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The main goal of the studies described in this thesis was to investigate the role of
TLRs in the central nervous system, in particular during neuroinflammation. As in peripheral
organs, multiple TLRs are dynamically expressed in the brain and they are not only involved in
host defense responses against invading pathogens but also in repair processes. When we
started with this project little was known about the function of TLRs in the CNS. Even the
expression of TLRs in human glial cells was undocumented. The studies described in this
thesis were designed to determine in vivo and in vitro expression of TLRs in the CNS, to
determine whether glia cells can recognize pathogens with these receptors and whether this
recognition leads to functional consequences such as production of innate immune cytokines
and other critical molecules involved in immune reactions and repair. Since we published the
first article about the expression of TLRs in human CNS, a massive amount of extra
information has become available. Therefore, we must keep in mind that today, some of the
original findings could perhaps be interpreted somewhat differently than at the time of their
publication.

Chapter 2 was the first documentation provided on TLR expression in the human
CNS. The experiments described in chapter 2 revealed three interesting features. First, they
show that TLR expression profiles differ between the different glial cells. Just like
macrophage-like cells, human adult microglia express a wide range of TLR family members
(TLR1-10) at different levels. TLR1-4 are the most dominant ones and among these TLR2 is
expressed a somewhat higher levels than other family members. This strongly supports the
notion that microglia are of prime importance for the regulation of immune responses in the
CNS1. In contrast, astrocyes and oligodendrocytes have a more limited TLR expression profile.
TLR2, TLR3 and to some extent also TLR1 and TLR4 were found in human astrocytes and
oligodendrocytes (chapter 2) as well as in rat astrocytes and oligodendrocytes (chapter 4).
TLR5-10 were not detectable on either macroglial cells in our hands. Secondly,
immunostaining of cultured glial cells for TLR3 and TLR4 revealed another interesting feature.
As in macrophages, both TLR3 and TLR4 were exclusively found in vesicular structures inside
microglia and not on the surface of the cells. Astrocytes on the other hand, express TLR3 and
TLR4 only on the cell surface. This striking difference in subcellular localization of TLR
between microglia and astrocytes may relate to the difference in functions. Activated microglia
cells and not astrocytes act as an antigen presenting cells and they have the capacities to
internalize pathogens and to process them in intracellular vesicles2-6. In addition,
immunohistochemical staining of intact brain tissue reveals the almost complete absence of
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TLR3 and TLR4 from control brains, and their marked upregulation during the development
of MS lesions; in intracellular vesicles in microglia and on the cell surface of astrocytes7. Again,
a clear distinction was observed between vesicular expression of either TLR in some cells, and
surface expression on others.
While more extensive studies are required to fully document the relationship between
TLR expression and lesion development in MS, these first observations suggest that elevated
vesicular expression in microglia is more prominent in early lesions, while membraneassociated TLR expression on astrocytes typifies older active lesions. We extended these initial
observations by more closely comparing TLR expression patterns in MS lesions of varying
stages, including all necessary staging markers for such lesions (Figure 1 and Table 1;
unpublished). As shown in Figure 1, mRNA encoding of different TLRs are expressed in
different MS lesions and NAWM. At this level, which does not take cellular distribution into
account, no significant differences are seen between the MS lesions from different stages.
Remarkably, TLR3 mRNA expression was consistently high in all brain samples. This suggests
that TLR3 may play particularly important role in the CNS. The immunohistochemical staining
reveals the almost complete absence of TLRs from control brains, and their enhancement
during the development of MS lesions in microglia and astrocytes and in NAGM in neurons
(Table 1). While during MS, the expression of TLR2 and TLR4 was induced mainly in
microglia, TLR3 was induced more broadly in astrocytes, microglia and neurons. Intriguingly,
already in normal-appearing white matter and grey matter in MS patients, elevated expression
of several TLRs was observed. This suggests that the activation of innate immune responses
via TLRs may play an important role in the early events of MS.

The function of TLRs in the brain
Studies in chapter 3 describe the functional response by human microglia to
activation via either TLR3, TLR4, TLR7/8 or TLR9. The major finding of this study is that
different TLR agonists tend to elicit an immune-regulatory cytokine and chemokine phenotype
in human microglia. In most cases examined in detail, IL-13, IL-10, IL-11, TNF-α, TGF-β, IL1β, CCL5 (RANTES), CXCL10, CCL1 and IL-6sR were similarly induced by the different
TLR agonists with only a few exceptions. Clearly, these results indicate that microglia react
similarly to different ligands, suggesting that the prime role of microglia is not to discriminate
between the different types of insults and to induce different tailored responses, but to detect
the ’danger’ as such and to relay this information to the environment, for other cells to
eliminate the danger signal in a more specific way.
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Among the TLR-induced mediators, TNF-α and IL-1β were induced together with
different chemokines including CCL5, CXCL10. This suggest that activated microglia produce
high levels of TNF-α and IL-1β to activate the blood-brain barrier8,9, and produce chemokines
to attract leukocytes into the brain to help resolve the inflammatory insult. Different studies
have shown that T cells migrating to the site of injury in the CNS contribute to repair by
producing neurotrophic factors and anti-inflammatory cytokines, such as BDNF, IL-10 and
TGF-β10,11. Whereas the chemokines secreted by microglia are well known to be relevant to
leukocyte and granulocyte recruitment, it should be pointed out that they are also relevant to
glial cells themselves. Human astrocytes, microglia and neurons express receptors for all of
these chemokines, and microglia show migratory responses to these different chemokines in
vitro and in vivo. Thus, chemokines should be also considered to be relevant to glial and
neuronal migration within the CNS.
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Figure 1: TLR expression in MS lesions from different stages. mRNA was isolated from
control brain material (n=3) and MS brain material (n=3) and TLR expression profiles were
examined using quantitative real time PCR.
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Table 1: Expression of TLRs in normal-appearing white, normal-appearing grey matter
or active MS lesions
Normal-appearing
white matter

Normal-appearing
grey matter

Active lesions

TLR1

astrocytes:
microglia:

+/+/-

no staining

TLR2

astrocytes:
microglia:

+/++

microglia:

++

astrocytes:
+/microglia/macrophages: ++

TLR3

astrocytes:
microglia:

+
+

neurons:

++

astrocytes:
++
microglia/macrophages: ++

TLR4

astrocytes:
microglia:

+/++

microglia:

++

astrocytes:
+/microglia/macrophages: ++

TLR6

microglia:

+/-

no staining

microglia:

TLR8

no staining

no staining

no staining

TLR9

microglia:

TLR10

no staining

+/-

neurons:
no staining

astrocytes:
microglia:

++

+
+/-

+/-

microglia:

+/-

microglia:

+/-

-/+: weak staining
+: moderate staining
++: strong staining
To keep the balance between protective and destructive responses, microglia also
produce high levels of IL-13, IL-10 and TGF-β. As discussed in chapter 3, IL-13 is a well
known anti-inflammatory cytokine, reducing the secretion of pro-inflammatory cytokines such
as IL-1β and TNF-α from activated microglia and macrophages, suppressing the cytotoxic and
inflammatory functions of macrophages and monocytes, and down-regulating NO secretion in
microglia themselves. In addition, IL-13 induces death of overactivated microglia. TGF-β1 is a
pleiotrophic cytokine with diverse actions such as chemoattraction, angiogenesis,
neuroprotection and suppression of inflammation. IL-10 is a well known anti-inflammatory
cytokine, which suppresses the activation of microglia cells. For instance, pretreatment of
microglia cells with IL-10 leads to suppression of TNF-α release and down regulation of
antigen presentation capacities of human adult microglia cells. In conclusion, different TLR
agonists induce a very similar and broad cytokine and chemokine response in human microglia.
The collection of cytokines and other mediator induced includes factors with both pro- and
anti-inflammatory functions.
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In chapter 4 we studied the effect of different TLR agonists on oligodendrocytes
from different development stages. During oligodendrocyte differentiation and maturation in
cell culture different myelin proteins are expressed, CNPase first, and then MBP and PLP. In
particular the TLR2 ligand zymosan improved survival of oligodendrocytes, and triggered a
higher degree of differentiation, as reflected by an increased number of MBP-expression cells
with extended process branching, and extensive membrane networks. At the MBP-expression
stage, zymosan supplementation stimulated rat primary oligodendrocyte differentiation as
revealed by increased numbers of MBP- and PLP-positive cells. This suggests that activation
of TLR2 on oligodendrocytes promotes cell differentiation and maturation. Our data also
indicate that zymosan stimulates the process of myelination, as revealed by increasing numbers
of MBP-positive myelin sheets. These data suggest that TLRs not only play an important role
in regulating innate immune responses in the CNS, but also in differentiation and development
of important CNS cells.
The studies in chapter 5 were aimed at comparing the functional response by human
astrocytes to activation via either TLR3 or TLR4. These two TLRs were selected since cultured
astrocytes without any additional treatment express relatively high levels of TLR4 and they
display up to 200-fold selective induction of TLR3 upon various types of activation. Using
gene profiling we have shown that astroglial TLR3 mediates a response that is distinct from
TLR4, and involves production of a variety of neuroprotective factors, angiogenic factors,
chemokines and anti-inflammatory cytokines. This is clearly different from microglia in which
poly I:C and LPS induce very similar cytokine and chemokine responses.

A neuroprotective quality of the TLR3-mediated response in astrocytes appears to be
in line with the observation that astroglial TLR3 expression in MS lesions is particularly
prominent at late stage lesions, and is induced at least in cultured astrocytes by proinflammatory mediators that typify an active lesion. Thus, it appears more likely that TLR3 on
astrocytes (but not microglia) plays a role in promoting repair rather than in stimulating
ongoing inflammatory reactions. Also, it is striking that especially IFN-β, known for its
beneficial effects in MS, plays a key role in signaling by TLR3 much more so than by other
TLR.
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Consistent with the well-known properties of many of the TLR3-mediated products
as identified by gene profiling, the combined collection of mediators produced by astrocytes in
culture upon TLR3 activation inhibits astrocyte growth (astrogliosis) and stimulates endothelial
cell growth. Most importantly, they also promote survival of neurons in organotypic brain slice
cultures. None of these effects were observed using the collection of TLR4-triggered
mediators from astrocyte culture supernatants. In our view, these data together strongly
suggest that TLR3 on astrocytes mediates a multi-faceted neuroprotective response rather than
the traditional pro-inflammatory reaction that is generally associated with TLR engagement.

Chapter 9

The preferential expression of TLR3 on astrocytes and the protective response
induced by TLR3 are intriguing, since the only TLR3 agonist known is dsRNA, which is
associated with viral infection and is mostly inside the cells rather than secreted. Therefore, it is
quite conceivable that astroglial TLR3, which is expressed on the cell surface of astrocytes, is
not only designed to detect viral infections, but something else as well.

Identification of stathmin as a TLR3 agonists
In chapter 6 we investigated whether any endogenous brain protein could be
perhaps be involved in TLR3-mediated astrocyte activation. By using TLR3-deficient
astrocytes, siRNA-mediated knockdown of TLR3 and gene profiling studies we were able to
identify stathmin as a novel endogenous ligand for TLR3. Moreover, the stathmin-triggered
TLR3-mediated response in astrocytes leads to expression of the exact same range of genes
involved in neuroprotection and repair, as was previously found for poly I:C. Since,
surprisingly, stathmin was not able to activate HEK-293 TLR3 transfectants, additional coreceptors may be needed for it ability to trigger TLR3-mediated responses.
Stathmin (oncoprotein 18), a 17-kDa soluble cytoplasmic protein, belongs to a small
family of phosphoproteins that include SCG10, SCLIP, and RB3. All these proteins share a
common stathmin-like domain (Figure 2). Stahmin plays an important role in the regulation of
the microtubule cytoskeleton. It destabilizes microtubules by binding tubulin dimers and thus
stimulating catastrophe of tubulin fibers12-14. A large body of evidence indicates that stathmin
also plays an important role in a variety of other biological processes in addition to its role in
the regulation of microtubule dynamics15-17. For instance stathmin has a potential role in the
regulation of cell migration and neuronal differentiation18,19. In drosophila stathmin plays an
important role in the formation of the nervous system20,21. It is still not clear, however,
whether all these functions are mediated thought its microtubule depolymerization activity, or
through other mechanisms that have yet to be defined.
A special biological function of stathmin and its family members in the CNS has been
suggested by their dominant expression in mammalian brains and spinal cord, especially during
embryonic development and following brain trauma22. Stathmin is strongly induced in
oligodendrocytes and found at elevated levels in myelin during active MS lesions23. Our
present findings reveal an unexpected ability of stathmin to activate TLR3. That this should be
considered relevant to CNS biology is confirmed by our previous findings illustrating that
TLR3 is strongly and selectively induced on the surface of activated astrocytes, and triggers the
release of many neuroprotective and regenerative mediators and immune-regulatory cytokines.
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The role of stathmin as an endogenous signal to promote development and repair
especially in the CNS by activating TLR3 on the surface of astrocytes would offer a suitable
explanation for the predominant expression of stathmins in the CNS, and especially for the
apparent association between their expression levels and episodes of CNS development or
tissue repair

Stathmin

P P P

SCG10

P P P

SCLIP

P

RB3

P

P

P
P

Figure 2: The stathmin family members.
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The key feature of stathmin enabling it to act as a TLR3 ligand appears to be the very
long alpha helix in which one in every four amino acid residues carries a negative charge (figure
3). This notion is fully in line with the current model of ligand recognition by the ectodomain
of TLR324-26 (figure 4). Similar to double-stranded RNA with a minimum functional length of
about 21 base pairs (about 7 nm), the stathmin helix provides a rod-like structure of similar
length that is also lined with a multitude of negative charges. It appears likely that the four
stathmin family members all share the currently documented ability of stathmin to activate
TLR3. The helix-forming sequence 45-139 of stathmin shares between 92% and 95%
structural homology, and between 67% and 75% amino acid identity with the other three
family members27,28.

Figure: 3D structure of stathmin
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Figure 3: Model of TLR3 recognition of dsRNA. Adapted from Liu et al article (science 2008)

Concluding remarks and future perspective
In this thesis we have shown that TLRs play an important role in the CNS, not only
in inflammatory responses by microglia but also in neuroprotection by astrocytes, and in the
development of oligodendrocytes. As discussed above we have shown that the TLR expression
profiles of microglia and astrocytes in MS lesions dramatically differ from one another. It
seems that TLR expression in microglia starts already within normal-appearing brain tissue in
MS patients, with peak expression in active MS lesions. In contrast, expression in astrocytes
pattern starts later on during inflammation, with peak expression in chronic active lesions. This
suggests that in active MS lesions different processes are ongoing at the same time. Microglia
could conceivably be involved in initiating an innate immune response via TLR2, TLR3 or
TLR4, while astrocytes could initiate a ‘rescue response’ via TLR3.
When comparing the in vitro expression and function of TLRs on microglia,
astrocytes and oligodendrocytes, striking differences emerge. Each type of glial cells responds
differently to any given TLR agonist. For example, microglia cells express many different TLRs
in intracellular vesicles and respond to their activation with a very similar response. This
suggests that the prime role of microglia is to give ’danger signals’ to the surrounding cells to
take over the actual host defense role in a more specific manner. Such cells may be astrocytes,
which express a more limited TLR expression profile and clearly display different responses to
different TLR agonists. The astroglial response to TLR3-mediated signaling is primarily
neuroprotective rather than pro-inflammatory. In addition, the activation of TLR2 on
oligodendrocytes promotes cell differentiation and maturation, and stimulates myelination, as
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revealed by increasing numbers of MBP-positive cells and MBP-positive myelin sheets.
Overall, therefore, TLRs appear to have a crucial role in the host defense, neuroprotection and
repair in the CNS.

Chapter 9

Our findings can be taken together to inspire a novel perspective on the possible
roles of TLRs in the CNS. As summarized in Figure 4, microglia cells express TLR1-10 and
react to infection or insults by producing a variety of soluble danger signals including cytokine
and chemokines, leading to the proliferation and selective expression of TLR3 on astrocytes.
At this stage, TLR3 on astrocytes mediates a repair response by producing mediators involved
in neuroprotection, axonal guidance, cell migration and synapse formation, along with antiinflammatory cytokines in response to an endogenous protein such as stathmin. The exact
mechanism via which stathmin produced by damaged neurons and oligodendrocytes might
activate surface-expressed astroglial TLR3 in vivo remains to be established. While stathmin
itself is known as an intracellular cytosolic protein, the three other family members contain an
extended N-terminal sequence which is acetylated, allowing these stathmin homologs to
become inserted into membranes. Stathmin itself has been identified as a protein component
of the extracellular myelin sheath and rat brain plasma membrane preparations. While we have
found no evidence yet for the presence of free stathmin in cerebrospinal fluid (data not
shown), these considerations do suggest the possibility for close contact between stathmins
derived from either neurons or oligodendrocytes with TLR3 on the surface of astrocytes. In
addition, also neurons and oligodendrocytes themselves express TLR3 which may well interact
with a protein which is expressed by the very same cell. Interestingly, astrocytes themselves
express only low levels of stathmin.
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Figure 3: The possible scenario of the role of TLRs in the progression of MS and in
repair processes.
Finally, as we know, the major problem of MS is axonal damage, oligodendrocyte
death and demyelination. In this thesis we have shown that in particular the activation of TLR2
on oligodendrocytes stimulates the differentiation of oligodendrocyte progenitors, improves
survival of mature oligodendrocytes and promotes myelin sheath formation. Therefore,
continuing research on the innate immune response especially of TLR2 and TLR3 will
hopefully help clarify important mechanisms in MS, and provide novel clues for
thedevelopment of useful therapy. Taken together, in the present work we provide compelling
evidence for the crucial importance of TLRs in innate immune responses, neuroprotection and
development of cells in the CNS. We have also identified CD14 and stathmin as novel
endogenous agonists for TLR2 and TLR3 respectively.
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