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Abstract

The immunology of stroke can be approached in several ways. By viewing stroke from an immunological standpoint, we are trying to
achieve new insights in its pathogenesis and reach new therapeutic options. To review and summarize the findings from publications on
immunology of stroke. Infections are a well-known risk factor for stroke. This is due to activated immune cells interacting with throm-
bocytes and releasing coagulation factors, which affect the formation of the thrombus. Aseptic inflammation in the ischemic lesion leads
to cellular invasion of the area and triggers a pro-inflammatory response, which has an impact on further destruction of ischemic brain
tissue. Another aspect of stroke is systemic immune suppression, which is a predisposing factor towards a systemic bacterial infection.
Infection itself is also an independent risk factor for negative clinical outcomes and increased mortality. The immunological approach

to the topic of ischemic stroke holds significant value for future research.
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INTRODUCTION

Immune response and inflammation are key elements in
the pathobiology of ischemic stroke. While immunity con-
tributes to brain damage due to ischemia, the damaged tis-
sue itself triggers a powerful immunosuppressive response,
which in turn leads to potentially life-threatening intercur-
rent infections. Inflammatory signalling is instrumental in
all stages of the ischemic cascade. Modulation of the adap-
tive immune response creates a significant protective effect
towards the ischemic brain tissue and offers some new the-
rapeutic options. It is important to keep in mind that im-
munomodulation can lead to some serious side effects and
continuously studying the connections between immunity
and ischemic brain damage is essential.

Neuroimmunology of stroke

After a vascular occlusion, a local immune cascade is trig-

gered in the ischemic zone, which is followed by secon-
dary phenomena, affecting the entire organism. Neuronal
destruction releases danger-associated molecular pattern
molecules (DAMPs)! in the extracellular space, which are a
local activating factor of the inflammatory cascade. Among
these markers are the HMGBI1 (high-mobility group box)
protein, heat-shock proteins, uric acid, adenosine trip-
hosphate (ATP), heparan sulfate, DNA, RNA. Inhibition
of HMGBI is associated with neuroprotection in the acute
phase under experimental conditions, however, the same
marker is associated with improved recovery in a different
trial.? Uric acid, on the other hand, is associated with better
clinical results after reperfusion therapy and better recove-
ry following a transitory ischemic attack (TIA).? It is belie-
ved that in part this is due to its antioxidant qualities.

Microglia

In the lesion site, microglial cells produce a number of
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cytokines during the different phases of inflammation,
among which are the major histocompatibility complex 2
and interleukin 1.? This leads to an influx of immune cells
through the blood-brain barrier (BBB) and the develop-
ment of a specific immune response.

Immune factors

A number of research papers discuss the ambivalent role
of immune factors in the pathogenesis of ischemic stroke.
A good example is matrix metalloproteinases.® They have
been demonstrated to play a part in neuronal damage in
the acute phase of stroke. However, experiments on ani-
mals demonstrate their role in neurovascular remodeling
between day 7 and day 14 after the cerebrovascular inci-
dent.

Lymphocytes

Lymphocyte subpopulations and T-lymphocytes, in par-
ticular, play a key part in the pathogenesis of ischemic
stroke.® In the acute phase of stroke, T-lymphocytes are
unable to pass through the BBB and affect the lesion in
an antigen-independent mechanism. Under the effects of
oxidative stress and endothelial cell proteases, lymphocytes
migrate into the brain parenchyma. They are the main re-
leasers of interferon gamma (INF-Gamma), which is rela-
ted to neurotoxicity in the late stage of stroke. Gamma-Del-
ta-T-lymphocytes (y8T) and Interleukins 23 and 17 are
among the main factors in the development of the cerebral
infarction. y§T-cells are activated without the presence of a
specific antigen, and in animal models, they infiltrate brain
tissue and release IFN-Gamma and IL-17. In the same ani-
mal models, the depletion of this subpopulation and bloc-
king the aforementioned interleukins leads to a decrease in
ischemic damage. In experimental models, the same effect
can be achieved through the depletion of CD8+ or CD4+
T-lymphocytes.

Autoimmune responses

The contact between the central nervous system (CNS) an-
tigens, which are usually isolated by the BBB, with systemic
immunity leads to autoimmune responses after cerebral
ischemia. The development of a certain degree of immune
tolerance towards CNS antigens is shown to have a pro-
tective effect under experimental conditions. In order to
avoid the development of a severe autoimmune reaction, it
is crucial to maintain a dynamic equilibrium between the
pro- and anti-inflammatory factors.” In this regard, regula-
tory T-lymphocytes (T-regs) are of particular importance.’
These are the specific cellular subpopulations that are res-
ponsible for a large part of the modulation of immune res-
ponse after CNS damage. They mediate both the destructi-
on of inviable cells and the formation of an inflammatory
wall that prevents lesion expansion. Regulatory T-lympho-
cytes are distinguished by the fact that they express CD4,

CD25, and FoxP3 on their surface.®!? Their proliferation
is stimulated by interleukin-2 (IL2). Out of the three cel-
lular markers, FoxP3 is the one with the highest degree of
specificity for T-regs and is proved to have a major role in
regulating the level of activity of this specific subpopulati-
on. People having genetic mutations affecting this marker
tend to suffer from severe autoimmune diseases. It should
be noted, however, that FoxP3 can be found in other sub-
populations as well and is thus not 100% specific. After an
ischemic stroke, these cells can be found in increased num-
bers in the spleen in the acute phase, and 5 days after the
stroke they can be found in the peri-infarct zone. The num-
bers of circulating CD4+CD25+ T-regs are higher in stroke
patients compared to a healthy control group. Another trial
looks into a possible association between increased apopto-
sis of neurons and decreased numbers of T-regs and other
immune cells. The depletion of T-regs in mice with indu-
ced cerebral ischemia leads to an increased lesion volume
and behavioral pathology.!! This effect is associated with
increased secretion of pro-inflammatory factors, mainly
IFN-Gamma. The protective effect of T-regs is mediated by
IL-10 and is the same as what is observed after intrathe-
cal application of IL-10."? Regulatory B-lymphocytes are
also linked to a protective effect in ischemic brain dama-
ge, which lends further credence to the theory of dynamic
equilibrium being necessary for a better outcome after a
cerebrovascular incident.

Autoimmune encephalitis

Contact between CNS antigens and systemic immunity
carries a major risk of autoimmune encephalitis. The re-
lease of anti-inflammatory cytokines to prevent such a
complication leads to an overall weakening of immunity,
which increases the possibility of post-stroke infections.!?
Great importance in this regard is given to some specific
T-lymphocyte subpopulations, which demonstrate an an-
ti-inflammatory phenotype under a noradrenergic stimu-
lus.!4

Infectious complications

A meta-analysis of 87 studies including 137,817 patients'®
reports that infectious complications are present in about
30% of stroke patients (95% CI, 24-36%) the major ones
being the respiratory and urinary tract infections (UTI).
Development of pneumonia after stroke is associated with
increased mortality at 30 days (OR 2.2; 95% CI, 1.8-2.7)
and the first year (OR 3.0; 95% CI, 2.5-2.7). Nearly half of
post-stroke cases of pneumonia occur in the first 48 hours
after the incident and almost all cases are within the first
week. The presence of dysphagia increases the risk of pneu-
monia threefold and if there is confirmed aspiration the
risk increases 11 times.'® In another study, there is a report
0f 16% of patients developing a UTI after stroke!”; however,
there wasn't a significant correlation between the presence
of this complication and overall clinical outcome.
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Lesion location and volume

Some studies discuss the possible connection between les-
ion localization and infectious complications, reporting a
higher rate of post-stroke infections in patients suffering
from strokes in the anterior part of the middle cerebral ar-
tery (MCA) zone and in the insula. Most studies consider
lesion volume to be more important than its localization.

Immune suppression

The development of these complications is in itself proof
of the presence of post-stroke immune suppression, which
is further corroborated by the presence of lymphocytope-
nia in a percentage of stroke patients quite similar to the
percentage that develop post-stroke infections. Adrenergic
mediation is of great importance as it is under its effect that
the switch from pro-inflammatory THI1 activity towards
anti-inflammatory TH2 activity occurs.

Therapeutic implications of the
immunology of stroke

Prophylactic usage of antibiotics

One of the main issues in this regard is preventing bacte-
rial infection in stroke patients. In an in-depth analysis of
a large number of trials looking into antibiotic prophylaxis
after stroke, there is evidence supporting a possible reducti-
on of infectious complications, but with no apparent effect
on overall mortality. As a result, a large-scale clinical trial of
preventive antibiotic usage after stroke was conducted.!®!
It included 2514 patients, randomized into two groups -
best medical care only or best medical care and 2g/day
of ceftriaxone. Ceftriaxone prophylaxis was not shown to
have a marked effect on functional results and also led to
a minor increase in adverse reactions (2 cases of C. difficile
infection in the Ceftriaxone group) At this point, prophy-
lactic usage of B-lactam antibiotics does not seem to be a
promising avenue for preventing post-stroke infections.

Immune-modulation treatment

A novel and quite promising therapeutic possibility is
immune-modulation treatment in stroke patients, based
upon improved insight into the immune-pathogenetic me-
chanism at work during ischemic brain damage. Based on
data from research on cellular cultures and animal models,
several different clinical trials were conducted.

Tetracyclines

One of these trials?® included 152 stroke patients, age>18,
NIHSS>5, between 6 and 24 hours after the incident. Ex-
cluded were patients less than 6 hours from the incident,
those allergic to tetracyclines, patients with intracerebral
hematoma, dysphagia, acute or chronic renal failure. Se-
venty-four of the patients received 200 mg/d of minocy-
cline in addition to their standard medical care and the-

rapy. There was a significant reduction in NIHSS score at
90 days in the minocycline group (1.6+1.9 vs. 6.5£3.8 for
the control group, p<0.0001). This difference was present
from the first day of the trial and persisted throughout the
entire 90-day period. This is considered to be due to mino-
cycline’s suppressive effect on microglial activity and glu-
tamate excitotoxicity, which is demonstrated both in vitro
and in animal models. Minocycline also shows inhibitory
activity toward metalloproteinases and T-cell proliferation.
Due to the likely mechanism of action being suppression
of apoptotic cascade, minocycline has a therapeutic win-
dow of about 24 hours after the incident which is the time
at which apoptosis peaks after a stroke. The success of this
trial led to two additional trials on a larger scale. The first of
them was Minocycline to Improve Neurologic Outcome in
Stroke (MINOS)?!, which tested the safety of intravenous
application of Minocycline in dosages of 3, 4, 5, 6, or 10
mg/kg/day over a period of 72 hours. This trial included 60
patients within the first six hours after stroke. Of these, 41
received the maximum dosage of minocycline and 60% re-
ceived intravenous thrombolysis. Infusion of minocycline
was well tolerated and there were no severe hemorrhagic
complications. Plasma half-life was determined to be about
24 hours. The results demonstrated a good level of safety in
the tested dosage and application method. These positive
results led to a multicentric clinical trial of the efficiency of
minocycline in improving functional outcomes after stro-
ke.?? In this trial oral minocycline was compared to placebo
over a 5-day period. This large-scale trial failed to prove
a significant difference in outcome between patients given
minocycline and patients given placebo.

Blocking neutrophil activity

Another therapeutic approach is blocking neutrophil ac-
tivity using a recombinant neutrophil-inhibiting factor.?®
This molecule demonstrates a reduction in neutrophil
infiltration and lesion volume in animal models. A dou-
ble-blind, randomized clinical trial comparing this mole-
cule in 16 different dosages with placebo was conducted on
a group of 966 stroke patients. There were neither any se-
rious adverse effects nor a significant difference in outcome
compared to placebo.?*

Blocking intracellular adhesion molecule 1

Another potential therapeutic strategy is blocking intracel-
lular adhesion molecule 1. A murine monoclonal antibody,
targeting this molecule was developed under the name of
enlimomab.?®> After a dosage-determining trial, a conclu-
sion was reached that dosages of 140 mg to 480 mg over
a 5-day period don’t lead to severe adverse reactions. A
loading dose of 160 mg, followed by 4 doses of 40 mg was
selected for use in future trials.?® This regimen was utili-
zed in a following clinical trial. 625 patients with ischemic
stroke were randomized into two groups - 317 for a 5-day
treatment with enlimomab in the above dosage and 308
were given a placebo. The results were very negative in the
enlimomab group - a significantly worse functional status
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as rated with the modified Rankin Scale (mRS) at 90 days,
fewer patients making full recovery, greater mortality and
significantly more adverse events.?” Later trials demonstra-
ted that infusion of heterologous antibodies after ischemic
stroke led to ischemic zone expansion. It is possible that
this adverse effect is due to the formation of anti-mouse
antibodies and neutrophil activation via the complement
system.?

Blocking the a4-f1integrin of leukocytes

Another possible approach to immunomodulation in stro-
ke is blocking the a4-p1 integrin of leukocytes.”? To test
this hypothesis, a randomized clinical trial was conducted
comparing natalizumab with placebo. The trial was based
on animal model research. The intravenous application of
300 mg of natalizumab did not have a significant effect on
the ischemic lesion growth observed on MRI at days 1, 5
and 30. %

Sphingosine-1-phosphate receptor
modulation

A much more promising option is treatment with fingoli-
mod. It is a sphingosine-1-phosphate receptor modulator,
that has demonstrated an excellent degree of safety and ef-
fectiveness in the treatment of multiple sclerosis.***? Fin-
golimod was tested in two clinical trials in China. One of
them included 22 patients who did not fulfill the criteria
for revascularization treatment.>* They were divided into 2
groups — one received standard medical care and the other
standard care and 0.5 mg/day of fingolimod for 3 days.
After the first week, the control group had an increase in
NIHHS mean scores from 9 to 10, while the fingolimod
group had a reduction from 11 to 7 points. This is a signifi-
cant difference (4+0.3 compared to -1+0.4, p=0.0001). The
difference is especially pronounced in patients with larger
occlusions compared to those with lacunar infarcts. At 90
days, in the fingolimod group were observed significant-
ly better scores in NIHSS (1.7+£0.8 compared to 5.8+1.7,
p=0.02), Modified Barthel Index (mBI) (62+11 compared
to 87+8, p=0.0049) and mRS 0-1 (0% for the control group
and 73% for the fingolimod group). There was also a nota-
ble positive effect on lesion volume on day 8. A decreased
number of circulating lymphocytes was observed over the
entire trial period in the group treated with fingolimod. In
a later clinical trial** with 47 participants, the combinati-
on of alteplase and fingolimod was compared to alteplase
only. Twenty-five patients received the combined treatment
and 22 received the classic intravenous thrombolysis. The
patients were aged 18-80 years, had a NIHSS>5, no con-
traindications for thrombolysis, no dysphagia, did not take
any other cytostatic or immunosuppressive medication. In
this trial, there was also a decreased number of circulating
lymphocytes, a smaller lesion volume (10.1 ml compared
to 34.3 ml; p=0.04), fewer hemorrhagic complications and
a lower NTHSS score (4 vs. 2; p=0.02) on the first day. At 90

days the researchers observed a better mRS score (73% ra-
ted 0-1 compared to 32% in the control group) and a lesser
degree of lesion expansion (2.3 ml compared to 12.1 ml;
p<0.01). Fingolimod was also tested on patients with intra-
cerebral hemorrhage.®® The trial included 23 patients with
intracerebral hemorrhage with a volume of 5-30 ml. All pa-
tients were given medical care according to international
standards and some of them also received 0.5 mg of fin-
golimod orally for 3 consecutive days. The patients treated
with fingolimod had better results on the Glasgow Coma
Scale (GCS) (15 points for 100% of the fingolimod group
compared to 50% of the control group; p=0.01), NIHSS (a
reduction of 7.5 points compared to 0.5 points for the con-
trol group; p=0.01) and mRS (0-1 for 63% of the fingolimod
group compared to 0% of the control group; p=0.001). This
trial also noted a smaller number of circulating lymphocy-
tes. This reduction in the number of circulating lympho-
cytes seems to be the main difference between the effect
of fingolimod and natalizumab on stroke patients and at
this time it can be inferred that it plays a major part in the
differing effects of their usage in stroke patients.

CONCLUSION

The immunological aspects of the pathogenesis of ische-
mic stroke are a promising new avenue for a therapeutic
approach to this very important medical issue. The better
insight into the underlying immune processes will undoub-
tedly bring to light many additional elements of the patho-
genetic cascade, which, if controlled, can help achieve a
better clinical outcome and recovery. At the same time, im-
proved understanding of the dynamic equilibrium between
proinflammatory and anti-inflammatory factors will allow
a better prediction of some of the non-vascular complicati-
ons after stroke, some of the most important among which
are the post-stroke infections leading to increased mortali-
ty and worsened recovery.
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Pe3rome

K ¥MMYHOIOT M MHCY/IbTa MOXKHO IIOTOITH C Pa3HBIX TOUEK 3peHst. PaccMaTpuBast MHCY/IBT C MMMYHOJIOTUeCKOI TOUKY 3PEHIIST, MbI
IIBITaeMCsI IIPUIITH K HOBBIM BBIBOZIAM, CBSI3AHHBIM C €70 TATOT€He30M, I HalITI HOBbIe TepaIieBTUUeCKIie BOSMOXXHOCTH. PaccMoTpeTs 1
060011Th JAHHBIE 13 TYOIMKALINIT 0 MMMYHOJIOT MY MHCY/IbTA. VIH(EKINY SB/IIIOTCS XOPOLIO M3BECTHBIM (PaKTOPOM PICKA Pa3BUTISL
MHCY/IbTA. DTO CBS3AHO C TeM, YTO aKTUBMPOBAHHBIE MMMYHHbIE KIETKU B3aMMOJEICTBYIOT C TPOMOOLMTAMU M BBICBOOOXKIAIOT
(baxTophl CBepTBIBAHN, KOTOpble BIIIOT Ha ob6pasoBaHye TpoMmba. ACeNTHYecKoe BOCIAIeHMe B HIIEMIYECKOM MOPasKeHNU
IIPUBORUT K KI€TOYHOI MHBA3UM B 06/1aCTDb 1 BBI3bIBAET IPOBOCIIATUTEIbHBIII OTBET, KOTOPDIIT BIIsIET Ha Aa/IbHelllllee paspyLIeHe
MIIeMIYecKOl TKaHU Mo3ra. [Ipyras cTOpOHa MHCY/IbTa — CUCTeMHAs MIMMYHOCYIIPEeCCHsI, KOTOpas sB/LIeTCS IPefpaciIonararolim
¢daxTtopoMm mra cucteMHOll GaktepuanpHoil MHbeknuu. CaMa MHQEKUMS TakkKe SB/SETCS He3aBUCHMBIM (PaKTOPOM prcKa
OTPHULATEMBHBIX KIMHIIECKUX MCXOMOB M yBeMUUEHNsI CMEPTHOCTH. VIMMYHOIOIMIeCKIiT IOAXOF, K TeMe MIIeMUYeCKOrO MHCY/IbTa
UMeeT BKHOe 3HaYeHNe I OYAYILINX MCCIefOBAHMIL.
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