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Introduction

1.1.

Stroke: definition.

Cerebrovascular diseases or stroke are consequence of the alteration
of normal cerebral blood flow, resulting in a transitory or permanent deficit
of the function of one or more parts of the brain. Another common
definition state it as all those alterations, via ischemic or hemorrhagic
mechanisms, that affect some part of the brain in a transitory or permanent
manner, to such extent that metabolic or biochemical alterations induced
would lead to cell death and alteration of the nervous system.
The World Health Organization (WHO) has defined stroke as the fast
clinical development of focal signs of alteration of cerebral function without
any other apparent origin that the vascular one1.
Stroke can be classified attending to the nature of the lesion in;
ischemic stroke and intracerebral hemorrhage (Figure 1). However, many
other classifications of cerebrovascular diseases can be used attending to
other parameters such as different stroke subtypes, the progression profile,
neuroimaging characteristics, nature, size and topography of the lesion, and
the mechanisms of induction and etiology2.

1.2.

Ischemic Stroke.

In the term ischemic stroke, are included all those secondary
encephalic alterations to a failure of blood supply, both qualitatively and
quantitatively. The term focal brain ischemia is used when only one part of
the brain is affected, while global brain ischemia involves the affectation of
the whole brain.
Focal ischemic stroke is classified in: 1) transitory ischemic attack and
2) cerebral infarction.
Transitory ischemic attacks (TIA) are defined as the focal or
monocular cerebral dysfunction with symptoms that last for less than 24
hours, whose origin is a vascular insufficiency caused by an arterial thrombus
or embolism, associated to arterial, cardiac or hematologic disease3.
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TIA patients present higher risk of major stroke (cerebral infarct) and
other vascular episodes, mainly coronary, although their individual outcome
is extraordinarily variable.
22

STROKE

15%

Intracerebral hemorrhage

85%
Ischemic stroke
20%
Atherothrombotic

25%
Lacunar

20%

30%

Cardioembolic

Undetermined

Other causes

Figure 1. Classification of stroke attending to its etiopathogenic origin.

Within the term ischemic stroke several etiologic subtypes are
included4;
‐ Atherotrombotic infarction: generally middle or large sized infarcts, with
cortical, subcortical, carotideal or vertebro‐basilar topography, in a
patient with presence of one or several cerebrovascular risk factors. It is
imperative the presence of clinically generalized atherosclerosis, or the
demonstration of occlusion or stenosis (> 50% or <50% plus two or more
vascular risk factors) in cerebral arteries, with an established correlation
to the patient´s clinics.
‐ Lacunar infarction or small vessel disease: small sized infarct (<15 mm of
diameter), localized in the distribution territory of the penetrating
arterioles. Although micro‐atheromatosis and lipohialinosis of penetrating
arterioles are the most frequent pathologic substrate in lacunar infarcts,
other less frequent potential causes are cardiac embolism, arterial‐
arterial embolism, infectious arthritis or prothrombotic state.
‐ Cardioembolic infarction: generally middle (1.5‐3 cm of diameter) or
large (>3 cm of diameter) sized infarcts with symptoms frequently started
during awakening. It is mandatory the presence of a demonstrated
embolic cardiopathy and the absence of significant concomitant arterial
occlusion or stenosis.
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‐ Infarction of non‐habitual origin: infarct of any size, in a patient without
vascular risk factors, where cardioembolic, lacunar or atherotrombotic
infarcts have been discarded.
‐ Infarction of undetermined etiology: brain infarct of middle or large size
with more than two potential etiologies or unknown origin.

1.3.

Cerebral hemorrhage.

Among all cerebrovascular diseases, the pathologic group of
hemorrhages corresponds to approximately 15% of all strokes. This
percentage excludes those derived from cranioencephalic trauma. In
essence, it consists in a blood extravasation, secondary to the breakage of a
blood vessel, either arterial or venous, by diverse mechanisms.
The terms hemorrhage and hematoma are indistinctly used, implying
both the leakage of blood to the extravascular space, into the brain
parenchyma. However, the first term is used more often to refer to a non‐
clearly circumscribed accumulation of blood diffusively infiltrated in the
nervous tissue, with tendency to head toward the ventricular or
subarachnoid space, while the second term is usually employed to describe
the bleeding producing a mass effect, better delimited and usually
subcortical and located in one lobe. Nevertheless, its location, shape, size,
disposition and complications are quite variable.
The most common cause of hemorrhage is arterial hypertension. For
other causes, except amyloidal angiopathy (typical in elderly people and
perhaps the most frequent cause after hypertension), the list of potential
origins in infant and young individuals can be summarized to: vascular
malformations (aneurisms, arteriovenous malformations), drugs (anti‐
platelet, adrenergic stimulants), toxics (alcohol, cocaine, poison),
hematological diseases (blood dyscrasia, coagulopathy), brain vasculopathy,
primary or metastatic tumors, and others5.

1.4.

Biochemistry of cerebral ischemia.

Acute obstruction of one of the brain arteries, such as the Middle
Cerebral Artery (MCA) for example, induces an instantaneous reduction of
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blood flow in the corresponding irrigation area (focal ischemia). Such
reduction of blood supply is not homogeneous in the affected area and can
change within minutes or hours, especially when the perfusion is reinstated6.
Ischemia becomes severe in the so‐called ischemic core, while in its
periphery a ring is established, the so‐called penumbra, where the reduction
of blood flow is less severe, due to the blood supply carried out by the
collateral arteries of the non‐ischemic neighbor tissue7. The impact of brain
ischemia will depend on the severity and duration of the blood flow
reduction.
Brain ischemia triggers a sequence of molecular phenomena in the
short and the long term, initiated with an energetic failure related to the
interruption of oxidative phosphorylation processes and the deficient
production of adenosin tri‐phosphate (ATP) (Figure 2). The cease of
transmembrane ionic gradients due to the failure of sodium‐potassium‐
ATPase pump and other ATP‐dependent ionic pumps is the key step of the
physiopathologic mechanisms in stroke, especially of cell death in the
ischemic core, when the vascular occlusion last a few minutes8. Neurons and
glial cells suffer an extreme depolarization because of the entrance of
sodium, chloride, calcium and water into the cytoplasm9; in addition,
potassium leaves the cell, inducing a sudden increment in extracellular
potassium10.
The energetic failure and the associated ionic changes originate an
increment in glutamate, an hyperexcitability of N‐methyl‐D‐aspartate
glutamatergic receptors (NMDA), and of α‐amino‐3‐hydroxy‐5‐methyl‐4‐
isoxazolpropionic acid receptors (AMPA), which induces an even higher
increase of intracellular calcium (Figure 3)11‐13.
The increase of intracellular calcium does not exclusively depend on
the activation of glutamate receptors, but in the stimulation of calcium
voltage‐dependent channels. Hyperexcitability causes a depolarization
phenomenon in the periphery of the infarct, which increases the energetic
cost while the membrane tries to re‐polarize itself14‐16.
Calcium increment, together with acidosis and peri‐infarct
depolarization contribute to initiate the damage; later on, inflammation and
activation of apoptotic phenomena contribute to increase the lesion13, 17.
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During ischemia, and particularly during reperfusion, free radicals are
generated. Such molecules are highly reactive and are produced at both the
initial and late stages of brain ischemia via different physiopathological
mechanism. In first place, oxygen reactive species are produced by the
metabolism of arachidonic acid and the neuronal NO (Nitric Oxide) synthase
(nNOS). During intermediate stages, free oxygen radicals are provided by the
infiltration of neutrophils in the ischemic area, and at late stages are
produced via the synthesis and activation of inducible NO synthase (iNOS)
enzymes and cycloxigenase‐2 (COX‐2)18, 19. Ischemic stroke triggers a series of
complex molecular events, among which activation and expression of genes
are included. Some of those events arise from the immediate reaction of
neurons to damage20, and others are associated to cellular processes that
determine the near fate of the affected neuron21 or coordinate the repair
mechanisms of neurons and tissues22, 23.
ISCHEMIA
↓O2‐ ↓ATP

NMDA
RECEPTORS

PROTEASE, LIPASE AND
PEROXIDASE ACTIVATION

NO release
Free radicals release
Macromolecules alteration
Cell membrane alteration

NECROSIS

↑GLUTAMATE
AMPA
RECEPTORES

VOLTAGE‐DEPENDENT
CALCIUM CHANNELS

↑MITOCHONDRIAL ↑ENDOPLASMATIC
CALCIUM
RETICULUM CALCIUM

↓ATP

INFLAMATION

APOPTOSIS

Figure 2. Sequence of main physiopathological events in cerebral ischemia.

Ischemic cellular death can take place in two different ways. The
most common one, described in the classical treatises, is necrosis24. This type
of cellular death is the result of the acute energetic failure, with loss of
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morphology and, in the end, cellular lysis, triggering inflammatory
processes25. On the other hand, apoptotic or programmed cell death can be
observed, when energy‐dependent intracellular mechanisms are activated,
leading to regulated cell degradation, being later eliminated by phagocytic
cells without inflammatory reaction17, 26.

Figure 3. Glutamate role on the stimulation of AMPA and NMDA receptors.

1.5.

Inflammation in ischemic stroke.

Cellular death by necrosis taking place after ischemic stroke activates
a very intense inflammatory response that reaches its maximum several
hours after the onset of cerebral ischemia27. There are many evidences that
show that inflammation and immune response play an important role in the
outcome of patients suffering from stroke28, 29. However, these inflammatory
mechanisms, are also necessary for the scavenging of dead cells, and could
be essential for the starting of repairing processes.
1.5.1. Cellular inflammatory response.
Inflammation is characterized by the accumulation of inflammatory
cells and mediators in the ischemic brain. Peripheral phagocytes, T‐
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lymphocytes, NK (natural killers) cells, and polymorphonuclear leukocytes,
segregate cytokines contributing to inflammation in the brain following
cerebral ischemia. Leukocytes from peripheral blood and resident microglia
are the most activated inflammatory cells, accumulating in brain tissue
following stroke, leading to damage by inflammation. Microglia is the major
source of cytokines and is activated following neuronal death. In addition
leukocytes in peripheral blood are also increased, increasing in this way the
inflammatory damage 30, 31.
Leukocytes attach to the wall of vessels 4 to 6 hours after ischemia.
Interactions between leukocytes and endothelial cells in brain tissue
following ischemia involve several mechanisms: endothelial activation,
rolling, adhesion and transendothelial migration, leading to the accumulation
of such cells in ischemic brain tissue, and to the release of pro‐inflammatory
mediators (Figure 4). The union of adhesion molecules in leukocytes with
their respective ligands in endothelial cells can activate signaling pathways in
both types of cells. This leads to the amplification of the inflammatory
response.
Neutrophils usually are the first leukocytes to enter into the ischemic
brain. Its recruitment takes place between 6 and 12 hours after the
beginning of the symptoms, progressing up to 24 hours, and decreasing
afterwards32. Monocytes accumulate in the damaged area between 12 and
24 hours after the onset of ischemia, being quickly transformed in
macrophages capable to phagocyte all sort of dead organic debris. Other
inflammatory/immune cells such as lymphocytes arrive to the cerebral
parenchyma in later stages. The significance of the entrance of leukocytes in
the ischemic brain remains unclear. Probably, their role can differ depending
on the cellular type and the temporal frame at which they reach the cerebral
parenchyma. In addition, the presence of leukocytes in capillaries distal from
the occlusion could contribute to diminish the blood flow33. Besides,
leukocytes release inflammatory mediators such as oxygen radicals,
proteases and cytokines, further contributing to neuronal damage34.
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1. Endothelial activation

Selectins
Integrins

28
2. Rolling

ICAM-1

3. Leukocyte adhesion

4. Transendothelial migration

Figure 4. Extravasation of leukocytes in brain tissue after ischemia.

Microglia cells present immune properties and participate in the
scavenging of cells from degraded tissue, in infections, traumas,
neurodegenerative diseases or ischemia. Microglia is activated through Toll‐
like receptors (TLR), releasing a large variety of molecules that could be
either toxic or neuroprotective. In fact, studies performed in rodents have
shown that microglia, together with macrophages, are the principal source of
cytokines of the CNS, such as interleukin‐1 ‐1β (IL‐1β), tumoral necrosis
factor (TNF‐α), and transforming growth factor‐β (TGF‐β)35.
Besides common inflammatory cells, others like astrocytes express
inflammatory mediators too36. Following ischemia, astrocytes are activated,
increasing the expression of glial fibrillary acidic protein (GFAP) and the so‐
called “reactive gliosis”, implicating a series of functional and structural
changes37. Astrocytes participate in inflammation by expressing molecules of
the major histocompatibility complex developing a Th2 immune response.
Astrocytes are capable to secrete inflammatory molecules such as cytokines
and chemokines and to express proteins such as iNOS38. In addition, iNOS
activity in astrocytes increases brain damage following ischemia39.These data
suggest that, while astrocytes play an important role in the maintenance of
neurons, activated astrocytes could be harmful to them.
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1.5.2. Molecular inflammatory response: adhesion molecules.
Like we have already explained in the previous section, most post‐
ischemic inflammation is due to infiltration of inflammatory cells in the brain
parenchyma. However, such infiltration would not take place if adhesion
molecules are not expressed, both in the endothelium and the inflammatory
cells themselves40. Thus, adhesion molecules in leukocytes and endothelial
cells are key molecules that contribute to brain damage. These molecules are
basically classified in three groups: selectins, inmmunoglobulin superfamily
and integrins (Figure 5).
Selectins (L, E and P) are glycoproteins involved in the interaction
between leukocytes and endothelial cells, and that activated mainly in the
infarct periphery. Their actions are transitory, reversible and lead to other
secondary cellular interactions, mediated by another group of adhesins. As
consequence of such activation, leukocytes are recruited, taking place their
aggregation and adhesion to the vascular wall.
The superfamily of immunoglobulins includes five members: ICAM‐1
(intercellular adhesion molecule‐1), ICAM‐2 (intercellular adhesion molecule‐
2), VCAM‐1 (vascular adhesion molecule‐1), PECAM‐1 (platelet–endothelial
cell adhesion molecule‐1), and MadCAM‐1 (mucosal vascular addressing cell
adhesion molecule 1). All of them are expressed in activated endothelial cells
and mediate in the adhesion of leukocytes to endothelium and create
stronger unions than those generated by selectins41.
Integrins are another family of adhesion molecules of the kind of
glycoproteins. They are involved in the adhesion of leukocytes. In
physiological conditions they preserve the junction of endothelial cells to the
extracellular matrix, and the unions of endothelial cells to astrocytes, helping
to maintain the blood brain barrier and the integrity of cerebral
microvasculature42. Leukocytary integrins are activated after cerebral
ischemia by chemokines, cytokines and other chemoattractants. For the
union of leukocytes to activated endothelium, integrins must be expressed in
the cellular surface, and they must recognize adhesion molecules of the
endothelial cells. Although it is believed that rolling of leukocytes is mediated
by selectins, cohesion of leukocytes to endothelium require the interaction
of ICAM‐1 from endothelium with leukocytary integrins43.
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I.

II.

III.

Selectins:
•
L-selectin
•
E-selectin
•
P-selectin
Ig superfamily:
•
ICAM-1
•
ICAM-2
•
VCAM-1
•
PECAM-1
•
MAdCAM-1
Integrins:
•
β1
•
β2 (CD18)
•
β3 (GP IIb/IIIa)

Figure 5. Scheme representing the expression of adhesion molecules. Cerebral ischemia
triggers the segregation of factors that promote the expression of represented adhesion
molecules in the endothelium and circulating cells, especially leukocytes.

1.5.3. Molecular
mediators.

inflammatory

response:

inflammatory

In order to observe an inflammatory response, besides the
expression of adhesion molecules, to facilitate the entrance of inflammatory
cells in cerebral parenchyma, inflammatory mediators must also be present.
These are responsible of intercellular communications, acting as
chemoattractants or activating specific inflammatory routes. Cytokines and
chemokines are ahead of the group of inflammatory mediators, cytokines44.
Cytokines is a group of glycoproteins that play a very important role
in the synthesis of adhesion molecules. Within the brain there are different
cells capable to segregate cytokines, such as microglia, astrocytes,
endothelial cells and neurons. In addition, cytokines can also been originated
in peripheral cells. Thus, activated monocytes, T lymphocytes, NK cells and
polymorphonuclear leukocytes produce and segregate cytokines that could
contribute to inflammation in the CNS. There is a large variety of cytokines
that are activated after cerebral ischemia, such as; IL‐1, interleukin‐6 (IL‐6),
TNF‐α, interleukin‐10 (IL‐10), and TGF‐β45.
Ischemic stroke induces and increment in the expression of IL‐1,
whose expression stimulates the expression of E‐selectin, ICAM‐1, ICAM‐2
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and VCAM‐1. This leads to an increment in the entrance of neutrophils in the
parenchyma, potentially causing an increment of the infarct size. IL‐1 is
produced in the CNS by microglial cells, astrocytes, neurons and
endothelium46. It has been demonstrated that IL‐1 levels correlates with the
severity of the infarct47, 48.
IL‐6 is another cytokine whose expression is incremented following
cerebral ischemia49. Levels of this cytokine, as it happens with IL‐1, have
been correlated with a poor outcome after cerebral ischemia50.
TNF‐α is another cytokine whose expression rises after cerebral
ischemia. However, its role is not very clear. Some studies propose a
deleterious role of TNF‐α51, while others have found that absence of TNF‐α in
mice reduces infarct size when those are submitted to ischemia52. The causes
of these differences could be in the existence of two different receptors for
TNF‐α, named Tumoral Necrosis Factor Receptor‐1 and 2 (TNFR1 and
TNFR2). The first one seems to be related with the deleterious effects while
the second seems to be more related to the beneficial effects of TNF‐α in
cerebral ischemia.
IL‐10 is an anti‐inflammatory cytokine that inhibits IL‐1 and TNF‐α.
This cytokine is expressed in the CNS and its expression is increased after
ischemia53. In acute ischemic stroke it has been found that plasmatic levels of
IL‐10 are increased in patients suffering from cerebral ischemia, being this
elevation associated to better outcome of such patients54.
TGF‐β also increases its expression after cerebral ischemia55. Its over‐
expression matches in time with the entry of monocytes and macrophages,
and with proliferation of microglia in damaged tissues 56. So far, performed
studies, indicate that TGF‐β plays a neuroprotective role against cerebral
ischemia57‐59. It has been proposed that this cytokine could be
neuroprotective by blocking apoptosis or participating in recovery processes
from ischemic stroke, since its effect is visible in the area of penumbra, and it
is present in the recovery phase of CNS60 .
Chemokines are a type of cytokines that attract neutrophils and
macrophages to migrate toward the source of expression of these molecules.
They play an important role in cellular communications and in the
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recruitment of inflammatory cells. The expression of chemokines after
cerebral ischemia could be deleterious, since it increases the infiltration of
leukocytes61. In this context, levels of a great variety of chemokines, such as
monocyte chemoattractant protein‐1 (MCP‐1), IL‐8 and macrophage
inflammatory protein‐1α (MIP‐1α), are elevated in animal models of ischemic
stroke, and their reduction seems to reduce damage after ischemia 62. In
addition, chemokines could play an important role as chemoattractants of
stem cells, and could be implicated in the migration of mesenchymal stem
cells toward the ischemic brain63.
1.5.4. Molecular inflammatory response: other inflammatory
responses.
Under this chapter we will include all those enzymes implicated in
the inflammatory process after cerebral ischemia that cannot be classified as
chemokines or cytokines. Particularly we will focus in cyclooxygenase (COX),
nitric oxide synthases (NOS) and matrix metalloproteases (MMPs).
There are two isoforms of COX. COX‐1, constitutively expressed in
many cellular types, including microglia and leukocytes64 and COX‐2,
constitutively expressed in excitatory neurons65. The expression of COX‐1 is
deleterious in animal models of focal brain ischemia66, and beneficial in
models of global cerebral ischemia67. On the other hand, COX‐2 is over‐
expressed a few hours after ischemia and its expression exacerbates brain
damage68.
NOS presents three isoforms named, endothelial (eNOS), neuronal
(nNOS) and inducible or inflammatory (iNOS). All three have in common the
task to produce nitric oxide (NO). NO is a very important cellular signaling
molecule, implicated on processes such as neuronal communication or
regulation of the vascular tone. eNOS and nNOS are constitutively expressed
and they are regulated by intracellular calcium levels. The importance of NO
in cerebral ischemia is that it can cause damages to DNA by forming
peroxynitrite69 ,but its presence at normal levels is also important. The
beneficial or deleterious character of the effects of this molecule depend on
its origin and when it is expressed70. After induction of ischemia, vasodilator
effect of NO produced by eNOS is beneficial, since it limits the reduction of
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blood flow71. Nevertheless, when ischemia has been settled, NO produced by
iNOS contributes to cerebral damage70.
MMPs are a family of proteolytic enzymes responsible for the
remodeling of the extracellular matrix by degrading its constituents. MMPs
are segregated as pro‐enzymes, and need to be activated. MMP‐2 and MMP‐
9 are the most studied MMPs in the context of ischemia. MMP‐9 is elevated
in serum of patients with acute cerebral ischemia72, and is one of the
responsible causes of the breakdown of the Blood‐Brain Barrier, yielding in
vasogenic edema and hemorrhagic transformation73, 74. Inhibition of MMPs in
animal models of stroke reduces infarct size and cerebral edema75. Besides,
MMP‐9 deficient animals present smaller infarcts as compared to wild‐type
ones, when they are submitted to cerebral ischemia76. Despite their
deleterious effects, it is believed that MMPs could promote beneficial effects
as well, since an increase in their levels has been observed in late stages of
stroke, and seems to be related with brain plasticity and functional recovery.

1.6. Immune system and cerebral ischemia: Tolllike
receptors.
As we have already discussed, inflammation is a very important
process in the physiopathology of cerebral ischemia, leading to an increase in
cerebral damage after ischemia. Secondary brain damage originated by
inflammation is determined by the innate and adaptive immune systems. In
consequence, the study of such systems could lead to the discovery of new
anti‐inflammatory therapeutic routes by manipulating the immune system.
The immune system in mammals uses a series of mechanisms to
detect and eliminate invasive pathogens, many of which are required to
discriminate between what is “self” and what is “non self” in the organism.
Immune response is divided in two different components: innate immunity
and adaptive immunity. Generally, innate immunity represents the first line
of defense against pathogens, and do not require previous exposition of the
organism to foreign particles to be activated. Cellular types that participate
in innate immunity are; macrophages, neutrophils, dendritic cells and NK
cells. Detection of pathogens is based in the recognition of highly preserved
proteins that are expressed in infectious organisms77. On the other hand,
adaptive immunity is activated through signals coming from the innate
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immune system that induce proliferation of lymphocytes T and B specific for
each antigen. Adaptive response is much diverse than innate response, since
it has to recognize an undefined number of antigens. For that task, it counts
with a complex system of genetic reorganizations that allow the expression
of specific receptors for any antigen78. Thus, each clone of lymphocytes T and
B express a different antigenic receptor. Despite its large diversity, the
adaptive immune system has been thoughtfully studied, while innate
immune response remains deeply unknown.
1.6.1. Innate immune response receptors: Tolllike receptors.
Innate immune response does not possess the diversity of the
adaptive response and must recognize antigens through a pre‐determined
group of receptors. That is the reason why these receptors have become
specialized along evolution to recognize specific structures highly preserved
in large groups of microorganisms. These highly preserved structures are
called Pathogen Associated Molecular Pattern (PAMPs) and receptors of the
innate immune response that recognize such structures are called Pattern
Recognition Receptors (PRRs). There is a determined number of key
receptors that recognize a large variety of PAMPs, among which are the Toll
like receptors (TLRs), the NOD‐like receptors (NLRs) and the RIG‐I‐like
receptors (RLRs)79. All these receptors act by themselves or together with
other molecules, generating the innate immune response to recognize
invasive pathogens. TLR family recognizes bacteria, viruses, fungi and
protozoa, while NLRs recognize just bacteria and RLRs just viruses.
1.6.2. Discovery of Tolllike receptors.
The original Toll receptor was described in Drosophila melanogaster
and its function was described as regulatory for the dorsoventral
development of the fly embryo80. In 1996, Lemaitre et al showed that Toll‐
mutant flies were more susceptible to fungal infections, and described the
role of Toll receptor for the defense against infections in the Drosophila, an
organism that can only present innate immunity81. One year later, the first
homologous receptor in mammals was identified, nowadays called Toll‐Like
Receptor 4 (TLR4) and its activation seems to induce the expression of genes
that participate in the inflammatory response82. Years later the sequentiation
of this TLR was performed, revealing a great homology of the cytoplasmatic
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region of the receptor with the signaling dominion of the IL‐1 receptor of
mammals83.
1.6.3. Structure and activation routes of Tolllike receptors
(TLRs).
TLRs are proteins attached to the membrane that contain several
highly preserved extracellular repetitions rich in leucine, called Leucine‐Rich
Repeats (LRRs), and they also contain an intra‐cytoplasmatic dominion, also
highly preserved, known as Toll Interleukin Receptor (TIR), that is common to
interleukin‐1. TLRs recognize their ligands through the LRR regions, and
transmit their intracellular signals through the TIR dominion, through
protein‐protein interaction with adaptive molecules.
The most common signaling pathway to activate TLRs is triggered by
the union of an exogenous or endogenous ligand to the TLR, promoting the
recruitment of the adaptive protein MyD88 to the intracellular fraction of
the TLR (Figure 6). After being stimulated, MyD88 recruits, serin/threonine
kinase associated to the IL‐1 receptor (IRAK) 1 and 4. In this way, IRAK1 is
phosphorylated by IRAK‐4. IRAK‐1 interacts with the adaptive protein TRAF‐
6, that acts through two activation pathways. One of these leads to the
activation of the transcription factor AP‐1. The second one activates the
TAK1/TAB complex, intensifying the activity of the kynase complex IκB (IKK).
This one phosphorylates the IκB dominion of the Nuclear Factor‐ κB (NF‐κB)
promoting the degradation of IκB in the proteasome and the translocation of
p65 of the NF‐κB toward the nucleus which activates the expression of pro‐
inflammatory genes and the activation of the adaptive immunity84, 85.
Activation of NF‐κB induces the expression of inflammatory cytokines such as
TNF‐α, IL‐6, IL‐1β or IL‐1286.
There is another pathway for the activation of TLRs that is
independent of the adaptive molecule MyD88. A proof that this way exist is
that MyD88‐defficient mice show a late activation of NF‐κB86. This pathway is
known as MyD88‐independent pathway or TRIF‐independent pathway, and it
leads to the activation of the transcription factor IRF‐3 and NF‐κB86.
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Figure 6. Scheme that summarizes the activation pathways of Toll‐like receptors, through
the dependent MyD88 pathway.

1.6.4. Where are expressed Tolllike receptors?
TLRs are basically expressed in cells of the immune system;
lymphocytes, monocytes, neutrophils, etc., but they are also expressed in
other cellular types such as endothelial cells or glia cells.
Inside the CNS, microglia, a key cell for the cerebral innate immune
system, expresses all known TLRs87, while neurons and oligodendrocytes
express not all TLRs88. Experiments with astrocytes have provided
contradictory results. Some studies have found no expression of TLR4 in pure
cultures of human astrocytes, while others have demonstrated the
expression of mRNA TLR2 and TLR4 in these cells. In addition, using mouse
astrocytes, the expression of all TLRs from 1 to 10, except the 8, has been
verified. A plausible explanation for this controversy could be that pure
cultures of astrocytes are very difficult to achieve and a little contamination
from microglia could be responsible for the expression of those TLRs,
otherwise attributable to astrocytes89, 90.
TLRs are expressed in different regions inside the cell. Thus TLR1,
TLR2, TLR4, TLR5 and TLR6 are expressed in the cellular surface. On the other
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hand, TLR3, TLR7, TLR8 and TLR9 are expressed in cellular compartments
such as endosomes91.
1.6.5. Tolllike receptor ligands.
37
TLRs allow the recognition of determined regions invariable to
bacteria, fungi and viruses, that are essential for their survival and are highly
preserved in a wide range of pathogens92. In humans, 11 TLRs and at least 1
agonist for each receptor, except for TLR10, have been identified, so far 93.
TLR1 combined with TLR2 recognize lipoproteins, which are constituents of
the cellular wall of many pathogenic bacteria such as Borrellia burgdorferi,
for example. TLR3 recognizes double‐stranded RNA (dsRNA), which is
generated during replication of viruses in host cells. TLR4 mediates the
response to the lipopolysaccharide (LPS) that is located at the cellular wall in
gram‐negative bacteria. TLR5 recognizes flagellin, a monomer of the
bacterial flagellum that extends from the cellular wall of gram‐negative cells
and it is used by these organisms to move in aqueous environments. TLR6
forms heterodimers with TLR2 to recognize lipoproteins for Mycobacterium.
TLR7 and 8 mediate the response to single‐stranded RNA enriched in GU
regions that is present in cells infected by viruses. TLR9 recognizes DNAs that
contain high levels of non‐methylated CpG, present in bacteria and viruses.
In recent years, several studies have shown that endogenous ligands
of TLRs are able to activate these receptors in the same way that ligands
coming from infectious agents94, 95. In fact, the list of endogenous ligands
that has been published is still growing up.
As an example we could cite fibrinogen, fibronectin, heparan
sulphate, hyaluronan, HSP60 and 70, saturated fatty acids, etc. which are
endogenous ligands of TLR2 and 4. So far it has not been clarified, which is
the role of endogenous ligands of TLRs in homeostasis and/or disease.
However, it has been suggested that they contribute to the physiopathologic
process of many auto‐immune diseases or a physiological response to tissue
damage94, 96, 97.

Toll‐like receptors in ischemic stroke

1.6.6. Tolllike receptors and their relation to infectious
diseases.
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As it was shown before, first evidences of the implication of TLRs in
infectious diseases was established at Drosophila melanogaster studies.
Relationship between TLR4 and inflammation in response to LPS was also
established98. Since then, TLR4 has been the most studied receptor of the
TLR family, having been demonstrated its implication in multiple diseases,
either infectious or not.
The study of the implication of TLR4 in infectious disease has been
tackled from different points of view, including genetic association studies,
experimental studies and studies with Knock‐out mice. The studies with
Knock‐out mice have demonstrated that TLR4 is involved in the protection
against endotoxemia99 and have shown the great susceptibility of these mice
to systemic infections by Gram‐negative bacteria, such as Salmonella
typhimurium100. This is due to the fact that TLR activation is necessary to
activate immunity against infections, but also by the mediation of endotoxins
effects. Nowadays it is known that TLR4 is implicated in the defense against
other infections like those produced by Neisseria meningitidis, Escherichia
coli, Klebsiella pneumoniae or Brucella abortus101. In addition, TLR4 also
participates in the defense against viral infections like the respiratory
Syncytial virus102, the murine leukemia virus103 and the Coxsackie B4 virus104.
Beyond the experimental studies, genetic studies have demonstrated the
association between certain polymorphisms of the TLR4 gen and infectious
diseases such as tuberculosis, malaria, Gram‐negative bacterial infections
and even Candida spp infections105.
The second most studied TLR is TLR2. Studies in TLR2 knock‐out mice
have demonstrated that these animals are more susceptible to infections by
Staphylococcus aureus106. Other studies suggest that TLR2 plays a role in the
pathogenesis of other Gram‐positive bacteria (S. pneumoniae, Bacillus
subtilis, L. monocytogenes) and other bacterial species (Chlamydia
trachomatis, espiroquetas, Mycobacterium tuberculosis and Yersinia
enterocolitica)107. It has also been reported that viral infections are linked to
the TLR2 receptor, such as those originated by herpesvirus108 or
paramixovirus109. Other type of studies based on Single Nucleotide
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Polymorphism (SNP) studies have related TLR2 with infections by Candida
spp, tuberculosis110 and rheumatic fever111 as well as to Lyme disease112.
TLR3 is a receptor located in the interior of endolysosomes. This
receptor recognizes double‐stranded RNA that is synthesized in the
replication processes of some viruses, for example West Nile Virus (WNV).
WNV infects macrophages or dendritic cells in peripheral lymphatic organs.
Infection generates the secretion of TNF‐α, response that depends on TLR3,
and increases the permeability of the blood‐brain barrier, facilitating the
entrance of the virus to the CNS. Deficient mice in TLR3 do not present such
response and the entrance of viruses in the CNS is more difficult, increasing
their survival113.
1.6.7. Tolllike receptors and their relationship to non
infectious diseases.
The most relevant association studies between non‐infectious
diseases and TLRs are the studies of polymorphisms. In this field is
outstanding the case of TLR4, with multiple polymorphisms described.
D299G polymorphism is involved in gastric cancer, atherosclerosis, sepsis
and asthma, and the mutation of G11481C is associated to prostate
cancer114. Other studies suggest the implication of TLR4 in cardiovascular
diseases115, inflammatory diseases116, Alzheimer’s disease117, rheumatoid
arthritis118, obesity, diabetes119 and stroke120‐122. Studies in animal models of
rheumatoid arthritis demonstrate that inhibition of TLR4 is beneficial. Also,
several studies with TLR4 knock‐out mice demonstrate that this receptor is
related to a higher damage in models of cardiovascular123, 124, renal125,
pulmonary126, and cerebral ischemia120, 121.
In addition, TLR4 has also been related to allergic diseases, more
specifically in dust allergy, where it has been found that the allergen Derp2
has a similar structure to MD‐2, acting as co‐factor of TLR4 to facilitate the
induction of an inflammatory response by the environmental LPS127.
TLR2 and their relationship with the physiopathology of several non‐
infectious diseases have been well studied. Using murine models of
atherosclerosis it has been demonstrated that TLR2 receptor is implicated in
the development of the atherosclerotic process128. Besides, as TLR4 does,
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TLR2 is involved in asthmatic and atopic processes129. Particular
polymorphisms such as R753Q has been associated with atopic dermatitis130
and arthritis131. However, genetic association of TLR2 with type I and II
diabetes is controversial132, 133, although experimental studies seems to
indicate that TLR2 could be a therapeutic target for some types of such
disease134. Other polymorphisms had allowed to relate TLR2 with
susceptibility to colorectal cancer135 or prostatic cancer. Experimental studies
have implicated TLR2 in amyotrophic lateral sclerosis136 and ischemia‐
reperfusion damage in kidneys137.
Intracellular TLRs, such as TLR3, 7, 8 and 9 have been involved in
autoinmune diseases, such as lupus138 or demielinating diseases139.
1.6.8. Tolllike receptors: in vitro studies.
In vitro studies have been very helpful to demonstrate the role of
multiple molecules as endogenous ligands of TLRs, and to study the effects of
the activation of TLRs pathways in the triggering of inflammation and to test
potential drugs to block such pathways.
Many potential endogenous ligands have been tested in different in
vitro models. Among them it is outstanding the group of HSPs. Thus, for
example, it has been observed that the stimulation of monocytes with
recombinant HSP70 induces the expression of TLR4 and the release of IL6
and TNF‐α140. HSP60 is another chaperone that has been related to TLRs. In
studies with HEK293 cells transfected with CD14/TLR4 it has been
demonstrated that HSP60 induces the activation of the transcription factor
NF‐κB through its union to TLR4141. Other studies with CHO cells transfected
with CD14/TLR4 have also demonstrated the implication of HSP60 in the
activation of inflammation through TLR4142. Besides the discovery of
endogenous ligands, in vitro studies have allowed the study of other
processes that take place as consequence of the activation of TLRs pathways.
Thus, for example, it has been discovered that particular endogenous ligands
such as HSP60 stimulate proliferation of smooth muscle cells through the
activation TLR2 and 4143.
On the other hand, in vitro studies have also tested the role of
several drugs in the expression of TLRs. Thus, it has been demonstrated that
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simvastatin inhibits the release of IL‐6 in human monocytes stimulated with
LPS144 and that fluvastatin reduces the expression of TLR2 and TLR4 in
monocytes stimulated with LPS145.
1.6.9. Tolllike receptors in stroke.
As we have already mentioned, cerebral ischemia triggers a large
inflammatory response with the increase of the expression of adhesion
molecules and infiltration of inflammatory cells in the brain parenchyma. All
these phenomena could be TLR‐dependent. In the central nervous system,
TLRs are expressed on microglia, olygodendrocytes146 and astrocytes and
even on neurons147. On the other hand, it has been observed that some TLR4
polymorphisms are associated to ischemic stroke148.
Studies performed in animal models also point out that TLRs are
implicated in cerebral ischemia. Studies performed in TLR4 knock‐out mice
presented smaller infarct sizes and improve neurological test scores in
comparison with wild type mice120, 121, 149. However, in TLR2 knock‐out mice
results are controversial. There are published works that demonstrate that
knock‐out mice presente higher damages, worse scoring in neurological
scales and higher mortality rates than wild‐type mice149, while others show
that TLR2 deficient mice develop less damages than wild‐type ones in a
model of focal ischemic stroke150.
Clinical association studies have also found a correlation between
the expression of TLR2122 and TLR4141 and the outcome of stroke patients.
On the other hand, cellular necrosis, produced as consequence of
cerebral ischemia, induces the release of a large amount of molecules that
could act as endogenous ligands of TLRs. In addition, it is frequent that brain
infarct is accompanied by opportunist infections that carry exogenous
ligands of TLRs. The presence of both types of ligands must promote the
activation of TLR pathways in microglia and astrocytes. Such activation, as
has been mentioned, induces the activation of the transcription factor NFκB
and, therefore, the expression of a series of inflammatory mediators that
promote the expression of adhesion molecules in the endothelium and
circulatory inflammatory cells that infiltrate in the brain parenchyma, causing
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an enhancement of cerebral damage. This is one of the hypotheses of our
work, and it is graphically expressed in Figure 7.
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Figure 7. Detailed main processes that can take place after cerebral ischemia, respect to the
activation of TLRs.

1.6.10. Therapeutic potential of Tolllike receptors blockade.
Association of TLR receptors with multiple diseases leads oneself to
think about the possibility that those receptors could be useful therapeutic
targets for many of these diseases. The use of these receptors as therapeutic
targets depends on the pharmacologic development of agonist and/or
antagonists, or inhibitors of their signaling routes. A priori, those pathologies
caused by infections could benefit from the treatment with TLR agonists,
increasing the capacity of the immune system to fight against infection, while
for diseases in which exacerbated inflammation is the cause of the
pathological processes, one could administrate inhibitors or antagonists for
the receptors or for the implicated pathways.
Different antagonists of TLR4 are being tested in clinical trials for the
treatment of sepsis, but those could also be useful for other pathologies.
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Antagonists of A lipid, that decrease TLR4 activation, have been developed
even before of the discovery of the receptor itself. In 1995 the A lipid of
Rhodobacter capsulatus was synthesized, constituting the first antagonist of
the A lipid of E. coli and that is the base of the E5531 antagonist151. Different
modifications of E5531 has generated the analogous E5564, known as
Eritoran, used nowadays in clinical trials to treat endotoxemia by Gram‐
negative and sepsis152. Nowadays there are available other antagonists of
TLR4 such as Curcumine or Auranofin, Cinnamaldehyde and Acrolein that act
by inhibiting the dimerization of TLR4153, 154. In reference to TLR4 agonists, we
must highlight their potential use as adjutants of vaccines. Among TLR4
agonists we can cite the monophosphoryl lipid A,155 E5531 and E5564156.
TLR2 agonists and antagonists have been developed to
activate/inhibit its activation pathways. TLR2 agonists could act as
coadjutants in different vaccination processes. Currently, there are available
synthetic agonists for this receptor, like Pam3CSK4 and MALP‐2. Several
phospholipidic compounds have been synthesized to act as antagonist of
TLR2. However, there are not too much data about their use157. Another
possible route to block TLR2 is the utilization of neutralizing antibodies. One
of them, TLR2.5, has been used to prevent sepsis158. In addition, when this
antibody is used in combination with an anti‐TLR4 antibody, it protects
against sepsis, induced by Enteric Salmonella159.
TLR3 is a double‐stranded RNA receptor. It is expressed in the
replication cycle of viruses. Once activated, TLR3 triggers a cascade of
activations that end up in the synthesis of viral transcription factors and pro‐
inflammatory molecules that lead to a gene expression pattern typical from
Th1 cells activation. This response is accompanied by stimulation of the
expression of antigen presenting machinery, increasing the expression of
molecules of the histocompatibility mayor complex, and co‐stimulating
molecules. Thus, the use of TLR3 as potential therapeutic focused in its role
as potential target for adjutant agents or even as antitumorals. Results on
the stimulation of TLR3 seem promising, especially in the field of cancer
therapies. Thus, in a clinical trial with breast cancer patients, administration
of the agonist poli‐AU increased the survival rate in those patients whose
tumors overexpressed TLR3160. The role of TLR3 as potential antitumoral
could be explained based on the activation of the immune response by Th1
cells that is triggered as consequence of their activation. This Th1 immune
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activation is optimized to fight against intracellular infections such as viruses,
and implies the NK that can lyses infected cells. This Th1 pattern involving
the activation of NK cells could increase the removal of tumoral cells.
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As it has been stated, TLRs 7, 8 and 9 are implicated in autoimmune
diseases. Therefore, inhibition of those receptors could have beneficial
therapeutic effects, blocking the production of autoantibodies. In fact,
Chloroquine, used since 1950 to treat amyotrophic lateral sclerosis, acts by
inhibiting TLR 7, 8 and 9, probably by blocking their signaling capacity by
increasing pH in the endolisosomes, where these TLRs reside and are
activated161. TLR 7, 8 and 9 can also be treated with agonists. In this case we
must consider that an immune response could be induced, but if it can be
controlled, treatment with agonists of endosomal TLRs could be useful in the
treatment of diseases like cancer, asthma, allergies and particular
infections154.
In summary, TLRs could be good therapeutic targets because they
are the key to the induction of the synthesis of cytokines. Inhibition of TLRs
induces a drastic reduction of cytokine levels since those receptors act
before the activation cascade of the immune and inflammatory system. For
this reason, inhibition of TLRs must be more efficient that inhibition of the
inflammatory molecules themselves. Respect to the mechanisms of
inhibition, there are several alternatives. Neutralizing antibodies is a very
specific way, reducing the potential secondary effects of their use. However,
they could only be used against TLRs of the cellular surface, that is; TLR2,
TLR4 and TLR5. Synthetic antagonists, especially small molecules (like
Eritoran, a TLR4 antagonist) could be synthesized against any of the
members of the TLR family. However, it is difficult to predict their efficiency
and potential secondary effects. Another possibility could be the inhibition of
the signaling routes by blocking some of the kinases of the activation cascade
of the TLRs. Such inhibitors could block multiple TLRs at the same time,
increasing its efficiency, but may cause an excessive immunosuppression. At
the same time, agonist of TLRs could be useful as adjutants of vaccines or as
antitumorals.
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1.7.

Hypothesis.

Ischemic stroke induces the release of some damage‐related
products and the expression of some proteins, such as cellular fibronectin
(cFN), HSP60 and HSP70, which could work as endogenous ligands for TLRs.
The interaction of these proteins with TLRs on peripheral blood cells induces
a further expression of TLRs on these cells. Thus, infarct size must have an
influence on the levels of expression of TLRs.
Additionally; the analysis of the expression of TLRs on peripheral
blood cells could be a useful marker of stroke outcome since such expression
should be associated with variables of clinical outcome.
Furthermore, we postulate that ligands present in serum from
ischemic stroke patients interact with cells of the immune and/or vascular
system in the peripheral circulation, contributing to increase the
inflammatory response triggered after stroke. The blockade of ligands and/or
TLRs could be an effective strategy to reduce such inflammatory response.
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Objectives.

1. To demonstrate the association between the expression of TLR 2, 3, 4,
7, 8, 9 in peripheral blood cells and clinical outcome of patients with
ischemic stroke.
2. To study the correlation between the expression of TLR 2, 3, 4, 7, 8, 9
and ischemic lesion volume.
3. To study the influence of endogenous ligands levels in blood samples
taken on admission, and the profile of TLRs levels during the acute
phase of ischemic stroke.
4. To study the influence of TLRs levels in blood samples taken on
admission and the profile of inflammatory markers and adhesion
molecules levels during the acute phase of ischemic stroke.
5. To study the activation of TLR2 and 4 in cultured cells in the presence
of serum from ischemic stroke patients.
6. To study the efficiency of the blockade of TLR2/4 and endogenous
ligands as potential anti‐inflammatory therapeutic targets in an in vitro
model.
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Materials and methods

2.1

Patients.

This prospective study included 110 patients, diagnosed with
hemispheric ischemic stroke within 12 hours from the symptoms onset.
Clinical, neuro‐radiological and molecular variables were included in
a database to study the influence of TLRs expression on functional outcome
and its correlation with endogenous ligands and inflammatory molecules,
which are expressed as consequence of the activation of the TLR pathways.
Clinical and laboratory staffs were blinded respect to each other’s
data.
2.1.1. Selection of patients.
Patients were included when they fulfilled all the inclusion criteria
and none of the exclusion criteria. The protocol was approved by the ethics
committee and informed consent was given by patients or their relatives.
Inclusion criteria:
- Hospitalized patients with first ever episode of ischemic stroke
within 12 hours from symptom onset.
- Age >18 years.
- Previously independent for daily living activities (modified
Rankin Scale ≤ 1).
Exclusion criteria:
- Presence of other lesions than stroke or previous stroke on CT
scanChronic inflammatory disease or anti‐inflammatory
treatment in the previous 15 days.
- Infectious diseases or antibiotic treatment in the previous 30
days.
- Hematological diseases.
- Severe systemic diseases.
- Immunological diseases.
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2.1.2. Description of collected variables.
All patients were admitted in the acute stroke unit and treated by
the same stroke team according to the Guidelines of the Cerebrovascular
Diseases Study Group of the Spanish Society of Neurology162. Medical history
recording potential vascular risk factors, blood and coagulation tests, 12‐lead
ECG, chest radiography, and carotid ultrasonography were performed on
admission. At this time point, 2 samples of peripheral blood were extracted.
One of the samples was used for TLR analysis. The second one was used to
analyze inflammatory molecules analysis.
50
Initial data collected:
1. Age.
2. Gender.
3. Latency time, defined as the time between symptoms onset and
the arrival to the hospital.
4. History of hypertension, diabetes, dyslipemia, atrial fibrillation,
ischemic cardiopathy, smoking, alcoholism, or other vascular
risk factors.
5. Body temperature.
6. Blood pressure.
For the evaluation of the prior functional situation, the modified
Rankin Scale (mRS) was used. This scale evaluates functional disability in a
range from 0 to 6, defined in Table 1.
modified Rankin Scale (mRS)
0
1
2
3
4
5
6

No symptoms at all
No significant disability despite symptoms; able to carry out all usual duties and
activities.
Slight disability; unable to carry out all previous activities, but able to look after own
affairs without assistance
Moderate disability; requiring some help, but able to walk without assistance.
Moderately severe disability; unable to walk without assistance and unable to
attend to own bodily needs without assistance.
Severe disability; bedridden, incontinence and requiring constant nursing care and
attention
Death

Table 1. Modified Rankin Scale scores.
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Patients with systolic blood pressure ≥ 220 mmHg or diastolic ≥ 120
mmHg received antihypertensive treatment during the first 48 hours.
Hyperglycemia was treated with insulin when glucose levels were higher
than 160 mg/dL. Hyperthermia (body temperature >37.5 oC) was treated
with metamizol or intravenous paracetamol. Pulmonary embolism was
prevented with low molecular weighted heparin and antiplatelets.
Anticoagulant treatment was administrated only when major‐risk of
cardioembolic source was confirmed.
2.1.3. Clinical evaluation of patients.
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Stroke subtype was classified according to TOAST classification, as
atherothrombotic, cardioembolic, lacunar and undetermined163.
To evaluate neurological deficit, the National Institutes of Health
Stroke Scale (NIHSS) was used. NIHSS was evaluated on admission, at 24
hours, 72 hours, 7 days and 3 months.
Infarct volumes were measured by acquiring a CT scan between days
4 and 7 after stroke’s onset. The following equation was used to calculate
volumes (expressed in ml): 0.5*a*b*c, where a and b are the largest
diameters of the lesion, measured in perpendicular in‐plane directions, and c
is the number of slices (of 10 mm thickness) where the lesion was visible.
Modified Rankin Scale was determined at 3 months on a routine visit
of patients to the hospital. NIHSS and mRS were evaluated by internationally
certified neurologists.
The main variables used to evaluate patients’ outcome were:
-

Modified Rankin Scale at 3 months.
Infarct volume (measured between days 4 and 7).

Poor outcome was considered when mRS score was greater than 2,
at 3 months.
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2.1.4. Molecular variables.
Blood extractions were performed to all patients on admission, 24h,
72h and 7 days. Biochemistry samples were allowed to coagulate during 15
minutes at room temperature and then were centrifuged at 3,000 rpm
during 15 minutes. Serum samples were stored in 2 aliquots of 1 mL each, at
T = ‐80 C.
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Serum levels of cFN (BioHit), HSP60 and HSP70 (Assay Designs), ICAM‐
1 (Bender Medsystem), VCAM‐1 (R&D) and MMP‐9 (R&D) were measured by
using ELISA commercial kits, following manufacturer’s instructions.
Serum levels of IL‐6, TNF‐α, and IL‐1β were evaluated by an
immunodiagnostic robot IMMULITE 1000 System, (Diagnostic Products
Corporation, California, USA), following manufacturer’s instructions.
Laboratory staff was blinded to neuro‐imaging and clinical data.
2.1.5. Cell analysis of patients’ samples.
Percentages of monocytes and neutrophils were measured by flow
cytometry (BD FACSAria I).

Figure 8. Image of flow cytometry cell analysis. Forward and side scattering were used to
isolate neutrophils (purple), monocytes (blue) and lymphocytes (green) populations.
David Brea López
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For this purpose, 100 μL of EDTA‐anticoagulated blood was mixed
with 1 mL of erythrocyte lysis buffer (BD). Samples were allowed to lyse their
erythrocytes for 5 minutes and then cells were analyzed by flow cytometry.
Forward and Side Scattering signals were used to identify and quantify the
population of monocytes and neutrophils (Figure 8).
2.1.6. TLR2 and TLR4 expression analysis on monocytes and
neutrophils from peripheral blood.
TLR2 and TLR4 expression analysis was performed by flow cytometry.
Voltages of each photomultiplier tube (that detect different fluorescent
dyes) were adjusted using Rainbow spheres of 8 peaks from BD (Becton &
Dickinson), before the study of each sample.
For the expression analysis of TLR2, 200 μL of peripheral blood
samples were used. One hundred μL were incubated with 1 mL of
erythrocyte lysis buffer for 5 minutes at room temperature. After that time,
sample was loaded on a FACSAria flow cytometer. Monocytes, lymphocytes
and neutrophils were separated by their forward and side scattering signal
characteristics. A minimum threshold signal value was set for the
photomultiplier (detector) as “TLR2 negative” using this sample for
monocytes and neutrophils. The remaining 100 μL of peripheral blood were
incubated with 20 μL of anti‐CD14 antibody tagged with FITC and 20 μL of
anti‐TLR2 antibody tagged with APC for 10 minutes. Then 1 mL of
erythrocyte lysis buffer was added and the sample was kept at room
temperature for 5 minutes. Finally sample was loaded on the FACSAria flow
cytometer. Data acquisition was performed until 50,000 events (cells passing
through the system detection chamber) were recorded. CD14 antibody was
used to confirm the isolation of monocytes, while a TLR2 immune‐selective
fluorescent probe was used to quantify the number of those monocytes and
neutrophils that where positive for TLR2 (according to the pre‐defined
minimum signal threshold level), and to quantify its mean expression of TLR2
receptors on that populations of monocytes and neutrophils (the higher the
fluorescence levels, the more receptors are expressed by the cells).
For expression analysis of TLR4, 200 μL of peripheral blood samples
were used. One hundred μL were incubated with 1 mL of erythrocyte lysis
buffer for 5 minutes at room temperature. After that time, the sample was

53

Toll‐like receptors in ischemic stroke

54

loaded on a FACSAria flow cytometer. Monocytes, lymphocytes and
neutrophils were separated by their forward and side scattering signal
characteristics. A minimum threshold signal value was set for the
photomultiplier (detector) as “TLR4 negative” for monocytes and
neutrophils, using this sample. The remaining 100 μL of peripheral blood
were incubated with 20 μL of anti‐CD14 antibody tagged with FITC and 20 μL
of anti‐TLR4 antibody tagged with biotin for 10 minutes. Then, 20 μL
streptavidin‐PE was added to the sample and incubated together for another
15 minutes. Then 1 mL of erythrocyte lysis buffer was added and sample was
kept at room temperature for 5 minutes. Finally sample was loaded on the
FACSAria flow cytometer. Acquisition was performed until 50,000 events
were achieved. CD14 antibody was used to confirm the isolation of
monocytes and fluorescence intensity of TLR4 label was used to quantify the
number of monocytes and neutrophils positive for TLR4, and to quantify its
mean expression level on monocytes and neutrophils.
All flow cytometer analyses were performed using the FACSDiva
software 6.0 (BD Biosciences).
2.1.7. TLR3, TLR7, TLR8 and TLR9 expression analysis in
peripheral blood cells.
Expression of TLR3, 7, 8 and 9 was analyzed by real time‐
quantitative‐RT‐PCR on Mx3005p from Stratagene. For this analysis, 500 µL
of EDTA‐anticoagulated peripheral blood samples were used. EDTA‐
anticoagulated blood was added to 1.3 mL of RNA later solution (Ambion)
and this mix was kept at T=4 C for 24 hours. After that period, samples were
stored at T =‐80 C until use. Before the extraction of RNA, samples were
allowed to achieve room temperature and were centrifuged at 4,000 rpm for
15 minutes, to eliminate the supernatant (RNA later and serum). Cell pellets
were suspended in 500 µL of PBS. Finally, RNA was extracted with a
semiautomatic robot MagnaPure Compact, from Roche. For this purpose,
200 µL of samples were used, fixing RNA elution volume to 100 µL. RNA
extracts were quantified with a Nanodrop system, from Thermo Scientific.
Complementary DNA (cDNA) was synthesized for each sample,
employing the extracted RNA as template, using the High Capacity RNA to
cDNA kit from Applied Biosystems. This kit includes retrotranscription buffer
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and retro‐transcriptase enzyme. The whole process was performed at T=37 C
during 60 minutes, heating up to T = 95 C during 5 minutes at the end. All the
process was performed in a thermocycler T Professional, from Biometra.
Finally, real time‐quantitative‐PCR was performed. For this purpose,
commercially available (Applied biosystems) specific primers and probes for
TLR3, TLR7, TLR8 and TLR9 were used. Probes were tagged with FAM
fluorophore. Furthermore, TLR amplifications were simultaneously
performed with a GAPDH amplification, which was used as loading control.
GAPDH probe was tagged with VIC fluorophore. This probe and their
corresponding primers were acquired from Applied Biosystems.
Amplification process was performed according to the following protocol;
one cycle for 2 minutes at T = 50 C, one cycle for 10 minutes at T = 95 C and
60 cycles of: 30 seconds at T = 95 C and 1 minute at T = 60 C. After this
period, we could observe a typical amplification curve, with the initial phase
of amplification, the exponential phase and the plateau phase. At the
exponential phase, we established a threshold line, used to quantify the PCR
cycle in what amplification started for each sample. This cycle is called Ct and
it depends on the initial RNA quantity for the gene that was amplified. To
correct small loading variations, ΔCt was calculated for each sample and each
TLR. ΔCt represents the difference between Ct of the gen of interest and Ct
of GAPDH gen in the same sample. Each value of ΔCt for each sample was
exported to a database in SPSS, to be analyzed in combination with the
clinical data.
During the analysis of clinical data, the relation between the
expression for patients with functional outcome was calculated for each TLR,
using the following equation:
2
Where:
-

I is the difference in the expression of each TLR between
patients with bad and good outcome
A factor of 2 is needed to account for the fact that, ideally, DNA
amount is doubled in each PCR cycle
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-

ΔCt poor outcome is the difference between Ct of the TLR of
interest and Ct of GAPDH for patients with poor outcome
- ΔCt good outcome is the difference between Ct of the TLR of
interest and Ct of GAPDH for patients with good outcome
ΔCt is a relative measurement and that is the reason why such
measurement could not be compared for each individual patient.
Accordingly, parameters were calculated as mean ΔCt for poor outcome
patients and mean ΔCt for good outcome patients. Such parameters were
calculated for each TLR.
2.1.8. Statistical analysis of clinical variables.
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Results are expressed as percentage for categorical variables, and as
mean (SD) or median [quartiles] for the continuous variables, depending on if
they were normally distributed or not. Proportions were compared using the
chi‐square test. To compare continuous variables between groups, a
Student’s t test was used, when variables were normally distributed, or
Mann‐Whitney test, when variables were not normally distributed.
The influence of TLRs on functional outcome was assessed by logistic
regression analysis, and the influence of TLRs on lesion volume was assessed
by multiple lineal regression analysis. Regression analyses were performed
after adjusting for the main baseline variables, related to outcome or lesion
volume, in the univariate analyses (enter approach and probability of entry p
<0.05). Results were expressed as adjusted odds ratios (OR) with the
corresponding 95% confidence intervals (95% CI). The statistical analysis was
performed using SPSS software v16.0.

2.2.

In vitro experiments.
2.2.1. HUVEC cells culture.

HUVEC (Human Umbilical Vein Endothelial Cells) cells were acquired
from PromoCell. Cells were thawed at 37 C in water and immediately
cultured in T75 flask with specific culture medium. Cells were incubated at 37
C, 97% humidity and 5% CO2, and kept in a incubator, changing the culture
medium every 48 hours, until 80‐90% confluence was achieved (Figure 9).
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Figure 9. Image of HUVEC cells, obtained in phases contrast microscopy (100X).

Cells were washed with HEPES buffer for 1 minute after reaching
confluence, following by incubation with trypsin‐EDTA until most of them
detached from the flask. At his point, inhibitory trypsin solution was added
and cells were transferred to a Falcon tube and centrifuged at 220 xG. Cell
pellets were re‐suspended and cell concentration was determined by using a
Neubauer chamber. Finally, cells were re‐seeded at 10,000 cells per cm2. All
experiments were performed between cell passes 3 and 7. Experiments were
performed on 24 well plates.
2.2.2. Isolation of monocytes.
Monocytes were extracted from anticoagulated blood of healthy
volunteers. Monocytes and lymphocytes were isolated by the Ficoll density
gradient method. After being isolated, cells were counted and adjusted to 1‐
5 *106 cells per mL. Then 20 µL of FITC‐anti‐CD14 were added per each
million of cells. Samples were incubated for 30 minutes at room
temperature. CD14+ cells were isolated by fluorescent‐assisted cell sorting
(FACS) in a FACSAria flow cytometer. Cells were collected in PBS centrifuged
at 220 xG and re‐suspended in RPMI1640 medium, supplemented with 10%
calf fetal serum, 2mM glutamine and 100 U/mL penicillin. Cells were planted
on 24 well plates at a density of 500,000 cells/well and incubated for 24
hours at 37 C, 97% humidity and 5% CO2.
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2.2.3. Cell treatment with serum from ischemic stroke patients.
All treatments were performed on isolated monocytes and replicated
in HUVEC cells. These experiments were performed on two groups of
treatment. One of them was incubated only with culture medium and the
second one was incubated with culture medium and serum from ischemic
stroke patients. Serum was obtained from the patients included in the
clinical study. Treatments were performed for 18 hours at 37 C, 97%
humidity and 5% CO2. After that, supernatant was collected and stored at ‐80
C. Cells were detached, and used for flow cytometry analysis.
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2.2.4. TLR2 and TLR4 blocking experiments.
Monocytes and HUVEC cells were cultured as described above.
Blocking experiments were performed by the treatments summarized on
Table 2. Treatment 1 was performed during 1 hour at 37 C, 97% humidity
and 5% CO2. This treatment was intended to block TLR2 and/or TLR4
receptors. Treatment 2 was performed for 18 hours at 37 C, 97% humidity
and 5% CO2. At the end of treatment 2, supernatant was collected and cells
were detached and analyzed by flow cytometry.
2.2.5. Endogenous ligands blocking experiments.
Monocytes and HUVEC cells were cultured as described above. We
selected HSP60, HSP70 and cFN as potential endogenous ligands. Blockade of
endogenous ligands was performed in serum samples with specific
antibodies at concentrations indicated in Table 3. Serum samples were
incubated during 1 hour at 37 C with corresponding antibodies. After this
incubation, treatments specified Table 3 were added to cells. Treatments
were performed during 18 hours at 37 C, 97% humidity and 5% CO2. Then,
supernatant was collected and cells were detached and analyzed by flow
cytometry.
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Treatment group

Treatment 1

Treatment 2

Negative control
Positive control

Culture medium
Culture medium

TLR2 blockade

10 μg/ml neutralizing antibody
in culture medium

TLR4 blockade

10 μg/ml neutralizing antibody
in culture medium

Culture medium
Serum from ischemic stroke
patients (1:3) in culture
medium
Serum from ischemic stroke
patients (1:3) in culture
medium
Serum from ischemic stroke
patients (1:3) in culture
medium
Serum from ischemic stroke
patients (1:3) in culture
medium

TLR2 and TLR 4 blockade

5 μg/ml neutralizing TLR 2 and
antibody 5 μg/ml neutralizing
TLR 4 antibody in culture
medium

Table 2. Summary of treatments on TLR2 and TLR4 blocking experiments

Treatment group

Treatment

Negative control
Positive control

Culture medium
Serum from ischemic stroke patients (1:3) in
culture medium.
Serum from ischemic stroke patients (1:3) in
culture medium, previously treated with antibody
anti‐cFN (Sigma‐aldrich, dilution 1:20)
Serum from ischemic stroke patients (1:3) in
culture medium, previously treated with antibody
anti‐HSP60 (Stressgen, dilution 1:80)
Serum from ischemic stroke patients (1:3) in
culture medium, previously treated with antibody
anti‐HSP70 (Stressgen, dilution 1:80)
Serum from ischemic stroke patients (1:3) in
culture medium, previously treated with antibody
anti‐cFN (1:60), anti‐HSP60 (1:240) and anti
HSP70 (1:240)

cFN blockade

HSP60 blockade

HSP70 blockade

Simultaneous blockade of All three
ligands

Table 3. Summary of applied treatments for each group in blocking experiments for the
potential endogenous ligands of the serum from ischemic stroke patients (cFN, HSP60,
HSP70).
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2.2.6. Culture supernatants analysis.
Collected supernatants from each experiment were stored at ‐80 C
until they were used.
Supernatants from monocytes were used to analyze IL‐6, TNF‐α and
sCD40. IL‐6 and TNF‐α were analyzed on an IMMULITE 1000 System,
(Diagnostic Products Corporation, California, USA). Soluble CD40 was
analyzed by using an ELISA kit (R&D).
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HUVEC supernatants were used to analyze IL‐6 on an IMULITE 1000,
vWF (von Willebrand Factor) was assessed by an ELISA kit (American
Diagnostica), VCAM‐1 and E‐selectin waere analyzed by an ELISA kit acquired
from R&D.
2.2.7. TLR2 and TLR4 expression analysis by flow cytometry.
Detached cells (monocytes and HUVEC) used in the blocking
experiments were washed twice with HEPES and incubated for 10 minutes at
room temperature with 10 μL APC‐anti‐TLR2 and 10 μL biotin‐anti‐TLR4.
After incubation, 10 μL of streptavidin‐PE were added and the mixture was
incubated for 15 minutes at room temperature. Finally, cells were loaded on
a FACSAria flow cytometer and analyzed using FACSDIva software 6.0. The
percentage of the total cells positive for TLR2 and TLR4 were acquired.
Furthermore we analyzed the mean fluorescence intensities for TLR2 and
TLR4.
2.2.8. Statistical analysis of in vitro experiments.
All experiments were analyzed 6 times and results were normalized
respect to the positive control, dividing the obtained result from each
experiment by the mean of the positive control.
Differences between groups were analyzed by a Student’s t test
performed with the software SPSS v16.0. Significance level was set to a level
of p<0.05.
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Results

3.1

Patients’ analysis.

One hundred and ten patients (median age, 74.6 ± 9.8 years; 58.2%
men) were prospectively included in this study. Mean time from stroke onset
to arrival to hospital was 4.5 ± 2.5 hours.
3.1.1 Comparative analysis.
A. Bivariate analysis for functional outcome.
We intended to demonstrate the association between Toll‐Like
Receptors in peripheral blood cells and the outcome of ischemic stroke
patients. For this purpose, we firstly performed a bivariate study of outcome
(Table 4) including usual clinical and epidemiological variables. Higher
glucose and CRP (C‐Reactive Protein) levels, and stroke severity were
significantly associated with poor functional outcome at 3 months. Likewise,
this subgroup of patients showed higher frequency of atrial fibrillation and
larger lesion volumes. Therefore, all multivariate analysis including functional
outcome were adjusted for these variables in our study.
B. Bivariate analysis for infarct volume.
A bivariate analysis of lesion volume including usual clinical and
epidemiological variables was conducted, to demonstrate the correlation of
TLRs in peripheral blood cells and the ischemic lesion volumes (Table 5).
History of diabetes, atrial fibrillation, CRP levels and NIHSS on admission was
correlated to infarct volumes. Thus, all multivariate analysis, that included
infarct volume as dependent variable were adjusted for these variables in
our study.
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Good outcome
n = 48
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Age, years
Man, %
Latency time, hours
History of hypertension, %
History of diabetes, %
Smoking, %
Alcoholism, %
History of dislipemy, %
Ischemic cardiopathy, %
Atrial fibrillation, %
Previous stroke, %
SBP, mm Hg
DBP, mm Hg
Body temperature, C
Glucose levels, mg/dL
Leukocytes, x103/mL
Platelets, x103/mL
Fibrinogen, mg/dL
CRP, mg/dL
Statins treatment, %
Antiplatelets treatment, %
Anticoagulant treatment, %
tPA treatment, %
TOAST
‐ Atherothrombotic, %
‐ Cardioembolic, %
‐ Lacunar, %
‐ Undetermined, %
NIHSS on admission
Lession volumen at 4th‐7th day

Poor
outcome

71.9 ± 8.9
66.7
4.2 ± 2.3
62.5
25.0
22.9
8.3
50.0
20.8
12.5
8.3
153.1 ± 21.8
83.2 ± 17.5
36.3 ± 0.4
125.6 ± 29.0
8.3 ± 2.0
233.7 ± 45.9
459.6 ± 88.8
2.6 ± 1.5
45.8
41.7
0
27.1

n = 62
72.9 ± 10.9
51.6
4.4 ± 2.6
61.3
12.9
24.2
9.7
41.9
16.1
29.0
16.1
159.5 ± 33.6
79.5 ± 15.6
36.4 ± 0.4
136.4 ± 45.7
9.3 ± 3.7
229.1 ± 65.2
486.6 ± 108.1
4.4 ± 2.9
35.5
32.3
6.5
22.6

7.0
32.6
14.0
46.5
3 [2, 8]
8.0 ± 8.2

4.5
50.7
3.0
38.8
13 [11, 16]
70.4 ± 52.7

Table 4. Bivariate study including outcome of patients as main variable.
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p
0.428
0.082
0.268
0.528
0.084
0.530
0.541
0.258
0.348
0.030
0.177
0.415
0.644
0.871
0.036
0.322
0.545
0.505
<0.0001
0.183
0.207
0.097
0.373
0.082

<0.0001
<0.0001

Results

Correlation
coefficients

p

Age, years

‐0.053

0.600

Man, %

0.097

0.335

Latency time, hours

‐0.073

0.470

History of arterial hypertension, %

‐0.129

0.200

History of diabetes, %

‐0.227

0.023

Smoking, %

0.047

0.643

Alcoholism, %

0.160

0.113

History of dislipemy, %

‐0.131

0.194

History of Ischemic cardiopathy, %

‐0.138

0.171

History of atrial fibrillation, %

0.208

0.038

Previous stroke, %

0.082

0.417

SBP on admission, mm Hg

0.055

0.588

DBP on admission, mm Hg

‐0.102

0.315

Temperature on admission, C

0.078

0.443

0.137

0.174

0.162

0.107

Platelets on admission, x10 /mL

0.016

0.878

Fibrinogen on admission, mg/dL

‐0.013

0.898

CRP, mg/dL

0.393

<0.0001

Previous statin treatment, %

‐0.170

0.070

Previous antiplatelet treatment, %

‐0.164

0.085

Previous anticoagulant treatment, %

0.188

0.124

tPA treatment, %

0.054

0.596

NIHSS on admission

0.560

<0.0001

Glucose levels on admission, mg/dL
3

Leukocytes on admission, x10 /mL
3

Table 5. Bivariate study including lesion volume as main variable.

C. TLR expression and neurological impairment.
To test the hypothesis that TLR expression is related to stroke
severity, we analyzed the relationship between NIHSS and TLR expression.
For this purpose a ROC analysis of NIHSS on admission was performed,
including the score of modified Rankin Scale at 3 months as main variable. As
we can see in Figure 10, a value of NIHSS>8 is associated to poor outcome
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with a sensitivity 83.6% and a specificity 81.4%. Furthermore, as TLRs are
innate immunity receptors and since they were determined in peripheral
blood cells, we also included the percentages of monocytes and neutrophils,
in this analysis.

Area under the curve: 0.9818
(95% CI; 0.730‐0.906)
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Figure 10. ROC analysis for NIHSS on admission including functional outcome at 3 months as
main variable, determined by the modified Rankin Scale at 3 months.

After categorizing the NIHSS we analyzed the association of
monocytes, neutrophils, TLR2 expression on monocytes and neutrophils,
TLR4 expression on monocytes and neutrophils, and expression of TLR3,
TLR7, TLR8 and TLR9. This analysis was performed including categorized
NIHSS on admission as main variable, and expression of cells and markers on
admission (Table 6) and at 24 hours (Table 7).
D. Relationship between number of monocytes and
neutrophils and patient’s outcome (functional outcome
and lesion volume).
We studied if the number of monocytes and neutrophils during the
acute phase of cerebral ischemia was correlated to patient’s outcome.
The comparative analysis between patients with good and poor
outcome showed that monocytes on admission (6.6 ± 2.5 vs 10.4 ± 2.7), at
24h (7.4 ± 2.1 vs 12.0 ± 2.6), at 72h (7.2 ± 1.9 vs 11.3 ± 2.1) and at 7 days (7.4
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± 1.8 vs 12.1 ± 3.5) were all statistically higher (p<0.0001) for patients with
poor outcome (Figure 11). Higher percentages of monocytes at baseline (OR
1.5; 95% CI, 1.2–1.9), at 24h (OR 1.6; 95% CI, 1.2–2.0), at 72h (OR 1.8; 95% CI,
1.3–2.5) and at 7 days (OR 1.8; 95% CI, 1.3–2.5) remained associated to poor
outcome in the adjusted models.
Analysis on
admission

NIHSS on admission ≤ 8

NIHSS on admission > 8

p

Monocytes

7.6 ± 2.7

9.6 ± 2.9

<0.0001

Neutrophils

65.1 ± 16.2

73.2 ± 11.6

<0.0001

TLR2‐Monocytes
(mean expression)
TLR2‐Neutrophils
(mean expression)
TLR4‐Monocytes
(mean expression)
TLR4‐Neutrophils
(mean expression)
TLR3 (Ct)

5251.6 ± 1413.5

5521.7 ± 1674.7

0.025

1142.5 ± 366.8

1229.7 ± 264.7

0.165

1269.9 ± 331.8

1380.0 ± 301.8

0.043

992.5 ± 317.4

1004.2 ± 205.7

0.541

5.1 ± 1.9

4.2 ± 1.8

0.027

TLR7 (Ct)

6.9 ± 1.1

6.1 ± 0.9

0.047

TLR8 (Ct)

3.7 ± 1.7

3.0 ± 1.4

0.026

TLR9 (Ct)

5.9 ± 1.2

5.8 ± 0.5

0.624

Table 6. Comparative analysis of cell numbers and molecular variables measured at baseline
for patients with NIHSS ≤ 8 on admission versus patients with NIHSS >8 on admission.
Analysis at 24h

NIHSS basal ≤ 8

NIHSS basal > 8

p

Monocytes

8.7 ± 2.7

11.2 ± 3.0

<0.0001

Neutrophils

63.1 ± 13.0

73.6 ± 8.5

<0.0001

5205.6 ± 1206.1

5719.4 ± 1135.4

0.013

1022.5 ± 263.5

112.1 ± 323.2

0.477

1393.2 ± 370.1

1600.2 ± 360.2

0.004

1073.1 ± 215.1

1144.9 ± 239.9

0.092

TLR2‐Monocytes (mean
expression)
TLR2‐Neutrophils (mean
expression)
TLR4‐Monocytes (mean
expression)
TLR4‐Neutrophils (mean
expression)
TLR3 (Ct)

5.3 ± 1.2

4. ± 1.3

0.016

TLR7 (Ct)

6.2 ± 1.8

5.3 ± 0.6

0.021

TLR8 (Ct)

3.5 ± 1.9

2.3 ± 1.6

0.004

TLR9 (Ct)

5.5 ± 0.5

5.2 ± 0.9

0.124

Table 7. Comparative analysis of cell numbers and molecular variables measured at 24
hours, for patients with NIHSS ≤ 8 on admission versus patients with NIHSS > 8 on
admission.
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on admission

14

Monocytes (percentage of total leukocytes)

at 24 hours
at 72 hours
12

at day 7

10

8

6

4

68

No

Yes

Poor outcome at 3 months (mRS >2)

Figure 11. Comparison of monocytes number (expressed as percentage of total leukocytes)
on admission, 24h, 72h and 7 days in patients with good versus poor outcome.

Correlation analysis revealed an association between lesion volumes
and percentage of monocytes on admission (r=0.338; p=0.001), at 24h
(r=0.314; p=0.005), at 72h (r=0.258; p=0.012) and at 7 days (r=0.531;
p<0.0001) (Figure 12). However, these findings were only independently
correlated with percentage of monocytes at 7 days in the adjusted models
(on admission; B 2.3; 95% CI, from ‐0.4 to 4.9; at 24h B 0.2; 95% CI, from ‐2.7
to 3.2; at 72h B 0.2; 95% CI, from ‐2.3 to 3.3; at 7 days B, 4.4; 95% CI, 1.1‐
7.7).
On the other hand, neutrophils on admission (63.7 ± 16.7 vs 71.7 ±
10.4; p=0.001), at 24h (63.1 ± 12.8 vs 70.4 ± 8.9; p<0.0001), at 72h (62.6 ±
12.6 vs 69.7 ± 8.1; p=0.001) but not at 7 days (62.7 ± 7.5 vs 66.9 ± 13.3;
p=0.139) were statistically higher for patients with poor outcome. However,
none of them remained associated to poor outcome in adjusted models (on
admission OR 1.4; 95% CI, 0.9‐2.0; at 24h OR 1.5; 95% CI, 0.8‐2.9; at 72h OR
1.8; 95% CI; 0.9‐3.1).
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Figure 12. Correlation analysis between lesion volume and number of monocytes at 7 days.

Correlation analysis showed an association between lesion volumes
and number of neutrophils on admission (r=0.254; p=0.012), at 24h (r=0.311;
p=0.005), at 72h (r=0.231; p=0.023) but not at 7 days (r=0.010; p=0.929).
However, these findings were not independently correlated in adjusted
models (on admission B 1.4; 95% CI, from ‐4.5 to 7.4; at 24h B ‐2.4; 95% CI,
from ‐10.4 to 5.7; at 72h B 3.6; 95% CI, from ‐4.5 to 11.6).
E. TLR 2 expression and outcome.
As it was previously reported, we determined the expression of TLR2
on monocytes and neutrophils from peripheral blood. We have determined
both, the percentage of monocytes and neutrophils positive for TLR2, and
the mean expression of TLR2 in monocytes and neutrophils. All of these
variables were analyzed in relation to patient’s outcome at 3 months
(categorized as good outcome for mRS≤2 and poor outcome for mRS>2), and
lesion volume.
A comparative analysis between the percentage of monocytes
positive for TLR2 for patients with good versus poor outcome on admission
(99.5±0.6 vs 99.5±1.0; p=0.309), at 24h (99.5±0.6 vs 99.6±0.5; p=0.401), at
72h (99.7±0.3 vs 99.7±0.4; p=0.102) and at 7 days (99.6±0.7 vs 99.3±0.8;
p=0.873) showed no significant association. Furthermore, no correlation was
found between those percentages and lesion volume (TLR2 on admission:
r=0.107, p=0.166; TLR2 at 24h: r=0.072, p=0.526; TLR2 at 72h: r=0.047,
p=0.646; TLR2 at 7 days: r=0.140, p=0.132). However, when we performed a
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comparative analysis between the mean expression of TLR2 on monocytes
(Figure 13) from patients with good versus poor outcome on admission
(4824.4±1913.2 vs 5105.5±1649.5), at 24h (4644.5±1508.9 vs
5486.8±1398.1), at 72h (3969.2±1276.2 vs 6280.5±1356.1) and at 7 days
(3880.4±1386.4 vs 5764.8±1360.8), we found a positive association for
values at 24h (p=0.025), at 72h (p<0.0001) and at 7 days (p<0.0001) but not
on admission (p=0.075). These associations remained significant for the
adjusted models at 24h (OR 2.9; 95% CI, 1.6–5.3), at 72h (OR 8.7; 95% CI, 3.0‐
25.6) and at 7days (OR 13.9; 95% CI, 2.8‐69.0). In addition, when we analyzed
the correlation between the mean expression of TLR2 on monocytes and
lesion volumes, we found it to be positive at 72h (r=0.320; p=0.002) but not
on admission (r=‐0.184, p=0.070), neither at 24 h (r=0.012, p=0.919) nor at 7
days (r=0.156, p=0.168). However when models were adjusted, the
association became not independent at 72h (OR 0.2; 95% CI, from ‐2.1 to
9.1).
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Figure 13. Comparison between of the mean expression of TLR2 on monocytes on
admission, 24h, 72h and 7 days for patients with good versus poor outcome.

By the other hand, the expression of TLR2 on neutrophils did not
show any positive correlations. No significant differences were found
between the percentage of TLR2 positive neutrophils, on admission
David Brea López

Results

(92.4±3.3 vs 92.3±7.2 p=0.898), at 24h (92.0±5.6 vs 91.5±7.6 p=0.253), at 72h
(91.6±4.6 vs 91.9±6.4 p=0.064) and at 7 days (90.6±6.0 vs 89.9±7.8 p=0.713),
for patients with good versus poor outcome. Furthermore no correlation was
found between the percentage of TLR2 positive neutrophils at these time
points and lesion volume (on admission r=‐0.154 p=0.130; at 24h r=‐0.193
p=0.086; at 72h r=0.145 p=0.157 and at 7 days r=0.029 p=0.796). Analysis of
the mean expression of TLR2 also showed negative correlations for its
association with good or poor outcome (good vs poor outcome; on
admission, 1065.9±341.9 vs 1125.6±407.2, p=0.301; at 24h 1002.1±245.5 vs
967.7±324.5 p=0.094; at 72h 1030.4±270.9 vs 1092.4±486.1 p=0.698; at 7
days 1039.9±283.1 vs 1139.0±568.7 p=0.706) and between TLR2 expression
and lesion volume at the same time points (on admission r=‐0.109, p=0.089;
at 24h r=‐0.179, p=0.113; at 72h r=‐0.052 p=0.617; at 7days r=‐0.126,
p=0.267).
F. TLR 4 expression and outcome.
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The expression of TLR4 was also analyzed on monocytes and
neutrophils from peripheral blood. We have also determined the percentage
of monocytes and neutrophils positive for TLR4, and the mean expression of
TLR4 on both type of cells. All these variables were analyzed in relation to
the outcome at 3 months (categorized as good outcome for mRS≤2 and poor
outcome as mRS>2), and lesion volumes.
A comparative analysis of the percentage of monocytes positive for
TLR4 between patients with good and poor outcome on admission (Figure
14) (92.8±16.5 vs 94.6±5.2; p=0.753), at 24h (94.4±7.7 vs 97.6±5.6; p=0.019),
at 72h (91.4±13.5 vs 98.4±3.1; p=0.002) and at 7 days (89.4±17.4 vs 96.2±6.2;
p=0.010) showed a significant association for samples at 24h, 72h and 7 days
but not for samples taken on admission. However when these variables were
included in the adjusted models, only the percentage of TLR4 positive
monocytes at 24h (OR 1.1; 95% ‐CI, 1.0‐1.3) and 72h (OR 1.3; 95% ‐CI, 1.1‐
1.5) remained as independent whereas the percentage of TLR4 positive
monocytes at 7 days lost its correlation (OR 1.1; 95% CI, 0.9‐1.2). Respect to
the lesion volumes, no correlation was found between this parameter and
the percentage of TLR4 positive monocytes on admission (r=‐0.037;
p=0.718), at 24h (r=‐0.083; p=0.463), at 72h (r=0.123; p=0.231) and at 7 days
(r=0.122; p=0.281).

Toll‐like receptors in ischemic stroke

on admission

7000

at 24 hours
at 72 hours
at day 7

Monocytes TLR 4 positive (%)

6000

5000

4000

3000

No

Yes

Poor outcome at 3 months (mRS >2)

Figure 14. Comparison between TLR4 positive monocytes on admission, 24h, 72h and 7 days
for patients with good versus poor outcome.
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Figure 15. Comparison between the mean expression of TLR2 on monocytes on admission,
24h, 72h and 7 days for patients with good versus poor outcome.
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A comparative analysis between the mean expression of TLR4 on
monocytes for patients with good versus poor outcome on admission
(1334.5±296.6 vs 1389.2±355.0), at 24h (1279.5±221.6 vs 1498.9±409.3), at
72h (1364.1±459.6 vs 2024.5±605.9) and at 7 days (1224.6±388.5 vs 1761.5±
299.8) (Figure 15), revealed positive associations at 24h (p=0.033), 72h
(p<0.0001) and at 7 days (p<0.0001) but not on admission (p=0.516). These
associations remained after applying the adjusted models at 24h (OR, 21.0;
95% CI, 2.5–137.9), at 72h (OR, 63.2; 95% CI, 1.0‐718.2) and at 7 days (OR,
408.0; 95% CI, 16.6‐1046.5). In addition, when we analyzed the correlation
between the mean expression of TLR4 on monocytes and lesion volumes we
found positive correlation with the mean expression of TLR4 at 72h (r=0.646;
p<0.0001) and at 7 days (r=0.510; p<0.0001) (Figure 16), but not on
admission (r=‐0.173 p=0.057) and at 24h (r=0.036, p=0.752). When adjusted
models were applied, association remained for both time points (B, 41.9;
95% CI; 28.1‐55.6 and B, 45.0; 95% CI; 25.5‐64.6, respectively).
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Figure 16. Correlation analysis between lesion volume and TLR4 mean expression on
monocytes at 72 h (left image) and at 7 days (right image).

Comparative studies for neutrophils showed no significant
differences between patients with good and poor outcome, when they were
compared to the percentage of TLR4 positive neutrophils (good/poor
outcome; on admission, 77.5±16.9 / 74.9±16.8, p=0.131; at 24h, 70.1±13.9 /
75.1±14.9, p=0.228; at 72h, 73.7±13.1 / 81.6±17.7, p=0.267; at 7 days,
71.9±14.7 / 79.8±13.9, p=0.766). Furthermore, no correlation was found
between percentage of TLR4 positive neutrophils and lesion volume (on
admission, r=‐0.041 p=0.301; at 24h, r=‐0.065 p=0.567; at 72h, r=‐0.036
p=0.727; at 7 days, r=‐0.065 p=0564). However, when the mean expression
of TLR4 on neutrophils was analyzed, we have found differences between
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patients with good and poor outcome at 72h (good/poor outcome;
848.4±270.6 / 1286.5±348.6; p<0.0001) and at 7 days (810.1±236.3 /
1306.3±315.1; p<0.0001) but not on admission (948.6±350.9/1040.3±219.1;
p=0.578) or at 24h (1017.3±216.3/1105.8±244.9 p=0.749). Furthermore, this
association remained independent when adjusted models were applied (at
72h; OR 2.1; 95% CI; 1.4‐3.2 and at 7 days; OR 3.2; 95% CI; 1.7‐6.1). In
addition a correlation was found between the mean expression of TLR4 on
neutrophils and lesion volumes at 72h (r=0.573, p<0.0001) and at 7 days
(r=0.617; p<0.0001) (Figure 17). These correlations were also maintained
after adjusting them by the significant variables found in the univariate
analysis (at 72h, B 5.4; 95% CI; 2.9‐7.8; at 7 days, B 7.0; 95% CI; 4.5‐9.6).
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Figure 17. Correlation analysis between lesion volumes and mean expression of TLR4 on
neutrophils at 72 h (left image) and 7 days (right image). AFU, Arbitrary Fluorescence Units.

G. TLR 3 expression and outcome.
When we compared ΔCt of TLR3 between patients with good and
poor outcome no differences were found on admission (4.4±1.9 vs 4.6±1.6
p=0.161), at 24h (4.4±0.8 vs 4.9±1.6 p=0.051), at 72h (4.7±0.8 vs 4.5±1.4
p=0.887) and at 7 days (3.6±1.9 vs 4.1±1.9 p=0.054). Furthermore, no
correlation was found between the expression of TLR3 and lesion volumes
for the same time points.
H. TLR 7 expression and outcome.
comparative analysis between patients with good and poor
outcome revealed significant differences between these two groups for
ΔCt of TLR7 at 72 hours (6.8±0.9 vs 4.9±0.9; p<0.0001) and at 7 days
David Brea López

Results

(7.0±1.5 vs 5.3±1.1; p<0.0001) but not on admission (6.9±1.0 vs 6.8±1.0;
p=0.832) or at 24h (6.8±1.0 vs 6.2±0.7; p=0.311). These associations
remained independent when we applied adjusted models (OR 0.4; 95%
CI; 0.2‐0.6 and OR 0.2; 95% CI; 0.1‐0.6, respectively)(Figure 18).
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Figure 18. Comparison of ΔCt of TLR7 between patients with good vs. poor outcome on
admission, 24h, 72h and 7 days

As we have already commented in the materials and methods
section, the expression of TLR7 is expressed by the parameter ΔCt. According
to the following equation:
2
We concluded that expression of TLR7 was 3.7 times greater in patients with
poor outcome at 72h, and 3.3 times greater for patients with poor outcome
patients at day 7, respect to patients with good outcome.
The correlation analysis revealed a positive correlation between ΔCt
for TLR7 and lesion volumes at 7 days (r=‐0.363, p=0.003) but not on
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admission (r=‐0.107, p=0.341), at 24h (r=‐0.173, p=0.153) or at 72h (r=‐0.214,
p=0.057). However, these differences were not independent in the adjusted
models.
I. TLR 8 expression and outcome.

on admission

5

ΔCt TLR8 in monocytes peripheral blood
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The comparative analysis between patients with good vs. poor
outcome revealed significant differences for ΔCt of TLR8 on admission
(3.9±1.6 vs 3.4±1.5; p=0.021), at 24 hours (3.8±1.8 vs 2.3±1.5; p<0.0001) at
72 hours (3.5±1.7 vs 1.2±0.9; p<0.0001) and 7 days (3.8±1.5 vs 1.3±1.1;
p<0.0001) (Figure 19). Such associations remained independent when
adjusted models were applied (OR 0.6; 95% CI; 0.4‐0.9; OR 0.5; 95% CI; 0.3‐
0.7; OR 0.2; 95% CI; 0.1‐0.4; and OR 0.3; 95% CI; 0.2‐0.6, respectively).
Estimation of ΔCt for patients with poor and good outcome allowed us to
calculate the differences in expression of TLR8 for these two groups of
patients. Poor outcome patients showed an expression of TLR8 1.4 times
greater than patients with good outcome on admission, becoming 2.8 times
greater at 24 hours, 4.9 times greater at 72 hours and 5.6 times greater at 7
days.
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Figure 19. Comparison of ΔCt of TLR8 on admission, 24h, 72h and 7 days between patients
with good and poor outcome
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A further correlation was found between ΔCt of TLR8 and lesion
volumes at 24h (r=‐0.285, p=0.017), at 72h (r=‐0.394, p<0.0001) and at 7
days (r=‐0.513, p<0.0001) but not on admission (r=0.004, p=0.969). Such
correlations remained independent at 72 hours and 7 days when adjusted
models were applied (B ‐5.8; 95% CI, from ‐9.9, to ‐1.8 and B ‐6.9; 95% CI,
from‐13.0 to ‐0.9; respectively).
J. TLR9 expression and outcome.
When we compared the expression of TLR9 between patients with
good and poor outcome, no differences were found at baseline (5.7±0.5 vs
6.1±1.4; p=0.795), at 24h (5.3±0.5 vs 5.4±0.9; p=0.410), at 72h (5.4±0.8 vs
5.3±0.8; p=0.548) and at 7 days (5.2±0.5 vs 5.6±0.8; p=0.841). Furthermore,
no correlation was found between the expression of TLR9 and lesion
volumes at the same time points (on admission r=0.116, p=0.299; at 24h r=‐
0.139, p=0.250; at 72h r=‐0.088 p=0.437; at 7 days r=‐0.157 p=0.172).
K. TLR 2 and 4 and their relationship with their potential
endogenous ligands cFN, HSP60 and HSP70.
For our study we have selected cFN, HSP60 and HSP70 as potential
endogenous ligands for TLR2 and 4. We hypothesize that endogenous
ligands, such as cFN, HSP60 and HSP70, are released from the ischemic tissue
from the onset of ischemic stroke. If this is true, levels of cFN, HSP60 and
HSP70 on admission should condition the expression of TLR2 and 4 and
therefore, levels of cFN, HSP60 and HSP70 on admission must be correlated
to the expression of TLR2 and 4, especially on samples taken later than
admission. For this purpose, we analyzed the correlations between cFN,
HSP60 and HSP70 on admission and the expression of TLR2 and 4. In these
analyses used the mean values of expressions on monocytes.
cFN levels on admission were positively correlated with the mean
expression of TLR2 on monocytes at 24h (Figure 20) (r=0.282, p=0.008), 72h
(r=0.551, p<0.0001) and 7 days (r=0.498, p<0.0001) but not on admission (r=‐
0.097, p=0.325). When we applied the adjusted models, only the mean
expression of TLR2 on monocytes at 24h remained independent (OR 3.8; 95%
CI; 1.2‐11.6). On the other hand, no correlation was found between cFN
levels on admission and the mean expression of TLR4 on monocytes.
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Figure 20. Correlation analysis between cFN levels on admission and mean expression of
TLR2 at 24h. AFU Arbitrary fluorescence Units.

HSP60 levels on admission were not correlated with the mean
expression of TLR2 and mean expression of TLR4 on monocytes, on
admission, 24h, 72h or at 7 days.
HSP70 levels on admission were positively correlated to the mean
expression of TLR2 on monocytes, at 24h (r=0.229, p=0.032), 72h (r=0.618,
p<0.0001) and at 7 days (r=0.508, p<0.0001). However, none of such
correlations kept their independence when adjusted models were applied.
Same results were observed for the correlation between HSP70 levels on
admission and the mean expression of TLR4 on monocytes. A correlation was
found at 72h (r=0.404, p<0.0001) and at 7 days (r=0.386, p<0.0001) but their
independence was lost when adjusted models were applied (OR 60.1; 95%
CI; 0.3‐1331.2 and OR 219.5; 95% CI; 0.4‐2321.2, respectively).
L. Relationship between the expression of TLR2, 3, 4, 7, 8 and
9 and the levels of inflammatory markers.
As we have commented in previous sections of this manuscript, TLRs
are involved in the activation of inflammatory responses, inducing the
David Brea López
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release of inflammatory molecules and cellular adhesion molecules. Based
on this fact, we speculate with the possibility that levels of TLRs on admission
could influence in the temporal profile of inflammatory molecules, such as
IL1β, TNFα, IL6, MMP9 and adhesion molecules such as VCAM1 and ICAM1.
For this purpose we have analyzed the Pearson’s coefficient between all of
these inflammatory markers on admission, 24h, 72h and at 7 days, and levels
of TLRs on admission. We have considered only the mean expression of TLR2
and TLR4 on monocytes to be representative for cells from blood stream,
since these were the most significant values observed in the analysis for
outcome.
As we show in Figure 21, TLR2 at baseline is correlated with IL1β,
TNFα, IL6 and VCAM1 levels at 24h, 72h and at 7 days, but not on admission.
Furthermore, no correlation was found between the expression of this TLR
on admission and MMP9 and ICAM1 levels for any time point. TLR3 did not
show positive correlations for any of the analyzed markers. TLR4 on
admission showed a correlation with IL6, TNFα, IL1β, VCAM1 and ICAM1
levels, especially, at 24h, at 72h and at 7 days. However, no correlation was
observed for MMP9. TLR7 expression on admission is correlated to IL6, TNFα
and IL1β levels, at 24h, at 72h and at 7 days. Expression of TLR8 on admission
is correlated to levels of IL1β and TNFα at 24h, at 72h and at 7 days and to
levels of IL6 at 72h and at 7 days. Expression of TLR9 on admission only
showed a positive correlation with ICAM1 levels at 7 days but such
correlation was weak.
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Figure 21. Graphic representations of Pearson’s coefficients between the expressions of
different TLRs on admission (one TLR per each graph) and the expression of inflammatory
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coefficients that were not statistically significant. Not shadowed points represent
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Figure 24. Graphical repreesentation of the expression of IL‐6, TNF‐α and
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nt of monocytes cultured for 18 hours with culture
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ut pretreatment
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(POSITIVE CONTROL), and previously treatted with anti‐TLR2 (TLR2 BLOCK
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Figure 25. Graphical repreesentation of th
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4 in monocytes
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Figure 26. Graphical repreesentation of the expression of IL‐6, TNF‐α and
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groups and the positive control. However, we have observed a slight
reduction in the TLR2 and TLR4 expression when serum was treated with
HSP60 antibodies (Figure 33), although differences were not statistically
significant.
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Discussion

In this work we have studied the role of Toll‐like receptors in
ischemic stroke outcome. We have analyzed the expression of TLR 2, 3, 4, 7,
8 and 9 in cells from peripheral blood of patients with ischemic stroke. We
also studied serum levels of potential endogenous ligands and we have
analyzed the expression of inflammatory mediators and cell adhesion
molecules, as an indirect measurement of the activation of these receptors.
We have also conducted an in vitro study to investigate the role of the
endogenous ligands cFN, HSP60 and HSP70 (present in the serum of patients
with ischemic stroke) on the activation of TLRs 2 and 4. Additionally, we have
tested whether the inhibition of TLRs or endogenous ligands may be a valid
therapeutic anti‐inflammatory approach for brain ischemia.
Discussion has been divided in two parts. The first one includes the
study conducted with samples from ischemic stroke patients, and the second
comprises all in vitro studies.

4.1.

Toll like receptors in ischemic stroke patients.
4.1.1. Monocytes, neutrophils and outcome.

In this study we tried to correlate the expression of TLRs in monocytes
and neutrophils in blood samples and the outcome of ischemic stroke
patients. We analyzed whether the number of monocytes and neutrophils in
blood correlated to patient’s outcome. Our analysis shows that monocytes,
quantified as percentage of the total number of leukocytes, are
independently associated to patient’s outcome at 3 months. Furthermore,
percentage of monocytes at day 7 was associated to infarct volume,
measured between days 4 and 7. Several authors have described that
monocytes increase after stroke, and that such increment is associated with
stroke outcome. In this context, our results are in concordance with previous
studies122, 164.
The percentage of neutrophils was also analyzed, not finding any
independent association to patient’s outcome or lesion volume.
Neutrophils and monocytes are peripheral cells that are infiltrated in
the brain after ischemia. Monocytes participate in the removal of cell debris.
Although real significance of leukocytes infiltration in brain parenchyma is
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unclear, it is proposed that these cells could contribute to inflammation, and
could consequently contribute to further neural damage. On the other hand,
these cells contribute to eliminate cell debris and necrotic tissue, producing a
beneficial effect by removing products of cell degradation that could be
deleterious for neuronal cells.
4.1.2. Relationship between the expression of TLRs, functional
outcome and infarct volume.
In this study we have demonstrated that the expression of TLR 2 and
4 highly correlates with the functional outcome of patients, defining good
outcome as mRS≤2 at 3 months. We have also found that patients with
higher NIHSS on admission have higher levels of TLR 2 and 4 expression.
These results are consistent with those obtained by Urra et al122, who found
that TLR2 expression in monocytes of patients is increased respect to healthy
subjects, and that the expression of TLR4 is an independent predictor of
functional outcome. Furthermore, our study also agrees with the one
performed by Yang et al141, who found a correlation between the expression
of TLR4 and the severity of stroke. In our case, we additionally found that the
expression of TLR4 is correlated with infarct volume, measured between
days 4 and 7.
94

We have analyzed independently the expression of TLR2 and TLR4
on monocytes and neutrophils. This strategy revealed that clinical
association between TLR2 and patient’s outcome was only positive for
monocytes whereas, association between TLR4 expression and clinical
outcome was found for both, monocytes and neutrophils. Although we did
not perform a comparison between expression levels of TLR2 and TLR4 on
monocytes and neutrophils, a quick look of the data (Table 6) revealed that
the expression of these TLRs is greater in monocytes than in neutrophils. This
fact could explain why the expression on monocytes is more relevant than
the expression on neutrophils. On the other hand, TLR4 expression also
showed positive results for neutrophils, as well as for monocytes, in relation
to clinical outcome and infarct volume.
When we analyzed the association of clinical outcome and infarct
volume with the expression of TLR2 and TLR4 at different time points
(admission, 24h, 72h and 7 days) we found associations with outcome at
David Brea López
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24h, 72h and 7 days for TLR2 and TLR4, and associations with infarct volume
were found at 72h and 7 days for TLR4.
Furthermore, we have found a positive correlation between outcome
and the expression of intracellular TLRs, such as TLR 7 and TLR 8. To the best
of our knowledge, this is the first work that analyzes the expression of
intracellular TLRs in ischemic stroke patients. Our data suggest that, besides
TLR2 and 4, intracellular TLRs are also involved in the activation of innate
immunity after ischemic stroke. TLR7 levels at 72h and 7 days have been
associated with patient’s outcome, TLR8 levels on admission, 24h, 72h and 7
days were also associated with outcome, and TLR8 levels at 72h and 7 days
were associated to infarct volume. TLR7 and TLR8 are intracellular receptors
localized in endosomes that are specialized in the recognition of single
stranded RNA. Localization of RNA in endosomes is possible when cells are
infected with a virus. Therefore intracellular TLRs are specialized in the
recognition of RNA from viruses and are responsible for the activation of
innate immunity, in response to viral infections. However, when large
amounts of debris from apoptotic or necrotic cells are present, phagocytic
cells have to remove such debris, which could include RNA from apoptotic
cells. Such RNA could reach endosomes and activate TLR7 and 8165. As it
happens with TLR2 and TLR4, we hypothesize that activation of intracellular
TLRs could activate the further expression of the TLRs themselves, in addition
to the activation of the innate immune response. This could be an
explanation for the association of intracellular TLRs to cerebral ischemia.
Additionally, we have also analyzed the association between TLR3
and TLR9 and clinical variables of outcome and infarct volume, finding no
association between them. TLR3 recognizes dsRNA (double‐stranded RNA)
that is produced during replication of some viruses, and TLR9 recognizes
DNAs that contain high levels of non‐methylated CpG, present in bacteria
and viruses. Although it has been described that TLR3 and TLR9 could be
activated by some auto‐antigens in systemic lupus erythematosus165, dsRNA
or DNA with high levels of non‐methylated CpG are very unusual in humans.
For this reasons it is plausible that TLR3 and TLR9 are not activated by
cerebral ischemia.
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4.1.3. Endogenous ligands and TLRs.
In this study we also examined the expression of three potential
endogenous ligands involved in the activation of TLRs 2 and 4 after cerebral
ischemia; cFN, HSP60 and HSP70. We hypothesize that higher levels of these
endogenous ligands on admission could influence the expression of TLR2 and
TLR4. We found only a positive independent correlation between fibronectin
levels on admission and TLR2 expression on monocytes at 24h. This
association indicates that fibronectin could activate TLR2 expression,
however this is a statistical association that has to be tested in vitro, and it
will be addressed later. We did not find any independent association
between levels of HSP60 or HSP70 on admission with the expression of TLR2
and TLR4, but this result cannot exclude that these molecules could act as
endogenous ligands of TLR2 and/or TLR4. This issue was addressed in our in
vitro studies and it will be discussed later.
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In vitro studies conducted with recombinant extra‐domain A of
fibronectin show a potential role of cFN as ligand for TLR4, as reported in the
literature166‐168. One published work reported the role of HSP60 as
endogenous ligand for TLR4, in relation to cerebral ischemia. In that work
authors analyzed the levels of HSP60 in patients with ischemic stroke and
patients who suffered a transient ischemic attack, finding that HSP60 levels
were higher for the first group of patients, although they did not perform a
correlation analysis between HSP60 levels and the expression of TLR4.141 In
our work, we tried to correlate serum levels of HSP60 and TLR2 and 4
expression, finding no significant correlations between them. In the case of
HSP70, we did not find any reference describing its correlation with TLRs in
relation to ischemic stroke. Regarding to our data, we did not find any
association between levels of HSP70 on admission and the expression of
TLR2 or 4 during the acute phase of ischemic stroke.
4.1.4. TLRs and inflammatory response.
It has been demonstrated that activation of TLRs induces the
expression of inflammatory and cell adhesion molecules. Consequently, we
postulate that TLR expression influences on the levels of inflammatory and
cell adhesion molecules during the acute phase of ischemic stroke. Therefore
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we analyzed the correlation coefficients between TLR expression and
inflammatory and cell adhesion molecules.
TLRs that shown a significant correlation with outcome (i.e. TLR2,
TLR4, TLR7 and TLR8) do also show significant correlations with inflammatory
molecules measured at different time points (24h, 72h, 7days), but not on
admission. TLR2, TLR4, TLR7 and TLR8 levels on admission had shown good
correlations with IL‐1β, IL6 and TNF‐α levels at 24h, 72h and 7 days.
Furthermore TLR2 on admission was correlated with VCAM1 and TLR4 was
associated to VCAM1 and ICAM1. No correlation was found between any of
the analyzed TLRs and MMP9 expression.
Our results indicate that levels of TLR 2, 4, 7 and 8 on admission
influence the expression of inflammatory molecules, such as IL‐1β, IL6 and
TNF‐α, and that TLR2 and 4 expression levels influence the expression of
adhesion molecules during the acute phase of ischemic stroke.
4.1.5. Summary.
Ischemic stroke provokes cell death in brain parenchyma. Dead
tissue together with the surrounding tissue release and express some
proteins that can act as endogenous ligands for TLRs. Such endogenous
ligands can interact with TLRs expressed by cells at the brain parenchyma but
also with cells from peripheral blood. The interaction between endogenous
ligands and TLRs induce expression of inflammatory and adhesion molecules,
inducing an inflammatory response that takes place following the ischemic
insult. In this study, we have found that patients with larger damages on
admission present higher levels of TLRs. We also found that TLR levels,
particularly TLR2, TLR4, TLR7 and TLR8, on peripheral blood cells on
admission are correlated with higher levels of inflammatory and cell
adhesion molecules at 24h, 72h and 7 days. From the interpretation of these
results we hypothesize that infarct volumes determine the amount of
endogenous ligands that are released. Endogenous ligands further induce the
expression of TLRs on peripheral cells. Thus, the more endogenous ligands
are released, the more TLRs are expressed. TLR levels influence the
expression of inflammatory molecules, and so the inflammatory response
and the outcome of the patients. By the other hand, we also hypothesize
that infarcts of the same order of magnitude lead to comparable release of
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endogenous ligands. In this context, TLR expression on admission (as
determined by other variables, including interindividual variations)
conditions the inflammatory response and, in consequence, the outcome of
the patients. These two hypotheses are graphically summarized in Figure 34.
Brain infarct Endogenous ligands Monocytes on admission Monocytes 24h,72h,7d Inflammatory response

Brain infarct
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Ç Inflammation
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Good

Inflammatory response

Outcome

Figure 34. Scheme that summarize the hypothesis that we postulate with our results.

4.2.

In vitro studies of the expression of TLRs.
4.2.1. Serum from patients with ischemic stroke induces a
TLRdependent inflammatory response in monocytes
and HUVEC cells in culture.

In this study we have demonstrated that serum from patients with
ischemic stroke induces an inflammatory response in cultured cells such as
monocytes and endothelial cells, and that such response depends on TLR2
and TLR4 receptors. Both, monocytes and endothelial cells, were subjected
to treatment with serum from ischemic stroke patients. We analyzed a series
of inflammatory markers following treatment, particularly IL‐6, TNF‐α and
sCD40 present in the supernatants of monocytes, and IL‐6, vWF, sVCAM and
E‐selectin present in the supernatants of endothelial cells. These markers
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have been previously reported as markers for the activation of endothelial
cells and monocytes. 169‐172 Furthermore, VCAM and E‐selectin are adhesion
molecules that are over‐expressed after cerebral ischemia. Their over‐
expression facilitates the infiltration of inflammatory cells in the brain
parenchyma45, 173.
Treatment of monocytes cultured with serum from ischemic stroke
patients induced an increased expression of IL‐6, TNF‐α and sCD40,
suggesting an inflammatory response. When cells were pre‐treated with
neutralizing antibodies against TLR2 and/or TLR4, IL‐6 and TNF‐α levels were
significantly reduced, though levels of sCD40 did not decrease. Reduced
levels of IL‐6 and TNF‐α observed after blocking TLR2 and/or TLR4 receptors
suggest that inflammatory response in monocytes, induced by treatment
with serum from ischemic patients, is dependent on TLR2 and TLR4
receptors.
Analyzing sCD40 levels in the supernatant of monocytes we noted an
increased expression of this marker when the cells were treated with serum
from ischemic patients. Such increase was maintained even when TLR2 was
blocked. However, the blockade of TLR4 induced an even higher increase in
the expression of sCD40, although this increase was not statistically
significant. Some authors have reported a synergic activation of CD40 and
TLR4 receptor pathways. However, we have not found any study that
describes changes in the levels of sCD40 as a result of the inhibition of the
TLR pathways. All three markers studied; IL‐6, TNF‐α and sCD40 are
molecules whose levels are increased as a result of an inflammatory
response. For the first two, there are evidences that postulate that their
expression can be activated through pathways of TLR2 and TLR4 receptors,
whereas sCD40 could be activated/inhibited by different pathways.
Therefore we postulate that serum from ischemic patients induces an
inflammatory response in monocytes in culture as a consequence of the
activation of TLR2 and TLR4 receptors171.
The treatment of HUVEC cells with serum from ischemic patients
induced an increased expression of IL‐6, vWF, sVCAM and E‐selectin. The
increased expression of IL‐6, vWF and E‐selectin was significantly reduced
when TLR2 and/or TLR4 receptors were previously blocked. However, sVCAM
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levels were only reduced when the TLR4 receptor was blocked, suggesting
that the expression of sVCAM depends on the activation of TLR4.
Taken together the results obtained for monocytes and HUVEC cells,
we postulate that serum from ischemic stroke patients contains endogenous
ligands of TLR2 and 4. Their presence in serum facilitates the activation of
TLR pathways in peripheral tissues. Thus, the TLR expression in monocytes or
endothelial cells could be activated by endogenous ligands from serum,
triggering an additional inflammatory response.
4.2.2. Serum from ischemic stroke
endogenous ligands of TLRs.

patients

contains

We have found that serum from ischemic stroke patients contains
cFN and HSP60, endogenous ligands for TLR 2 and/or TLR4 .
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As we have already explained, serum from ischemic patients induces
an inflammatory response in endothelial cells and monocytes in culture; we
have also seen that this response is TLR‐dependent. Activation of TLRs is
induced by the presence of exogenous ligands, components of infectious
agents, or endogenous ligands, that are molecules released by the body itself
in relation to tissue damage. Therefore, serum from patients with ischemic
stroke must contain ligands of TLRs. The origin of such ligands must be
endogenous, except for a particular patient who presented a concomitant
infection. Cerebral ischemia triggers the breakdown of the Blood‐Brain
Barrier and the over‐expression of a series of molecules facilitating the
presence of molecules such as cFN 174, 175, HSP60176, and HSP70177 in serum
samples. These molecules have been linked to pathways of TLRs and can
operate as endogenous ligands for TLRs97, 143, 178, 179.
In our studies, serum from patients was treated with neutralizing
antibodies for HSP60, HSP70 and cFN before being added to cultures of
monocytes and HUVEC cells. The blockade of HSP60 and cFN induced a
reduction of the expression of IL‐6 and TNF‐α in monocytes and of IL‐6, vWF
and E‐selectin in HUVEC cells when treated with serum samples. The
reduction of the expression of these inflammatory markers and the
maintenance of the sCD40 and sVCAM levels confirms the results obtained
after blocking TLR2 and TLR4 receptors. Altogether results suggest that
David Brea López
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HSP60 and cFN present in the serum from ischemic patients act as
endogenous ligands for TLR2 and/or TLR4 receptors. Previous studies had
already shown the role of cFN and HSP60 as potential endogenous ligands of
TLRs166 and its relationship to other diseases has been also proved.142, 180 In
our study we report positive results for HSP60, which are consistent with
those reported by Yang et al,141 who found that serum from patients with
ischemic stroke with high expression of HSP60, activates CD14+/TLR4+
HEK293 cells and leads to the activation of NF‐κB. However Yang et al used
serum from patients selected by their HSP60 levels, using only serum with
high levels of HSP60. We have used a pool of serum samples from all patients
with ischemic stroke included in our study, not filtering them by its
expression levels, and we analyzed two different cell types, i.e. monocytes
and HUVEC cells. We found that the serum from ischemic patients activates
endothelial cells and monocytes, and that such activation is reduced when
HSP60 is blocked with anti‐HSP60 antibodies. Furthermore, we have found
that cFN in serum from ischemic patients also behaves like an endogenous
ligand for TLRs. A previous work has shown that extra domain A of
recombinant cFN activates TLR4.166 In our work we have shown that serum
from patients activate endothelial cells and monocytes through TLR
receptors 2 and/or 4, and when serum is treated with anti‐cFN antibodies,
the activation of these cells is significantly reduced. These results
demonstrate that cFN present in the serum fom patients with ischemic
stroke can act as the endogenous ligand for TLRs 2 and/or 4.
Some authors postulate that HSPs and other endogenous ligands can
activate TLRs, especially those for TLR4, by contaminating LPS, a potent
activator of the TLR4167, 181. In our work we have shown that serum from
ischemic stroke patients induces the activation of endothelial cells and
monocytes. This activation is TLR dependent, since the blockade of TLR2 and
4 with neutralizing antibodies significantly reduced such activation. This is
consistent with a potential contamination of serum with LPS. However, the
inflammatory response in cells, induced by their treatment with serum from
ischemic patients was significantly reduced when serum was treated with
anti‐HSP60 and anti‐cFN. This reduction in the inflammatory response can
only be explained if cFN and HSP60 act as endogenous ligands, thereby
excluding the possibility that inflammatory response is due to LPS that may
have contaminated the samples.
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4.2.3. Blocking of TLR2 and/or 4 of endogenous ligands as
potential new antiinflammatory strategy in ischemic
stroke.
In our study we have found in two different in vitro models that
serum from ischemic stroke patients added to cultured cells induce an
inflammatory response on those cells. Such response is reduced when cells
are pre‐treated with anti‐TLR2 and/or anti‐TLR4 antibodies, indicating that
inflammatory response is TLR2 and TLR4 dependent (Figure 35).
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Figure 35. Summary of in vitro study showing possible therapeutic targets to reduce
inflammatory response after ischemic stroke. In the upper left image we represent the
inflammatory response of cells when are treated with serum from stroke patients that
contains endogenous ligands such as cFN and HSP60. In the upper right image, blockade of
TLR2 and 4 is represented and inflammation is reduced. In the bottom image we represent
the reduction of inflammation when endogenous ligands, are blocked.

Furthermore it indicates that serum from ischemic stroke patients
contains endogenous ligands of TLR2 and 4. Furthermore, the blockade of
potential endogenous ligands, like cFN and HSP60, reduced the inflammatory
response of cells when treated with ischemic stroke patient’s serum. These
David Brea López
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experiments indicate that the inhibition of TLR2 and/or TLR4 or,
alternatively, the inhibition of endogenous ligands such as cFN and/or
HSP60, could be a new anti‐inflammatory therapeutic option in ischemic
stroke (Figure 35). This hypothesis is reinforced by results from previous
studies performed on knock‐out mice for TLR2150 and TLR4120, 124, 182, that
demonstrate that the absence of these receptors results in reduced brain
damage after cerebral ischemia. However, further studies are necessary to
address this hypothesis.
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Conclusions

1. Percentage of monocytes during the acute phase of ischemic
stroke predicts outcome and correlates with lesion volume after
stroke.
2. Higher levels of expression of TLR2, TLR4, TLR7 and TLR8 on
peripheral blood cells predict poor outcome after ischemic
stroke.
3. Levels of expression of TLR4 and TLR8 on peripheral blood cells
are correlated with infarct volumes after stroke.
4. Levels of expression TLR2, TLR4, TLR7 and TLR8 on admission
influence in levels of inflammatory and cell adhesion molecules
at 24h, 72h and 7 days after ischemic stroke.
5. Serum from ischemic stroke patients induces a TLR2 and/or TLR4
dependent inflammatory response on cultured monocytes and
HUVEC cells.
6. Serum from ischemic stroke patients includes the expression of
molecules such as cFN and HSP60 that act as endogenous ligands
of TLR2/4 on in vitro models.
7. Blockade of TLR2 and/or 4 and cFN or HSP60 reduces
inflammatory response (induced by treatment with serum from
ischemic stroke patients) of cultured monocytes and HUVEC
cells.
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APPENDIX: Resumen
Las enfermedades cerebrovasculares son consecuencia de una
alteración de la circulación cerebral que ocasiona un déficit transitorio o
definitivo del funcionamiento de una o varias partes del encéfalo.
La obstrucción aguda de una de las arterias cerebrales, como por
ejemplo la arteria cerebral media (ACM), produce una inmediata reducción
del flujo cerebral en el área de irrigación correspondiente (isquemia focal). La
reducción del flujo sanguíneo no es homogénea en el sector afectado, y
puede cambiar en minutos u horas, especialmente cuando se instaura la
reperfusión. La isquemia es grave en el denominado foco isquémico,
mientras que en la periferia de éste se establece un anillo denominado área
de penumbra, en el cual la disminución del flujo es menos grave, gracias a los
aportes sanguíneos de las arterias colaterales del tejido adyacente no
isquémico. El impacto de la isquemia cerebral depende de la gravedad y la
duración de la reducción del flujo sanguíneo.
La isquemia desencadena una secuencia de fenómenos moleculares
a corto y largo plazo que se inician con el fracaso energético relacionado con
la interrupción de los procesos de fosforilación oxidativa y el déficit en la
producción de trifosfato de adenosina (ATP). La interrupción de los
gradientes iónicos transmembrana debido a fallos en la bomba de sodio‐
potasio ATPasa y otras bombas iónicas dependientes de ATP son el punto
fundamental relacionado con los mecanismos fisiopatológicos de la isquemia
y, especialmente, de la muerte celular en el foco isquémico cuando la
obstrucción vascular se prolonga durante unos minutos. En todo este
proceso se suceden una serie de mecanismos moleculares, muchos de los
cuales desembocan en la muerte neuronal. Esta muerte puede suceder de
dos maneras. La más común, descrita en los tratados clásicos es la muerte
necrótica. Este tipo de muerte es la consecuencia del fracaso energético
agudo, con pérdida de la morfología y, finalmente, lisis celular, que
desencadena procesos inflamatorios. Por otro lado, puede observarse la
muerte apoptótica o muerte celular programada, en la cual se activan
mecanismos intracelulares dependientes de energía que llevan a una
degradación regulada de la célula, que, más tarde, es eliminada por células
fagocíticas sin desencadenar una reacción inflamatoria.
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La muerte celular por necrosis que se produce tras la isquemia
cerebral desencadena una respuesta inflamatoria muy intensa que alcanza su
máximo varias horas después del inicio del episodio isquémico. Hay muchas
evidencias de que la inflamación y la respuesta inmune juegan un papel
importante en el pronóstico de los pacientes que han sufrido un ictus.
La inflamación se caracteriza por la acumulación de células
inflamatorias y mediadores en el cerebro isquémico. Los fagocitos
periféricos, los linfocitos T, las células NK (del inglés natural killer), y los
leucocitos polimorfonucleares, secretan citoquinas que pueden contribuir a
la respuesta inflamatoria tras la isquemia cerebral. Los leucocitos
procedentes de la sangre periférica y la microglía residente son las células
inflamatorias más activadas, que se acumulan en el tejido cerebral tras la
isquemia cerebral, conduciendo al daño por inflamación.
La inflamación es un fenómeno de gran importancia en la
fisiopatología de la isquemia cerebral, que conduce al incremento del daño
cerebral tras la isquemia. El daño cerebral secundario originado por la
inflamación está determinado por el sistema inmune innato y adaptativo.
Por tanto, el estudio de éste puede conducir al descubrimiento de nuevas
vías terapéuticas anti‐inflamatorias a través de la manipulación del sistema
inmune.
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El sistema inmune de mamíferos utiliza una serie de mecanismos
para detectar y eliminar patógenos invasores, muchos de los cuales
requieren la discriminación entre lo “propio” y lo “no‐propio”. La respuesta
inmune se divide en dos componentes distintos: la inmunidad innata y la
inmunidad adaptativa. Ambos reconocen microorganismos invasores como
“no‐propios”, lo que desencadena la respuesta inmune para eliminarlos. En
general, la inmunidad innata, que es altamente conservada en organismos
multicelulares, representa la primera línea de defensa contra los patógenos y
no requiere la exposición previa del organismo a partículas ajenas para su
activación. Los tipos celulares que participan en la inmunidad innata son los
macrófagos, neutrófilos, células dendríticas y células NK. La detección de
patógenos se basa en el reconocimiento de proteínas altamente conservadas
que se expresan en los organismos infecciosos. Por otra parte, la inmunidad
adaptativa se activa a través de señales procedentes del sistema inmune
innato que inducen la proliferación de linfocitos T y B específicos de
David Brea López
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antígeno. La respuesta adaptativa es mucho más diversa que la respuesta
innata, ya que debe reconocer un número infinito de antígenos. Para ello,
cuenta con un complejo sistema de reordenaciones génicas que permiten la
expresión de receptores específicos para cualquier antígeno. Así, cada clon
de linfocitos T y B expresa un receptor antigénico distinto. A pesar de esta
gran diversidad, el sistema inmune adaptativo ha sido muy estudiado,
mientras que la respuesta inmune innata es todavía la gran desconocida.
La respuesta inmune innata no goza de la diversidad de la respuesta
adaptativa y debe reconocer los antígenos a través de un grupo de
receptores predeterminados. Para ello, estos receptores se han
especializado, a lo largo de la evolución, en el reconocimiento de
determinadas estructuras altamente conservadas en grandes grupos de
microorganismos. Estas estructuras altamente conservadas reciben el
nombre de Patrones Moleculares Asociados a Patógenos (PAMPs, del inglés
Pathogen Associated Molecular Pattern) y los receptores del sistema inmune
innato que reconocen estas estructuras reciben el nombre de Receptores de
Reconocimiento de Patrones (PRRs, del inglés Pattern Recognition
Receptors). Hay un determinado número de receptores clave que reconocen
una amplia variedad de PAMPs, entre los que se incluyen los receptores Toll
Like (TLR; del inglés Toll‐Like Receptors), los receptores NOD‐Like (NLR; del
inglés NOD‐Like Receptors) y los receptores RIG‐I‐like (RLR; del inglés RIG‐I‐
Like Receptors). Todos estos receptores actúan solos o con la participación
de otras moléculas, generando la respuesta inmune innata al reconocer a
patógenos invasores. Mientras que los miembros de la familia TLR reconocen
bacterias, virus, hongos y protozoos, los NLRs reconocen bacterias y los RLRs
virus.
El receptor original Toll fue descrito en la Drosophila melanogaster y
su función referida era la regulación del desarrollo dorsoventral del embrión
de la mosca. En 1996, Lemaitre et al se dieron cuenta de que las moscas Toll
mutantes eran más susceptibles a las infecciones fúngicas y describieron la
función del receptor Toll en la defensa contra las infecciones en la
Drosophila, organismo que sólo posee inmunidad innata. Un año más tarde
del descubrimiento del papel inmunitario de Toll, se identificaba el primer
receptor homólogo en mamíferos, hoy conocido como Toll‐Like Receptor 4
(TLR4) cuya activación parecía inducir la expresión de genes que participan
en la respuesta inflamatoria. Años más tarde se llevó a cabo la secuenciación
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del receptor Toll que reveló una gran homología de la región citoplasmática
del receptor con el dominio de señalización del receptor de Interleuquina‐1
(IL‐1) de mamíferos.
Los TLRs se expresan fundamentalmente en las células del sistema
inmune; linfocitos, monocitos, neutrófilos, etc., pero también se expresan en
otros tipos celulares como células endoteliales, o la glía. Dentro del CNS
existen tres poblaciones fundamentales además de las neuronas: astrocitos y
oligodendrocitos, de origen neuroectodérmico, y la microglía que procede
del mesodermo. La función principal de la glía es la de proporcionar el
soporte necesario para las neuronas. Debido a que existen múltiples
infecciones que pueden afectar al CNS y que dichas infecciones están
provocadas por bacterias que son capaces de activar a los TLRs, es lógico
pensar que las células del CNS deben expresar de forma constitutiva TLRs. De
los cuatro tipos celulares que se pueden encontrar en el cerebro, la
microglía, célula clave del sistema inmune innato cerebral, expresa todos los
TLRs conocidos.
Por otro lado, los TLRs se expresan en diferentes regiones dentro de
la célula. Así, los TLR1, TLR2 y TLR4, y TLR6 se expresan en la superficie
celular. Por su parte los TLR3, TLR7, TLR8 y TLR9 se expresan en
compartimentos celulares como los endosomas. La activación de estos
últimos requiere la maduración del endosoma.
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Como ya hemos mencionado anteriormente, los TLR se expresan en
células del sistema inmune innato y permiten el reconocimiento de
determinadas regiones invariables de bacterias, hongos y virus que son
esenciales para su supervivencia y están altamente conservados en un
amplio espectro de patógenos. En humanos y ratones, se llevan identificados
11 TLRs y al menos un agonista para cada receptor con excepción del TLR10.
El TLR1 en combinación con el TLR2 reconoce lipoproteínas, que son
constituyentes de la pared celular de muchas bacterias patógenas como por
ejemplo Borrellia burgdorferi. El TLR3 reconoce RNA de doble cadena
(dsRNA), que se genera durante la replicación de los virus en las células
huésped. El TLR4 es el receptor que media la respuesta al lipopolisacárido
(LPS) que se encuentra en la pared celular de bacterias gram‐negativas. El
TLR5 reconoce la flagelina, un monómero del flagelo bacteriano que se
extiende desde la pared celular de gram‐negativas y sirve a los organismos
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para moverse en ambientes acuosos. El TLR6 forma heterodímeros con el
TLR2 para reconocer lipoproteínas de Mycobacterium. Los TLR7 y 8 median
la respuesta a RNA de cadena sencilla rico en regiones GU, que se presenta
en células infectadas por virus. El TLR9 reconoce DNAs que contienen altos
niveles de CpG no metilados, presentes en bacterias y virus.
Los TLRs también reconocen ligandos endógenos, capaces de activar
estos receptores de la misma forma que lo hacen los ligandos procedentes
de agentes infecciosos. El listado de ligandos endógenos publicados se sigue
incrementando en la actualidad. Como ejemplo podemos citar el
fibrinógeno, la fibronectina, el heparán sulfato, el hialuronano, la HSPs 60 y
70, los ácidos grasos saturados, etc., que son ligandos endógenos de los TLR2
y 4. Hasta el momento no está todavía claro cuál es el papel de los ligandos
endógenos de los TLRs en la homeostasis y/o en la enfermedad, sin embargo,
se ha sugerido que contribuyen al proceso fisiopatológico de muchas
enfermedades autoinmunes o que representan una respuesta fisiológica al
daño tisular.
La activación de los TLRs, desencadenada por la unión de ligandos
endógenos o exógenos, activa una vía de señalización que concluye con la
activación del factor de transcripción NF‐κB, mediando la expresión de genes
pro‐inflamatorios y la activación de la inmunidad adaptativa. Como hemos
señalado anteriormente, la inflamación contribuye al daño secundario que
sucede tras la isquemia cerebral, y estos mecanismos podrían ser TLR
dependientes. Por otra parte se ha visto que determinados polimorfismos
del TLR4 se asocian con el ictus isquémico, sugiriendo que el TLR4 puede ser
un factor de susceptibilidad genética al ictus. Los estudios realizados en
modelos animales también apuntan a que los TLRs están implicados en la
isquemia cerebral. Estudios en modelos animales de isquemia cerebral
llevados a cabo en ratones knock‐out observaron un menor volumen de
infarto y una mejor puntuación en los test neurológicos en ratones knock‐out
para el gen del TLR4. Sin embargo, en modelos realizados en ratones knock‐
out para el TLR2 hay trabajos en los que se demuestra que los ratones knock‐
out presentaron mayor daño, peor puntuación en las escalas neurológicas y
mayor mortalidad que los ratones salvajes, y trabajos en los que se vio que
los ratones deficientes en TLR2 desarrollan menor daño que los salvajes en
un modelos de isquemia cerebral focal. En estudios clínicos de asociación
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también se ha visto una correlación en la expresión de TLR2 y TLR4 y el
pronóstico de los pacientes con ictus isquémico.
La necrosis celular que se produce como consecuencia de la isquemia
cerebral produce la liberación de una gran cantidad de sustancias que
podrían actuar como ligandos endógenos de los TLR. Además, en muchas
ocasiones, el infarto cerebral se acompaña de infecciones oportunistas, que
a su vez portan ligandos exógenos de los TLRs. La presencia de ambos tipos
de ligandos, exógenos y endógenos, debería promover la activación de las
vías de los TLRs.
En este estudio postulamos que la isquemia cerebral induce la
liberación de determinadas moléculas, tales como la fibronectina celular, la
HSP60 o HSP70 que podrían actuar como ligandos endógenos de los TLR. La
interacción de estas proteínas con los TLRs en sangre periférica podría
inducir una expresión todavía mayor de dichos TLRs. De este modo, el
tamaño del infarto debería reflejarse en la expresión de los TLRs. Así, el
análisis de expresión de los TLRs en sangre periférica podría ser un marcador
útil del pronóstico de los pacientes con ictus. Además, en este estudio
también postulamos que los ligandos presentes en el suero de pacientes con
ictus interaccionan con las células del sistema inmune en la circulación
periférica, contribuyendo al incremento de la respuesta inflamatoria. El
bloqueo de dichos ligandos y/o de los TLRs podría ser una estrategia eficaz
para reducir la respuesta inflamatoria.
En este trabajo hemos llevado a cabo un estudio clínico en el que
hemos incluido 110 pacientes con ictus isquémico de menos de 12 horas de
evolución. Hemos analizado la expresión de los receptores TLR2, 3, 4, 7, 8 y 9
en células de sangre periférica, así como la presencia de ligandos endógenos
en el suero de dichos pacientes (fibronectina celular, HSP60 y HSP70) y la
expresión de moléculas inflamatorias (IL‐6, IL1β, TNF‐α, MMP9, VCAM‐1,
ICAM‐1).
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En este estudio hemos encontrado que la expresión de TLR2 y TLR4 a
las 24h, 72h y a los 7 días tras la isquemia cerebral, se asocia con el
pronóstico funcional de los pacientes a los 3 meses. Además, los pacientes
con una mayor NIHSS al ingreso tienen niveles de expresión de TLR2 y TLR4
más elevados. El análisis de asociación entre los TLR2 y 4 y el volumen del
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infarto reveló una asociación con la expresión de TLR2 y TLR4 a las 72h y a los
7 días.
Cuando analizamos la expresión de los ligandos endógenos
potenciales, fibronectina celular, HSP60 y HSP70, en relación con la
expresión de los TLR 2 y 4, sólo encontramos una correlación positiva entre
los niveles de fibronectina celular al ingreso y los niveles de TLR2 a las 24h.
El análisis de la expresión de los TLRs en relación con la expresión de
las moléculas inflamatorias demostró una buena correlación de los niveles de
expresión de TLR2, TLR4, TLR7 y TLR8 al ingreso con los niveles de IL‐1β, IL6 y
TNF‐α a las 24h, 72h y a los 7 días. Estos resultados indican que los niveles de
expresión de TLR2, 4, 7 y 8 al ingreso influyen en la expresión de moléculas
inflamatorias en la fase aguda de la isquemia cerebral.
En resumen, el ictus isquémico provoca la muerte celular del
parénquima cerebral. El tejido muerto y el tejido circundante a la isquemia
liberan ligandos endógenos de los TLRs. Estos ligandos interaccionan con los
TLRs expresados en las células del parénquima cerebral y en las células de
sangre periférica. La interacción entre ligandos endógenos y TLRs induce la
expresión de moléculas inflamatorias. En este estudio encontramos que los
pacientes con infartos más grandes, presentan niveles más elevados de TLRs
al ingreso. Además, también los niveles de TLRs, en particular TLR2, TLR4,
TLR7 y TLR8, en células de sangre periférica al ingreso correlacionan con
moléculas inflamatorias a las 24h, 72h y a los 7 días. La interpretación de
estos resultados nos permite hipotetizar que el volumen del infarto
determina la cantidad de ligandos endógenos que son liberados. Estos
ligandos endógenos inducen la expresión de TLRs en células periféricas. Así,
cuantos más ligandos endógenos sean liberados, mayor expresión de TLRs en
células periféricas. Los niveles de los TLRs influyen en la expresión de
moléculas inflamatorias y como consecuencia en el pronóstico de los
pacientes. Por otra parte, también hipotetizamos que, cuando dos infartos
cerebrales tienen el mismo tamaño, la misma cantidad de ligandos
endógenos son liberados. En este contexto, la expresión de TLRs al ingreso
(determinada por otras variables, como por ejemplo variaciones
interindividuales) condiciona la respuesta inflamatoria, y como consecuencia
el pronóstico de los pacientes.
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Además del estudio clínico, hemos llevado a cabo un estudio in vitro
tratando de demostrar que los ligandos endógenos presentes en el suero de
pacientes con isquemia cerebral son capaces de activar los TLRs 2 y 4 de
células periféricas, y que el bloqueo de estos TLRs y/o de sus ligandos
endógenos podría reducir la respuesta inflamatoria. Para ello cultivamos
monocitos de sujetos sanos y les añadimos al medio de cultivo suero de los
mismos pacientes incluidos en el estudio clínico. La medida de moléculas
inflamatorias en el sobrenadante de cultivo reveló que el tratamiento de los
monocitos con el suero de pacientes con isquemia cerebral induce una
respuesta inflamatoria muy elevada. Cuando estas células fueron pre‐
tratadas con anticuerpos neutralizantes frente al TLR2 y el TLR4, la respuesta
inflamatoria se redujo casi hasta niveles basales, demostrando que la
respuesta inflamatoria originada por el tratamiento de las células con suero
de pacientes es TLR2/4 dependiente. Pero además, cuando se trató el suero
de pacientes con anticuerpos frente a la fibronectina celular y frente a la
HSP60, antes de ser añadido al cultivo celular, la respuesta inflamatoria
resultó casi inexistente, demostrando que estas moléculas participan en la
respuesta inflamatoria que desarrollan los monocitos en cultivo cuando son
tratados con suero de pacientes con isquemia cerebral. Estos experimentos
fueron replicados en células endoteliales de cordón umbilical (HUVEC),
demostrando los mismos resultados obtenidos con los monocitos en cultivo.
En conclusión, el presente estudio demuestra que:
‐ Los niveles elevados de TLR2, TLR4, TLR7 y TLR8 en células de
sangre periférica predicen el mal pronóstico tras la isquemia cerebral.
‐ Los niveles de expresión de TLR4 y TLR8 en células de sangre
periférica se correlacionan con el volumen del infarto tras el ictus.
‐ Los niveles de expresión de TLR2, TLR4, TLR7 y TLR8 al ingreso
influyen en los niveles de moléculas inflamatorias a las 24h, 72h y 7 días tras
la isquemia cerebral.
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‐ El suero de pacientes con ictus induce una respuesta inflamatoria
en monocitos y células HUVEC en cultivo que es TLR2/4 dependiente.
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‐ El suero de pacientes con ictus isquémico incluye la expresión de
moléculas, tales como HSP60 y fibronectina celular, que funcionan como
ligandos endógenos de los TLR2 y 4.
‐ El bloqueo de TLR2 y/o 4 y fibronectina celular o HSP60 reduce la
respuesta inflamatoria (inducida por el tratamiento con suero de pacientes
con ictus isquémico) de monocitos y células HUVEC en cultivo.
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