (WHO, 2014) and the leading cause of long-term disability
with 113 million disability adjusted life years (DALYs) in 2013 (Feigin et al., 2015; Mozaffarian et
al.,, 2015). As our population ages, more attention must be paid to diseases of the elderly,
including stroke. Given the prevalence of stroke and the devastating effects it has on its victim, it

is important to identify new strategies for stroke prevention and acute stroke therapy.

The causes of stroke are heterogeneous. Risk factors include non-modifiable factors like age, sex,
ethnicity and family history as well as modifiable risk factors including obesity/nutrition,
smoking, hypertension, and physical inactivity (Romero, Morris, & Pikula, 2008). Ischemic stroke
is the most common type of stroke and generally occurs when a thrombus or embolus occludes
a blood vessel supplying a part of the brain. A hemorrhagic stroke is caused when a blood vessel
ruptures and there is bleeding in (intracerebral hemorrhage) or around (subarachnoid

hemorrhage) the brain.
Modelling stroke

To better understand stroke and in order to study potential therapeutic interventions,
experimental models have been established in different species of animals. Such models are
necessary as access to patient material is largely limited to blood samples, and the systemic
effects of stroke cannot be investigated in vitro. And since ischemic stroke is the most frequent
type of stroke, the middle cerebral artery occlusion (MCAQ) has become the most widely used
experimental model of human stroke. Most stroke research is done in small animals, like mice,
rats and rabbits. There are models in which cerebral ischemia can be induced without the need
for craniotomy (embolic, intraluminal filament MCAO, photothrombosis, endothelin-1-induced)
and those that require craniotomy like electrocoagulation of the distal middle cerebral artery.

Among these experimental stroke models, MCAO with an intraluminal filament has many



advantages with a less traumatic surgical approach than those models that require craniotomy,
the ability to achieve reperfusion which mimics the clinical situation of thrombolysis, good
reproducibility in comparison with other models and short surgery time allowing for more
efficiency and the minimization of anesthesia effects. Our experimental stroke studies in rats
and mice were therefore performed using the intraluminal filament MCAO. The advantages and
disadvantages of different experimental stroke models have been reviewed (Fluri, Schuhmann,
& Kleinschnitz, 2015). The Stroke Therapy Academic Industry Roundtable (STAIR) recommends
that positive results should be confirmed in another species and should also be reproducible in a

different stroke model.

1.1.2 Immunology of Stroke

Under normal physiological conditions, an anti-inflammatory milieu is maintained within the
central nervous system (CNS). The picture below depicts the immunologic alterations occurring
after (ischemic) stroke. Details are given in our review articles (Schulze, Vogelgesang, & Dressel,
2014; Vogelgesang, Becker, & Dressel, 2014). In short, due to the brain injury that is caused by

the ischemic stroke a local inflammation in the brain occurs.

Stroke induced immune alteration:
a viscious circle
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Fig.1: Modified from (Vogelgesang et al., 2014). The numbers in brackets in this picture indicate the different

approaches with which the immunologic changes following stroke where investigated in this dissertation.



In the following, a brief overview of the different aspects of the vicious circle of stroke-induced
immune alterations will be provided. These will then be explained in more detail, and the
different approaches that have been taken in this study to shed light on the immune alterations

in stroke [1-4, see Fig.1] will be described.

Pro-inflammatory mediators are released from the site of injury and act locally, but these same
mediators gain access to the systemic circulation and induce an inflammation within the
periphery. This pro-inflammatory process was investigated in approach 1. On the other hand,
stroke induces the production and release of catecholamines and steroids that lead to a
peripheral immunosuppression. This immunosuppression is thought to dampen the immune
“attack” on the injured brain, but it also increases the risk of bacterial infections as the ability to
combat pathogens is impaired. As part of the immune system’s suppressive cellular mediators,
regulatory T cells (Treg) were investigated in approach 3. Infections, on the other hand, lead to
activation of the innate and adaptive immune responses that cause secondary inflammatory
damage to the brain. This was investigated with approach 2. In approach 4a and 4b we
furthermore investigated the impact of genetic variations on the risk of infection and the patient

outcome.

1.1.2.1 Response to the ischemic injury

In ischemic stroke, the disruption of blood supply to an area of the brain leads to abrogation of
oxygen and glucose transport. The resulting energy failure immediately causes change in ionic
homeostasis including increased intracellular concentrations of Na+ und Ca2+, glutamate
induced excitotoxicity, generation of reactive oxygen species and eventually neuronal cell death
in the ischemic core (Lai, Zhang, & Wang, 2014). Cytoplasmic ionic accumulation also contributes
to swelling and further vascular compression preventing a reperfusion of the affected area. At
the periphery of the ischemic region, called penumbra, damage develops more slowly and
neuronal cell death might be still prevented. This acute phase lasts for minutes to a few hours. In
the subacute phase, hours to days after stroke, apoptosis, necrosis and neuroinflammation
occur as a result of the damage caused in the acute phase. The endogenous inflammation
following the initial injury leads to a secondary brain damage. During the chronic phase, which

occurs days and weeks after the ischemic insult, there is repair and regeneration of brain tissue.



Normally the blood brain barrier (BBB) shields the CNS from the peripheral circulation and the
tight junctions of the endothelium regulate the diffusion between the different compartments.

The BBB, consisting of endothelial cells, pericytes and astrocytes, is damaged after stroke.

Approach 1: Do DAMPs released due to brain damage signal an inflammatory response and

can they help to predict the patients’ outcome?

“Damage/danger associated molecular patterns” (DAMPs) are released from necrotic cells and
can activate the innate immune response through pattern recognition receptors like the toll-like
receptors (TLR). In the brain, DAMPs released from tissue injured by ischemia activate microglia
and trigger the local production of pro-inflammatory cytokines like IL-1B, IL-6 and TNF-q,
chemokines and adhesion molecules. Disruption of the BBB also allows for these DAMPS to
enter the systemic circulation. Examples of DAMPs include uric acid, nucleic acids, nucleotides
like ATP & UTP, lipids and heat shock proteins. Together with pro-inflammatory cytokines they
are likely to induce and affect an endogenous inflammatory response in the periphery

(Gelderblom, Sobey, Kleinschnitz, & Magnus, 2015; Shichita, Ito, & Yoshimura, 2014).

High mobility group box protein 1 (HMGB1) is a nuclear histone-binding protein that can be
passively released upon cell damage or actively secreted upon activation of cells and functions
as a pro-inflammatory mediator (Lotze & Tracey, 2005; Scaffidi, Mistelli, & Bianchi, 2002).
HMGBL1 is a classic DAMP that binds to TLR2, TLR4 and the receptor for advanced glycation end
products (RAGE) to activate NF-kB (Bierhaus et al., 2005; Yu et al., 2006). In experimental studies
of stroke, neutralizing HMGB1 or abrogating HMGB1-induced RAGE signaling decreases infarct
size and attenuates the inflammatory response in the infarct area (Liu et al., 2007; Muhammad

et al., 2008)

In this study detailed in chapter 2.2, we questioned if early released endogenous DAMPs like
HMGBL1 signal the post-stroke inflammatory response and if their presence may predict outcome

from ischemic stroke.
Patients, Materials and Methods

For this study 110 acute stroke patients were recruited. Plasma was obtained at multiple time
points after stroke. HMGB1 plasma concentrations were correlated to stroke severity and

biomarkers of inflammation, stroke outcome and autoimmune responses to brain antigens.



Results

Acute ischemic stroke resulted in an increase of the HMGB1 plasma concentration that was
measurable up to 30 days after stroke and was highest immediately after stroke. Plasma HMGB1
correlated with the number of circulating leukocytes but not with the infarct volume. It was not
independently predictive of stroke outcome or of the development of an autoimmune response

to brain antigens.

Conclusion
The activated leukocytes seem to be the major source of plasma HMGB1 post stroke rather than
the brain injury itself as HMGB1 concentrations are correlated with the number of leukocytes

but not the infarct volume.

1.1.2.2 Local immune response of the ischemic brain

The CNS-immune system interactions lead to an activation of immune cells in the periphery
through pro-inflammatory mediators like TNF-q, IL-6, IL-1a, IL-1B and a subsequent infiltration of
activated immune cells like macrophages, granulocytes, T and B cells into the damaged brain (An
et al., 2014). On the one hand this immune response causes a secondary inflammation-mediated
injury of brain tissue but on the other hand it is necessary for phagocytosis of damaged neuronal

cells and repair mechanisms.
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Fig.2a & b (graphs modified from (Gelderblom et al., 2009)). A: The figure depicts the time course and amount of
immune cells infiltrating into the ischemic hemisphere after stroke. B: Shows the time course and amount of
infiltration of lymphocyte subsets (only summarized as lymphocytes in Fig.2a) into the ischemic hemisphere post

stroke.



Macrophages and neutrophils were shown to be first to infiltrate the brain after ischemic
damage within hours. Later during the post-stroke inflammation, lymphocytes are recruited into
the ischemic brain within 2-3 days after stroke onset (Gelderblom et al., 2009). In an
experimental study, T and B cell lymphocyte deficient SCID (severe combined immunodeficiency)
mice developed smaller stroke lesions and less inflammation than C57Bl/6 immunologically
intact controls (Hurn et al., 2007). Kleinschnitz et al. showed in a study with T and B lymphocyte
deficient Rag mice and a reconstitution of T and B cells, that B cells seem to have a
neuroprotective role, whereas T cells seem to contribute to the endogenous inflammation
(Kleinschnitz et al., 2010). Furthermore, the disrupted BBB also allows brain antigens that are
normally shielded to enter the periphery and gives the possibility of activation of autoreactive T
cells (Kyra J. Becker, Kindrick, Lester, Shea, & Ye, 2005; Planas et al., 2012). The role of neural
antigens and their presentation has recently been reviewed (Miro-Mur, Urra, Gallizioli,
Chamorro, & Planas, 2016).

As T cells seem to contribute to the secondary inflammatory damage to the brain it is important
to identify different T cell subsets as they resemble different qualities of immune response. T
cells develop either into naive CD4 T cells (also called T helper or Th cells), into naive CD8 T cells
(also named cytotoxic T cells or CTL) or into natural Treg (nTreg). Naive Th cells can be skewed
into different effector cell subpopulations depending on the cytokine environment during
activation, of which the most important ones are: i) pro-inflammatory primed Th1 cells that
produce IFN-y, ii) (mostly) anti-inflammatory primed Th2 cells that produce IL-4, iii) pro-
inflammatory Th17 cells producing IL-17 (associated with chronic inflammatory diseases), iv)
suppressive induced Treg (iTreg) producing IL-10 and TGF-B (Raphael, Nalawade, Eagar, &
Forsthuber, 2015). Due to their pro-inflammatory potential, Thl and Th17 cells are of interest as

mediators of a secondary damage upon infiltration to the brain.

Approach 2: Do autoreactive pro-inflammatory T lymphocytes influence the outcome after

experimental stroke?

As detailed in chapter 2.3 “The immunologic profile of adoptively transferred lymphocytes
influences stroke outcome in recipients” in this study we investigated if autoreactive T

lymphocyte responses modulate or worsen outcome after experimental stroke.



Animals, Materials and Methods

In donor rats a severe stroke was induced by 3h MCAO. The T cell response was forced towards
pro-inflammation by the administration of lipopolysaccharide (LPS). When LPS is administered at
the time of stroke to model infection with Gram-negative bacteria, the proportion of
lymphocytes with a Thl-type immune response towards the brain antigen myelin basic protein
(MBP) is increased after stroke (Kyra J. Becker et al., 2005).

Donor lymphocytes were obtained from the spleen of donor rats 1 month after experimental
stroke. The MBP specific effector function of donor cells was determined prior to adoptive
transfer using an ELIspot assay for IFN-y, IL-17 and TGF-B1 secretion in response to MBP. A Thl
immune response was defined by the ratio of the relative increase in the number of MBP
specific IFN-y to the relative increase in the number of MBP specific TGF-f1 secreting cells and a
Th17 immune response as the ratio of the relative increase in the number of MBP specific IL-17
to the relative increase in the number of MBP specific TGF-B1 secreting cells. The donor cells
were labelled with the cell permeable dye Carboxyfluorescein succinimidyl ester (CFSE) and
injected into recipient animals at reperfusion 2 hours after MCAO. The functional and clinical
outcome of recipient animals was determined with functional tests and a neurological score.
Brain sections of recipient animals were stained for fluorescein (CFSE+ cells), IL-17, IFN-y and

CD8 by immunofluorescent staining.

Results

Animals that received MBP specific donor cells with either an MBP specific Thl or Th17
dominated immune response at the time of stroke experienced a worse clinical outcome than
animals that received donor cells without a Thl or Th17 dominated immune response. The more
robust the Thl and Th17 response in donor cells the worse the functional performance
(Rotarod) in recipient animals was. Furthermore, robust Th17 responses to MBP were associated
with worse neurological scores in recipient animals. In animals receiving Th1+ donor cells, there
were more infiltrated donor cells (CFSE+ cells) in the infarcted hemisphere 1 day after MCAO
compared to animals that received Th1l- donor cells. In animals receiving Th17+ donor cells,
there were more IFN-y+ and more CD8+ cells in the infarcted hemisphere 3 days after MCAO

compared to animals that received Th17- donor cells.



Conclusion

The quality of the lymphocyte response to self-antigen (MBP) influences stroke outcome as
inflammatory primed MBP specific T cells led to a worse outcome. As LPS, mimicking an infection
with Gram-negative bacteria, increases the number of inflammatory primed MBP specific
lymphocyte responses, it shows a possible mechanism how infections could negatively influence

patient outcome.

1.1.2.3 Peripheral immune alterations

Besides the activation and infiltration of immune cells to the brain, the CNS-immune interaction
also involves the suppression of immune responses in the periphery - most likely to prevent
activation and infiltration of autoreactive immune cells (as investigated with approach 2) thus
limiting secondary brain injury. Together, activation of the hypothalamic-pituitary-adrenal
(HPA)-axis after stroke leading to a release of glucocorticoids from the adrenal gland and the
activation of the sympathetic nervous system (SNS) with direct innervation of lymphoid organs
and the release of epinephrine and norepinephrine are thought to lead to changes in peripheral
innate and adaptive immune system. In our review article, we provided an overview on how
glucocorticoid and sympathetic responses affect immune cells after stroke. For instance, many
immune cells express both glucocorticoid and adrenergic receptors, thus providing a mechanism
by which activation of the SNS and the HPA-axis following stroke can directly affect the
peripheral immune system (Schulze et al., 2014). These issues are further detailed in chapter 2.7.
Functional impairments affect mechanisms of the innate and adaptive immune system.

In human stroke patients numerous signs of immune suppression can be observed. Already on
admission to the hospital and on the following days, stroke patients suffer from a T lymphopenia
compared to age-matched controls. A long lasting lymphopenia was also reported in
experimental stroke models, for example by Prass et al (Prass et al., 2003). Furthermore the
HLA-DR on monocytes which monocytes need in order to present antigens and successfully
induce an immune response is reduced in stroke patients (Vogelgesang et al., 2008). The
neutrophils, as part of the first line defense against pathogens, are functionally impaired. It
could be shown that the oxidative burst and NETosis which both are important mechanisms to

kill bacteria are reduced and defective in stroke patients. Stress hormones like epinephrine and



norepinephrine can induce these deficits in neutrophils in vitro (Ruhnau et al., 2014). SIIS is also
documented in experimental stroke studies. A shift from Thl cytokines like IFN-y to Th2
cytokines like IL-4 was found in experimental stroke (Prass et al., 2003). Stroke-induced effects
can also be detected in the spleen after experimental stroke as the spleen becomes atrophic
mostly due to apoptosis of lymphocytes (Mracsko et al., 2014; Offner et al., 2006).

The described alterations in both the innate and adaptive immune response may explain the
well documented high susceptibility to infections in stroke patients. Most often pneumonia and
urinary tract infections occur. Reviewed by Emsley and Hopkins, rates of these so called stroke-
associated infections (SAl) vary depending on the study from 1-33% for respiratory tract
infections and 2-27% for urinary tract infections (Emsley & Hopkins, 2008). The problem of post-
stroke infections is that they worsen outcome and increase 30-day mortality to 27% in acute
stroke patients with pneumonia in comparison with 4% in patients without pneumonia (Katzan,
Cebul, Husak, Dawson, & Baker, 2003).

The blockade of the SNS and HPA axis with propranolol and RU486 could prevent the stroke-
induced impairments in experimental stroke studies (Mracsko et al., 2014; Prass et al., 2003; Yan
& Zhang, 2014). A recent experimental stroke study by Rémer et al. has shown that inhibiting
the stroke-induced immunosuppression (SIIS) by blockade of the SNS with propranolol and the
HPA axis with mifepristone increases autoreactive T cell responses but the blockade does not
worsen the long term outcome (Romer et al., 2015). There is delicate “balance” between
dampening the secondary inflammation-mediated brain injury and the increased mortality due

to stroke-associated infections.

Approach 3: Do Tregs influence the post-stroke immunosuppression, the secondary brain

damage and outcome after stroke?

Due to their immunosuppressive capacity Tregs are of interest as a potential mediator of post-
stroke immunosuppression. This CD4+ T cell subpopulation can inhibit effector cells directly by
cell contact and secretion of immunosuppressive cytokines such as IL-10 and TGF-B or indirectly
by inhibition of stimulatory capacity of antigen-presenting cells (APCs) e.g. via CTLA-4. The role
of Tregs in the stroke-induced immunosuppression as well as in the prevention of post-stroke
autoimmune responses is still controversial. Studies in stroke patients and experimental stroke
yielded contradictory results. Possible explanations are discussed in chapter 1.2.

A lack of Tregs leads to autoimmune diseases, immunopathology and allergy (Sakaguchi,

Yamaguchi, Nomura, & Ono, 2008). So with Tregs actively suppressing autoimmune reactivity,



they were thought to prevent inflammatory secondary brain damage. Adenosine triphosphate
(ATP), which is released after ischemic damage of the brain, functions as a pro-inflammatory
signal. The ectonucleotidase CD39 expressed by Tregs cleaves the pro-inflammatory extracellular
ATP to inhibitory antiproliferative AMP (adenosine monophosphate) and thus eliminates a pro-
inflammatory stimulus. This links the CD39 expression on the surface of Tregs to their active

suppressive function.

Patients, Animals, Materials and Methods

In this study, a 45min transient intraluminal Middle Cerebral Artery Occlusion (MCAQO) was
performed in young adult and aged Dereg (Depletion of regulatory T cells) mice. Dereg mice
allow for in vivo depletion of Foxp3+ Tregs as well as identification of Tregs by their Foxp3-GFP
expression. Dereg mice carry a diphtheria toxin receptor-eGFP under the control of an additional
Foxp3 promoter that enables a specific depletion of Treg by administration of diphtheria toxin.
T2-weighted MRI was performed for lesion volume assessment. CD39 expression on Tregs in the
blood and spleen of young adult and aged naive as well as young adult and aged Dereg mice
following MCAO was determined. Treg frequencies and CD39 expression on Tregs were also
determined in stroke patients at multiple time points after stroke and in age-matched healthy

controls.

Results

In a comparison of specific markers on the surface of Tregs indicating their suppressive capacity,
we found an increase of CD39 in the blood of naive Dereg mice with ageing. This could also be
confirmed in human healthy donors of different ages. Following experimental stroke we found a
decrease of CD39 on Tregs in the blood of aged mice indicating a reduction of Treg function in
aged mice after stroke. This reduction of CD39 on the surface of Tregs was also observed in
human stroke patients compared to healthy age-matched controls. Furthermore Treg
frequencies in human peripheral blood were reduced after stroke compared to age-matched

healthy controls.

Conclusion

In the context of stroke-induced immunosuppression and a prevention of autoimmunity against
the brain, Tregs might just play a minor role. They seem to be impaired in their suppressive
capacity after stroke as indicated by the reduced frequency of Tregs in stroke patients as well as
the reduction of CD39 expression on Tregs in the blood of human stroke patients as well as in

experimental stroke. Furthermore, our data on the CD39 expression on Tregs point out similar
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age-related differences in Treg activity in humans and mice. As other immune effector functions

might be affected by ageing as well, this should be considered in experimental stroke studies.

1.1.3 Translation of results from bench to bedside

Limited therapeutic options

Limited therapeutic options are a serious problem in ischemic stroke. So far there are only two
effective options for reperfusion of the occluded vessel in ischemic stroke. One therapeutic
approach is intravenous administration of the thrombolytic recombinant tissue plasminogen
activator (rtPA) within 3-4.5 hours after ischemic stroke onset. Patients who receive rtPA are
more likely to have minimal or no disability at 3 months (Gumbinger et al., 2014; Hacke et al.,
2008; NINDS, 1995). Due to the relatively short time window for administration and potential
contraindications, thrombolysis is only applicable in up to 5% of ischemic stroke patients
(Fonarow et al., 2011). The only other option are endovascular procedures with a slightly wider
timeframe of 8 hours (European Stroke Organisation Executive & Committee, 2008). While rtPA
and recanalization are interventions aiming at the restoration of blood supply to the brain, there
are no approved therapeutic interventions targeting the local inflammatory response in the
brain or the immune alterations in the periphery. A summary of clinical trials aiming at
immunomodulation in ischemic stroke has recently been reviewed by Veltkamp and Gill

(Veltkamp & Gill, 2016).

Stroke-induced immunosuppression (SIIS) and SAI are challenging problems in stroke care since
they increase post-stroke mortality and worsen the patient outcome (Emsley & Hopkins, 2008).
As detailed in chapter 1.1.2.2, already on admission to the hospital profound signs of a
suppressed immune system for example lymphopenia are apparent. Although in experimental
studies treatment with antibiotics in order to prevent SAl and improve outcome was successful,
translation from “bench to bedside” failed. In different studies (ESPIAS, PANTHERIS, STROKE-INF,
PASS) preventive antibiotic therapy in stroke did not improve the patients’ outcome (Chamorro

et al., 2005; Kalra et al., 2015; Klehmet et al., 2009; Westendorp et al., 2015).

Identification of predictive markers

In order to meet the challenges of effective stroke treatment and care, the search for

“biomarkers” that help to predict the risk of stroke, the clinical outcome of patients as well as
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the individual risk of post-stroke infection as early as possible are of great importance (Jickling &
Sharp, 2015). The identification of markers that classify patients at risk of infection or that
predict their clinical outcome could not only improve stroke care but also help to create new
approaches in experimental studies. Genetic variations of the individual patient could have an
impact on the extent of the local inflammatory response as well as peripheral immune

alterations.

Approach 4a & b: Can we identify SNPs in patients that serve as predictive markers for a

patients’ risk of infection and outcome?

Single base pair mutations, known as single nucleotide polymorphisms (SNPs) are the most
common genetic variation in the human genome. Non-synonymous SNPs result in a change of
the amino acid sequence of the corresponding protein. These changes in protein can affect
function (loss or gain) as well as interactions. The majority of SNPs have two alleles. Based on
the observed frequency one distinguishes between a “major” and a “minor” allele. An individual
can be homozygous for either the major or minor allele or be heterozygous (Crawford &

Nickerson, 2005).

Both IL-1 and TLR4 are part of the initiation of the endogenous inflammatory process due to the
primary brain damage as well as part of the first line of defense against bacteria when stroke-
associated infections actually occur. Interleukin-1 receptor antagonist (IL-1ra) binds
competitively to the IL-1 receptor (IL-1R) without inducing the downstream signaling and thus
inhibits IL-1 mediated pro-inflammatory effects. The ILIRN gene encodes for the IL-1ra protein.
Rafiq et al. reported that the minor allele at rs4251961 is associated with lower IL-1ra plasma
concentrations and increased IL-1B (Rafiq et al., 2007). For TLR4 it has been reported that the
TLR4 Asp299 allele in comparison to Gly299 is associated with increased TLR4 activation as well
as higher levels of inflammatory cytokines, acute-phase reactants & soluble adhesion molecules

and a higher risk of atherosclerosis (Steinhardt et al., 2010).

In the following studies we investigated the influence of an ILIRN SNP and two TLR4 SNPs on the

risk of infection after stroke and the patients’ outcome.
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Approach 4a: IL-1ra

As detailed in chapter 2.5 we investigated if a SNP in the ILIRN gene influences IL-1ra

concentrations and the risk of infection after stroke as well as the patients’ outcome.

Patients, Materials and Methods

113 stroke patients were included in the study. Plasma IL-1ra concentrations at multiple time
points and clinical outcome were determined at 1, 3, 6 and 12 months after stroke. Infection
status was documented during hospitalization. SNP genotyping of ILIRN rs4251961 was

performed.

Results

There is a rapid and sustained elevation of IL-1ra with the highest IL-1ra concentrations on day 7
after acute ischemic stroke. Patients with the most severe strokes had the highest levels of IL-
1lra and higher plasma IL-lra was associated with increased risk of infection other than
pneumonia. However in stroke patients the plasma IL-1ra concentrations were not influenced by
the ILIRN genotypes. The presence of the C allele was associated with a decreased risk of
infections other than pneumonia. Although the initial plasma IL1-ra was not predictive of good
long-term outcome carriers of the minor C allele were more likely to have a good long-term

outcome.

Conclusion

In contrast to previous reports, we did not detect differences in plasma IL-1ra between subjects
with different alleles of the rs4251961 SNP in this study. IL-1ra and the /ILIRN gene may
influence the risk of infection after stroke but for our data this seems to be limited to infections

other than pneumonia.

Approach 4b: TLR4

Similar to the ILIRN SNP study, as detailed in chapter 2.6, we investigated the effect of two TLR4

SNPs on neurological outcome, infection, and inflammatory markers like C-reactive protein (CRP)

in acute ischemic stroke. The two investigated SNPS are located in the coding region of the TLR4
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gene in exon 3 and result in amino acid changes. It has been shown that these SNPs change the

extracellular TLR4 domain and lead to hyporesponsiveness to LPS (Arbour et al., 2000).

Patients, Material and Methods

113 stroke patients were included in this study. Plasma samples were taken at multiple time
points after ischemic stroke, neurologic outcome was assessed at 1, 3, 6 and 12 months and
infection status was documented while the patients were hospitalized. In this study SNP
genotyping of two TLR4 SNPs (1063 A/G [Asp299Gly] and 1363 C/T [Thr399lle]) was performed
using two different SNP genotyping kits (rs4986790 and rs4986791). For SNP rs4986790 the G

allele is the minor allele and for SNP rs4986791 the T allele is the minor allele.

Results

At 3 months after stroke, the group of patients with either one or both of the TLR4 SNPs minor
alleles had significantly worse neurological outcomes in adjusted analyses. The patients carrying
one or both TLR4 minor alleles also exhibited transiently increased leukocyte counts and plasma
levels of CRP and IL-lra. Increased leukocyte counts and elevated plasma CRP were
independently associated with poor outcome after stroke. Associations of the TLR4 minor alleles

with IL-1ra, the leukocyte count and CRP persisted after adjusting for infection.

Conclusion

Certain functionally significant genetic variants in the TLR4 gene are associated with a worse
neurological outcome and alterations in systemic markers of inflammation following acute
ischemic stroke. Our finding that variant TLR4 SNPs are associated with transient increases in
both leukocyte count and CRP could explain the TLR4 SNP effect on outcome. Similar to TLR4,
SNPs in other genes related to the first line immune response might play a role in the individual’s

risk of post-stroke infection and the patient’s outcome.
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1.2 Discussion

Stroke induced immune alteration:
a viscious circle
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In this dissertation aspects of post-stroke CNS-immune interactions have been investigated to
gain a better understanding of stroke-induced immune alterations and thereby improve the
success in translation of results from bench to bedside. The inflammatory response to the
ischemic injury and the stroke-induced immunosuppression in the periphery are closely
interlinked. A fine balance is necessary when searching for new therapeutic approaches as
interventions aiming at one aspect of the post-stroke immune alterations might impact the

other as well with the danger of causing adverse effects on the patients’ outcome.

Passively released HMIGB1 mediates initiation of systemic inflammatory response [1]

HMGB1, released from dying brain tissue, links the central brain injury with a systemic
inflammatory response. In our study, HMGB1 was elevated following stroke but its levels were
not independently predictive of patient outcome. Plasma HMGB1 was better correlated with
leukocyte numbers than with infarct volume suggesting that circulating HMGB1 secreted by
leukocytes may overwhelm the release by injured brain tissue after stroke. Of note, there are
different isoforms of HMGB1- a fully reduced isoform in a hypoacetylated state indicating a
passive release from necrotic cells and a matured cytokine-inducing isoform. In a study by Liesz

and colleagues from 2015, they found that the HMGB1 isoform released early after stroke serves
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as a chemoattractant but at 24 hours after stroke the prevalent isoform in the serum of patients
was the cytokine-inducing isoform of HMGB1. Taken together, our study and the further
characterization of the isoforms by Liesz et al. show the importance of HMGB1 in initiating the
inflammatory response after stroke. In an experimental model of stroke, blockade of HMGB1
before stroke induction ameliorated the ischemic brain damage and RAGE-deficiency reduced
the infarct size (Muhammad et al., 2008). In another study blockade of HMGB1 prior to stroke
induction did not improve outcome but mice that were deficient in RAGE had a reduction in
splenic lymphocyte apoptosis and in the loss of circulating T cells after experimental stroke
(Liesz, Dalpke, et al., 2015). Two experimental stroke studies in rats showed a reduction of
infarct size, the inhibition of microglial activation and inflammatory mediators as well as an
increased clearance of serum HMGB1 with an anti-HMGB1 treatment (Liu et al., 2007; Zhang et
al.,, 2011). It was also suggested that the HMGB1-mediated ongoing inflammation leads to an
exhaustion of immune cells and thus contributes to the post-stroke immune dysfunction (Liesz,
Dalpke, et al.,, 2015). These observations show that even though a mediator acts in a
predominantly pro-inflammatory manner it could also have immunosuppressive effects
depending on the setting. Any immunomodulating therapeutic approach has to take adverse
effects into account as well. As HMGB1 is elevated for days, anti-HMGB1 treatment after stroke

could give some further insights on the role of HMGB1 in post-stroke inflammation.

Inflammatory priming of Th1 cells mediates worse outcome [2]

Once an inflammatory response to the ischemic damage is initiated, activation and infiltration of
immune cells occur and are likely to contribute to a secondary brain damage (ladecola &
Anrather, 2011). Experimental stroke studies with transgenic mice showed a detrimental effect
of T but not B lymphocytes. In stroke patients as well as in experimental stroke, it could be
shown that Th1 type immune responses to MBP are associated with worse outcome (K. J. Becker
et al., 2011). Our study for the first time showed a direct correlation between the robustness of
a Thl and Th17 response to MBP and the functional outcome of T cell transfer into animals with
stroke. This shows that inflammatory priming of infiltrating immune cells actually mediates the
outcome. Furthermore the fact that LPS, mimicking a Gram-negative infection, at the time point
of stroke skews the T cell response to a Th1l phenotype implicates the consequences of a post-
stroke infection. An actual infection with generation of IFN-y could increase the likelihood of a
Th1l dominated immune response and thus worsen the outcome. As mentioned before, in

different studies (ESPIAS, PANTHERIS, STROKE-INF, PASS) preventive antibiotic therapy in stroke
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did not improve the patients’ outcome (Chamorro et al., 2005; Kalra et al., 2015; Klehmet et al.,
2009; Westendorp et al.,, 2015). Once the inflammatory anti-infective immune response has
been initiated, elimination of the invasive pathogens by antibiotic treatment may come too late

to mitigate the adverse effects of inflammation on the brain.

In chapter 2.3 we could show that the priming of infiltrating lymphocytes influences the
outcome. Although autoreactive immune cells seem to worsen the outcome after stroke by
increasing the secondary damage there is no development of a general autoimmune disease
against the brain like in multiple sclerosis (MS). After stroke brain antigens are present in the
cerebrospinal fluid, the serum and lymphoid tissue (Jauch et al., 2006; Planas et al., 2012). An
explanation for this could be that in stroke an endogenous inflammation and the antigen leakage
due to the damaged blood brain barrier might trigger an autoimmune response but are just
temporary. Once the brain tissue damage and the blood brain barrier are repaired brain antigens
are shielded again. On the other hand, in MS a viral/exogenous trigger of the autoimmune
response is suspected. Viral antigens that are similar to brain antigens like myelin basic protein
(MBP) or myelin oligodendrocyte glycoprotein (MOG) are thought to start the immune
activation. Due to the antigen similarity between the viral antigens and the autoantigen they
might also attack MBP- or MOG-expressing brain cells. Although there is still no clear etiology for
MS, in this disease the antigen triggering the misguided (auto-)immune response might be
present in the periphery, for example as still discussed the Epstein-Barr-Virus or Human Herpes-
6-Virus (Broccolo, Fusetti, & Ceccherini-Nelli, 2013; Lucas et al., 2011). Whereas in stroke the
brain antigens only enter the circulation as long as the BBB is damaged and thus the
autoimmune response might only be temporary. This might explain why there is no
development of a CNS-directed autoimmune disease after an ischemic insult. Furthermore the
SIIS also contributes to the regulation of immune activation caused by the ischemic damage. Not
only is this the case in ischemic stroke but similar events can be observed in myocardial
infarction where there is a release of autoantigens following myocardial damage and an
endogenous inflammation (Hofmann et al.,, 2012). As we reviewed in chapter 2.7, there are
similar mechanisms of immunosuppression in acute ischemic stroke and acute myocardial

infarctions.
Tregs —role in SIIS? [3]

While the brain tissue necrosis causes a local and systemic endogenous inflammation, the CNS
dampens it via activating the HPA axis and the sympathetic nervous system in order to protect

itself from overwhelming inflammatory infiltration. The impact of Tregs, as a suppressive CD4 T
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cell subpopulation, in SIIS has been under investigation. The contradicting results of these
studies have been reviewed by Liesz et al. and Hu et al. (Liesz, Hu, Kleinschnitz, & Offner, 2015;
Xu, Li, & Jiang, 2013) and have shown how important publications of contradicting, neutral and
negative results are. In our study we could show that there is a significant reduction of Tregs in
the blood of stroke patients following stroke. Furthermore the frequency of suppressive active
Tregs (CD39 expressing Tregs) is reduced in the blood of stroke patients and aged mice following
MCAO. Thus it seems unlikely that Tregs play a major role in SIIS. They might still be a valuable
therapeutic target as Tregs also enter the brain following stroke (Stubbe et al., 2013). But also
boosting of Treg function or adoptive transfer of Tregs has led to inconclusive results in different
studies (Liesz, Hu, et al.,, 2015). Similar to studies by Ren and Stubbe, our unpublished
experimental results also show that Treg depletion has no influence on stroke volume or
outcome in young adult mice (Ren, Akiyoshi, Vandenbark, Hurn, & Offner, 2011; Stubbe et al.,
2013). There are several possible explanations of the contradicting results in the studies on the
role of regulatory T cells. As different models for experimental stroke induction (transient and
permanent), different Treg depletion strategies (conditional knock-out versus antibody-
mediated depletion) and different occlusion times were used, it might not be surprising that
there is no clear picture yet. Furthermore, it has been published that Tregs also exert non-

immunologic effects that might have an impact (Kleinschnitz, Kraft, & Dreykluft, 2013).

Similar to the role of regulatory T cells the effect of an anti-CD49d treatment is one example
among many of contradicting results in experimental stroke models yielded in individual
laboratories. The infiltration of leukocytes to the injured brain depends on molecules like the
very late antigen-4 (VLA-4). VLA-4 is an integrin heterodimer that consist of integrin a4 (CD49d)
and integrin B1 (CD29). This integrin heterodimer interacts with the vascular cell adhesion
molecule-1 (VCAM-1) for transmigration of the cells. Liesz et al. showed that treatment with
anti-CD49d antibodies improved the outcome in experimental stroke models without further
impairing the peripheral immune response (Liesz et al., 2011). In contrast to this, Langhauser et
al. later published that anti-CD49d treatment reduced T lymphocyte infiltration but did not
improve outcome (Langhauser et al., 2014). In 2009 Bath et al. suggested multicenter trials for
experimental stroke in order to improve translation from experimental stroke models into
clinical trials. This was done for the anti-CD49d treatment by 6 independent research centers in
a preclinical randomized controlled multicenter trial (pRCT) in Europe and published in 2015 by
Llovera et al. (Llovera et al., 2015). The pRCT on the effect of an anti-CD49d monoclonal
antibody treatment showed a reduction of leukocyte invasion and infarct volumes in models

inducing small cortical infarction but failed to show this effect in transient proximal MCAO
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inducing larger lesions. This showed that already the use of a different model of stroke induction
could lead to contradicting results. A similar pRCT approach could give some concluding insights

into the role of Tregs and might in general improve the translation from bench to bedside.

Consideration of age and risk factors in stroke models [3]

Furthermore there is also a need to refine experimental stroke models. Stroke risk factors and
stroke outcomes are heterogeneous. The majority of ischemic strokes occur in older humans
with a broad spectrum of comorbidities and risk factors. When modelling ischemic stroke, the
age equivalent in the animal model and risk factors like over-nutrition or atherosclerosis should
be taken into account as well. One important finding of our study on Tregs was that there is
evidence of similarities in immunosenescence of humans and mice. There was a similar increase
of CD39 expression on Tregs with age in healthy humans and naive mice. But in most
experimental stroke studies so far young mice are used for several reasons such as housing
limitations and higher costs of old animals. Another challenge when considering aged mice for
experimental studies is their higher mortality in various experimental disease models (Schitze et

al., 2014; Starr et al., 2014).

Identification of new predictors for improved targeting of therapeutic interventions [4a & b]

The failure to translate positive results with promising agents/compounds and therapeutic
approaches from experimental models to clinic studies has been a major problem of stroke
research over the past decades. One approach to overcome the translational roadblock might be
the mentioned pRCTs to improve the reliability of the pre-clinical studies. As we reviewed, there
is similar post-injury immunosuppression in stroke and myocardial infarction. Hence,
transferring interventions that have proved successful in acute diseases with shared disease
mechanism or settings of similar injury-related immune responses to stroke therapy may be a
promising approach. For example, tolerization with injury-specific (auto)antigens showed
beneficial effects in both stroke and myocardial infarct (Frenkel et al., 2009; Gee, Kalil, Thullbery,

& Becker, 2008; Hofmann & Frantz, 2015).

Moreover, the dose translation from the animal model to humans, also known as allometry, is a
very important issue. Several experimental studies with granulocyte colony stimulating factor

(G-CSF) showed neuroprotective and neuroregenerative effects in rodents but failed to meet
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primary and secondary end points in a clinical trial (Ringelstein et al., 2013). Moreover, the G-
CSF had immunologic side effects. In the clinical study a higher dose of G-CSF has led to more
pronounced immunomodulating effects of the treatment that might have overwhelmed the
CNS-directed effects. Probably this was due to a non-allometric dose translation as a

retranslation into a rodent model showed (Wagner et al., 2014).

Stroke patients are a very heterogeneous cohort, which limits the power of clinical studies.
Stratification of stroke patients would be very helpful for targeting specific interventions to
those patients most likely to benefit from them. Therefore, the scientific community is searching
for biomarkers and predictors of disease risk and/or outcome in stroke. To be able to identify
such predictors and biomarkers in stroke, studies in large cohorts are needed. The limitation of
our studies of SNPs is the relatively small sample size. It is possible that changes in IL-1ra
production induced by the acute stroke may have overwhelmed any potential effect of the IL-1ra
SNPs. Still, genetic studies like our SNP studies in much larger cohorts like the Study of Health in
Pomerania (SHIP) with 8000 participants to search for other predictive SNP markers would be of
great interest (Jurgens, Volzke, & Tost, 2014). Also, in such a large cohort a prospective approach
could give some insights on genetic risk factors predisposing for stroke occurrence or even
predicting SAl or outcome. Furthermore, in a much larger cohort subanalyses could be
interesting for example to predict not only the risk of infection but also the kind of infection or

to detect gender-related differences. That way stroke care could be much more directed.

SNPs affecting stress hormone expression or functionality of their receptors would also be of
great interest considering the stress hormone-induced immunosuppression after stroke and the
associated infections are an unsolved challenge in stroke treatment. For example, the catechol-
O-methyltransferase (COMT) metabolizing catecholaminergic neurotransmitters such as
norepinephrine, epinephrine and dopamine could be an interesting candidate. The A allele of
SNP rs165774 of the COMT gene is associated with a lower COMT activity (Meloto et al., 2015).
This means that stress hormones are metabolized more slowly in carriers of the minor A allele
compared with the major G allele. The dopamine-beta-hydroxylase (DBH) plays an essential role
in the catecholamine synthesis by converting dopamine to norepinephrine. The major C allele of
the common DBH C-970T variant is associated with an increased DBH plasma activity and
increased epinephrine excretion compared to the minor T allele (Chen et al., 2010). As a lot of
different mediators play a role in post-stroke immune alterations, there are many more SNP

candidates that would be of great interest.
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2 Publications

2.1 Overview and contributions

2.1.1 Overview

The studies presented in this dissertation aimed at the investigation of mediators that
participate in the local immune response as well as in peripheral immune alterations following
ischemic stroke.

In chapter 2.2 we focused on HMGB1 as a potential initiator of the inflammatory response in the
brain as well as a mediator of the ischemic damage into the periphery.

In chapter 2.3 we investigated whether the quality of the inflammatory response of infiltrating T
cells determines the outcome of stroke. Therefore we determined the response of donor
splenocytes to autoantigens prior to adoptive transfer in rats undergoing experimental stroke.

In chapter 2.4 we focused on peripheral immunosuppression and questioned whether Treg as an
immunosuppressive T cell subset are part of this immunosuppression.

In chapters 2.5 and 2.6 studies on single nucleotide polymorphisms are detailed to investigate
the influence of SNPs on stroke outcome and their predictive value for stroke.

In chapter 2.7 we reviewed the catecholamine- and steroid-induced changes of the immune
system in stroke and also made comparison to other acute diseases like traumatic brain injury or
myocardial infarction.

2.1.2 Contributions

1: Severe Stroke induces long-lasting alterations of high-mobility group box 1.

Schulze J, Zierath D, Tanzi P, Cain K, Shibata D, Dressel A, Becker K. Stroke. 2013 Jan; 44(1):246-
8. doi: 10.1161/STROKEAHA.112.676072. Epub 2012 Nov 29. PMID: 23204053

Schulze J: performed HMGB1 ELISAs, data evaluation, drafted manuscript; Zierath D: data
collection, critical revision of article; Tanzi P: data collection, critical revision of article; Cain K:
data collection, critical revision of article; Shibata D: data collection, critical revision of article;
Dressel A: critical revision of article; Becker K: conceived of the research, obtained funding,
designed study, drafted manuscript.
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2: The immunologic profile of adoptively transferred lymphocytes influences stroke outcome

of recipients.

Zierath D, Schulze J, Kunze A, Drogomiretskiy O, Nhan D, Jaspers B, Dressel A, Becker K. J
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O: data collection; Nhan D: data collection; Jaspers B: data collection ; Dressel A: critical revision
of article; Becker KJ: conceived of the research, obtained funding, designed study, drafted
manuscript.

3: Reduced numbers and impaired function of regulatory T cells in peripheral blood of
ischemic stroke patients
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5: Functional polymorphisms in toll-like receptor 4 are associated with worse outcome in

acute ischemic stroke patients.
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Severe Stroke Induces Long-Lasting Alterations
of High-Mobility Group Box 1

Juliane Schulze, BS; Dannielle Zierath, BS; Patricia Tanzi, BSN, RN, CCRC; Kevin Cain, PhD;
Dean Shibata, MD; Alexander Dressel, MD; Kyra Becker, MD

Background and Purpose—The signals that initiate the poststroke inflammatory response are unknown. High-mobility group
box (HMGB) 1 protein is a nuclear protein that is passively released from necrotic tissue and is able to activate leukocytes,
which in turn secrete HMGB1. HMGB1 is also able to activate antigen-presenting cells and therefore stands at the crossroads
of innate and adaptive immunity.

Methods—Plasma HMGB1 concentrations were determined at multiple time points after ischemic stroke (N=110) and correlated
to stroke severity and biomarkers of inflammation. The relationships between HMGBI, stroke outcome, and autoimmune
responses to brain antigens were also assessed.

Resulfs—Stroke resulted in an increase in HMGB]1 that persisted for 30 days. Plasma HMGB1 was correlated with the number
of circulating leukocytes but was not predictive of either stroke outcome or the development of autoimmune responses to brain
antigens. Patients with a Tul(+) response to myelin basic protein at 90 days after stroke, however, had higher plasma HMGB1.

Conclusions—HMGBI appears to be involved in the postischemic inflammatory response, but it remains unclear whether HMGB1
initiates this response or merely reflects activation of leukocytes by another signal. (Stroke. 2013;44:246-248.)

Key Words: alarmin m DAMP m HMGB1 m inflammation m monocytes m stroke

troke induces complex changes in the immune response,

leading to systemic inflammation as well as impaired host
defense.' Both the degree of inflammation and the degree of
host response impairment are related to stroke severity and
infarct volume.'?* The dysfunction in host defense is medi-
ated by the sympathetic nervous system; the signals that initi-
ate systemic inflammation are unknown.’

The poststroke systemic inflammatory response is not
directed in an antigen-specific fashion. Systemic infections
that activate the innate immune response, however, increase
the likelihood of Txl-type immune responses to brain antigens
in patients with stroke.” The link between infection and the
development of central nervous system autoimmunity may
be mediated by danger-associated molecular patterns, which
are derived from pathogens or released from host cells.® High-
mobility group box (HMGB) 1 is a ubiquitous nuclear pro-
tein released from necrotic cells and secreted by activated
leukocytes.” Once released, HMGB1 functions as a danger-
associated molecular pattern by activating antigen-presenting
cells through toll-like receptors, and the receptor for advanced
glycation end-products.®

Neutralizing HMGB1 improves outcome in experimental
stroke.®® The relationship between plasma HMGB1 and
clinical stroke outcome is unknown. In this study we investigate
whether plasma HMGB1 concentrations in patients (1) reflect

infarct size, (2) promote Tul(+) responses to brain antigens, or
(3) are predictive of stroke outcome.

Materials and Methods

Research Subjects

The patient population for this study is described elsewhere.” Patients
with acute ischemic stroke were enrolled as soon as possible after
stroke onset. Blood was drawn at 24 hours (£6 hours; N=38), 72
hours (12 hours; N=98), 7 days (x1 day; N=94), 30 days (5 days;
N=89), 90 days (x5 days; N=72), 180 days (5 days; N=70), and
365 days (+5 days; N=24) after stroke. The study was approved by
the Institutional Review Board. Patients or their surrogates provided
informed consent.

Clinical Data

Stroke severity was determined by the National Institutes of Health
Stroke Scale, and outcome by the modified Rankin Scale. Infarct vol-
ume on initial diffusion-weighted magnetic resonance imaging was
calculated by the ABC/2 method."

Laboratory Studies

Leukocyte counts and concentrations of C-reactive protein were
determined by hospital clinical laboratories. Additional plasma
was immediately frozen at —-80°, and HMGB1 concentrations
determined by enzyme-linked immunoassay (IBL International);
the sensitivity of the assay was 0.20 ng/mL. Isolated lym-
phocytes were isolated and frozen in liquid nitrogen until use.
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Figure. Changes in plasma high-mobility group box (HMGB) 1 and CRP over time after stroke. Both plasma HMGB1 (A) and
C-reactive protein (CRP) (B) are higher among patients with severe stroke; these differences persist for months after stroke onset.
Tertiles of stroke severity differ from each other at *P<0.05 or *P<0.01 level (Kruskal-Wallis H test).

Twul(+) responses to lymphocytes were determined, as described
elsewhere.’

Statistics

Descriptive data are presented as median and interquartile range;
group comparisons were performed using the Kruskal-Wallis H test
or the Mann—Whitney U test. Correlations are presented as either
Pearson r or Spearman p. Logistic regression was used to assess the
contribution of HMGBI1, C-reactive protein, and leukocyte subsets to
poor outcome (modified Rankin Scale >3) at 90 days after stroke, and
to the risk of developing a Tul(+) response to myelin basic protein
(MBP). Significance was set at P<0.05.

Results

A total of 114 patients were enrolled in the parent study; base-
line characteristics are described elsewhere.” Plasma HMGB1
was available for 110 of these patients, who are the subject
of this report. At day 3 after stroke, there were weak correla-
tions between HMGBI, infarct volume (#=0.217, P=0.024),
and stroke severity (p=0.230, P=0.015). Plasma HMGB1 and
CRP were highest in patients with severe strokes (National
Institutes of Health Stroke Scale >17), and remained elevated
for months (Figure).

Neither the number of leukocytes nor the plasma concen-
trations of HMGBI1 early after stroke were independently
predictive of stroke outcome at 90 days (Table 1). Higher con-
centrations of CRP early after stroke, however, were associated
with worse 90 day outcomes. The number of leukocytes was
highly correlated (independent of infarct volume) to plasma
HMGBI throughout the study period: r=0.415, P=0.415 at
day 1; ~=0.312, P=0.002 at day 3; »=0.0297, P=0.004 at week
1; 7=0.374, P<0.001 at month 1; =0.475, P<0.001 at month
3; and 7=0.539, P=0.010 at year 1. The relationship between
CRP and HMGB1 was more variable.

Among patients with a Tul(+) response to MBP at 90 days,’
plasma HMGB1 and CRP were also elevated at that time
point (Table 2). There was, however, no relationship between
HMGB1 concentrations early after stroke onset and the pro-
pensity to develop a Tul(+) response to MBP at 90 days.

Discussion
A systemic inflammatory response is common after stroke.
Alarmins like HMGB1 are candidate molecules that could ini-
tiate the innate immune response following tissue damage.!*2

Table 1. Predictive Value of Early (Day 3) Markers of Inflammation on Poor Outcome (mR$>3) at 90 Days After Stroke

Unadjusted Adjusted for NIHSS Adjusted for NIHSS and Age
90 days (N=102) OR {95% Cl) PValue OR (95% Cl) PValue OR (95% CI) PValue
Leukocytes (per thou/ul) 1.183 (1.047-1.336) 0.007 1.035 (0.884-1.212) NS 1.033 (0.879-1.213) NS
Neutrophils (per thou/ul) 1.367 (1.138-1.641) 0.001 1.120 (0.884-1.418) NS 1.133 (0.893-1.438) NS
Lymphocytes* (per thou/ul) 0.181 (0.052-0.638) 0.008 0518(0.132-2.031) NS 0575 (0.144-2.294) NS
Monacytes (per thou/ul) 4140 (5.481-312.8) <0.001 7490 (0.527-106.5) 0.137 6.832 (0.427-109.3) 0.174
HMGB1 (per ng) 0.998 (0.939-1.061) NS 0.960 (0.882-1.044) NS 0.974 (0.896-1.059) NS
CRP (per 10 mg/L) 1.311 (1.160-1.482) <0.001 1.166 (1.026-1.325) 0.019 1.197 (1.038-1.380) 0.013

Clindicates confidence interval; CRP, C-reactive protein; HMGB, high-mobility group box; mRS indicates modified Rankin Scale; NIHSS, National Institutes of
Health Stroke Scale; NS, not significant; OR, odds ratio; and thou/uL, thousand per L.
*All values represent the highest recorded value within the first 3 days except for lymphocytes, where the lowest recorded value was used.
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Table 2. Differences in Inflammatory Markers Between
Patients With a Th1(+) Response to MBP at 90 Days and Those
Without

Th1{+) Response to MBP

90 days Yes (N=19)
7.73(5.94,941) 694(5.39,799) 0111

No (N=47) P Value

Leukocytes (thou/pl)

Neutrophils (thou/ul) 444(3.36,651) 4.01(3.09,529 NS

(
Lymphooytes (thou/ul) 1.75(187,2.14) 1.73(133,2.14) NS
Monocytes (thou/L) 057(0.44,066) 050(0.41,066) NS
HMGBT (ng/mL) 570(251,8.11) 327 (2.12,449)  0.030
CRP (mg/l) 810(080,21.1) 190(0.60,392) 0,036

Tul(+) response to MBP is a response greater than that seen in 75% of the
control population.®

CRP indicates C-reactive protein; HMGB, high-mobility group box; MBP indi-
cates myelin basic protein; and NS, not significant.

Given that HMGB 1 isreleased from necrotic cells, we hypoth-
esized that HMGB1 concentrations would reflect the degree
of tissue injury. Similar to a previous study, however, plasma
HMGB1 was only weakly associated with infarct volume."
Activated leukocytes are also a source of HMGB,’ and the
robust association between HMGB1 and the leukocyte num-
bers suggest that immune cells might be the primary source of
plasma HMGB1 following stroke.

Given its ability to promote inflammation and activate
antigen-presenting cells through toll-like receptors and
advanced glycation end products, we expected that high
concentrations of plasma HMGBI1 early after stroke onset
would be predictive of poor outcome and predispose to
autoimmune responses to brain antigens, yet plasma HMGB1
was predictive of neither. The lack of an association between
HMGBI, infarct size, and autoimmune responses to brain
antigens suggests that HMGB1 is not the single factor
initiating inflammation or activating antigen-presenting cells
after stroke. At day 90 after stroke, however, those patients
with a Tul(+) response to MBP had increased plasma HMGB 1;
the source of this HMGB1 is unknown.

In summary, plasma HMGBI1 is elevated following
ischemic stroke; patients with severe stroke have higher
HMGBI, and these elevations last for months. The corre-
lation between plasma HMGB1 and leukocyte numbers is
more robust than that between plasma HMGB1 and infarct

volume, suggesting that plasma HMGB1 reflects secretion
by leukocytes. Finally, HMGBI1 did not predict stroke out-
come or development of autoimmune responses to MBP.
Further studies are needed to define the role of HMGBI1 in
poststroke inflammation.
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Animals that have myelin basic protein (MBP) specific lymphocytes with a Ta1{+) phenotype have worse stroke
outcome than those that do not. Whether these MBP specific cells contribute to worsened outcome or are merely
a consequence of worse outcome is unclear. In these experiments, lymphocytes were obtained from donor ani-
mals one month after stroke and transferred to naive recipient animals at the time of cerebral ischemia. The
MBP specific phenotype of donor cells was determined prior to transfer. Animals that received either MBP spe-

Igfﬁ(zm& cific TH1(+) or Tu17(+) cells experienced worse neurological outcome, and the degree of impairment correlated
Immune response with the robustness of MBP specific T1(+) and Ta17(+) responses. These data demonstrate that the immuno-
Tl logic phenotype of antigen specific lymphocytes influences stroke outcome.

TH17 © 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Following stroke there is a transient breakdown in the blood-brain
barrier (BBB) that allows cells of the immune system to gain access to
the brain (Jander et al., 1995). In addition, dying neurons and glia release
proteins into the systemic circulation allowing cells of the immune sys-
tem to come into contact with CNS specific proteins in the periphery
(Jauch et al., 2006). The possibility for developing an immune response
to brain antigens thus exists, and the nature of that response depends
upon the microenvironment at the site of antigen presentation. In ani-
mal models, we showed that TH1 type immune responses to antigens
such as myelin basic protein (MBP} were uncommon after stroke, but
that TH1 responses could be enhanced by an inflammatory insult
(systemic injection of lipopolysaccharide [LPS]) during the period of
BBB compromise (Becker et al,, 2005). In these experiments, a TH1(+)
response to MBP was associated with worse stroke outcome (Becker
et al., 2005; Gee et al., 2008, 2009). Whether the TH1 response to brain
antigens contributed to the poor outcome or was merely a marker of
poor outcome has not yet been adequately addressed. In the current
study, the influence of lymphocytes primed to MBP by stroke (and injec-
tion of LPS}) on stroke outcome was assessed by adoptive transfer of
these cells to naive animals. Lymphocytes were harvested from donor
animals one month after stroke and injected into recipient animals at

* Funding was provided by NINDS 5SROINS056457.
* Corresponding author at: Box 353775 HMC, 325 Sth Ave, Seattle, WA 98104-2499,
USA. Tel.: +1 206 744 3251; fax: +1 206 744 8787.
E-mail address: kjb@uw.edu (K. Becker).

0165-5728/$ - see front matter © 2013 Elsevier BV. All rights reserved.
http://dx.doi.org/10.1016/jjneuroim.2013.07.014

the time of middle cerebral artery occlusion (MCAQ). The immunologic
phenotype of the transferred cells (MBP specific TH1[+-] or TH17[+]}
was determined and their effect on the outcome of recipients assessed.

2. Methods
2.1. Animals

All protocols were approved by the Institutional Animal Care and
Use Committee (IACUC). Donor animals (male Lewis rats, 325-375 g,
Charles River) underwent 3 h middle MCAO and received either an in-
traperitoneal (IP) injection of lipopolysaccharide (LPS; 1 mg/kg) or nor-
mal saline (1 mL/kg) at the time of reperfusion. The prolonged period of
ischemia (3 h) and LPS was used to skew the immune response towards
MBP to that of a TH1{+ ) response (Becker et al, 2005). Sham-operated
animals underwent ligation of the common carotid artery without
MCAO and were similarly treated with either LPS or saline. Donor ani-
mals were sacrificed at 1 month after MCAO — the optimal time point
to detect the TH1 immune response to MBP based on our prior studies
(Becler et al.,, 2005). Recipient animals (male Lewis rats, 325-375 g,
Charles River) underwent MCAQO (2 h) and at the time of reperfusion
received an IP injection of splenocytes (1 x 10° cells in 1 mL normal
saline) from donor animals. Recipient animals received cells from only
1 donor animal and were sacrificed at 1 day, 3 days or 1 week after
MCAOQ (Fig. 1). Temperature was maintained at normothermia during
MCAQ, but animals were allowed to spontaneously thermoregulate
thereafter. A shorter period of ischemia (2 h} was used in recipient
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Fig. 1. Experimental protocol. Donor animals underwent 3 h of MCAD (or sham surgery) and received either LPS or saline at the time of reperfusion. Animals were sacrificed at 720 h
(1 month), splenocytes harvested and cells cultured with MBP for 48 h. A subset of cells was subjected to ELISPOT assay to determine the Tl and TH17 responses to MBP. Recipient an-
imals underwent 2 h MCAO and donor cells were injected into recipient animals at the time of reperfusion. Neurologic function was assessed at 24 h (1 day), 72 h (3 days) and 168 h
(1 week) after MCAO. Subsets of animals were sacrificed at each time point for histological analysis.

animals so that a detrimental effect of the adoptively transferred cells
could be detected.

2.2. Donor cell preparation

Spleens were removed from donor animals at the time of sacrifice and
processed into single cell suspensions. Cells (5 x 10%/mL) were cultured
in media supplemented with bovine MBP (2 ug/mL, Sigma Aldrich) for
48 h to expand the population of MBP reactive cells. Cells were washed
extensively prior to injection. Splenocytes from a subset of animals
were labeled with carboxy-fluorescein diacetate succinimidyl ester
(CFDA SE) according to manufacturer’s recommendations (Invitrogen)
to track their migration after transfer. One donor animal generally pro-
vided enough cells for transfer to up to two different recipient animals.

2.3. ELISPOT assays

At the time of sacrifice, ELISPOT assays were done on isolated donor
lymphocytes to detect the MBP specific secretion of IFN-v, IL-17 and
TGF-p1 (R&D Systems). Briefly, cells were cultured in media alone or
in media supplemented with human MBP (50 ug/mL, Sigma Aldrich)
for 48 h in 96 well plates (Multiscreen®-IP, Millipore). Plates were de-
veloped using standard protocols (R&D Systems). After plate develop-
ment, spots were counted with the aid of a semi-automated system
(Metamorph®) and expressed as the ratio of the relative increase in
the number of MBP specific IFN- to the relative increase in the number
of MBP specific TGF-1 secreting cells (TH1 response) or as the ratio of
the relative increase in the number of MBP specific IL-17 to the relative
increase in the number of MBP specific TGF-R1 secreting cells (TH17
response}.

TH1respense
_ number of IFN— spots with MBP -+ number of IFN— vy spots in media alene
"~ number of TGF—3 spots with MBP <+ number of TGF— spots in media alene

TH17response
_ number of IL—17 spats with MBP -+ number of IL—17spots in media alene
"~ number of TGF—R1 spots with MBP <+ number of TGF— 1 spots in media alene”

The ratios of the number of MBP specific IFN-y and IL-17 secreting
cells to that of MBP specific TGF-p1 secreting cells (Tu1 and TH17 re-
sponses, respectively) were used to better reflect the overall immuno-
logic phenotype of the adoptively transferred cells. The most robust
TH1 response seen in any naive/sham-operated animal was 1.16 and
the most robust TH17 response seen in any naive/sham-operated animal
was 1.15. Animals were thus considered to be TH1(+) or TH17(+) if
they had responses that exceeded these values (1.16 and 1.15,
respectively).

2.4. Behavioral outcomes

The neurological score of recipient animals was determined at 3 h,
1 day, 3 days and 1 week after MCAO (Bederson et al., 1986). Recipient
animals were trained on the rotarod for 5 sessions over 5 days prior to
MCAQ. After MCAOQ, rotarod performance was assessed at 1 day,
3 days and 1 week and expressed as a percent of pre-stroke baseline.
Performance of the foot fault test was also assessed at these time points
and the results expressed as a percentage of foot faults per total number
of steps taken (Lubics et al., 2005).

2.5. Histology

At the time of sacrifice, recipient animals were perfused with saline
followed by 4% paraformaldehyde. Brains were removed, post-fixed
in 4% paraformaldehyde, cryoprotected in 25% sucrose and frozen at
—80 °C until sectioning. Sections (20 um) were stained for IFN-y and
IL-17 (Abcam). Additional sections were stained for lymphocytes
using a (D3 antibody (Abcam) detected with a rhodamine tagged sec-
ondary antibody (Jackson labs); CFDA SE labeled lymphocytes were
identified with an anti-fluorescein antibody (Invitrogen} and detected
with a fluorescein tagged secondary antibody (Abcam). CD8 + cells
were detected using a mouse anti-rat CD8 antibody (Abcam). Cells
were counted in coronal brain sections correlating to bregma 2.70 mm
and —0.26 mm. The number of cells within 6 high power fields
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(100x) in each of the 8 different brain regions outlined in Fig. 3a was
determined.

2.6. Statistics

Non-parametric data are displayed as the mean and (interquartile
range [IQR]) and compared using the Mann-Whitney U test. Parametric
data are displayed as the mean and standard deviation (unless other-
wise indicated) and compared by t-test. Categorical data are compared
using the y’-test statistic. Correlations are performed using Pearson’s r
for parametric data and Spearman’s rho (p)} for non-parametric data.
Significance was set at P < 0.05.

3. Results

The absolute change in the numbers of cells secreting IFN-v, TGF-31
and IL-17 upon culture with MBP (in comparison to culture in media
alone) after stroke is depicted in Fig. 2. The fact that there was a de-
crease in the number of cells secreting cytokines after culture with
MBP in some animals suggests that MBP downregulated secretion of
those cytokines. The horizontal line in each panel represents the highest
value seen in sham-operated animals. Stroke was associated with an in-
crease in the proportion of animals that had an MBP dependent
upregulation in the secretion of IFN-y and IL-17. The effect of LPS ad-
ministration at stroke onset was notably associated with an increase
in the MBP specific IFN-y response (Fig. 2a).

To better reflect the immunologic status of this pool of splenocytes,
the ratio of the relative increase in the number of MBP specific cells se-
creting IFN-y to that of the relative increase in the number of MBP spe-
cific cells secreting TGF-31 was calculated (as a marker of the TH1
response) and the ratio of the relative increase in the number of MPB
specific cells secreting IL-17 to that of the relative increase in the num-
ber of MBP specific cells secreting TGF-31 was calculated (as a marker of
the TH17 response). The immunologic phenotype of donor cells, Tu1(+)
versus TH17(+), is displayed in Table 1. The proportion of animals witha
TH1(+ ) response was increased by the administration of LPS at the time
of MCAOQ, while TH17(+) responses were associated with MCAO alone.

Neither the stroke nor the LPS treatment status of the donor animals
affected the outcome of recipient animals (data not shown). Animals
that received TH17(+) cells at the time of MCAQ, however, had higher
temperatures in the post-stroke period and higher (worse} neurological
scores 1 week after MCAO (Table 2). Animals that received cells with

D
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Table 1
Tul and TH17 responses of donor animals based on treatment status.

Number of animals with Ta1(+) and TH17(+) responses

Naive/sham MCAD; LPS(—) P
TH1(+) 0/3 2/8 (25%) 0.11
Tal17(+) 0/9 5/8 (62%) <0.01

Naive/sham MCAO; LPS(+) P
Tal(+) 0/9 10/18 (56%) <0.01
TH17(+) /9 9/18 (50%) <0.01

MCAD; LPS(—) MCAO; LPS(+) P
THI(+) 2/8 (25%) 10/18 (56%) 0.15
TH17(+) 5/8 (62%) 9/18 (50%) >0.20

T1(+) indicates a Th1 response > 1.16, TH17(+) response indicates a Ta17(+) response
>1.15 as defined in the methods section. MCAO = middle cerebral artery occlusion,
LPS = lipopolysaccharide, LPS(+) = treated with LPS at the time of MCAO, LPS(—) =
treated with saline at the time of MCAO. Statistics are by x>

Bold indicates significant results (P < 0.05).

either a TH1(+) or TH17(+) phenotype also performed less well on
the rotarod after stroke (Table 2). To further test the relationship be-
tween the immunologic phenotype of the donor cells and their effect
of the outcome of recipient animals, the robustness of the TH1 and
TH17 response was correlated to each outcome measure. Table 3
shows that the more robust the TH1 and Tx17 response in donor cells
the worse the performance on the rotarod in recipient animals. Addi-
tionally, more robust TH17 responses to MBP were associated with
worse (higher) neurological scores in recipient animals.
Immunocytochemistry was done for IFN-y, IL-17, fluorescein (to iden-
tify CFDA SE labeled cells) and CD8 at the time of sacrifice (1, 3, or 7 days
after MCAO). Fig. 3 shows compares the number of these cells in the brain
based on the phenotype (Th1[+] or Th17[+]) of the cells. There were
more fluorescein™ cells in the infarcted hemisphere 1 day after MCAO
in animals receiving TH1(+ ) donor cells (Fig. 3d). Among animals receiv-
ing TH17(+) donor cells, there were more IFN-y ™ and more CD8™ cells in
the infarcted hemisphere 3 days after MCAO (Fig. 3f and 7). No fluorescein
labeled cells were found in the brains of sham-operated animals or in the
non-infarcted hemisphere in animals undergoing MCAQ. At 3 days after
MCAO/adoptive transfer, there was a strong correlation between the
number of fluorescein labeled cells and the number of IFN-y™ (r =0.76,
P =0001), IL-17" (r = 054, P = 0.04), and (D8" (r= 070, P=
0.007) cells. The correlation between the number of fluorescein labeled
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Fig. 2. Change in numbers of cells secreting IFN-y (a), TGF-B1 (b) and IL-17 (c) after culture with MBP (in comparison to culture in media alone). The Y-axis shows the increase or decrease
in cell number (per 100,000 cells) following culture with MBP and the X-axis shows the treatment of the donor animals. The horizontal line indicates the highest number of MBP specific
cells seen in sham-operated animals. The proportion of animals with stroke induced increases in MBP specific IFN-y and IL-17 responses (in comparison to highest number seen in sham-
operated animals) is displayed in panels a and c. LPS administration to donor animals was also assodated with an increase in the absolute numbers of MBP specific IFN-y secreting cells
(a; P = 0.03 by ANOVA). Stroke (with or without LPS administration) did not result in a significant change in the number of MBP specific TGF-R1 secreting cells (b). * indicates that the
treatment groups differ by P < 0.05 (°).
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Table 2
Differences in neurological outcomes of recipient animals based on the phenotype of donor cells.

Donor status: Thl(+) TH1(—) P TH17(+) Tal7(—) i

Temperature

Baseline 36.3 (36.1, 36.6) 36.4(36.1,36.6) =020 364 (36.0,366) 364 (36.1,366) >0.20
N=18 N=25 N =21 N=22

3h 384 (382 35.0) 38.8(384,36.2) =020 390 (384,39.3) 385 (38.1,39.0) 0.09
N=18 N=25 N=21 N=22

1day 38.0(37.8,38.3) 38.0(37.6,38.5) >020 382(38.0,385) 37.7(37.2,381) <0.01
N=18 N=25 N=21 N =22

3 days 37.7(374, 37.8) 37.6(37.3,37.7) >020 37.7 (37.5,37.9) 37.4(37.2,37.7) 0.03
N=12 N =17 N=14 N=15

1 week 37.3(37.0,37.7) 37.6(37.1,37.7) >020 37.2 (36.7,376) 376 (37.1,37.7) >0.20
N= N=8 N=6 N=7

Neuroscore

Baseline - - - - - -

3h 3(23) 3(2,3) >020 3(2,3) 3(2.3) 0.16
N=18 N=25 N=21 N=22

1 day 3(3,4) 3(3,4) >020 3(3,4) 3(2,4) >0.20
N=18 N=25 N=21 N=22

3 days 3(23) 3(2,3) =020 3(2,3) 3(2.3) >0.20
N=12 N=17 N=14 N=15

1 week 2272) 2(0,3) >020 2(2,3) 2(0,2) <0.05
N=5 N=8 N=6 N=7

Foot fault (% of total steps)

Baseline 0(0,2) 0(0,1) >020 0(0,2) 0(0,0) 0.17
N=18 N=25 N=21 N=22

3h - - - - - -

1 day 87 (73, 96) 80 (58, 90) 0.14 88(72,94) 80 (55-89) 0.15
N=18 N=25 N=21 N=22

3 days 86 (61, 96) 71 (46, 85) 0.08 82 (62,54) 71 (44, 84) 0.05
N=12 N=17 N=14 N=15

1 week 25 (18, 48) 32(11,51) =020 31(19,45) 25(10,53) >0.20
N=5 N=38 N=6 N=7

Rotarod performance (% of baseline)

Baseline = - - = =

3h - - - - -

1day 5.7 (59,15.1) 10.8 (7.2,60.7) 0.18 103 (5.9,214) 98 (69,787) >0.20
N=18 N=25 N=21 N=22

3 days 58(5.0,7.6) 6.6 (5.9,80.0) 0.18 56 (48, 7.0) 10.0 (6.0, 100) 0.01
N=12 N=17 N=14 N=15

1 week 65 (6.0,48.8) 23.6 (11.0,100) 0.04 75 (60, 35.9) 27.9 (86, 100) 0.04
N=5 N=8 N=6 N=7

TH1(+) represents a value greater than sham-operated (>1.16), TH17(+ ) represents a value greater than all sham-operated animals (>1.15). Statistics are by Mann-Whitney U test.

cells and the number of (D8 cells persisted to 7 days (r = 0.64, P =
0.04). Fig. 4 shows the infiltration of donor (fluorescein™) cells 1 day
after MCAO in recipients of MBP spedific TH1(+) cells.

4. Discussion

There is increasing evidence that lymphocytes contribute to ische-
mic brain injury (ladecola and Anrather, 2011). There is also ample
evidence demonstrating the occurrence of autoimmune responses to

Table 3
Correlation between the robustness of the Tl and Th17 responses of donor cells and the
neurological outcome of recipients.

Correlations 1 day 3 days 1 week
THl THl7 THl Th17 Tal THl7
Temperature® —022 015 0.07 013 —0.18 —032

0.12 >0.20 =020 =0.20 >0.20 =020
Neurological score® —002 —001 0.17 042 0.23 0.51
>0.20 >0.20 =020 0.01 >0.20

P =005
Foot fault test® 0.12 0.15 0.30 033 0.04 0.28
=020 =020 0.09 0.06 >0.20 =020
Rotarod® —010 —007 —036 —032 —065 —052

=020 =020 0.04 007 <0.01 <0.05

? Pearson'sr.
® Spearman’s rho.

brain antigens after stroke, but the pathologic consequences of these re-
sponses are unknown (Rocklin et al,, 1971; Youngchaiyud et al., 1974;
Kallen et al,, 1977; Wang et al, 1992). We previously showed that a
TH1 type immune response to MBP is associated with worse outcome
in experimental models of stroke (Becker et al, 2005; Gee et al., 2008;
Gee et al, 2009) and that TH1 responses to MBP are associated with
worse clinical outcome in a cohort of stroke patients 3 months after
stroke onset (Becker et al, 2011). The association of the TH1 response
to MBP and worse outcome, however, does not prove that the lympho-
cytes with the TH1 phenotype mediate the worse outcome. The purpose
of this study was to more definitively address the role of MBP specific
lymphocytes in modulating outcome from stroke. The contribution of
MBP specific lymphocytes was evaluated by adoptive transfer into re-
cipient animals. For clinical relevance, the donor lymphocytes were
generated in animals undergoing severe stroke (3 h MCAO) and skewed
towards a TH1(+) response by the administration of LPS. Animals that
received donor cells with either an MBP specific TH1(+) or TH17(+)
phenotype at the time of stroke experienced worse clinical outcome
than animals that received donor cells without a TH1(+) or TH17(+}
phenotype. Further, there was a direct correlation between the robust-
ness of both the TH1 and TH17 responses to MBP and functional outcome
at multiple time points after stroke. These observations suggest that
adoptively transferred cells mediate the worsened outcome.

Most animals undergoing MCAO do not develop a TH1(+) response
to MBP (Becker et al., 2005). Systemic administration of LPS, however,
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Fig. 3. The numbers of cells staining for IFN-y, IL-17, fluorescein and CD8 were determined in 4 regions within the infarcted hemisphere and in 4 regions within the non-infarcted hemi-
sphere in two different coronal brain sections (a). Cells were counted in 6 adjacent high power fields (100> ) within each of the 4 brain regions in the infarcted and non-infarcted hemi-
spheres. The graphs show the total cell counts for regions 1 through 4 in both coronal sections (as there were virtually no identifiable cells in non-infarcted hemisphere). Animals receiving
cells from a TH1(+) donor had more CFDA SE positive (or fluorescein ) cells in the infarcted hemisphere at day 1 after MCAO (d), but there were no differences in the number of [FN-y*
(b), IL-17% () or CD8™ (d) cells. Animals receiving cells from a Th17(+) donor had more IFN-y" and CD8™ cells at day 3 after MCAO (fand i). Data are presented as the mean and SEM.

*P < 0.05and *'F < 0.01 by t-test.

skews the immune response towards that of a TH1(+) response in ani-
mals undergoing severe stroke (3 h MCAO) (Becker et al,, 2005). In ac-
cord with our prior studies, we observed an increase in the TH1 response
to MBP among animals treated with LPS. LPS, however, did not appear
to increase the MBP specific TH17 response after stroke. The requisites
for generation of TH1 and TH17 cells differ; the former is dependent on
IFN-y in the environment of antigen presentation and the latter upon
the presence of both TGF-R1 and IL-6 (Zhou et al., 2009). Few studies
address stroke induced changes in plasma IFN-y, and those that do
show no appreciable changes (Urra et al, 2009) or even a decrease
in IFN-y (Vogelgesang et al,, 2010} in the days after stroke. Further,
IFN-y does not appear to be reliably upregulated in the ischemic brain
(Lambertsen et al., 2004). LPS, however, is known to induce the produc-
tion of IFN-y (Pulendran et al., 2001). Infections, especially those caused
by Gram-negative organisms, are associated with an increase IFN-y
(Kohler et al., 1993; Lainee et al., 2005; Paats et al, 2013). These data
argue that the usual scenario after stroke would not favor the develop-
ment of TH1 responses, but that post-stroke infection (with generation
of IFN-y) could increase this likelihood. Unlike IFN-v, both IL-6 and
TGF-p1 are known to be markedly upregulated following ischemic
stroke. Systemic IL-6 increases within hours after stroke onset
(Beamer et al, 1995; Waje-Andreassen et al., 2005). There is also

rapid upregulation of IL-6 and TGF-p1 expression in ischemic brain
(Krupinski et al., 1996; Suzuki et al., 1999; Legos et al., 2000; Ali et al,,
2001). The cytokines necessary for the development of a TH17 response
are thus usually present after stroke. These observations might explain
why LPS was needed to provoke the development of TH1(4-) responses
while stroke itself was associated with a TH17(+) response in at least
50% of animals.

In the animal model used in our experiments, LPS is used as a proxy
for systemic infection. Infections, especially pneumonia and urinary
tract infections, are very common following stroke (Westendorp et al.,
2011). As might be expected, patients who develop infection are more
likely to develop TH1 responses to MBP, and these TH1 responses are as-
sociated with worse clinical outcome (Becker etal., 2011). We have not
previously evaluated the association between MBP specific TH17 re-
sponses and stroke outcome. The current study, however, suggests
that both MBP specific TH1 and TH17 immune responses may not only
be associated with worse stroke outcome, but may mediate this worse
outcome. Importantly, the absolute number of MBP specific cells secret-
ing IFN-y and IL-17 in this study is similar to that seen for PLP in models
of EAE (Targoni et al,, 2001). Further, the numbers of MBP specific cells
are similar to those seen in the circulation of patients with multiple scle-
rosis (Jansson et al., 2003).
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Fig.4. Immunocytochemistry for CFDA SE (fluorescein) (a), CD3 (b), and both (c) at 20x. The donor cells for this animal were TH1(+) but not TH17(+); the recipient animal was sacrificed
1 day after MCAO. The arrow in panel a shows a fluorescein™ cell that is not CD3*, and the arrows in panel b show CD3* cells that are not fluorescein*. Paneld shows fluorescein™ (donor)
cells in a different animal that received MBP specific Th1(+) but not TH17(+) cells and was sacrificed 1 day after MCAO.

CFDA SE(+) or fluorescein™ cells were found in the infarcted hemi-
spheres of recipient animals, demonstrating that these cells traffic into
ischemic brain; the infiltration of these fluorescein™ cells was most ro-
bustat1 day after MCAO in animals receiving TH1(+} cells. Interesting-
ly, there were more IFN-y™ (not IL-177") cells in the brains of animals
receiving TH17(+) donor cells at day 3 after MCAO, but there appears
to be a population of TH17(+) cells that also secrete IFN-y (Suryani
and Sutton, 2007; Murphy et al,, 2010). We did not see a significant dif-
ference in the number of IFN-y* or IL-17" cells among animals receiv-
ing TH1(+) or TH17(+) donor cells at other time points. More CD8 "
cells were seen among recipients of TH17(4) cells 3 days after MCAO,
suggesting these animals experienced a more robust inflammatory re-
sponse, which may help to explain the worse functional outcome in
recipients of TH17(4) cells. To better address the relative numbers of
IFN-y*,IL-177, fluorescein™ and CD8 ™ cells, flow cytometry with intra-
cellular cytokine staining of lymphocytes isolated from the ischemic
brain could be done in future studies. In addition, these studies might
address the contribution of inflammatory cells other than lymphocytes
to the (NS inflammatory response in animals receiving MBP specific
TH1(+) and TH17(+} cells.

In concert, our data argue strongly that lymphocytes are able to
modulate outcome from stroke and that the phenotype of the lympho-
cytes is important in determining the nature of this modulation. MBP
specific TH1(+) and TH17(+) cells both worsen outcome from stroke
while MBP specific cells with a TRec phenotype improve outcome
from stroke (Becker et al,, 2003). Whether Ta1(+) and Ta17(+) cells
differentially effect outcome was not directly evaluated in this study,
but in animal models of experimental autoimmune encephalomyelitis
(EAE), Ta17 type cells are inducing more severe disease than TH1 type
cells (Jager et al., 2009). After stroke, endogenously developing immune
responses towards brain antigens may thus be either detrimental (TH1,
TH17) or beneficial (Trec). This observation suggests that manipulation
of the post-ischemic immune response is thus a potential therapeutic
strategy for the treatment of stroke.
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Background and Purpose. Regulatory T cells (Tregs) have been suggested to modulate stroke-induced immune responses. However,
analyses of Tregs in patients and in experimental stroke have yielded contradictory findings. We performed the current study to
assess the regulation and function of Tregs in peripheral blood of stroke patients. Age dependent expression of CD39 on Tregs was
quantified in mice and men. Methods. Total FoxP3" Tregs and CD39"FoxP3" Tregs were quantified by flow cytometry in controls
and stroke patients on admission and on days 1, 3, 5, and 7 thereafter. Treg function was assessed by quantifying the inhibition of
activation-induced expression of CD69 and CD154 on T effector cells (Teffs). Resuis. Total Tregs accounted for 5.0% of CD4" T
cells in controls and <2.8% in stroke patients on admission. They remained below control values until day 7. CD39™ Tregs were most
strongly reduced in stroke patients. On day 3 the Treg-mediated inhibition of CD154 upregulation on CD4" Teff was impaired in
stroke patients. CD39 expression on Treg increased with age in peripheral blood of mice and men. Conclusion. We demonstrate
a loss of active FoxP3"CD39" Tregs from stroke patient’s peripheral blood. The suppressive Treg function of remaining Tregs is

impaired after stroke.

1. Introduction

Ischemic stroke-induced immune alterations (SI[A) are
thought to affect the outcome of stroke patients, in part by
enhancing their susceptibility to bacterial infection. This has
been shown in experimental stroke models and in patients
[1-3]. The alterations in the immune system are thought to
be mediated by rapid activation of the autonomic nervous
system and the hypothalamic-pituitary-adrenal (HPA) axis.
In stroke patients, plasma levels of stress hormones correlate
with the extent of immune alterations [4, 5].

In addition to the systemic immune-suppressive alter-
ations observed in the peripheral blood, a local inflammatory
immune response also develops. Within 24 h, leukocytes
accumulate in the ischemic brain region [6, 7]. Recent

observations suggest that lymphocytes but not granulocytes
can trespass the blood brain barrierand infiltrate the ischemic
lesionand the penumbra [8-10]. To date, the mechanisms that
regulate this local inflammatory response and the role of the
leukocyte subtypes involved are only partially understood.
In experimental stroke models, T cells sensitized to CNS
antigens have been transferred into mice lacking B and T
cells. These autoreactive T cells were found in the stroke
lesion, and their transfer enhanced the severity of stroke [11].
Furthermore, immunological tolerization of T cells to CNS
autoantigens has beneficial effects on experimental stroke
outcome [12]. Together, these data suggest that local inflam-
mation following stroke has some autoimmune properties.
Regulatory T cells (Tregs) are modulators of adaptive
immune responses and play an important role in maintaining
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tolerance to self-antigens. Depletion of murine CD25"CD4"
Tregs or abrogation of their function exacerbates various
autoimmune diseases, including autoimmune gastritis, thy-
roiditis, and type 1 diabetes [13]. Thus, it has been hypothe-
sized that, in stroke, Tregs may dampen the immunological
cascades that result in secondary brain damage, which is
not directly caused by ischemia. This concept is supported
by the findings of Liesz et al, who used antibody-mediated
depletion of CD25" cells to eliminate Tregs and reported
worse outcome in an experimental stroke model [14]. In
contrast, Kleinschnitz et al. have reported that depleting
FoxP3" Tregs with an inducible diphtheria toxin receptor
construct under the control of the FoxP3 promoter decreased
brain damage [15]. Additional conflicting data have been
reported, wherein Treg depletion using a similar mouse
model in a different experimental stroke model did not alter
the infarct volume within the initial 4 days after stroke [16].
More recently, controversial data continue to be reported
from experimental stroke models. Boosting Treg function
with a superagonistic anti-CD28 antibody (CD28SA) 3 h after
middle cerebral artery occlusion (MCAQO) reduced brain
damage and improved outcome, while pretreatment with
the same CD28SA antibody worsened clinical outcome and
treatment immediately after MCAO had no effect on the
ischemic brain volume in another study [17, 18]. In humans,
“Treg enumeration and function in peripheral blood have also
yielded contradictory results. While Hug et al. were unable
to detect changes in Treg function in patients with ischemic
stroke [5], Yan et al. reported impaired function, but an
increased percentage of Tregs [19].

In part, these contradictory findings could result from the
fact that even FoxP3" Tregs are not a homogenous popula-
tion; instead, they can be divided into several subgroups that
differ in function and can be distinguished by surface antigen
expression [20]. CD45RA is expressed on naive FoxP3" cells.
Even in adulthood, some naive FoxP3" cells can be found
in the circulation. Upon antigen stimulation, CD45RA"
Tregs lose their CD45RA expression, start to proliferate,
and differentiate to a more-suppressive Treg phenotype [13,
20]. CD39 is a rate-limiting ectonucleotidase that cleaves
the proinflammatory extracellular adenosine triphosphate
(ATP) [21, 22] to inhibitory and antiproliferative adenosine
monophosphate [23]. Indeed, expression of CD39 has been
shown to identify functionally active, suppressive Tregs in
rodents and humans [24].

We performed the current study to determine the regula-
tion of Treg subsets and Treg function in the peripheral blood
of human stroke patients.

2. Methods
2.1. Human Studies

2.1.1. Patients and Controls. Patients (age: >18y) with acute
middle cerebral artery infarction were eligible for the study
within 12h of disease onset. They were recruited at the
Department of Neurology of the University Medicine Greif-
swald if their National Institutes of Health Stroke Scale
(NIHSS) score was >6, they had no signs of infection
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on admission, and their plasma levels of C-reactive pro-
tein (CRP) were <50mg/L and of procalcitonin (PCT)
<0.5ng/mL. Patients were excluded if they took immune-
suppressive drugs, suffered from known malignancies, or had
an NIHSS score of <6. Treatment complied with best medical
care standards and took place in a dedicated stroke unit.
Recombinant tissue plasminogen activator administration
and thrombectomy took place as clinically indicated. Control
subjects were either healthy or recruited from the Oph-
thalmology Clinics at the University Medicine Greifswald.
Control subjects were of similar age and had no known
neurological or immunological disorders and fulfilled the
same criteria for CRP and PCT as stroke patients. Patient and
control characteristics are listed in Table 1(a). In addition a
cohort of 32 younger healthy controls (age 21-79 years) was
recruited to analyze age dependency of CD39 expression on
Treg.

Patients were allocated into the stroke associated infec-
tion (SAI+) cohort if they had developed (a) clinical signs
of infection (pneumonia, urinary tract infections, and fever
of unknown origin); (b) serum concentrations of CRP
>50mg/L; and (c) PCT serum concentrations >0.5 ng/mL.
Only patients that matched none of the criteria throughout
the whole study period were considered free of infection
(SAI-). Patients who fulfilled some criteria but not all were
excluded from the comparison of stroke patients with and
without SAI These criteria were designed to identify two
distinct populations of patients as published previously [3].
Details on SAT+ and SAI- patients are given in Table 1(b).

2.1.2. Ethics Statement. 'The study protocol was approved by
the ethics committee of the Medical Faculty, University of
Greifswald (No. III UV 30/01). All patients gave written
informed consent directly or through a surrogate where
appropriate.

2.1.3. CT Imaging. Routine cerebral CT images (sequen-
tial ¢CT native, 45mm slice thickness, and supra- and
infratentorial; mAs = 50; kV = 120) were acquired on a 16-
row multislice CT scanner (Somatom 16; Siemens Medical
Systems, Erlangen, Germany). To calculate lesion size, images
were analyzed with OSIRIX 5.6. Regions of interest were
defined manually, and the lesion volume was calculated
semiautomatically.

2.1.4. Blood Sampling. Blood samples were obtained imme-
diately upon admission and then between 6:00 a.m. and 8:00
am. on days 1, 3, 5, and 7. Investigators were not blinded for
control and stroke patient samples, but they were unaware of
stroke severity.

2.1.5. Phenotyping of Human Tregs. Aliquots of 200 uL of
whole blood, anticoagulated with ethylenediaminetetraacetic
acid (EDTA), were incubated with appropriate combinations
of fluorescence-conjugated monoclonal antibodies to stain
surface molecules. After lysing of erythrocytes (Buffer A;
Human FoxP3 Buffer Set, BD Biosciences, Heidelberg, Ger-
many), cells were washed twice and prepared for intracellular
staining without further stimulation. After 30 min incubation
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TaBLE 1: (a) Subjects characteristics, Treg phenotyping. (b) Participants characteristics of patients (SAl+) suffering from an infection and

patients (SAI-) who remained uninfected after stroke.

Total Age' NIHSS*  Lesion volume (mm?)° LoFalization of  Thrombolysis/  \p1o Remale
number infarction thrombectomy
i %6 5(1-88)  NA NA NA NA 2 owu
subjects
Stroke 45 MCA
77 (55-9; - 71,5 (4,99-10. 6
patients £ i s i 3 MCA + anterior 17 ! 32
Total Age' NIHSS'  Lesion volume (mm?)* Localization of  Thrombolysis/ \jo  Female
number infarction thrombectomy
Noninfected % 3 L1655 15 MCA
cohort (SAI-) 15 77 (62-93)  8(6-23) 44,05 (4,99-1022 I MCA + antetior 4 5 10
Infected
cohort 7 74 (55-87) 175(13-19) 174,24 (18,52-318,27) 7 MCA 2 4 3
(SAL+)

TMean (range); *median (range); “median (range); NA: not applicable; MCA: middle cerebral artery; SAL stroke associated infection.

with anti-FoxP3-antibodies coupled with Alexa Fluor 647
(BioLegend, San Diego, CA, USA) and an additional washing
step, cells were measured ona BD Canto IT or BD LSR II flow
cytometer (BD Biosciences, San Jose, CA, USA).

The monoclonal antibodies used to determine expression
of cell surface molecules were CD25-PE-Cy7, CD49d-FITC,
and CD4-V500 (BD Biosciences, Heidelberg, Germany) and
CD45RA-PerCP-Cy5.5and CD39-PE (BioLegend, San Diego,
CA, USA). Isotype control antibodies coupled to PE, PerCP-
Cy5.5, and Alexa Fluor 647 were from BioLegend and
those coupled to FITC, PE-Cy7 and V500 were from BD
Biosciences.

For each stroke patient or control sample six appropriate
fluorescence minus one (FMQ) controls were prepared to
identify positive events by flow cytometry. To account for
any nonspecific binding of the epitope-specific antibody the
appropriate isotype control was added to each FMO control.

Tregs were quantified as CD4'CD49d FoxP3" cells.
Human proinflammatory effector cells can be transiently
FoxP3" but bear CD49d. Therefore, CD49" cells were
excluded from the FoxP3" population [27]. Within this pop-
ulation of Tregs, expression of CD45RA was used to identify
naive Tregs, while CD39 surface expression was used to detect
activated Tregs. There were no CD39" CD45RA™ cells; how-
ever, there was a consistent population of CD39" CD45RA™
Tregs. Flow cytometry results were evaluated by FlowJo
software 7.6.5 (Tree Star Inc., Ashland, OR, USA).

2.1.6. Isolation of Human Tregs. 'Tregs were isolated with the
CD4* CD25* " CD1277/4™ Regulatory T Cell Isolation Kit 11
(human) (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many) according to the manufacturer’s instructions. In brief,
peripheral blood mononuclear cells (PBMCs) were isolated
with a Ficoll gradient (Biochrom AG, Berlin, Germany). The
CD4'CD25"CD127" T Cell Biotin-Antibody Cocktail II was
used to negatively enrich for CD4*CD127" cells followed by
a positive selection of CD25" cells.

To assess the purity of these CD4" CD25 ighcpi27~/dim
cells, samples and PBMCs were tested by flow cytometry.
Hence, cells were incubated with the appropriate amount of
extracellular antibody and prepared for intracellular staining
with FoxP3-Alexa Fluor 647 (BioLegend) using the Human
FoxP3 Buffer Set (BD Biosciences). For extracellular stain-
ing, CD25-PE-Cy7 CD4-FITC (both BD Biosciences), and
CD127-Pacific Blue (BioLegend) were used. In all experi-
ments, the purity of CD4' CD25" M CD127 /M EoxP3* cells
was 295%.

2.1.7. Suppression Assay. Once the Tregs were isolated,
they were incubated with 100000/well PBMCs in dif-
ferent ratios (Treg:PBMC: 1:1, 1:2, and 1:4) in a flat-
bottomed plate. In accordance with the instructions of the
BD Fastimmune Human Regulatory T Cell Function Kit
(BD Biosciences), cells were activated with an appropriate
amount of CD3/CD28 beads (Dynabeads Human T Activator
CD3/CD28; Invitrogen, Carlsbad, CA, USA) and incubated
with CD154-APC antibodies. After 7 h of incubation at 37°C
and 5-7% CO,, cells were additionally stained with CD69-
PE-Cy7, CD4-FITC, CD25-PE, and CD3-PerCP-Cy5.5 (BD
Fastimmune Human Regulatory T Cell Function Kit; BD
Biosciences). Hence, CD25 served to discriminate Tregs
from Teffs in this assay, since the molecule is constitutively
expressed on the former but not yet induced within the 7 h
activation period in the latter.

Samples were measured by flow cytometry on a BD
LSR II (BD Biosciences) in accordance with the company’s
advice. T cell activation was evaluated on two T effector
cell (Teff) populations, on CD25"CD3"CD4" T helper cells
and on CD257CD3"CD4™ cells, which are mainly CD8"
T cells and are therefore referred to as cytotoxic T cells
within this paper. The suppressive capacity of the added
CD4* CD25* M8 CD1277/4™ Tregs was determined as inhibi-
tion of CD69 and CD154 expression on the Teff populations.
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2.2. Animal Studies

2.21. Animals. All animal experiments were approved by
the local government authorities (Landesamt fiir Land-
wirtschaft, Lebensmittelsicherheit und Fischerei (LALLF),
Mecklenburg-Vorpommern). DEREG (Depletion of regula-
tory T cells) mice were bred in our animal facility (Zen-
trale Service- und Forschungseinrichtung fiir Versuchstiere
(ZSFV), Greifswald). DEREG mice carry a DTR-eGFP (DTR:
diphtheria toxin receptor, GFP: green fluorescent protein)
transgene under the control of an additional FoxP3 pro-
moter allowing Treg depletion by low dose diphtheria toxin
injection [25]. Here, we only took advantage of the eGFP
expression of Treg for the identification of the subset and did
not deplete Treg cells.

2.2.2. Ischemia Model. Male undepleted DEREG mice of
different ages (8-46 weeks) underwent left MCAO using the
filament model. Anesthesia was induced at 2.5% isoflurane
with 70% N,0/30%0, and maintained at 2% isoflurane
with 70% N,0/30%0, during surgery. Body temperature
was measured with a rectal probe and maintained using
a feedback-controlled heating pad for a body temperature
of 37°C + 0.5°C. Briefly, the common carotid artery and
the external carotid artery were dissected and ligated. A
silicon-coated filament (Doccol Corporation, MA, USA) was
introduced into the common carotid artery and advanced
into the internal carotid artery until the origin of the middle
cerebral artery. The surgery time for ischemia induction did
not exceed 15 minutes. The filament was withdrawn after
45min occlusion time. Body weight and body temperature
were measured according to protocol.

2.2.3. Mouse MRI. For 7T-animal MRI (ClinScan, Bruker
Biospin, Ettlingen, Germany) mice were anesthetized with
1-2% isoflurane and 1L/min oxygen. During brain scans
respiration was monitored and animals were kept warm
using an external water bath. For brain scans at day 1 after
MCAQ a 3D-T2 weighted imaging (mouse brain coil, TR =
2000 ms, TE = 37 ms, FoV 19 x 25 mm, thickness 0.45 mm)
and additional diffusion weighted imaging for visualization
of the acute infarct were performed. For evaluation of T2
lesion volume of the brain MRI data were analyzed by two
independent investigators with respect to lesion location
and size. Regions of interest were selected manually and
the volume was calculated semiautomatically using OsiriX
software.

2.2.4. Flow Cytometry of CD39 Expression on Murine Treg.
CD39 expression was determined on FoxP3 expressing Treg
of naive (8-48 weeks old) and stroked undepleted DEREG
mice. Transient MCAQ was described before. Similar to naive
mice, on d3 following stroke blood was withdrawn directly
from the heart and anticoagulated with EDTA. Spleens were
then collected after transcardial perfusion with ice-cold 0.9%
saline in deeply anesthetized mice. After homogenization
and hypotonic lysis of red blood cells, the single cell sus-
pension was used for flow cytometric analysis of CD39
expression on CD4" FoxP3" Treg. Unwanted Fc receptor
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staining was blocked by initial incubation of cell suspensions
with TruStainFcX13 (anti-mouse CD16/32, BioLegend, San
Diego, CA, USA). Tregs were identified by anti- CD4- Brilliant
Violet 605 antibody (BioLegend, San Diego, CA, USA) and
the transgenic expression of eGFP under control of the
FoxP3 promotor. CD39 surface expression was determined
on CD4"FoxP3" lymphocytes by staining of CD39 with an
anti-CD39-PE antibody (BioLegend) and its isotype control
IgG2a PE (BioLegend, San Diego, CA, USA). Flow cytometry
was performed on a Becton Dickinson LSRII. Data were
analyzed using FlowJo (Tree Star Inc., OR, USA).

2.3. Statistical Analysis. All datasets were tested for devi-
ations from Gaussian distribution with the Kolmogorov-
Smirnov test. Data that passed the test were analyzed
by repeated-measures analysis of variance (ANOVA), with
Bonferroni’s multiple-comparison test as a posttest. Since
some of the data in each in vifro experiment failed the
normality test, we used nonparametric testing throughout.
The Kruskal-Wallis test, with Dunn’s multiple-comparison
test as a posttest, was used as appropriate. Posttests were only
performed if the initial testing revealed significant differences
between the groups. Correlations were determined by Pear-
son correlation analysis. Tests were performed with 95% con-
fidence intervals (two tailed). All analyses were carried out
with the software GraphPad-PRISM 5.0 (GraphPad Software
Inc., San Diego, CA, USA). A p value of <0.05 was regarded
as significant.

3. Results

3.1. CD39 Expression on Tregs Increases with Age. Since it
is not known how age affects the CD39 subset of Tregs
we determined the age dependent expression of CD39 on
CD49"FoxP3" Tregs. In our population the percentage of
Tregs of CD4" T cells did not change significantly, while the
percentage of CD45RA expressing naive Tregs declined with
age (r = —0.8422; p < 0.0001) (Supplemental Figure S1) (see
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/2974605). CD39 expression increased with age
(r = 0.6612; p < 0.0001) (Figure 1(a)).

3.2. Tregs Are Reduced in the Peripheral Blood of Stroke
Patients. Flow cytometric analysis confirmed the well-
described loss of lymphocytes in the peripheral blood of
stroke patients, which was highly significant on all days (p =
0.0035). The proportion of CD4" T cells to total lymphocytes
was not significantly altered in this stroke patient cohort,
indicating that CD4" T cells are lost in a similar quantity
from peripheral blood as CD4~ lymphocytes (Figure 2).
Total Tregs, which accounted for 5.0% (median) (range 1.3—
10.2%) of CD4" T cells in healthy controls, were reduced
in stroke patients to 2.8% (median) (range 0.03-8.1%) on
admission and remained below control values until day 7
(p = 0.0095). This reduction was due to a loss of CD39"
activated Tregs (p = 0.0335), which reached a minimum
of 1.2% (median) (range 0.2-7.1%) of all CD4" T cells on
day 5. Naive Tregs, which express CD45RA, remained largely
unchanged (Figure 2(c)). In controls, 92.1% median (range
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FIGURE 1: CD39 expression on Treg correlates positively with age in man and mice. (a) Human, peripheral blood: the percentage of CD39
expression was determined on CD4"CD25"CD49d FoxP3" Treg and correlated to age for a total of 45 healthy controls (age from 21 to 88
years). Pearson r = 0.6612, p < 0.0001, and R squared = 0.4372. (b) Mice, blood: the percentage of CD39 expression was determined
on CD4"CD25"CD49d FoxP3™ Treg and correlated to age for a total of 15 naive animals (age from 8 to 48 weeks). Pearson r = 0.7895,

P < 0.0005, and R squared = 0.6233.

71.0-98.3%) of Tregs expressed the activation marker CD25.
In stroke patients, CD25 expression was not significantly
altered (p = 0.0600) (Supplemental Figure S2A).

We also assessed the percentage of CD4"CD25" cells in
stroke patients, as this has been used previously as a marker
for Tregs; however, activated T cells also upregulate CD25
on their cell surface. Stroke patients had 30.4% (median)
(range 4.2-71.6%) CD4"CD25" cells on the day of admission,
which did not differ significantly from control values 41.2%
(median) (range 5.1-73.7%) (p = 0.7886) (Supplemental
Figure S2B).

No differences were seen when we compared the Treg
populations between sexes. There was no robust correlation
between percentage of Tregs and their subpopulations with
respect to the neurological deficit or stroke size.

3.3. Age Dependent Regulation of CD39" Treg in Mice. Using
nondepleted DEREG animals the GFP expression of FoxP3"
Treg was used to quantify peripheral blood Treg. In aged
mice the proportion of CD39 expressing Treg was increased
compared to young adult mice (Figure 1(b)). Induction of
cerebral ischemia by transient filament MCAO resulted in
similar infarct sizes in young and aged mice (Figure 3(a)).
Nevertheless CD39 expression on Treg in SIIA differed
between young and aged animals. While there was no effect
on CD39 expressing Treg in young mice the age related
increase in CD39 expression in peripheral blood was reversed
by MCAO in aged mice (Figure 3(b)).

3.4. Impaired Treg Function in Stroke Patients. Treg func-
tion was quantified by inhibition of the activation-induced
upregulation of CD69 and CD154 on the surface of Teffs. We
therefore compared this activation marker expression on T
helper cells and cytotoxic T cells derived from stroke patients
and controls. Directly ex vivo T helper cells from stroke
patients expressed more CD69 on their surface (p = 0.0243)

compared to controls, while CD154 expression did not differ
between the groups (p = 0.4140) (data not shown). There
was no difference in the expression of CD69 or CD154
on cytotoxic T cells from control versus stroke patients
(CD69, p = 0.2238, and CD154, p = 0.1449). Upon
CD3/CD28 activation in vitro, no differences in CD69 or
CD154 expression on the cell surface of either CD4" T cells or
CD8" T cells were seen between stroke patients and controls
(data not shown).

Treg-mediated inhibition of T helper cell activation was
impaired in stroke patients. At a ratio of 1:2 and 1:1
Tregs : PBMCs, the inhibition of CD154 expression on CD4*
effector cells was reduced in stroke patients compared to
healthy controls (p < 0.0001) (Figure 4(b)). Inhibition of
the early-activation marker CD69 on T helper cells remained
unaltered (Figure 4(a)). The effect of Tregs on cytotoxic T cells
was not altered in stroke patients (Figures 4(c) and 4(d)).

Since Yan et al. detected no changes in Treg in a cohort of
stroke patients that remained free of infection throughout the
hospital stay, we reanalyzed our data according to infection
status [19, 26]. As shown in Figure 5 the effect of stroke on
total Treg and subsets was more pronounced in those patients
that went on to develop SAI during their hospitalization.

4, Discussion

In this study, we found decreased numbers and impaired
function of Tregs in the peripheral blood of stroke patients.
The decrease in Tregs following stroke was detectable upon
admission and remained statistically significant through day
5. This reduction in Tregs was not evenly distributed among
all FoxP3" Treg subsets but was most pronounced in the
active CD39" Treg population.

The reduced efficacy of Treg-mediated Teff suppression
in stroke patients is in agreement with reports by Yan et al.,

47



48

%

*%

Mediators of Inflammation

40 L] 50
*
ey g
% 30 E s
g g
g 30
i 20 E‘-
= 204
% 5
% 2 20
3
o o
E o 9 10
2
L o
0 04
Control do Control do d1 a3 ds d7
(b)
8
wx  #
. 7
i % ’
= 6 wk #E
3
H
24
Q
=
-
=1
&
0
Control  do di a3 ds a7

(<)

FiGure 2: T helper cells and Tregs and their subpopulations. Cytometric analysis of nonstroke controls (white bars) and stroke patients (dark

31, 27, resp.) are shown by dark grey bars and activated Tregs (0401357 = 14, 35, 34, 33, 32, 27, resp.) by light grey bars. Patient samples
were obtained on admission (d0), the next morning (d1), and on days 3, 5, and 7 (d3, d5, and d7, resp.). ** £ < 0.01 for Tregs in stroke patients
versus controls; *p < 0.05and p < 0.01 for activated Tregs in patients versus controls. Medians and interquartile ranges (a, b) are provided.

who found a similar suppression using proliferation as a read-
out [19, 26]. However, a study by Hug et al. was unable to
detect altered Treg function in stroke patients [5]. In this
previous study, no dose-response curve was obtained and
the suppression measurable using Tregs and Teffs of control
individuals was only 10%. Therefore, the conditions chosen by
Hugetal. for the assay may not have been sufficiently sensitive
to detect impaired Treg function. We applied an assay that is
based on activation marker expression on T responder cells
rather than proliferation. The validity of inhibition of CD154
expression on Teff as a marker for Treg suppressive activity
has been demonstrated [27]. This approach enabled us to
distinguish between the effect of Treg on CD4" and CD4~
Teff.

Since all three studies used autologous Teff cells as
responder cells, an enhanced resistance of Teff to Treg-
mediated inhibition cannot be excluded. We observed a
predominant loss of CD39 expressing Tregs, which represents
the functionally active Treg subset, with a concomitant shift

in Treg composition toward the naive subset. It is therefore
plausible that Treg function rather than Teff susceptibility is
impaired in stroke patients.

Our data corroborate recent observations by Li et al,
who detected a reduced percentage and suppressive activity
of Tregs in stroke patients, and extend their findings by
demonstrating that functionally active CD39" Tregs are
predominantly reduced following stroke [28]. Furthermore,
to our knowledge, this is the first study to address the
inhibition of activation of cytotoxic Teffs in stroke patients. In
contrast to the impaired inhibition of T helper cells, reduction
of cytotoxic Teff activation was not altered in stroke patients.

Our quantitative findings, however, are in contrast to two
reports by Yan et al, who detected an increase in FoxP3"
Tregs following stroke [19, 26]. These differences may be
related to the stroke population recruited; in our study all
patients had MCA ischemia and an NIHSS >6, whereas Yan
et al. recruited all ischemic stroke patients, including those
who were less severely affected. More importantly, Yan et
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FIGURE 3: Age dependency of infarct volume and CD39 expression on Treg after experimental stroke in mice. (a) The infarct volume as assessed
by MRI in young adult and aged mice was compared on day 1 after transient middle cerebral artery occlusion. (b) The CD39 expression on
CD4*CD25*CD49d FoxP3" Treg in blood was compared between naive and stroked young adult and naive and stroked aged mice on day 3
after transient middle cerebral artery occlusion. * P < 0.05,** P < 0.01. Means and SEM are provided.
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FiGure 5: Comparison of SAI- and SAI+ patients. On the day of
admission (d0) and day 7 after stroke (d7) the percentage of Treg
of CD4™ T helper cells was compared between patients without
poststroke infections SAI- (white bars; 4, = 14, 12, resp.) and
patients with poststroke infections SAT+ (grey bars; nyy, = 7, 7,
resp.). " P < 0.05. Means and SD are provided.

al. excluded patients with “acute infections after stroke.”
Since SAls are more likely to occur in patients with stroke-
induced immunosuppression [2], this approach is likely
to exclude patients with the most severe stroke-induced
immune alterations. In our study, we also excluded patients
with signs of infection on admission; however, patients with
subsequent SAls were not excluded. To evaluate whether this
could account for the apparent contradiction, we performed a
subanalysis comparing patients with and without subsequent
infections. While failing to reach statistical significance, Tregs
appeared to be more strongly reduced in patients with SAI
compared to those without SAL This supports our hypothesis
that the differences in patient populations may account for
the seemingly contradictory findings between our findings
and the data reported by Yan et al.

The major limitation of the study is the fact that our
analysis is restricted to the peripheral blood as other immune
compartments are not readily accessible in patients. Therefore
we cannot exclude that the active Tregs have migrated into
the tissues. Our animal data indicate that aged mice could
provide a suitable model to determine the fate of Treg subsets
following stroke. Immunosenescence has been shown to alter
the clinical course of diseases and also affect Treg subsets
[29-31]. We extend this knowledge by demonstrating that
the active Treg population circulating in the peripheral blood
increases with age. The role of Treg in regulating SIIA remains
disputed and differs between the experimental models [14-
18]. Our data suggest that Tregs are regulated differently
during immunosenescence, an aspect rarely reflected in
current experimental stroke models.

5. Conclusion

Our data demonstrate that CD4"CD49 Foxp3" Tregs are
reduced in the peripheral blood of stroke patients. Among
those the active CD39" Treg subset is the most affected,
a finding mirrored in functional studies demonstrating
impaired suppressive activity of stroke patient derived Treg
in vitro. Whether these alterations contribute to secondary
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immune-mediated brain damage or whether reduced Treg
function is beneficial in stroke remains to be investigated.
The observation that the proportion of Treg expressing CD39
increases with age and is differentially regulated in young
adult and aged mice highlights the importance to consider
immunosenescence in the design of experimental stroke
models.
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Abstract

Background Infection is a common phenomenon fol-
lowing stroke, and adversely affects outcome. Previous
studies suggest that interleukin-1 receptor antagonist (IL-
1ra) and single nucleotide polymorphisms (SNPs) in the
ILIRN gene might influence the risk of post-stroke infec-
tion and outcome. In this study, we addressed the effects of
the rs4251961 SNP in [LIRN on infection risk and
outcome.

Methods Subjects with acute ischemic stroke were
enrolled within 72 h of symptom onset and followed up to
1 year. Plasma IL-1ra was measured at multiple time points
and outcome assessed at 1, 3, 6, and 12 months. Active
surveillance for infection occurred while subjects were
hospitalized. Subjects were genotyped for the ILIRN
rs4251961 polymorphism.

Results  In the population of 113 subjects for this study,
those with the minor C allele of rs4251961 polymorphism
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in ILIRN were more likely to be Caucasian, hypertensive,
and to be afflicted with coronary heart disease. Higher
plasma IL-Ira was associated with an increased risk of
infection (other than pneumonia), and the minor C allele of
rs4251961 was independently associated with a decreased
risk of infection (other than pneumonia). Initial plasma IL-
1ra was not predictive of long-term outcome, but patients
with the minor C allele of rs4251961 were more likely to
experience good (modified Rankin Score <2) long-term
outcome.

Conclusions These data indicate that IL-1ra and ILIRN
may influence the risk of infection after stroke, but this
influence seems limited to infections other than pneumonia.
Further studies are needed to better understand the com-
plexities of immune regulation on infection and outcome
after stroke.

Keywords IL-1ra - ILIRN - Stroke - Infection -
Outcome

Introduction

Interleukin-1 receptor antagonist (IL-1ra) is an endogenous
immunomodulatory cytokine encoded by ILIRN on chro-
mosome two that inhibits the actions of IL-1oc and IL-1p [1,
2].IL-1ra is secreted by cells of the immune system as well
as a variety of other cell types; it is also considered to be an
acute phase reactant and is secreted by the liver [3]. In
animal studies, exogenous administration of IL-lra or
overexpression of IL-1ra improves outcome from experi-
mental stroke [4]. In a clinical study, we found that
elevated plasma IL-Ira early after stroke independently
predicted infection within the first 15 days after stroke [5].
Importantly, infection is an independent predictor of poor
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outcome after stroke [6, 7]. Polymorphisms in ILIRN that
affect the production of IL-1ra thus have the potential to
influence infection risk and stroke outcome. The minor
ILIRN*2 allele of the variable number tandem repeat
(VNTR) of ILIRN, for instance, is reported to be associated
with increased IL-1ra production in most studies [8-11].
There are some studies, however, which have noted that
ILIRN*2 is associated with decreased IL-1ra production,
increased inflammation and inflammatory diseases, as well
as risk of cancer [12-17]. These observations suggest that
the genetic regulation of IL-1ra and inflammation is thus
complex and likely context dependent.

In a study of 391patients with ischemic stroke, those
who were homozygous for ILIRN*2 had better neurolog-
ical outcomes, but the allele was associated with an
increased risk of early death [18]. The authors hypothe-
sized that ILIRN*2 was associated with increased IL-1ra
(although IL-1ra was not assessed), and IL-1ra is neuro-
protective experimental stroke. Further, the increase in
early death was attributed to infection, although no infec-
tions were explicitly tracked. The minor C allele of the
single nucleotide polymorphism (SNP) rs4251961 SNP in
ILIRN is associated with lower concentrations of plasma
IL-1ra, and increased IL-1f and C-reactive protein (CRP)
[19, 20]. In this study, we sought to determine whether the
plasma IL-1ra concentrations after stroke were predictive
of outcome and whether the rs4251961 polymorphism in
ILIRN influenced the risk of post-stroke infection risk or
stroke outcome.

Materials and Methods
Research Subjects

Patients with ischemic stroke admitted to Harborview
Medical Center from 9/2005 to 5/2009 who were at least
18 years of age were enrolled within 72 h of symptom
onset. Individuals with ongoing therapy for malignancy,
known history of HIV, hepatitis B or C, history of brain
tumor, anemia (hematocrit <35 on admission), and those
taking immunomodulatory medications were excluded.
Blood was drawn as soon as possible after stroke onset and
at 3, 7, 30, 90, 180 and 365 days. Blood was also drawn
from 40 volunteers to determine normative data for IL-1ra.
All aspects of this study were approved by the University
of Washington Institutional Review Board; subjects with
stroke or their surrogates as well as control subjects pro-
vided informed consent.

Clinical Data

Clinical and demographic data were collected on all sub-
jects with stroke. Stroke severity was determined by the
National Institutes of Health Stroke Scale (NIHSS) score
and outcome by the modified Rankin Scale (mRS). There
was active ascertainment of infection in patients. Infection
was defined as clinical symptoms of an infection (including
fever as well as pyuria for urinary tract infection [UTI], pro-
ductive cough, and radiographic evidence of consolidation

Fig. 1 Changes in plasma IL-
1ra over time as a function of
stroke severity. Values are 9000
depicted as the median and
IQA. The solid horizontal line
represents the median value for
the control population; the
dashed lines represent the IQA.
One horizontal line over the box
plots at a given time point
indicates that the groups differ
from each other at 7 < 0.05;
two horizontal lines indicate
that the groups differ from each
other at 2 < 0.01 (Kruskal—
Wallis H test). An asterisk () 3000
indicates that the group differs
from controls at P < 0.05; #**
indicates that the group differs
from controls at P < 0.01
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for pneumonia [PNA]) and positive culture data). The date
of infection onset was considered to be the date of symp-
tom onset. Antibiotic therapy (ABX) was used as
appropriate to treat infections (prophylactic ABX therapy
was not used). MRI was done as part of usual clinical care
(generally within 24 h of admission). Total infarct volume
on diffusion weighted MRI imaging was calculated by the
ABC/2 method [21]. Outcome was assessed in person at 1,
3, 6, and 12 months after stroke.

Laboratory Studies

Plasma was frozen at —80 °C within an hour after blood
draw; the concentration of circulating IL-1ra was measured
using a cytometric bead-based system (Fluorokine MAP®;
R&D Systems). The sensitivity of the assay was 2.23 pg/
mL.

IL1IRN SNP Genotyping

DNA was extracted from blood plasma samples using
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) per
manufacturer’s protocols. Genotyping for the ILIRN
rs4251961 was carried out using TagMan SNP Genotyping
Assay Sets and Master Mix (Applied Biosystems, Carls-
bad, CA). In brief, 2 ng of sample DNA was genotyped per

manufacturer’s protocols on StepOnePlus™ Real-Time
PCR System (Applied Biosystems) under the following
cycling conditions: 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min. An allelic
discrimination plot was then generated using StepOne
Software v2.0 (Applied Biosystems). All samples were
processed in triplicate. The reproducibility of the plasma-
based PCR genotyping method was confirmed by carrying
out identical PCR-based genotyping on DNA extracted
from isolated leukocytes in a subset (N = 42) of subjects.
In these 42 subjects there was 100 % concordance between
the plasma-based and leukocyte-based samples.

Statistics

Descriptive data for continuous variables are presented as
mean and standard deviation (SD) or median and inter-
quartile range (IQR). Data for categorical variables are
presented as percentages. Group comparisons are per-
formed using analysis of variance (ANOVA) and the t-tests
for parametric data, and the Kruskal-Wallis H test or
Mann—-Whitney U test for nonparametric data. Categorical
data are compared using the y” test statistic. Logistic
regression was used to estimate the odds ratio (OR), and
95 % confidence interval (CI) for the effect of plasma IL-
1ra and the rs4251961 SNP in /LIRN on infection risk and

Table 1 Characteristics of patients with and without the minor C allele of the 154251961 SNP in JLIRN

TT 5511349 % TC 41/11336 % CC1711315% P

TT 55/11349 % TCor CC58/11351% P

Patient characteristics

Age 55 (57, 67) 54 (45, 65) 65 (52, 71) NS  55(57,67) 56 (46, 66) NS
Caucasian 46/55 (84 %) 39/41 (95 %) 17/17 (100 %) 0.06 46/55 (84 %) 56/58 (97 %) 0.02
Gender (female) 16/55 (29 %) 15/41 (37 %) 717 (41 %) NS  16/55 (29 %) 22/58 (38 %) NS
Prior stroke 18/55 (27 %) 15/41 (37 %) 717 (41 %) NS  18/55 (27 %) 22/58 (38 %) NS
Stroke characteristics
NIHSS 10 (3, 18) 12 (4, 20) 10 (4, 22) NS 103, 18) 12 (5, 20) NS
Infarct volume (cc) 6.1 (0.5, 64.2) 19.8 4.3, 147.9) 146 (25,477) NS 6.1 (05,64.2) 18.6 (3.5, 129.3) 0.11
Stroke risk factors
AF 9155 (16 %) 4/41 (10 %) 3117 (18 %) NS 9/55 (16 %) 7158 (12 %) NS
CHD 8/55 (14 %) 12/41 (29 %) N7 (41 %) 0.05 8/55 (14 %) 19/58 (33 %) 0.02
DM 11/55 (20 %) 8/41 (20 %) 8/17 (47 %) 0.05 11/55 (20 %) 16/58 (28 %) NS
HTN 23/55 (42 %) 24/41 (58 %) 13/17 (76 %) 0.03  23/55 (42 %) 37/58 (64 %) 0.02
Smoker 23155 (42 %) 15/41 (37 %) 4117 (24 %) NS 23/55 (42 %) 19/58 (33 %) NS
Infection by day 15*
Any 14/55 (25 %) 11/40 (28 %) 3/16 (19 %) NS 14/55 (25 %) 14/56 (25 %) NS
PNA 2/55 (4 %) 5/40 (12 %) 2/16 (12 %) NS 2/55 (4 %) 7156 (12 %) 0.09
Any but PNA 12/55 (22 %) 7140 (18 %) 1/16 (6 %) NS 12/55 (22 %) 8/56 (14 %) NS

NIHSS National Institutes of Health Stroke Scale, AF atrial fibrillation, CHD coronary heart disease, DM diabetes mellitus, HTN hypertension,

PNA pneumonia

* Some patients had more than one infection, which is the reason that the number of PNAs and other infections exceeds any infection; NS not

significant and indicates P > 0.200
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Table 2 Risk of infection by day 15 based on plasma IL-1ra concentration at 72 h after stroke onset

Infection by day 15 Any infection PNA Any infection but PNA
OR (95 % CI) P OR (95 % CI) P OR (95 % CI) I4

All patients N=2 N=9 N=20

IL-1ra (per 1,000 pg/mL) 1.25 (1.06-1.48) 0.01 1.07 (0.92-1.24) NS 1.21 (1.05-1.39) 0.01
IL-1ra (per 1,000 pg/mL) 4 NIHSS 1.18 (1.02-1.38) 0.03 0.97 (0.79-1.1%9) NS 1.17 (1.02-1.34) 0.03
Excluding patients with infection to day 1 N=127 N=9 N=19

IL-1ra (per 1,000 pg/mL) 1.22 (1.03-1.45) 0.02 1.08 (0.93-1.25) NS 1.18 (1.03-1.36) 0.02
IL-1ra (per 1,000 pg/mL) + NIHSS 1.17 (1.00-1.36) 0.04 0.98 (0.80-1.22) NS 1.15 (1.00-1.32) 0.05
Excluding patients with infection to day 2 N=123 N=9 N=15

IL-1ra (per 1,000 pg/mL) 1.26 (1.05-1.51) 0.01 1.08 (0.93-1.25) NS 1.23 (1.05-1.41) 0.01
IL-1ra (per 1,000 pg/mL) + NIHSS 1.22 (1.04-1.45) 0.02 0.98 (0.79-1.21) N§ 1.19 (1.02-1.39) 0.02
Excluding patients with infection to day 3 N=122 N=28 N=14

IL-1ra (per 1,000 pg/mL) 1.25 (1.05-1.49) 0.01 1.07 (0.92-1.25) NS 1.21 (1.05-1.40) 0.01
IL-1ra (per 1,000 pg/mL) + NIHSS 1.22 (1.04-1.44) 0.02 0.97 (0.78-1.21) N§ 1.19 (1.02-1.38) 0.02
Excluding patients with infection to day 4 N=120 N=6 N=14

IL-1ra (per 1,000 pg/mL) 1.22 (1.03-1.43) 0.02 1.03 (0.84-1.26) NS 1.22 (1.05-1.42) 0.01
IL-1ra (per 1,000 pg/mL) 4 NIHSS 1.20 (1.02-1.42) 0.02 0.89 (0.68-1.18) NS 1.20 (1.03-1.41) 0.02
Excluding patients with infection to day 5 N=16 N=2 N=14

IL-1ra (per 1,000 pg/mL) 1.22 (1.04-1.44) 0.01 1.06 (0.80-1.40) N§ 1.22 (1.05-1.42) 0.01
IL-1ra (per 1,000 pg/mL) + NIHSS 1.21 (1.03-1.43) 0.02 0.91 (0.64-1.30) NS 1.20 (1.02-1.41) 0.02
Excluding patients with infection to day 6 N=16 N=2 N=14

IL-1ra (per 1,000 pg/mL) 1.22 (1.04-1.44) 0.01 1.06 (0.80-1.40) NS 1.22 (1.05-1.42) 0.01
IL-1ra (per 1,000 pg/mL) + NIHSS 1.21 (1.03-1.43) 0.02 0.91 (0.64-1.30) NS 1.20 (1.02-1.41) 0.02
Excluding patients with infection to day 7 N=15 W= N=13

IL-1ra (per 1,000 pg/mL) 1.24 (1.05-1.46) 0.01 1.06 (0.80-1.40) N§ 1.23 (1.05-1.44) 0.01
IL-1ra (per 1,000 pg/mL) + NIHSS 1.25 (1.05-1.49) 0.01 0.91 (0.64-1.30) N§ 1.23 (1.04-1.45) 0.02
Excluding patients with infection to day 8 N=14 N=1 N=13

IL-1ra (per 1,000 pg/mL) 1.23 (1.05-1.45) 0.01 1.04 (0.68-1.60) NS 1.23 (1.05-1.44) 0.01
IL-1ra (per 1,000 pg/mL) 4+ NIHSS 1.24 (1.04-1.48) 0.02 NC NC 1.23 (1.04-1.46) 0.02

Patients are excluded stepwise based on their time to infection to avoid confounding by infection-related increases in IL-1ra. Two patients were

excluded from analyses—1 was infected at the time of stroke onset and the other died before day 15

OR odds ratio, C7 confidence interval, JL-Ira interleukin-1 receptor antagonist, PNA pneumonia, NIHSS National Institutes of Health Stroke
Scale, NS not significant (P > 0.200), NC not calculable

Table 3 Risk of infection by day 15 after stroke for each C allele of the rs4251961 SNP in ILIRN

Infection by day 15

Any infection N = 28

PNAN=9

Infection (not PNA) N = 20

OR (95 % CI)

B

OR (95 % CI)

OR (95 % CI) P

C allele

C allele + NIHSS

C allele + NIHSS + race

C allele + NIHSS + race + CHD

C allele + NIHSS + race + CHD + HTN

0.90 (0.49-1.64)
0.76 (0.36-1.60)
072 (0.34-1.53)
057 (0.25-1.31)
059 (0.25-1.37)

C allele + NIHSS + race + CHD + HTN + IL-1ra® 050 (0.21-1.22)

N§
N§
NS
0.19
N§
0.13

1.72 (0.78-3.81)
2.12 (0.70-6.45)
2.02 (0.66-6.18)
1.87 (0.57-6.08)
1.83 (0.56-5.97)
1.60 (0.49-5.22)

0.18
0.19
NS
NS
NS
NS

0.54 (0.24-1.24) 0.15
0.46 (0.19-1.14) 0.09
0.48 (0.19-1.19) 0.11
0.38 (0.14-1.00) 0.05
0.39 (0.14-1.06) 0.06
0.32 (0.11-0.97) 0.04

Two patients were excluded from analyses—1 was infected at the time of stroke onset and the other died before day 15
SNP single nucleotide polymorphism, OR odds ratio, CI confidence interval, JL-Ira interleukin-1 receptor antagonist, NJHSS National Institutes

of Health Stroke Scale, CHD coronary heart disease, HTN hypertension, NS not significant (P > 0.200)

# Indicates the plasma concentration of IL-1ra at 72 h after stroke onset
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outcome. Good outcome was defined as mRS < 2. Sig-
nificance was set at P < 0.05.

Results

Genotyping was possible in 113 of the 114 subjects
enrolled in this study. Among these 113 subjects there was
a rapid and sustained elevation of IL-Ira after stroke
(Fig. 1). Subjects with the most severe strokes (NIHSS
>17) had the highest plasma IL-1ra. IL-1ra concentrations
were the highest on day 7 after stroke, but remained ele-
vated in comparison to the control population until at least
180 days after stroke. The concentrations of IL-lra in
plasma were more highly correlated to clinical stroke
severity (NIHSS score) than infarct volume at all-time
points; at 3 days after stroke onset, the correlation between
IL-1ra and NIHSS score was p = 0.399, P < 0.001, and
the correlation between IL-1lra and infarct volume was
p = 0.265 P < 0.010. Subsequent models were thus
corrected for the NIHSS score.

The ILIRN allele frequencies for rs4251961 did not
differ from the Hardy—Weinberg equilibrium among our
subject population: TT (49 %), TC (36 %), CC (15 %).
The characteristics of these subjects are detailed in
Table 1. Subjects with the minor C allele of the rs4251961
SNP in ILIRN were more likely to be Caucasian, having
coronary heart disease (CHD) and hypertension (HTN).
The data suggest increased rates of PNA in subjects with
the minor C allele, but this increase was not statistically
significant. There were no differences in the concentrations
of plasma IL-1ra at any time point among subjects with
different genotypes (data not shown).

We previously showed that an early elevation in IL-1ra
was an independent risk factor for infection in the first
15 days after stroke [5]. The median time to PNA was
5 days; the mean time to any infection was 8 days. The
effect of IL-1ra on infection risk was true only for infec-
tions other than PNA (Table 2). Despite the lack of
difference in IL-1ra concentrations among subjects with
different genotypes, we built logistic regression models to
test the association between infection and the minor C
allele of rs4251961 SNP. The model was controlled for
stroke severity (using the NIHSS) as well as those char-
acteristics that differed (P < 0.100) among subjects with
the different genotypes at baseline (Table 1). The presence
of a C allele did not affect the overall risk of infection, but
was associated with a decrease in the risk of infections
other than PNA (Table 3).

No effect of early plasma IL-1ra on stroke outcome at
any time point was seen using a logistic regression model
controlled for known predictors of stroke outcome (age,
stroke severity and infection) as well as for characteristics
that differed between subjects with different JL/RN geno-
types (race, CHD, HTN). The effect of the ILIRN genotype
on outcome after stroke was also explored controlling for
these same variables (Table 4). At 1 year after stroke
onset, those individuals with a C allele were nearly 8 times
more likely (when controlled for initial NIHSS) to expe-
rience a good outcome (mRS <2).

Conclusions

In the cohort of 113 subjects for this study with ischemic
stroke, we found that those with the minor C allele of the

Table 4 The predictive value of the minor C allele of the JLIRN SNP 154251961 on good outcome (mRS < 2) after stroke

Outcome at 30 days N = 22 (104) 90 days N =32 (103) 180 days N = 34 (92) 365 days N = 36 (81)
OR (95%CI) P OR(©®5%Cl) P OR (95 % CI) P OR5%CDH P
C allele 148 (0.57-3.85) NS 1.13(049-2.62) NS 1.05(045-245) NS 1.22(0.51-2.97) NS

C allele + NIHSS
C allele + NIHSS + age
C allele + NIHSS + age + race

CHD

272 (0.85-8.68) 009 228(0.71-7.29) 0.16 213 (0.63-7.25) NS 359 (0.88-14.74)  0.08
278 (0.86-8.99) 0.09 231(0.72-7.45) 0.16 214 (0.63-7.27) NS 362 (0.83-14.83)  0.07
270 (0.82-8.82) 0.10 246 (0.74-8.13) 0.14 219 (0.63-7.61) NS 3.14 (0.73-13.46)  0.12
C allele + NIHSS + age + race + 2.16 (0.62-7.46) NS  2.12 (0.62-7.23) NS

1.66 (0.45-6.04) NS 3.00 (0.67-13.37) 0.15

C allele + NIHSS + age 4 race +  2.49 (0.69-9.02) 0.17 2.50(0.70-9.00) 0.16 1.86 (0.48-7.13) NS 6.52 (1.07-39.83) 0.04

CHD + HTN

C allele + NIHSS + age + race + 2.33 (0.63-8.63) NS  2.34 (0.62-8.83) NS

CHD + HTN + infection®

1.68 (043-6.61) NS 7.67 (1.02-57.46) <0.05

N = the number of patients with a good outcome (total number of patients available for assessment at that time point)

SNP single nucleotide polymorphism, mRS modified Rankin Scale, OR odds ratio, CI confidence interval, NZJHSS National Institutes of Health
Stroke Scale, CHD coronary heart disease, HTN hypertension, NS not significant (£ > 0.200)

* Denotes infection by day 15 after stroke
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rs4251961 SNP in ILIRN were more likely to be Caucasian
and more likely to have CHD and HTN. This observation
needs to be confirmed in a larger population, but it is
intriguing to speculate that the minor allele of this SNP
could contribute to vascular risk factors and vascular
damage. In fact, mice that lack ILIRN develop arterial
inflammation [22]. The C allele of rs4251961 is associated
with decreased ex vivo cellular production of IL-1ra,
decreased plasma I1.-1ra, and increased plasma IL-13 and
CRP in healthy individuals [20, 23]. These observations
suggest that the C allele of the rs4251961 SNP is associated
with chronic inflammation and may predispose to vascular
disease. The fact that we did not detect differences in
plasma IL-1ra among subjects with different alleles of the
rs4251961 SNP in this study may be related to the relatively
small sample size, the possibility that changes in IL-1ra
production induced by the acute stroke may have over-
whelmed any potential effect of the SNPs, or that genetic
regulation of IL-1ra is complex and context dependent.

We previously showed that plasma IL-lra was an
independent predictor of post-stroke infection. We now
extend those analyses and show that the increased risk
applies only to infections other than PNA. Based on prior
reports showing a decrease in IL-1ra in subjects with the C
allele of rs4251961, we anticipated that subjects with this
allele would experience a decreased risk of infection. The
data, however, show no association between the C allele
and overall infection risk. Interestingly, similar to the data
for IL-1ra, there appears to be a differential effect of the C
allele on infection risk depending on the type of infection
in question; the C allele was associated with a decrease in
the risk of infections other than PNA. Since the risk of
PNA is so closely linked to stroke severity and the ability
to protect the airway (including the level of consciousness
and the degree of dysphagia/risk for aspiration), these
observations suggest that the effect of cytokines/genes on
infection risk (i.e., PNA) might be overpowered by other
factors (i.e., dysphagia and the risk of aspiration).

There are strong preclinical data suggesting a neuropro-
tective role for IL-lIra in cerebral ischemia; both
overexpressions of IL-1ra and exogenous administration of
IL-1ra are associated with improved outcome from experi-
mental stroke [4]. Our data show a marked increase in
endogenous levels of IL-1ra after stroke onset with an asso-
ciate increase in infection independent of stroke severity.
Exogenous administration of IL-Ira and medications that
increase IL-1ra production also appear to be associated with
an increased risk of infection [24-26].Gromadzka and col-
leagues [18], in their study, suggest that the /L1 RN*2 allele of
the VNTR polymorphism is associated with increased IL-1ra
production and suggest that this allele may be associated with
better long-term outcome because of the neuroprotective
properties of IL-1ra. They further suggest that the early

increase in mortality associated with the ILIRN*2 allele of the
VNTR polymorphism may have been related to infection,
although no data about infections were provided. While most
publications suggest that the ILIRN*2 allele of the VNTR
polymorphism is associated with increased IL-1ra [8-11],
there is no universal agreement on this point. The regulation of
IL-1ra is likely dependent on a complement of genes as wellas
environmental context; since IL-1ra was not assessed in this
study, the actual mechanism by which ILIRN*2 affected
outcome is unclear. We hypothesized that the C allele of
r$4251961, which is associated with decreased ex vivo cel-
lular IL-1ra production and decreased plasma IL-Ira in
healthy individuals [19, 201, would be associated with worse
stroke outcome. On the contrary, subjects with this allele were
more likely to experience good outcomes after stroke,
although the results were not significant at each time point.

To our knowledge, this is the first study to examine the
effects of the rs4251961 SNP in ILIRN on post-stroke
infection and stroke outcome. The complexities of under-
standing how the immune response following stroke
modulates the risk of infection and stroke outcome are
highlighted. Previously, it was shown that endogenous
increases in IL-1ra were associated with the increased risk
of infection and that SNPs in ILIRN which lead to increased
IL-1ra production, are associated with better outcome in
those who remain infection free [5, 18]. In the current study,
we showed that the C allele of rs4251961, which leads to
decreased IL-1ra production, was associated with decreased
risk of infection (other than PNA) as predicted, but counter
to what was predicted, this SNP was also associated with
good outcome. Because the study is relatively small
(N = 113) and the number of variables entered into the
logistic regression models is relatively large, the findings
will need to be replicated in a larger population. The pre-
liminary data presented here, however, suggest that the
genetic profile of individuals may affect the risk of post-
stroke infection and influence stroke outcome.
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Functional polymorphisms in toll-like receptor 4 are
associated with worse outcome in acute ischemic

stroke patients

Jonathan R. Weinstein?, Juliane Schulze® Richard V. Lee® Hunter Phillips?
Dannielle Zierath?, Patricia Tanzi®, Dean Shibata®, Kevin C. Cain®

and Kyra J. Becker®

Toll-like receptor-4 (TLR4) is important in
neurcinflammation. Single nuclectide polymorphisms
(SNPs) in TLR4, including 1063 A/G [Asp299Gly] and 1363
C/T [Thr399lle], are associated with altered immune
responses but their effect on acute ischemic stroke (AIS)
outcome is unknown. We collected demographic, clinical,
laboratory, radiologic, and genotype data on 113 AlS
patients and performed multivariate analyses to

assess associations between TLR4 SNP haplotype and
either neurclogical cutcome, infection, or inflammatory
markers. In adjusted analyses, TLR4 SNPs were
associated with worse outcome as well as increases in
circulating leukocytes, C-reactive protein, and interleukin-1
receptor antagenist In AlS, variations in TLR4 may
influence neurological outcome (for video abstract,
please see Supplemental digital content 1 file,

Introduction

Acute ischemic stroke (AIS) induces profound alterations
in both systemic and central nervous system immune
responses [1]. In the periphery, these changes include
robust increases in plasma concentrations of proinflam-
matory markers such as C-reactive protein (CRP) and
interleukin (IL)-6 [1]. In brain, this response includes
production of proinflammatory cytokines such as IL-1B,
IL-6, and tumor necrosis factor-o (TNF-a) from astro-
cytes and microglia [2] as well as a marked influx
of leukocytes into the ischemic hemisphere [2].

Toll-like receptors (TLRs) are a family of pattern
recognition receptors involved in identification of, and
response to, foreign pathogens [3]. In brain, TLRs are
expressed by microglia and astrocytes [2] and are critical
in initiation of innate immune response to injury [3].
Thirteen TLRs have been identified and each recognizes
different pathogen-associated molecular patterns includ-
ing bacterial cell wall/membrane components such as
lipotechoic acid (TLR2) and lipopolysaccharide (endo-
toxin) (TLR4) [3]. Activation of TLRs by endogenous
ligands (also known as danger-associated molecular
patterns or DAMPs) released from ischemia-injured
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cerebral vasculature and parenchyma is a possible
mechanism for initiation of both inflammatory and
immunomodulatory responses in AIS [2,4]. A number of
TLR4-activating DAMPs have been identified in brain
including heat shock proteins, high-mobility group box 1,
and peroxiredoxins [2,4]. In animal models, TLR4
signaling has been implicated in poststroke neuroinflam-
mation and injury [5,6]. TLR4 is also critical in the
robustly neuroprotective  ischemic  preconditioning
phenomenon [7].

Single nucleotide polymorphisms (SNPs) in genes
encoding proteins involved in the immune response can
influence clinical outcomes following AIS [8]. There are
~ 20 known SNPs in TLR4 [9]. Two of these TLR4 SNPs,
1063 A/G (Asp299Gly) and 1363 C/T (Thr3991le), occur
at significant frequencies (> 5%) in populations across
the globe [10]. In Whites, these two 7TLR4 SNPs
cosegregate; thus the double SNP 299/399 haplotype
occurs more frequently than either of the individual SNP
haplotypes (299wt or wt/399) [9,10]. Functionally,
SNPs at either or both loci result in TLR4 proteins with
altered ligand binding domains [11] and the 299/399
haplotype is associated with hyporesponsiveness to
lipopolysaccharide in some [9,12], but not all [13], prior
studies. In addition, the 299/399 haplotype is associ-
ated with increased risk of systemic infection [10,14].
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The effect of these TLR4 SNPs on poststroke infection
and clinical outcome is unknown.

Methods

Research subjects

The patient population for this study was described
elsewhere [15,16]. The University of Washington’s
Institutional Review Board approved this study. Patients
or their surrogates provided informed consent.

Data collection

Demographic, clinical, and radiological data were col-
lected on all patients. Stroke severity at time of
presentation was quantified using the National Institutes
of Health Stroke Scale score. Total infarct volume on
initial diffusion weighted MRI was calculated by the
ABC/2 method [17]. Stroke subtypes were classified as
described [18]. Stroke outcome was determined at 3
months by the modified Rankin Scale (mRS); poor
outcome was defined as mRS greater than 2. Infections
included in our analyses were in-hospital urinary tract
infections and pneumonia. Clinical criteria for these
infections were as previously defined [15]. All patients
with infection were treated with antibiotics.

Laboratory studies

Leukocyte counts and plasma CRP levels were deter-
mined by the hospital laboratory. Concentrations of
circulating cytokines [IL-6, IL-10, TNFo and IL-1
receptor antagonist (IL-1ra)] were measured with a
cytometric bead-based system (Fluorokine MAP; R&D
Systems, Minneapolis, Minnesota, USA). Values below
the specific limit of detection for each cytokine were
assigned a value equivalent to the lower level of
detection.

TLR4 SNP genotyping

Prior studies examining the 1063 A/G (Asp299Gly) and
1363 C/T (Thr3991le) TLR4 loci have used different
groupings of the variant haplotypes (299/wt, wt/399, and
299/399) to demonstrate significant associations with
clinical parameters. Some have looked at the 299/399
haplotype alone [13,14], whereas others have looked at
associations with any of the three variant haplotypes
combined (299/wt, wy/399, or 299/399) [9,10]. The two
approaches have complementary scientific merit [9] and
we chose to do both throughout this study although the
data presented in the tables show only results with the
combined haplotypes (299fwt, wt/399, or 299/399). DNA
extraction from blood plasma samples, quantitative
reverse transcription-PCR, and allelic discrimination
analyses were performed as described [19]. Target SNP
reference identification numbers were 154986790 and
154986791, All samples were processed in triplicate.
Reproducibility of the genotyping method was confirmed
as described [19].

TLR4 gene polymorphisms and stroke outcome Weinstein ef al. 581

Statistical analyses

Descriptive data are presented as median and interquartile
range for continuous variables and percentages for
categorical variables. Group comparisons were performed
using the Mann-Whitney U-test or the y’-test statistic as
appropriate. Logistic regression was used to estimate the
odds ratio (OR) and 95% confidence interval (CI) for the
effect of the 7LR4 SNPs on infection by day 15 and on
neurologic outcome at 3 months. With a relatively small
sample as in this study, there is only good statistical power
for detecting a large effect. For example, for the association
of genotype with clinical outcome (Table 2) the power is
32, 59, and 73% for detecting an OR of 5, 10, or 15,
respectively. For the association of genotype with infection
(Table 3) the power is 51, 79, and 90% for detecting an OR
of 5, 10, or 15, respectively. For Table 4, there is 85% power
for detecting a difference of 1.0 SD between groups.

Results

Of the 113 patients in the study, 10 (8.8%) were
heterozygous for a haplotype that included either one
or both of the indicated 7LR4 SNPs: 8 (7.1%) had the
double SNP (299/399 haplotype) and 2 (1.8%) had
the single SNP (w#/399 haplotype). The remaining 103
(91.1%) patients had neither SNP (wtwr haplotype).
The observed genotype frequencies for both SNPs were
in Hardy—Weinberg equilibrium (42p://www.oege.orgl).

There were no significant differences in baseline
characteristics or medical history of patients on the basis
of whether or not they had a defined 7LR4 SNP (i.e.
wtfwr vs. 299wt, wt/399, or 299/399) (Table 1). Neither
initial stroke severity nor infarct volume differed between
patients with a 7LR4 SNP and those without (Table 1).
Patients with a 7LR4 SNP haplotype, however, were
more likely to have lacunar stroke and less likely to have
cardioembolic stroke than patients with the wrfwr
haplotype (Table 1). Rates of infection were similar
among all patients irrespective of 7LR4 haplotype
(Table 1). Table 1 shows only results for patients who
had any of the three 7LR4 SNP-positive haplotypes
investigated, although results were not significantly
different when only patients with the cosegregating dual
SNP 299/399 alone, were included in the analysis.

Table 2 displays the association between TLR4 SNP
haplotype and poor neurological outcome (mRS > 2) at 3
months. Results are shown both unadjusted and adjusted
for variables known to affect stroke outcome. Table 2
shows that there was no association between the pre-
sence of a TLR4 SNP and poor outcome in the unadjusted
analysis. However, after adjusting for initial stroke
severity and age, the presence of a 7LR4 SNP was
associated with poor outcome. Neither further adjust-
ment for stioke etiology nor the presence of infection
significantly altered this association. Results for the
299/399 SNP haplotype alone were largely similar to
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Table 1 Baseline characteristics and other clinical and radiological parameters for patients without or with a TLR4 SNP haplotype

TLR4 haplotype

Parameters wi/wt (N=103) 299/wt, wt/399, or 209/399 SNP (N=10) P
Baseline characteristics
Age 57 (46-67) 46 (42-64) 0.31
Sex (female) [N (%)] 33 (32 5 (50) 0.25
Medical history [N (%)]
AF 16 (16) 0(0) 0.18
CHD 26 (25) 1(10) 0.28
DM 23 (22) 4 (40) 0.21
HTN 53 (51) 7 (70) 0.26
Smoker 40 (39) 2 (20) 0.24
HLD 74 (72) 7 (70) 0.90
Clinical/radiological data on patients’ stroke
Initial NIHSS score 11 (4-20) 9 (3-18) 0.46
Initial infarct volume (cc) 12 (2-90) 12 (0.1-117) 0.46
Stroke etiology [N (%)]
Lacunar 8 (8) 3 (30) 0.02
Cardioembolic 30 (29) 0 (0) 0.046
Large artery atherosclerosis 16 (16) 1(10) 0.64
Dissection 6 (6) 1(10) 0.60
Other® 21 (20) 2 (20) 0.76
Unknown 22 (21) 3 (30) 053
Infections [N (%)]
All infections 26 (25) 3 (30) 0.76
PNA 12(12) 0 (0) 0.33

AF, atrial fibrillation; CHD, coronary heart disease; DM, diabetes mellitus; HLD, hyperlipidemia; HTN, hypertension; NIHSS, National Institutes of Health Stroke Scale;
PNA, pneumonia; SNP, single nucleotide polymorphism; TLR4, Toll-like receptor-4; wt, wild type.

Significant P values are shown in bold.

2Other etiology category included one iatrogenic, three paradoxical emboli, and 19 with either multiple competing etiologies or uncertain etiology.

Table 2 Association between TLR4 SNP (1063 A/G [Asp299Gly]
and/or 1363 C/T [Thr398lle]) and poor outcome (modified Rankin
Scale score>2) at 3 months post-AlS

Presence of TLR4 SNP predicts poor outcome

Model adjusted for OR (95% CI) P

TLR4 SNP* 2.21 (0.58-8.38) 0.24

TLR4 SNP +NIHSS 9.22 (1.43-59.5) 0.02

TLR4 SNP +NIHSS +age 12.92 (1.78-93.90) 0.01

TLR4 SNP + NIHSS + age + 15.46 (2.04-117.04) 0.008
stroke etiology

TLR4 SNP + NIHSS +age + 14.16 (1.75-114.81) 0.01

stroke etiology + infection

AlS, acute ischemic stroke; Cl, confidence interval; NIHSS, National Institutes of
Health Stroke Scale; OR, odds ratio; SNP, single nucleotide polymorphism;
TLR4, Toll-like receptor-4.

Significant P values are shown in bold.

“Numerical breakdown of unadjusted data: 99/113 (88%) of patients in study
had outcome data available at this time point; 42/99 (42%) of patients with
available outcome data at this time point had poor outcome; 6/10 (60%) of
patients with available outcome data at this time point and a TLR4 SNP had a
poor outcome; 36/89 (40%) of patients with available outcome data at this time
point without a TLR4 SNP had a poor outcome.

Table 3 Association between TLR4 SNP (1063 A/G [Asp299Gly]
and/or 1363 C/T [Thr399lle]) and infection at 15 days post-AlS

Presence of TLR4 SNP predicts infection

Model adjusted for OR (95% Cl) P

TLR4 SNP 1.25 (0.30-5.23) 0.76
TLR4 SNP +NIHSS 2.08 (0.41-10.52) 0.38
TLR4 SNP + NIHSS + age 2.22 (0.44-11.20) 0.34

AlS, acute ischemic stroke; Cl, confidence interval; NIHSS, National Institutes of
Health Stroke Scale; OR, odds ratio; SNP, single nucleotide polymorphism;
TLR4, Toll-like receptor-4.

those for the three varlant 7LR4 SNP haplotypes
combined: unadjusted, OR+95% CI = 1.47 (0.35-6.27),
P =NS; adjusted for initial stroke severity and age, 10.79
(1.32-88.4), P=0.027; adjusted further for stroke
etiology and infection, 12.61 (1.42-111.9), P = 0.023.

Overall, 29/113 (25.7%) of patients in this cohort had an
infection by day 15 after AIS (Table 1). Having one or both
TLR4 SNPs was not associated with an increased like-
lihood of infection in the unadjusted analysis [OR+95%
CI=1.25 (0.30-5.23), P=NS] (Table 3). After control-
ling for initial stroke severity and age there was still no
significant association found between the presence of a
TLR4 SNP-containing haplotype and the risk of infection,
2.22 (0.44-11.20), P=NS (Table 3). Similarly, no
significant association was found between the 299/399
haplotype alone and risk of infection, 2.06 (0.30-14.33),
P =NS, post adjustment for stroke severity and age.

Patients with a haplotype containing either one or both
TLR4 SNPs had higher white blood cell (WBC) counts at
3 days and 1 week post-AlS (Table 4); this elevation was
independent of stroke severity. A similar pattern of WBC
elevation was seen for the 299/399 haplotype alone (data
not shown). The increase in WBC counts was driven by
an increase in polymorphonuclear cell counts (Table 4).
No significant changes in either lymphocyte or monocyte
counts were found with any of the variant TLR4
haplotypes examined. Plasma CRP was also elevated in
the SNP-positive patient group at 3 months after stroke
onset. This increase in CRP at 3 months was also seen in
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seem to contrast with those in rodent studies where
spontaneous mutations in [6] or complete absence
of [21] the TLR4 gene results in reduced infarct volumes
and improved neurobehavioral outcomes. The TLR4
SNPs investigated here, however, result in structural
alterations in human TLR4 that are different than in
mice [12]. The responses of these SNP-altered TLR4
proteins to endogenous ligands (or DAMPs) released
from ischemic brain tissue are unknown. The extent of
injury and recovery in the brain following stroke may be
modulated by the TLR4-response of resident microglia
and/or infiltrating macrophages to DAMPs [2,4]. Alter-
natively, modification of TLR4 function in the immune
cells of SNP-positive patients could result in an attenu-
ation of baseline TLR4-dependent ‘preconditioning’ [7].

Experimental data support a beneficial role for the anti-
inflammatory cytokine IL-1ra in stroke [22]. In a recent
study characterizing the same patient cohort as described
here, elevated plasma IL-1ra was independently associated
with an increased risk of poststroke infection but not
clinical outcome [16]. Our data indicate that patients with
a TLR4 SNP haplotype have transiently increased IL-1ra
plasma levels. This association persisted after controlling
for stroke severity (Table 4) and was not significantly
altered by adjustment for infection (data not shown). The
biological explanation for this association, independent of
infection, is uncertain. However, the 7LR4 SNPs studied
here alter both plasma levels of cytokines [23] and
immune cell release of cytokines following stimulation
with TLR4 agonists [10,12]. Thus, the IL-1ra finding here

1s consistent with previous literature.

Increased WBC counts and elevated plasma CRP are
independently associated with poor outcome after stroke
[1]. Our finding that variant 7LR4 SNPs are associated
with transient increases in both WBC count and CRP is
interesting and could help explain the 7LR4 SNP effect on
outcome. As with IL-1ra, the associations with both WBC
count and CRP persisted after adjusting for infection (data
not shown). The biological explanations for these associa-
tions are also uncertain. However, our findings here are
again consistent with prior work [24,25].

Conclusion

Functionally significant variations in 7LR4 are associated
with: (i) worse neurological outcome and (ii) alterations
in systemic markers of inflammation following AIS. These
data are the first to suggest a direct connection between
TLR4 function and stroke pathophysiology in humans.
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ABSTRACT: The outcome of stroke patients is not only determined by the extent and localization of the
ischemic lesion, but also by strok iated infecti Stroke-induced immune alterations, which are
related to stroke-associated infections, have been described over the last decade. Here we review the
evidence that catecholamines and steroids induced by stroke result in stroke-induced immune alterations.
In addition, we compare the immune alterations observed in other acute diseases such as myocardial
infarction, brain trauma, and surgical trauma with the changes seen in stroke-induced immune alterations.

Key words: ischemic stroke, immune, aging, catecholamines, steroids

Cerebrovascular diseases, including ischemic stroke, are
the second most common cause of death worldwide after
ischemic heart disease; stroke is the third leading cause of
death in the USA [1, 2]. Stroke-related disability ranks
third when disability-adjusted life-years are assessed [3].
The clinical outcome of stroke patients is not solely
determined by the infarct size and localization, but is also
altered by subsequent infections. Stroke-associated
infections (SAIs), of which pneumonia is the most
common, impair outcome and increase mortality [4, 5].
The frequency of SAls ranges from 15%-42% depending
on the inclusion criteria of the respective study [4, 5]. In
recent years it has become evident that increased
susceptibility to infections is related to stroke-induced
alterations in the immune system. Loss of lymphocytes,
lymphocyte dysfunction, and monocyte deactivation
following stroke have been observed in both experimental
stroke models and in stroke patients [6-8].

If the mechanisms by which stroke induces these
immune alterations became known, these pathways could
be targeted in future therapeutic trials. The central nervous
system and the immune system communicate with each
other via several pathways: the sympathetic nervous

system, the parasympathic nervous system, and the
hypothalamic-pituitary-adrenal (HPA) axis [9]. These
pathways can be triggered through the nervous system by
the brain itself or as a response to afferent vagus
stimulation. In addition, the immune system can induce a
stress response through inflammatory cytokines, which
may be locally produced or may reach the central nervous
system via the blood stream. Ischemic brain injury has
been shown to affect several of these pathways [9].

Catecholamine effects and receptors on immune cells

To alter immune responses, catecholamines must be
present in the microenvironment of the leukocytes, and
the cells must express a receptor to detect these hormones
[10]. Direct sympathetic innervation is found in both
primary and secondary lymphoid organs, where
norepinephrine and epinephrine are released from the
sympathetic nerve endings and immune cells express o-
and B-adrenoreceptors that transduce the signal into the
cell (Table 1) [10]. Expression levels differ due to
epigenetic regulation by histones and DNA methylation
[11-13].
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Table 1. Expression of adrenoreceptors on immune cells.

Most innate immune cells Both aAR and PAR families
Bone marrow-derived dendritic cells alAR a2AR

BIAR P2AR
Monocytes/macrophages B2AR

al AR 02AR
Natural killer cells B2AR
Resting and activated B cells

Naive T cells and Thl cells, but not Th2 cells

Regulatory T cells and Th17 cells No data available

Reviewed in [14]. AR, adrenoreceptor.

Since lymphocytes are primed in lymphoid organs, and catecholamine concentrations within the spleen and lymph
nodes are likely to exceed plasma concentrations due to direct sympathetic innervations, sympathetic activation can
effectively alter immune responses [15]. Furthermore, catecholamines are not only released from nerve terminals and
the adrenal medulla, but can also be actively produced, stored, and secreted by immune cells themselves [16].
Catecholamines released from immune cells serve as auto/paracrine regulators of lymphocyte activity, for example
through the suppression of lymphocyte proliferation, cytokine production, and the induction of apoptosis [17, 18]. The
biological relevance of immune cell-derived catecholamines versus the catecholamines released by the sympathetic
response is not known [19].

Catecholamine release leads to a quick two-phased mobilization: initial lymphocytosis is succeeded by
granulocytosis and reduced lymphocytes in the peripheral blood. Lymphocyte recruitment seems to mainly be mediated
by P2-adrenoreceptors (B2AR) and originates from the marginal pool and the spleen, whereas granulocytes are
predominantly recruited from the marginal pool and the lung via c-adrenoreceptor stimulation [20]. While this biphasic
response of lymphocytes to B2AR engagement is well described the underlying mechanisms are only partly resolved.
The effect depends on the time of receptor engagement in relation to the activation and differentiation state of the cell,
the involved molecular signaling pathway, and the cytokine microenvironment (Table 2) (for reviews see [21-23]). In
addition, high concentrations of catecholamines are known to induce lymphocyte apoptosis [17].

Glucocorticoid effects and receptors on immune cells

Another effective pathway for the interaction of the central nervous system and the immune system is the HPA axis.
Activation of the HPA axis starts with the release of corticotropin-releasing hormone from the hypothalamus, which
induces the secretion of adrenocorticotropic hormone, which leads to the secretion of glucocorticoids from the adrenal
gland [10]. Glucocorticoids have long been known to exert anti-inflammatory and immunosuppressive effects, and are
broadly used as an anti-inflammatory treatment. In the absence of ligands, the glucocorticoid receptor (GCR) resides
in the cytoplasm in a complex with heat shock proteins and immunophilins [24]. The GCR is constitutively expressed
in virtually all cell types, but different tissue-specific expression patterns lead to tissue-specific outcomes in different
diseases [25].

When binding its ligand in the cytoplasm, the GCR can interact with signaling pathways of the T-cell receptor
signaling complex and thus modulate pro-inflammatory gene expression [26]. The primary actions of the GCR are
evident in the nucleus. Upon ligand binding, chaperone complex remodeling exposes nuclear localization sequences on
the GCR, leading to its nuclear translocation [27]. The GCR has two ways of modulating gene expression. As a dimer,
GCR binds the glucocorticoid response element, when undimerized, GCR binds pro-inflammatory transcription factors
such as AP-1, NF-kB, IRF-3, STAT, CREB, NFAT, T-bet, and GATA-3, leading to their inhibition [27]. Further details
are reviewed in [28]. Cellular effects of stress hormones are summarized in Table 2.
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Table 2. Cellular effects of stress hormones in immune cells

DC induce apoptosis in immature DCs [29]
reduction of MHCII, costimulatory
molecules and cytokine expression [30, 31]
inhibition of migration in vivo and in vitro
[32]; [33] by downregulation of CCR7 [34]
induction of a tolerogenic DC phenotype
that induces T cell anergy, suppression of T

cells and generates Tregs [35]
Macrophages/
monocytes
Neutrophils suppression of adhesion molecule
expression inhibits rolling, adhesion and
transmigration [47]
increase of BM-derived neutrophils in
blood [48]
promotes necrosis [49]
B cells
T cells affect thymocyte maturation by inducing

apoptosis in thymocytes; more sensitive
than Teff than Treg cells [59, 60]

e physiological doses: shift from Thl
response to Th2 [61]

e pharmacological doses induce anti-

inflammation:

- reduce RORyt in Th17 cells [62]

- inhibit TH1 function by direct
inhibition of STAT4 and T-bet [63,
64]

- suppress STAT6 function in Th2 by
interfering with GATA [65, 66]

DC dendritic cells; CCR C-C chemokine receptor; NK natural killer cells;

enhanced surface expression of MHCII, CD80 and
CD86 [36]

control cell migration via @1bAR [37] and induction
of an anti-inflammatory cytokine profile [38]
enhancement of IL-33 production thus promoting
Th2 responses [39] inhibited the lipopolysaccharide
(LPS)-stimulated production of interleukin (IL)-23,
1L-12 p40, tumor necrosis factor (TNF)-alpha and

increase the total circulating neutrophil pool for a
few hours [50]

increase expression and release of Hsp72 [51]
suppression of CD11b and inhibition of suppression
of CD62L (L-selectin) [52]

decreased phagocytosis of zymosan in vitro [53]

B2AR engagement enhances IFNy production in
TH1 cells the presence of IL-12 in pre activated
THI cells [67]

inhibit [FN-y in resting TH1 cells [13]

_

Treg regulatory T cells; Teff effector T cells; BM bone marrow; LN Lymph node; NE pinephrine; CA Catechol
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hypothalamic-
pituitary-adrenal-axis

glucocorticoids

apoptosis, IFN-g ., TNFa 1,
101
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Figure 1. Systemic effects of the stress response in ischemic stroke. The scheme depicts those organ specific immune alterations
that occur in stroke and have been experimentally linked to the activation of either the HPA axis or the sympathetic nervous system.
As a result the stress response reduces the ability to fight bacteria and increases the risk of subsequent infection. (HPA,
hypothalamic-pituitary gland-adrenal; iNKT, invariant natural killer T cells; IFN-g, Interferon-gamma; IL-10, Interleukin-10;

TNF-a, tumor necrosis factor-alpha; 1, increase, |, decrease)

Stress responses have been described in stroke; the
pathways delineated above have been implicated in
stroke-induce immune alterations (SITAs). In this article,
we review the clinical and experimental evidence that
stress hormones are indeed the mediators linking ischemic
brain injury with SIIA. Other acute diseases such as
myocardial infarction (MI), surgical trauma, and trauma-
related injury also induce a stress response. We will
summarize what is known with respect to immunological
changes in patients with these diseases (section 4.1), and
discuss whether changes observed in SIIA that enhance
the risk for SAIs are unique to ischemic brain injury or
extend to other diseases. This review will not address the
role of the immune system and SIIAs in secondary
immune-mediated organ damage, which has been
described in experimental stroke and traumatic brain
injury (TBI) [70-73].

Stress hormones in stroke

Alterations induced by catecholamines and steroids in
specific organs are summarized in Figure 1. Here we will

focus on cell type specific alterations and clinical
consequences.

Stroke: catecholamines and clinical outcome

Several studies of stroke patients have investigated
whether epinephrine, norepinephrine, or its metabolites
metanephrine and normetanephrine can be used as
markers for the extent of SIIA and whether these
molecules correlate with patient outcome and the
occurrence of SAls. Metanephrine and normetanephrine,
which lack biological activity but are relatively stable, can
be determined in urinary samples [74]. Data across
different stroke patient populations and research groups
consistently indicate that catecholamines are associated
with an increased risk of post-stroke infections. Higher
levels of metanephrine and normetanephrine on
admission and on day 1 enhance the risk of developing
SAIs [4, 75, 76]. In agreement with these findings,
mortality at 3 months was associated with higher levels of
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normetanephrine on admission and day 1, at least in one
study [75].

Furthermore, the cellular changes observed in SIIA,
including lymphocytopenia and reduced monocytic HLA-
DR expression that leads to impaired immune function,
have been linked to catecholamine levels in stroke
patients in the ESPIAS and PANTHERIS studies [4, 75].
This observation may be due to the biphasic effect of
catecholamines on immune cells, including the autocrine,
apoptosis-inducing regulation that was described earlier.
However, the observation that lymphocytes remaining in
the circulation of stroke patients are primed towards
proinflammation [76] is not in line with the earlier report
that Th2 cells lack the B2AR [13], and therefore T cells
with an anti-inflammatory phenotype should escape
catecholamine-induced apoptosis. This scenario suggests
that additional mediators are involved in regulating T-cell
responses in stroke patients.

The phenotypic findings in human stroke-induced
SIIA are very similar to the observations made in
experimental stroke; lymphocyte apoptosis in the spleen
and thymus, lymphocytopenia in the periphery, and a
defective interferon (IFN)-y response in monocytes
predispose patients to post-stroke infections, with
bacteremia and spontaneous pneumonia in experimental
stroke [77]. Thus, the animal model appears well suited to
investigate the underlying pathophysiology of SIIA.

Selective inhibition of the effects of sympathetic
nervous-system activation at an early time point, but not
the blockage of the effects of HPA axis activation,
prevented systemic infections and improved survival in
stroked mice [77, 79]. These findings suggest that
catecholamines, but not glucocorticoids, are causally
related to SAL Moreover, adoptive transfer of
splenocytes, especially T and natural killer cells from
control mice into stroked animals, restored the recipient’s
defense against pathogens [77]. Both the loss of
lymphocytes due to apoptosis and the functional
impairment of lymphocytes can be explained by the
known P2AR-mediated effects of catecholamines.
Additionally, adrenoreceptor antagonism has been
demonstrated to inhibit splenic atrophy, reduce the infarct
volume, and modulate cytokine expression in the spleen
following experimental stroke, but did not affect a specific
lymphocyte population within the splenocyte fraction
[80]. Thus converging evidence from animal models and
human studies support the role of B-adrenergic
stimulation in STIA.

Stroke: glucocorticoids and clinical outcome
The stress hormone cortisol is also transiently elevated

following stroke [81-83]. However, the data for the
kinetics of cortisol in plasma concentrations as well as the

relationship of cortisol with SAI remain contradictory.
The increase of plasma cortisol levels has been reported
to persist through day 5 post-stroke [81] , while others
observed elevated plasma levels on admission that
normalized within 24 h [84, 85].

The correlation of cortisol levels with stroke severity,
infarct volumes, unfavorable outcome, and even higher
mortality has been repeatedly demonstrated [86-90].
However, the association of cortisol levels with markers
of SIIA and post-stroke infections remains poorly
understood. Whereas our own data support an association
of plasma cortisol levels on day 1 with SAI [76] , other
studies detected no association of plasma cortisol levels
with SAI or with monocyte function [4, 84]. Another
study linked interleukin (IL)-6 levels to cortisol levels; in
stroke patients, IL-6 levels correlated significantly with
cortisol levels, and moming serum IL-6 levels
independently predicted evening/night cortisol levels,
which has been interpreted as evidence for cytokine-
induced HPA axis activation following stroke [91].

In experimental stroke, a three-fold increase in serum
corticosterone levels (the primary glucocorticoid in
rodents) compared to naive animals was observed at 4 h
after stroke; only 24 h after sham/permanent middle
cerebral artery occlusion surgery, corticosterone levels in
stroked animals returned nearly to the levels of naive
animals [92].

While several studies have addressed the role of
glucocorticoids in brain-lesion development in stroke,
there is a surprising paucity of data investigating the
effects of glucocorticoids on immune function and
infection in experimental stroke. The seminal study by
Prass et al. has long been the only investigation of GCR
antagonism with respect to SIIA and SAI They reported
that glucocorticoid inhibition reduced apoptosis of
splenocytes and lymphopenia following stroke [77].
However, in contrast to B-adrenergic inhibition, GCR
antagonism did not prevent pneumonia. A very recent
study now reported similar findings demonstrating in
experimental stroke that the inhibition of glucocorticoid
effects reversed lymphocytopenia while inhibition of
B2AR restored interferon release in lymphocytes [78].

Do stress hormones mimic SITA in vitro?

As reviewed in the preceding sections, clinical data and
animal models suggest that catecholamines are the major
mediator of SITA. However, it is difficult to prove
causality due to the complex pathways activated in whole
animals and in patients. In vitro studies could provide
complementary evidence if the effects observed in vivo
could be replicated in vitro.
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Table 3. Immune alterations immediately after disease onset.

‘White blood cell 1158, 100) 1lon 1002 1198,103)
monocytic HLA-DR 7| R 003 ] |1105,106] | (106,107
monocytic LPS activatability PS04 Tl i
eytokin
IL-10 1104, 109] o 14 1681 g
TNF-a Lo ool 1L0p 168 12
IL-6 1198,109) 1010 100L,113) | 1B8,102] q012) o)
HMGB-1 Tmsm Tnu] T(99] T(ss, 115)
LI Ihomae s :
1[7, 100, 109, 116,

latory lymphocyte number | [P 117 (sl 18 oS, 106 o)
T lymphocyte activation Je14r6) s
1gG, IgM 7 s 120
T-cell proliferation to mitogen |17 ol sl
hormones
catecholamines 107 114,75,76,109) 104 196,97 1191
cortisol/corticosterone 107 11100, 104] 11981 41106
LPS, lipopolysaccharide; IL. interleukin; TNF, tumor necrosis factor; IFN, interferon.

In peripheral blood mononuclear cells activated
through the T-cell receptor in vitro, non-toxic
concentrations of norepinephrine induce pro- and anti-
inflammatory cytokine expression [93], while the
synthetic glucocorticoid dexamethasone reduces cellular
activation, lowering the number of cytokine-producing
lymphocytes and inhibiting both Thl- and Th2-type
cytokines [93]. In this setting, which included the
combined in vitro application of dexamethasone and
norepinephrine, the dexamethasone-induced alteration
dominated [93]. Exposure to norepinephrine or
terbutaline, a P2AR agonist, before T-cell receptor
stimulation inhibits IFNy production, as evident in the
defective IFNy response after stroke [12].

However, when peripheral blood mononuclear cells
are not activated via the T-cell receptor but through the
Toll-like receptors, application of dexamethasone and
norepinephrine in vitro did not alter cytokine secretion (A.
Kasprik, A. Dressel unpublished observations). These
findings suggest that stress hormones may alter immune
responses in a manner that is dependent on the activation
pathway. We have observed that the in vitro application
of catecholamines results in defunct upregulation of
CTLA-4 expression on CD4+ T cells upon activation,

mimicking observations made in stroke patients [76].
Whether this impaired regulation of CTLA-4 is
functionally relevant in stroke patients is not known.

Mechanisms of immunosuppression in various
diseases

The preceding sections have summarized the currently
available evidence on stress hormones and SIIA. Taken
together, these data suggest that catecholamines and
glucocorticoids are key factors inducing
immunosuppression in cerebral ischemia, enhancing
susceptibility to SIA. If this emerging pathophysiological
concept is correct, the immunological alterations seen in
SITA may not be unique to ischemic stroke, but may
extend to other diseases that also induce an acute release
of catecholamines and glucocorticoids. A rapid increase
in the plasma levels of catecholamines and steroids has
long been described in TBI, ML, and surgical trauma and
trauma (ST/T), among others [94-97]. Furthermore, a
relationship between clinical outcome and initial
catecholamine levels has been described for ST/T, similar
to the relationship detected in stroke [4, 75, 76, 95]. To
the best of our knowledge only two studies have compared
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immune alterations in stroke and MI [98, 99]. We
therefore reviewed publications addressing
immunosuppressive mechanisms in TBI, MI, or ST/T.
Cross-study comparisons have limited validity, as patient
characteristics, time points of sample acquisition, assays
used to determine the activation status, and measured
cytokines differ between studies. Despite these
limitations, there is a striking consistency in the pattern of
immune alterations observed within 48 h after disease
onset. These patterns are summarized in Table 3 and
detailed in section 4.1 and 4.3.

Immune response and cytokines

ST/T, MI, and TBI induce increased white blood cell
counts and reduced monocytic HLA-DR, similar to
findings in cerebral ischemia [7, 94, 95, 98, 101, 103,
106]. Monocytic TNF-o.  production upon
lipopolysaccharide challenge is diminished in ischemic
stroke as well as in TBL The proinflammatory cytokine
IL-6 is upregulated in ischemic stroke, TBI, and ML as is
the antiinflammatory cytokine IL-10 [98, 101, 110, 111].
Furthermore HMGB1 which has been shown to be a
strong proinflammatory mediator is also elevated in TBL
ST/T, and ischemic stroke [76, 95, 115, 121, 122].

The reduced number of circulatory T lymphocytes
(CD4+, CD8+) is an overall phenomenon observed in
ischemic stroke, TBI, M1, and ST/T. While proliferation
in response to mitogenic stimuli is impaired in TBI [113]
and surgery [123], it is indistinguishable from controls in
ischemic stroke, where T cells are prone to
proinflammation [76] or reported to be also impaired
[117]. In TBI, even B cells are unable to mount normal
IgM or IgG responses [119, 120].

Gut barrier

TBI was reported to lead to secondary infections in up to
75% of affected comatose patients [120]. One possible
shared source of bacterial infections is endogenous
bacteria, Escherichia coli translocated from the patient’s
own gut. Increased permeability was reported in
experimental ischemic stroke, in TBI [124], in
intracerebral hemorrhage [125], and in patients who
underwent surgical trauma [126-128]. Vagal nerve
stimulation was found to inhibit bacterial translocation in
TBI[129].

Hormones

Increased catecholamine or cortisol/corticosterone levels
are present very early after disease onset in all of the
reviewed diseases (ischemic stroke, TBI, ML, ST/T) [4,
75, 76, 94-98, 100, 104, 106, 109]. The blockade of

catecholamine effects through the administration of
propranolol was beneficial in ischemic stroke and in TBI
[77, 94]. For TBI, beta blockade therapy is also suggested
to be beneficial [130]. However, the effect of beta-
blockade premedication in ischemic stroke patients is still
not well enough investigated to draw conclusions. The
levels of catecholamines 1 h post trauma (controls 0.3
ng/mL vs. TBI 3.27 ng/mL) correlate with mortality [95],
while the results for TBI are contradictory [131, 132].

Summary and conclusion

Stress hormones are important regulators of immune cell
function via adreneoreceptors and GCR. Lymphoid
organs are directly innervated and nerve terminals release
catecholamines. Moreover immune cells can actively
secret hormones. There is strong evidence that the
increase of stress hormones early after stroke 1s a marker
for the extent of SIIA that can be expected to develop.
Surprisingly, the experimental evidence suggests that
catecholamine-triggered pathways, but not well-known
immunosuppressive glucocorticoid-induced alterations,
are causally related to SAL However, which immune
alterations induced by catecholamines mediate the
enhanced susceptibility to infection in stroke patients
remains to be determined. A recent observation from our
laboratory provides evidence that catecholamine induced
immune alterations are not limited to lymphocytes and
monocytes but may extend to granulocyte function. The
ability of monocytes and granulocytes to generate oxygen
radicals (oxidative burst) was impaired in stroke patients
compared to healthy controls. In vitro data suggest that
catecholamines and glucocorticoids can both reduce
oxidative burst [133].

In stroke and TBI, the brain injury itself is thought to
trigger rapid activation of the stress pathways. MI patients
suffer from thoracic pain and possibly respiratory distress,
triggering a stress response in the absence of brain
damage; similarly, patients with trauma also experience
acute stress due to the trauma and to the resulting injury.
Cross-study comparisons of ischemic stroke and TBI with
ST/T and MI suggest that these diseases lead to similar
induction of immunosuppression and subsequent
infection through common activation of the stress
response independently of direct central nervous system
involvement (Figure 1).

Due to the similarities observed in alterations to the
immune system in these very different diseases, we
propose that SIIAs constitute a common response of the
immune system to acute stress. SIIAs, which currently
refer to “stroke-induced immune alterations”, may
therefore be better termed as “stress-induced immune
alterations.” Direct comparisons of the stress-induced
immune alterations in various diseases are required to test
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this hypothesis, which would offer a common therapeutic
target to prevent infection and improve patient outcome
across a wide spectrum of acute diseases.
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3 Appendix

3.1 Short Summary

Ischemic stroke is the second leading cause of death worldwide and a disease with a variety of
risk factors including hypotension, nutrition/obesity, and smoking but also increased age. In an
ageing society stroke is a great challenge and leaves the survivors with disabilities. The aim of
this dissertation was to investigate the immunologic changes post ischemic stroke, in order to
use a better understanding for new therapeutic approaches as well as for improvement of
translation of results from bench to bedside. Ischemic stroke leads to a local and peripheral
immune activation. On the other side an immune dysfunction/suppression occurs, that leads to
a higher risk of stroke-associated infections. In this dissertation, a long-lasting elevation of
HMGB1 after stroke and a correlation with blood leukocyte numbers could be shown. HMGB1
seems to be an important mediator of an endogenous inflammation and an interesting target for
post-stroke immunomodulation. In a further study we showed that the quality of the immune
response of infiltrating T cells has an impact on the neurologic outcome and functional recovery
after experimental stroke. Importantly, a mechanism of how infections, mimicked by LPS
injections, could worsen the outcome of stroke patients was revealed. In the context of stroke-
induced immunosuppression regulatory T cells as an immunosuppressive T cells subset seem to
not play a role as their suppressive capacity is reduced after stroke. Interestingly, the CD39
expression on Tregs is similarly increasing with age in humans and mice. This shows the
importance of an age equivalent in experimental studies. In search of predictors for the outcome
after stroke as well as the risk of infections, we performed single nucleotide polymorphism
genotyping in the IL-1RN and TLR4 gene of stroke patients. Functional significant variants in the
IL-1RN and TLR4 genes may have an impact on outcome and systemic markers of inflammation

post stroke but these findings need to be replicated in studies with much larger cohorts.
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3.2 Kurzzusammenfassung

Der Schlaganfall ist die zweithaufigste Todesursache weltweit und eine Erkrankung mit
vielfaltigen Risikofaktoren, unter anderem Bluthochdruck, Erndhrung/Adipositas, Rauchen aber
auch hohem Alter. In einer alternden Gesellschaft ist der Schlaganfall eine grolle
Herausforderung in der Behandlung und hinterldsst die Uberlebenden haufig mit
Behinderungen. Ziel dieser Arbeit war es, die immunologischen Veranderungen in der Folge des
ischamischen Schlaganfalls zu untersuchen, um durch das bessere Verstindnis neue
Therapieansatze generieren und die Translation experimenteller Studien in die Klinik zu
verbessern. In der Folge einen ischamischen Schlaganfalls kommt es lokal sowie peripher zu
einer Immunaktivierung. Auf der anderen Seite tritt aber auch eine Immundysfunktion/-
suppression auf, die zu einem erhdhten Risiko fir Schlaganfall-assoziierte Infektionen fiihrt. In
dieser Arbeit wurde gezeigt, dass HMGB1 nach einem Schlaganfall langanhaltend im Plasma
erhoht ist und mit der Leukozytenzahl im Blut korreliert. HMGB1 scheint ein wichtiger Mediator
der endogenen Inflammation zu sein und waére interessant fir eine immunmodulatorische
Intervention. In einer weiteren Studie dieser Arbeit wurde gezeigt, dass die Qualitat der
Immunantwort von infiltrierenden T-Zellen einen Einfluss auf das neurologische Outcome sowie
die funktionelle Erholung nach Schlaganfall hat. AuBerdem konnte stellvertretend durch LPS
gezeigt werden, wie Infektionen zu einem verschlechterten Outcome bei Schlaganfall-Patienten
fihren koénnten. In einer Studie Uber regulatorische T-Zellen wurde festgestellt, dass diese
vermutlich keinen Einfluss auf die Schlaganfall-induzierte Immunsuppression haben, da ihre
suppressive Aktivitat nach Schlaganfall reduziert ist. Die Expression von CD39 auf der Oberflache
von Tregs zeigt bei Menschen und Mausen einen dhnlichen Anstieg mit zunehmendem Alter.
Dies liefert wichtige Hinweise flir eine Notwendigkeit von gealterten Mausen in
tierexperimentellen Schlaganfallstudien. Auf der Suche nach Praddiktoren flir das Outcome nach
Schlaganfall sowie das Risiko fir Infektionen wurden Studien zum Auftreten von verschiedenen
Einzelnucleotidpolymorphismen im IL-1RN und TLR4 Gen durchgefiihrt. Funktionell signifikante
Varianten in den /L-1RN und TLR4 Genen kénnen zum Outcome und zu Veranderungen von
systemischen Entziindungsmarkern nach akutem ischamischem Schlaganfall beitragen. Die

Ergebnisse sollten jedoch noch in einer grofler angelegten Studie repliziert werden.
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3.3 Abbreviations & Figures

AMP Adenosine monophosphate

ATP Adenosine triphosphate

BBB Blood brain barrier

Cb Cluster of differentiation

CFSE Carboxyfluorescein succinimidyl ester
CNS Central nervous system

comT Catechol-O-methyltransferase

CRP C-reactive protein

CSF cerebrospinal fluid

CTL cytotoxic T lymphocyte

CTLA Cytotoxic T lymphocyte antigen
DAMP Danger-associated molecular pattern
DALY Disability adjusted life years

DBH Dopamine beta hydroxylase

Dereg Depletion of regulatory T cells

G-CSF granulocyte colony stimulating factor
GFP green fluorescent protein

HLA-DR Human leukocyte antigen-

HMGB High mobility group box protein

HPA axis Hypothalamic-pituitary-adrenal axis
IFN Interferon

IL Interleukin

IL-1ra Interleukin-1 receptor antagonist

IS Immune system

LPS Lipopolysaccharide

MBP Myelin basic protein

MCAO Middle cerebral artery occlusion
MOG Myelin oligodendrocyte glycoprotein
MRI Magnetic resonance imaging

MS Multiple sclerosis

NET Neutrophil extracellular trap

NF-kB Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
pRCT preclinical randomized controlled multicenter trial
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Rag Recombination-activating genes

RAGE Receptor for advanced glycation end products
rtPA Recombinant tissue plasminogen activator
SAl Stroke-associated infection

SCID Severe combined immunodeficiency

SHIP Study of Health In Pomerania

SIIS Stroke induced immunosuppression

SNP Single nucleotide polymorphism

SNS Sympathetic nervous system

STAIR Stroke Treatment Academic Industry Roundtable
TGF tumor growth factor

TNF tumor necrosis factor

Th cell T helper cell

TLR toll-like receptor

Treg regulatory T cell

uTpP uridine triphosphate

VLA very late antigen

VCAM vascular cell adhesion molecule

WBC white blood cell

WHO World Health Organization

Figures

Figure 1 Figure modified from (Vogelgesang et al.,, 2014). The numbers in the picture

indicate the different approaches with which the immunologic changes following

stroke where investigated in this dissertation.

Figure 2a Graph modified from (Gelderblom et al., 2009). The figure depicts the time
course and amount of immune cells infiltrating into the ischemic hemisphere

after stroke.
Figure 2b Graph modified from (Gelderblom et al., 2009). The figure shows the time course

and amount of infiltration of lymphocyte subsets (only summarized as

lymphocytes in Fig.2a) into the ischemic hemisphere post stroke.
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