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ABSTRACT

Chapter 7

Toll-like receptor 3 (TLR3) recognizes double-stranded RNA and is generally
considered key in mediating anti-viral host defense responses. Yet, accumulating data on the
expression and functional role of TLR3 especially in the CNS suggest possible additional roles
for this unusual member of the TLR family. This prompted us to search for alternative
agonists for TLR3 using adult human astrocytes as reporter cells. Using a genome-scale screen
of a cDNA library derived from human tumor cells, we identified the microtubule regulator
stathmin as an endogenous protein agonist for TLR3. The ability of stathmin to activate TLR3
crucially depends on an extended alpha helix which contains many negative charges. This
feature allows stathmin to fold into a structural analog of double-stranded RNA. In this form it
activates both surface-exposed and intracellular TLR3 in various cell types. The known
expression profiles of stathmin in the CNS and the functional response of human astrocytes to
stathmin-induced TLR3 activation suggest that both may play a role in organ development and
repair especially in the central nervous system.
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INTRODUCTION
Toll-like receptors (TLRs) are key components of the innate immune system that
detect microbial infection, initiate host defense responses and control adaptive immune
responses1. In addition to recognizing a range of pathogen-associated molecules, several TLRs
also sense endogenous ligands that emerge upon tissue damage or inflammation. These include
breakdown products of the extracellular matrix2-5 and inducible molecules such as CD14 and
heat-shock proteins6-10. The only currently known ligand for TLR3 is double-stranded RNA11
which emerges inside cells during viral or parasitic infection. In experimental systems, synthetic
polyriboinosinic polycytidylic acid (poly I:C) is routinely used as an agonist.
Different from other TLRs TLR3 cannot activate MyD88-dependent signaling
pathways12. Instead, TLR3 signals through the TIR domain-containing adaptor TRIF which
activates IKK-ε and TANK-binding kinase 1 and ultimately, IFN regulatory factors 3 and 7.
Consequently, TLR3 activation mediates production of type I interferons which are crucial for
the development of host-defense responses against viral infection. Recent data, however, have
clarified that cellular responses to double-stranded RNA also involve other receptors13, 14.
Intracellular RNA helicases such as retinoic acid-inducible gene-I (RIG-I) and the melanoma
differentiation-associated gene-5 (mda-5) may in fact be more important than TLR3 in
mediating responses to viral double-stranded RNA as well as to exogenous poly I:C in some
cell types. Especially since helicases are inducible RNA receptors, triggered for example by
TNF-α or IFN-β, the response profile to double-stranded RNA or poly I:C is likely to be
variable and cell specific.
Several findings appear to be at odds with the assumption that TLR3 only specializes
in promoting anti-viral immune responses. Protective immune responses against several viral
infections appear to be unaltered in TLR3-deficient mice15. On the surface of human adult
astrocytes, TLR3 is selectively and strongly induced by a variety of stressors including noninfectious ones, and triggers production of mediators which counteract gliosis and promote
neuronal survival, angiogenesis and remyelination16. In addition, TLR3 is expressed in
neurons17 and oligodendroyctes8 in which a strictly pro-inflammatory role again appears
unlikely. Also, poly I:C somewhat unexpectedly ameliorates experimental autoimmune
encephalomyelitis19 and arthritis20 . These findings suggest that at least in some cell types and
under some conditions TLR3 may play a role different from mediating anti-viral responses
alone. Since it is difficult to rationalize exogenous viral RNA as the dominant biological
agonist for TLR3 in this context, we explored the possible existence of an alternative
endogenous agonist for TLR3.
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MATERIALS AND METHODS
Isolation of human astrocytes, microglia and peripheral blood cells
Adult human astrocytes and microglia from subcortical white matter were isolated
and cultured as previously descibed6. Final astrocyte as well as microglia cultures were judged
to be > 99 % pure by staining for GFAP (astrocyte marker) and CD68 (microglial marker).
Monocytes were purified from human PBMC by positive selection with anti-CD14 antibodies
coupled to magnetic beads (StemCell Technologies, Grenoble, France). Immature DC were
generated using 1,000 U/ml GM-CSF and 500 U/mL IL-4 (R&D Systems, Abingdon,
England). After 5 days, final differentiation of immature DC into mature plasmacytoid DC was
performed by addition of 500 U/ml IL-1β and 1,000 U/ml TNF-α for another 2 days.

Genome-scale screening of a cDNA library derived from human brain tumor cells
Plasmid pools were prepared from a cDNA library derived from pooled human brain
tumors (meningioma, oligodendroglioma, astrocytoma (grades II and IV) and medulloblastoma
(Invitrogen, Carlsbad, CA) and transfected into eukaryotic COS-7 cells as previously
described6. To screen for potential TLR-activating proteins COS-7 culture supernatants were
added to astrocytes culture and CXCL8 accumulation was evaluated after 48 h by ELISA
(Sanquin, Amsterdam, The Netherlands). Sequencing of relevant plasmids was performed by
BaseClear (Leiden, The Netherlands).

In the experiments of Fig. 1 commercially available recombinant human stathmin
(Calbiochem, La Jolla, CA) was used. In all other experiments, we used recombinant human
stathmin produced in house. Stathmin was amplified from the astrocytoma cell line U373
cDNA using the forward primer CATATGCCATGGCTTCTTCTGATATCCAGGTG, and
reverse primer TCTAGATGGATCCTTAGTCAGCTTCAGTCTCGTC and cloned into a
TOPO vector following the manufacturer’s protocol (Invitrogen, Carlsbad, CA). After
subcloning stathmin was purfied from recombinant E. coli bacteria by anion exchange
chromatography and reversed-phase HPLC. To eliminate endotoxins the purified protein
preparation was passed over Mustang®E membranes (Pall Corporation, East Hills, NY). To
obtain active stathmin, the alpha helical content was maximized by incubation of the purified
protein for 1 h at 37°C in PBS supplied with 5% (vol/vol) trifluoroethanol (TFE) and
subsequent dialysis against three changes of PBS over a period of 48 h. The protein
preparation thus obtained was stored at -80°C.
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Production of recombinant human stathmin
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Response profiling by transfected HEK293 cells
HEK293 cells were transfected with either the tlr2 gene or a combination of tlr4 and
md2, together with a reporter construct encoding CXCL8 under the control of the NF-B
promoter as previously described6. Ligands were added for overnight stimulation at 37°C. As
a positive control stimulating NF-kB-mediated CXCL8 release 25 ng/ml TNF-α (Preprotech)
was used; ultrapure LPS (Sigma Aldrich, St. Louis, MO) as a control for TLR4-mediated
activation, and 2-kD macrophage-activating lipopeptide from Mycoplasma fermentans (MALP2)
as a control for TLR2-mediated activation. CXCL8 release was monitored by ELISA according
to the manufacturer’s protocol (Biosource, Camarillo, CA).

Knock-down of TLR3 in human astrocytes by siRNA treatment
Transfection of human astrocytes with siRNAs was performed using lipofectamine
2000 (Invitrogen). Sequences used were:
1: Sense sequence: GAAGCUAUGUUUGGAAUUAUU;
antisense sequence: 5’-pUAAUUCCAAACAUAGCUUCUU;
2: Sense sequence: GAUCAUCGAUUUAGGAUUGUU,
antisense sequence: 5’-pCAAUCCUAA AUCGAUGAUCUU;
3: Sense sequence: GAAGAGGAAUGUUUAAAUCUU;
antisense sequence: 5’-pGAUUUAAACAUUCCUCUUCUU. Levels of TLR3-encoding
transcripts were determined as previously described16. As reference standards, transcripts
encoding β-actin and GAPDH were used.

cDNA array and cytokine antibody profiling
Analysis of the mRNA profile of astrocytes stimulated with TLR agonists was
performed using Clontech Atlas arrays (Clontech, Mountain View, CA) as previously
described21. Hybridization signals were calculated as the mean of duplicate measurements,
corrected for background intensity and divided by the mean signal for all housekeeping
reference genes. The relative levels of expression and their ratios shown in Fig. 3 and Table 1
are representative for two independent experiments. Antibody array profiling of cytokine and
chemokine production by various cell types was performed using Raybio® arrays (Raybiotech,
Norcross, GA).
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RESULTS
Identification of stathmin as an activator of human astrocytes by genome-scale functional screening of brain
tumor-derived proteins
We searched for an alternative protein agonist using a cDNA library derived from
pooled human brain tumors, given the neuroprotective quality of TLR3-mediated responses in
human astrocytes16. In a first approach COS-7 cells were transfected with a total of 768
plasmid pools, each containing about 50 different sequences from the cDNA library. Next,
proteins accumulating in the culture supernatants were examined for their ability to trigger
CXCL8 release in human astrocytes, as an initial sensitive albeit not a specific marker for
possible TLR3 activation21. One of these supernatants induced CXCL8 release by human
astrocytes at levels well beyond background (Fig. 1A). This active plasmid pool was sub-cloned
and individual plasmid sequences were again used for COS-7 cells transfection and astrocyte
screening. Two plasmids were found to encode proteins that stimulated CXCL8 accumulation
up to levels of about 200 ng/ml above the background, while in all other cultures CXCL8
levels remained around background levels of 2-3 ng/ml (Fig. 1B). Analysis of the first active
plasmid yielded the sequence of soluble CD14 which we recently characterized as a selective
TLR2 agonist6. The sequence of the second plasmid turned out to encode amino acid residues
44-149 of human stathmin (Fig. 1C).

The stathmin-induced response of astrocytes is TLR3-dependent
We next examined whether the response of astrocytes to stathmin is actually
dependent on TLR3 which is expressed on these cells along with TLR1, TLR2 and TLR416.
Astrocytes from either wild type or TLR3-deficient mice were compared for their
responsiveness to stathmin, poly I:C or ultrapure LPS. The latter two are known agonists for
TLR3 and TLR4, respectively. In this case, IL-6 release was used as a sensitive albeit nonspecific marker for possible TLR-mediated activation on murine astrocytes. A marked dosedependent induction of IL-6 by stathmin was obvious in all cultures of wild-type murine
astrocytes (Fig. 2A), whereas such a response was completely absent from cultures of TLR3deficient astrocytes (Fig 2B). This response profile paralleled that to poly I:C. Astrocytes from
either source responded equally well to LPS, confirming adequate astrocyte viability and IL-6
release potential in all cultures. These findings demonstrate that the astrocyte response to
stathmin, like that to poly I:C, critically depends on the presence of TLR3.
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To verify that full-length stathmin is able to stimulate CXCL8 release by human
astrocytes, purified human recombinant stathmin was used to stimulate astrocytes from 6
different donors. In all cases a marked dose-dependent CXCL8 release in response to
recombinant human stathmin was observed, reaching levels similar to those induced by 50
µg/ml poly I:C (Fig. 1D).
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To confirm this, human adult astrocytes were stimulated with either stathmin or poly
I:C following transfection with different siRNAs to silence TLR3 expression. As shown in Fig.
2C this resulted in a decrease in TLR3 mRNA expression in all cases by more than 90%. An
equally strong reduction was found in CXCL8 levels induced by either stathmin or poly I:C in
siRNA-treated human astrocytes (Fig. 2D). The almost complete abrogation of TLR3 mRNA
expression and concomitant strong reduction in CXCL8 release after treating astrocytes with
siRNAs confirms the notion that the stathmin-mediated activation of astrocytes is crucially
dependent on TLR3.
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Figure 1: Identification of stathmin as an activator of human adult astrocytes. Sequences contained
in the cDNA library used were screened for CXCL8 induction in human astrocytes after expression in
COS-7 production cells. In a first selection round 768 plasmid pools were tested, each containing about
50 library sequences (A). The most active pool, marked by the arrow, was subcloned and tested in a
second selection round (B). The positive clone F5 (marked by the arrow) contained the sequence 44-139
of human stathmin (C). The other positive clone was found to encode soluble CD14, a TLR2 agonist6.
Full-length recombinant human stathmin induced elevated CXCL8 release in human astrocytes up to
levels similar to those induced by 50 µg/ml poly I:C (D).
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The stathmin-induced TLR3-mediated functional response of astrocytes is identical to the poly I:C-induced
response.
The above findings indicate that both stathmin- and poly I:C-induced cytokine
responses of astrocytes are fully dependent on TLR3. Any contribution by alternative
receptors is undetectable, as evidenced by the data in Fig. 2. Comparing the functional
response of astrocytes to either agonist by cDNA array profiling thus provides another route
to establish whether stathmin, like poly I:C, selectively activates TLR3-mediated signaling.
Astrocytes were stimulated for 48 h with either stathmin or poly I:C, and gene
profiling was performed using an array containing probes for 268 cytokines, chemokines,
growth factors and their receptors, the prime domain of functional mediators produced by
astrocytes. As shown in Figs. 3A and B, stimulation of astrocytes with either agonist led to
induction of mediators involved in neuroprotection and regeneration at very similar levels, as
summarized in Table 1. In line with previous data16, this induction included for example beta
nerve growth factor, GAP43, metallothionin-III, neurotrophins and brain-derived
neurotrophic factor. Also leukemia inhibitory factor, a powerful mediator to promote
137

Chapter 7

Figure 2: Stathmin-induced activation of astrocytes is TLR3 dependent.
The release of IL-6 by astrocytes isolated from either wild type mice (A) or TLR3-deficient mice (B) after
stimulation with human recombinant stathmin, 50 µg/ml poly I:C or 200 ng/ml ultrapure LPS
demonstrates complete abrogation of the stathmin-induced response in the absence of TLR3. In human
astrocytes, this is confirmed by siRNA-mediated knock down of TLR3-encoding mRNA (C) which is
accompanied by loss of responsiveness to both stathmin and poly I:C (D).
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remyelination was induced by both stathmin and poly I:C. Among the cytokines induced by
either agonist are the immune modulatory factors IL-10, IL-11, IFN-γ antagonist and IFN-β.
Upregulation of TNF-α was only very weak in both cases, not reaching a factor of 2. No gene
was found to be markedly suppressed by either stathmin or poly I:C (Fig. 3A, B). Importantly,
the Pearson correlation coefficient that expresses the extent of similarity between the two data
sets (Fig. 3C) reached the value of 0.951 confirming that the functional response to either
agonist is essentially identical (p < 10-5). These results provide again strong evidence for the
notion that stathmin, like poly I:C, activates TLR3-mediated signaling in astrocytes.
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Figure 3: Gene profiling of astrocytes stimulated with recombinant human stathmin and poly
I:C. Transcript levels for 268 cytokines, chemokines, growth factors and their receptors in human
astrocytes stimulated for 48 h either with 50 µg/ml recombinant human stathmin (A) or 50 µg/ml poly
I:C (B) as compared to untreated control astrocytes. Comparison between transcript profiles of astrocytes
stimulated with stathmin or poly I:C (C) illustrates that such profiles are essentially identical (p < 10-5).
Statistical analysis of the data indicated that the Pearson correlation coefficient (r)= 0.951.

The alpha-helical structure of stathmin is required for TLR3 agonist activity
In our initial experiments we noted differences in the dose-activity profiles of different
preparations of recombinant stathmin. For example, the initial experiments depicted in Figs. 1
and 3 using commercial stathmin suggested that the agonist would be less efficient on a weight
basis than poly I:C in activating astrocytes. Subsequent experiments using material produced in
house showed that given doses of stathmin were equally effective to poly I:C. Since the purity
of the stathmin preparations was comparable, this raised the possibility that additional factors
involving for example secondary structure affected its TLR3-agonist activity. One striking
feature of stathmin is its ability to fold into a very long alpha helix that may contain up to 94
amino acids22. Also, this helix contains no less that 24 negatively charged amino acids, mostly
glutamic acid residues. These features combined suggest that a large portion of stathmin can
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fold into a rod-like structure which is lined with a multitude of negative charges, a striking
structural analog of double stranded RNA.
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Based on these considerations, we examined whether the alpha helical content of
stathmin would impact on its ability to activate TLR3-mediated astrocyte responses. Purified
human recombinant stathmin was therefore subjected to conditions that differentially affect
helical content. One part of the protein preparation was incubated in PBS containing 5 % of
the helix-promoting solvent trifluoroethanol (TFE)23. The other part was kept in water
acidified with 5% of the helix-breaking solvent trifluoroacetic acid (TFA). After exposure to
these different conditions, both samples were extensively dialyzed over 48 h against several
changes of PBS and subsequently analyzed by near-UV circular dichroism (CD) spectroscopy.
The TFE-treated sample was found to contain 37% alpha helix whereas the TFA-treated
sample produced a CD spectrum indicative of 12% helix content (Fig. 4A). As a reference
sample, part of the stathmin preparation was also dissolved in a solution of 50% TFE in PBS
immediately prior to CD spectroscopy. This sample produced a spectrum indicative of 98%
alpha helical content (Fig. 4A) confirming the unusual alpha helical propensity of stathmin. In
parallel, human adult astrocytes were stimulated with different amounts of either dialyzed
protein preparation and CXCL8 release was monitored after 48 h. As shown in Fig. 4B the
TFE-treated stathmin preparation that contained 3 times more alpha helix triggered CXCL8
release about 3 fold more effectively than the TFA-treated preparation. Since the two stathmin
preparations tested were otherwise identical in purity and concentration, and were contained in
the exact same solvent, we conclude that the alpha helix of stathmin is of critical importance to
its ability to activate TLR3. In other experiments we found that stathmin completely loses its
TLR3-agonist activity after full denaturation as a consequence of reversed-phase HPLC at pH
2 and lyophilization (data not shown).
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Figure 4: TLR3 agonist activity of stathmin relies on its alpha helix. Recombinant human stathmin
was exposed to either 5 % TFE or to 5 % TFA in PBS, extensively dialyzed against fresh PBS, and
subjected to CD spectroscopy to assess helical content. The TFE-treated preparation (thick line in 4a)
was found to contain 37 % helix while the TFA-treated sample (thin line in 4a) contained only 12 %
helix. As a control, stathmin was also subjected to CD spectroscopy in the presence of 50 % TFE to
illustrate its potential to form up to 98 % helix (dotted line in 4a). When tested for their ability to trigger
CXCL8 release by human astrocytes, the TFE-treated sample (filled circles) was about three times more
effective in this respect than the TFA-treated sample (filled squares). Data are representative for three
independent experiments.

Stathmin also activates intracellular TLR3
We next tested whether stathmin not only activates surface-exposed TLR3 on
astrocytes but also intracellular TLR3 in other cell types, including human peripheral blood
mononuclear cells (PBMC), immature dendritic cells (iDCs), plasmacytoid dendritic cells
(pDCs) and microglia. At least the latter three human cell types have been firmly documented
to express TLR3 exclusively inside the cell and not on the plasma membrane18, 24. As shown in
Figs. 5A-C, PBMC, iDC as well as pDC all responded to stathmin by strongly enhanced
CXCL8 release, at levels similar to those induced by LPS. In Fig. 5D, responses are shown of
microglia from different donors, and when isolated from different parts of post-mortem
human brains. Also in those cells, stathmin triggered substantial CXCL8 release, at levels
similar to that induced by the other two TLR agonists. These data emphasize that also
intracellular TLR3 can be activated by stathmin.
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To further examine the stathmin-induced response in either iDC or microglia we
analyzed culture supernatants collected after 24 h for release of several cytokines and
chemokines using antibody arrays (data not shown). Of the 40 different cytokines and
chemokines analyzed in this way, only four mediators were found to be induced by more than
a factor of 1.5 in stathmin-treated iDCs. These included CXCL8, CCL2 (MCP-1) and the antiinflammatory mediators IL-10 and IL-12p40. In comparison, poly I:C did not induce any
cytokine at a minimum induction ratio of 1.5 in iDC while LPS induced many different
cytokines and chemokines including TNF-α (8.5 fold increase) and IL-1β (2.2-fold increase)
which were not induced by stathmin. In human microglia, stathmin induced the soluble IL-6
receptor, RANTES, TGF-β1, IL-12p40, MIP-1δ and the neuroprotectant M-CSF. Poly I:C
induced a similar range of mediators and in addition, TNF-α at about 20-fold higher levels.
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Figure 5: Stathmin activates intracellular TLR3 in human leukocytes and microglia. Peripheral
blood mononuclear cells (PBMC; A), immature-dendritic cells (iDC; B) and mature plasmacytoid
dendritic cells (pDC; C) were tested for their CXCL8 response to stathmin, poly I:C or LPS. Results
shown are representative for experiments with cells from two different healthy donors. Also microglia,
isolated from different regions of a human post-mortem brain displayed CXCL8 induction by stathmin
(50 µg/ml) similar to poly I:C (50 µg/ml) or LPS (200 ng/ml) (D). Microglia experiments were
performed three times with similar results.
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Table 1: Gene induction in human astrocytes by either stathmin or poly I:C. relative to
untreated cells
Gene name and classification

142

stathmin

poly I:C

Regeneration. growth and proliferation
leukemia inhibitory factor (LIF)
beta nerve growth factor (beta NGF)
growth inhibitory factor. metallothionein-III (MT-III)
ephrin type-A receptor 2 (EPHT1)
insulin-like growth factor binding protein 1 (IGFBP1)
insulin-like growth factor binding protein 3 (IGFBP3)
fibroblast growth factor 7 (FGF7)
neuromodulin (GAP-43)
insulin-like growth factor binding protein 6 (IGFBP6)
neurotrophin-3.4 (NT-3.NT-4)
brain-derived neurotrophic factor (BDNF)
platelet-derived growth factor A subunit (PDGF1)
fibroblast growth factor 5 precursor (FGF5)
vascular endothelial growth factor C (VEGF-C)
ephrin B1 (EPHB1)
neurogenic locus notch protein (N)
wnt-8B
glial maturation factor beta (GMF-β)
granulocyte-macrophage colony-stimulating factor receptor alpha
pleiotrophin (neurite growth promoting factor 1. PTN)
ephrin B3 (EPHB3)
insulin-like growth factor 1A (IGF1)

5.26
5.26
5.25
5.06
4.73
4.41
4.01
3.55
3.50
3.34
3.13
2.99
2.95
2.68
2.58
5.56
2.38
2.29
2.34
2.27
2.05
2.05

5.85
4.91
6.67
5.06
5.49
5.60
3.67
3.57
3.66
5.00
3.15
3.00
3.02
3.09
3.87
3.05
2.13
3.62
3.20
3.28
2.00
2.98

Intracellular signalling
inteferon. alpha-inducible protein (G1P3)
interferon regulatory factor 1(IRF1)

5.51
2.96

4.71
3.87

Cytokines and chemokines
macrophage inflammatory protein 1 alpha (CCL3)
interleukin-8 (CXCL8)
interleukin-6 (IL-6)
interleukin- 10 (IL-10)
interleukin-11 (IL-11)
interferon-gamma antagonist (IFN-γ antagonist)
inteferon-beta (IFN-β)
RANTES (CCL5)
monocyte chemotactic protein 1 precursor (CCL2)
macrophage inflammatory protein 2 alpha (CXCL2)
granulocyte chemotactic protein 2 (CXCL6)

12.82
7.04
6.15
4.86
3.85
3.49
3.30
3.03
2.96
2.41
2.41

15.28
10.56
7.16
7.25
3.22
4.36
6.26
4.14
2.93
2.47
2.99
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Gene name and classification
Receptors
TNF receptor superfamily member 5 (CD40)
related to receptor tyrosine kinase (RYK)
high-affinity nerve growth factor receptor
granulocyte colony stimulating factor receptor precursor (CD114)
interleukin-12 receptor (IL-12R)
epidermal growth factor receptor
macrophage inflammatory protein 1 a receptor (CCR1)
interleukin-4 receptor alpha subunit (CD124)
CD30 ligand (CD153)
interleukin-2 receptor beta subunit (CD122)

stathmin

poly I:C

5.98
4.96
3.68
2.75
2.65
2.49
2.46
2.45
2.45
2.25

5.92
2.15
4.08
4.55
2.33
2.76
2.94
2.26
2.99
3.35

Finally, we examined the ability of purified stathmin to activate TLR-dependent
responses in a panel of transfected HEK293 cells (Fig. 6). As expected, stathmin did not elicit
any response by HEK cells transfected with either TLR2 or TLR4, but surprisingly, it also
failed in activating TLR3-transfected cells. In contrast, poly I:C as a control agonist for the
TLR3-transfected HEK cells, did trigger a marked response. In view of the data above which
in our view conclusively demonstrate TLR3-dependent responses to stathmin in astrocytes,
this finding indicates that in HEK293 cells, one or more additional factors crucial for allowing
stathmin to induce such a TLR3-dependent response are lacking. Possibly these involve coreceptors present on astrocytes, but absent from HEK293 cells. In addition to revealing this
somewhat surprising feature, the data in Fig. 4 confirm that the stathmin preparation used in
our studies is not detectably contaminated with bacterial agonists for either TLR2 or TLR4
which could have confounded the data.
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Table 1: Continued
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Figure 6. Stathmin fails to trigger responses by HEK293 cells expressing individual TLR family
members. HEK293 cells were transfected with individual TLR family members, and tested for responses
against stathmin and appropriate control agonists. The data show that while stathmin triggers TLR3dependent responses in astrocytes, it fails to trigger a response by TLR3-expressing HEK cells.

DISCUSSION
Stathmin has previously been well established as a catalyst of the reversible process of
microtubule catastrophe and repolymerization25, 26. Yet, a large body of evidence has
accumulated that point to a role of stathmin and its four homologous family members in the
mammalian CNS which has remained unexplained by this general biological function. Our
present findings reveal an unexpected ability of stathmin to induce TLR3-mediated signaling.
That this should be considered especially relevant to CNS biology is emphasized by our
observation that TLR3 is strongly and selectively induced on the surface of activated
astrocytes16 and triggers the release of many neuroprotective and regenerative mediators and
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immune-regulatory cytokines (Table1).

The key feature of stathmin enabling it to act as a TLR3 agonist appears to be the
very long alpha helix in which one in every four amino acid residues carries a negative charge.
This notion is fully in line with the current model of ligand recognition by the ectodomain of
TLR339, 39. Similar to double-stranded RNA with a minimum functional length of about 21
base pairs (about 7 nm), the stathmin helix of about at least 45 residues (30% helix) provides a
rod-like structure of similar length that is also lined with a multitude of negative charges. It
appears likely that all stathmin family members share the ability to activate TLR3. The
potential helix-forming sequence 44-139 of stathmin shares between 92% and 95% structural
homology, and between 67% and 75% amino acid identity with the other three family
members SCG-10, SCLIP and RB3.
The exact mechanism via which stathmins might activate TLR3 in vivo remains to be
established. Since surprisingly, stathmin was not able to activate HEK-293 TLR3 transfectants,
additional co-receptors may be needed for it ability to trigger TLR3 on astrocytes and other
cells. Stathmin itself is known as a predominantly intracellular cytosolic protein and has also
been identified as a component of the extracellular myelin sheath29. The three other stathmin
family members contain an extended N-terminal sequence which is acetylated and allows these
stathmin homologs to become directly inserted into membranes40. Either released from cells or
embedded in membranes, stathmins appear to represent alternative signals for TLR3 that may
well have particular relevance to development and repair in the CNS. While the ancestral Toll
receptor in Drosophila is widely recognized as crucial not only to host defense responses but
also for embryonic development and dorsoventral patterning, a similar dual-function quality
for mammalian TLRs has so far been acknowledged only by few reports. Given degenerate
recognition of viral or parasitic double-stranded RNAs by a variety of cellular pattern
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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 trauma27. In active multiple sclerosis lesions for
example, stathmin is induced in oligodendrocytes and myelin28, 29. During axonal and dendritic
growth, stathmins are abundant at growth cones30, 31. Stathmin expression in the CNS
gradually decreases with age32, and has been reported to be low in association with Alzheimer’s
disease or Down’s syndrome33. Stathmin-deficient mice show defects in innate and acquired
fear34, and selectively develop axonopathy at advanced age35. Drosophila flies in which the
stathmin gene has been knocked down by siRNAs develop widespread defects in the nervous
system only36. All these observations are difficult to explain on the basis of the known
ubiquitous role of stathmin in microtubule rearrangement. On the other hand, a role 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. In this context, it is also
of interest to note that fetal human astrocytes selectively express only TLR337.
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recognition receptors, the availability of stathmin as an alternative agonist should be helpful to
more fully clarify the biological role of TLR3.
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