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CHAPTER8
general discussion & summary



Chemokines in neuroimmunology and beyond

Neuroinflammation and chemokine signaling are involved in most if not all neurodege-

nerative diseases. The contribution of chemokine receptor expression in glial cells to

the endogenous immune response of the brain is an issue of current investigation. In

this thesis we have investigated the function and expression of the orphan chemokine

receptors L-CCR/HCR in mouse and human glial cells.

In Chapter 1 concepts relating to the involvement of chemokines in neurodegenerative

diseases have been discussed. First, important aspects concerning the immune system

of the brain have been discussed, such as the cellular components, the function and

constitution of the BBB and the role of chemokines in neuroimmunity. Thus, glial cells

show an immuno-regulatory role in the CNS (5). Furthermore, the molecular mecha-

nism of chemotaxis has been addressed. In this light, events such as G protein activa-

tion and downstream effector signaling via activation of chemokine receptors formed

the basis of the discussion of chemokine receptor function. In addition, pharmacologi-

cal properties of G protein-coupled receptors have been examined to address the prin-

ciples of chemokine receptor pharmacology. Finally, the importance of identification of

ligands for orphan chemokine receptors in neuroinflammation has been stressed.  

In Chapter 2 the current knowledge concerning chemokines in neuroimmunology has

been reviewed. All endogenous cells of the CNS: astrocytes, oligodendrocytes, neurons

and microglia express functional chemokine receptors (8, 12, 13, 28, 33). In the healthy

brain, however, constitutive expression of chemokines is hardly observed. Expression

of chemokines is rather induced by inflammatory stimuli. The chemokines CX3CL1

(fractalkine) and CXCL12 (SDF-1alpha) are exceptions and are constitutively expressed

by neurons and astrocytes, respectively (3, 18, 27). Although 50 chemokines are invol-

ved in the peripheral immune system, in brain pathology only few of those chemokines

play a role. In nervous tissue, chemokine expression is inducible in glial cells, but also

neurons express chemokines under neurodegenerative conditions (7, 10, 15, 39).

Functions of chemokines in the CNS

Functions of chemokines in the CNS involve mediation of local immune responses,

attraction of leukocytes and orchestration of disease pathology related to neurodegene-

rative diseases, including meningitis, Alzheimer’s disease, multiple sclerosis and HIV-

related dementia (Figure 2.1 and Table 2.1). Although chemokines have been associa-

ted with neuronal damage, neuroprotective effects of chemokines have also been obser-

ved. For example, chemokines offer protection from neuronal death by neurotoxins like

NMDA or β-amyloid (9). In addition, chemokines are (30, 44). Finally, modulation of

neurotransmission by chemokines has been suggested (6, 25). Thus, chemokines are

involved in CNS functions beyond neuroimmunology. 

In order to examine chemokine functionality in the central nervous system it is impor-

tant to know which chemokine receptors are expressed in the CNS and which function

these receptors serve. 
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The orphan chemokine receptor L-CCR in murine glial cells

In Chapter 3 we have examined the localization of the orphan CC chemokine receptor

L-CCR in mouse glial cells in vitro and in vivo. We first examined mRNA expression of

the established chemokine receptors CCR1-CCR9 and D6 in primary neonatal microglia

and astrocytes using RNA isolation followed by RT-PCR analysis. In cultured microglia

only CCR1, CCR3 and CCR5 mRNA was detectable, whereas in astrocytes only CCR1

and CCR5 mRNA expression was found. L-CCR mRNA was barely or not detectable in

microglia and astrocytes, respectively. However, in both cell types expression of L-CCR

mRNA was induced after challenge with LPS, in a time and concentration dependent

manner. No other chemokine receptor was upregulated in response to LPS.

Furthermore, situ hybridization experiments in brain tissue taken from adult mice that

were injected intraperitoneally with LPS showed a similar pattern of L-CCR mRNA

induction. Moreover, double staining experiments combining L-CCR in-situ hybridiza-

tion with immunohistochemistry for an astrocytic marker and a microglia marker

showed that indeed microglia (in vitro) and astrocytes (in vitro and in vivo) were positive

for L-CCR mRNA. Due to experimental constraints we could not show double staining

for L-CCR and the microglia marker in vivo. We did however, observe GFAP-negative

cells that were positive for L-CCR mRNA and showed microglial morphology. Thus, we

have shown that L-CCR mRNA is expressed in vitro and in vivo in mouse astrocytes and

microglia; particularly under inflammatory conditions expression of L-CCR is strongly

induced in astrocytes and microglia. 

Murine microglia respond to CCL2 in absence of CCR2

It has been reported that microglia respond to the chemokine CCL2 with chemotaxis

(19) and mobilization of intracellular calcium (8). In our study microglia did not

express CCR2, the established receptor for CCL2, but surprisingly responded to CCL2

with chemotaxis and transient calcium responses. In addition, chemotaxis was enhan-

ced by pretreatment of microglia with LPS. Thus, presumably L-CCR is responsible for

the effects of CCL2 in microglia. This was supported by our findings showing CCL2

binding sites on microglia and astrocytes using biotinylated CCL2 (biot.rmCCL2). We

have shown that binding of biot.rmCCL2 at unstimulated microglia and astrocytes was

low. The biot.rmCCL2 signal increased dramatically in both cell types after pretreat-

ment with LPS. 

Functional characterization of L-CCR

In Chapter 4, we have performed functional studies in the mouse macrophage cell line

RAW264.7. In addition, we transfected the human embryo kidney celline HEK293 with

the full-length sequence for L-CCR to perform binding experiments and functional stu-

dies using different chemokines. As discussed earlier, Shimada and others reported
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expression of L-CCR mRNA in RAW264.7 cells (41). We observed no mRNA expres-

sion of the CC chemokine receptors CCR1-CCR8 and D6 in RAW264.7 neither under

normal nor under LPS stimulated conditions. In order to identify possible chemokine

ligands for L-CCR we performed chemotaxis experiments and measurement of intracel-

lular calcium mobilization in LPS-treated RAW264.7 cells.

Chemokine functionality in RAW264.7

When we tested the chemokines CCL2, CCL5 (formerly known as RANTES) and CCL3

(formerly known as MIP-1_) in chemotaxis experiments, both CCL2 and CCL5 induced

migration of LPS-treated RAW264.7 cells in a concentration dependent manner, where-

as CCL3 failed to induce migration. Furthermore, we found increases in intracellular

calcium in RAW264.7 cells stimulated with CCL2 and CCL5, but not with CCL3. The

observed calcium transients, however, were weak and occurred only in 10% of the cells

tested. Moreover, the concentrations required to induce calcium transients were

approximately 100 fold higher than those required for chemotaxis. Most likely calcium

signaling is a secondary response induced by chemokines. Thus, although calcium

mobilization is induced by activation of most chemokine receptors, migration is not

necessarily linked to these transient increases in intracellular calcium (14, 21, 43).

L-CCR functionality in HEK293: calcium and chemotaxis

Further investigation of the functionality of L-CCR was performed using the human

embryo kidney celline HEK293, transfected with the full-length sequence of L-CCR;

HEK293 (L-CCR). The HEK293 celline is widely used to examine chemokine receptor

functionality. Similar to measurements of chemokine-induced intracellular calcium

levels in RAW264.7 cells, CCL2-induced intracellular calcium mobilization was weak in

HEK293 (L-CCR) and CCL3 failed to induce any detectable level of calcium mobiliza-

tion. Interestingly, out of 18 murine chemokines tested: CCL2, CCL5, CCL7 and CCL8

induced chemotaxis. MOCK-transfected HEK293 cells showed no migration response

to these chemokines. Furthermore, a possible effect mediated by CCR2 was ruled out:

RT-PCR experiments showed no endogenous expression of human CCR2 in HEK293

(L-CCR). Furthermore, chemotaxis to CCL2 was not inhibited by pre-incubation with

an antibody against human CCR2 that normally antagonizes the receptor.  

L-CCR is a Gi-coupled GPCR

Pre-treatment of HEK293 (L-CCR) with pertussis toxin (PTX) abolished a chemotactic

response to CCL2 and CCL2 stimulation reduced forskolin-induced cAMP accumula-

tion in 50% of the HEK293 (L-CCR) cells. As PTX specifically inhibits Gi protein acti-

vation and activated Gi proteins inhibit cAMP accumulation these results strongly sug-

gest that L-CCR is a Gi-protein coupled GPCR. Furthermore, we showed that L-CCR is

a membrane bound chemokine receptor. HEK293 cells transfected with a gene con-
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struct encoding for a L-CCR-enhanced green fluorescent protein (EGFP) fusion protein

revealed a clear L-CCR-EGFP signal at the membrane.

CCL2 induces cytoskeletal changes in L-CCR expressing cells

As discussed in previously, chemotaxis requires swift and dramatic reorganization of

the actin cytoskeleton. We have investigated this effect in HEK (L-CCR-EGFP) cells

and showed that CCL2 induced rapid accumulation of F-actin filaments at cell poles as

well as large actin-based membrane protrusions at these poles. MOCK-transfected

HEK293 cells did not show reorganization of the cytoskeleton in response to CCL2. 

Based on our findings we suggest that L-CCR is a membrane-bound Gi-protein-coupled

chemokine receptor. Activation of L-CCR by CCL2 (but also CCL5, CCL7 and CCL8)

leads to induction of dramatic cytoskeletal actin polarization, chemotaxis, weak calcium

mobilization, and inhibition of the adenylate cyclase /cAMP pathway. 

Absence of CCL2 radio-ligand binding to L-CCR

In order to classify a novel chemokine receptor both receptor-induced signaling as well

as ligand binding are required (32). Surprisingly, repeated attempts using different

approaches and techniques failed to show radio-ligand binding to L-CCR. We used iodi-

ne-labeled murine CCL2 and CCL5 in stably L-CCR expressing HEK293 (L-CCR) cells

as well as RAW264.7 cells pre-treated with LPS, but did not find specific ligand binding

to the cells. As an alternative we performed biotin labeled CCL2 binding studies in L-

CCR-transfected HEK293 and Chinese hamster ovary (CHO) cells. This method has

previously been used to show CCL2 binding to murine glial cells (see Chapter 3).

HEK293 cells and CHO cells stably expressing L-CCR showed pronounced binding of

biot.rmCCL2, a signal that was absent in MOCK-transfected HEK293/CHO cells. In

addition, biot.rmCCL2 binding to RAW264.7 cells showed results similar to binding

data of biot.rmCCL2 to murine glial cells. Strong biot.rmCCL2 binding was observed in

RAW264.7 cells pretreated with LPS, whereas untreated cells showed only weak bin-

ding. Moreover, biot.rmCCL2 binding to HEK293 (L-CCR) cells competed with unlabe-

led rmCCL2, indicating specificity of the CCL2 binding to these cells. 

Overall, Chapter 4 showed that L-CCR is a functional chemokine receptor for the che-

mokines CCL2, CCL5, CCL7 and CCL8. Furthermore, CCL2 binding to L-CCR was

shown using biotin labeled murine CCL2. However, as mentioned earlier, chemokine

receptors are only officially ‘deorphanized’ and classified as a chemokine receptor when

radio-ligand binding studies show affinities for specific chemokines. L-CCR shows clear

chemokine receptor functionality but not radioligand binding. This intriguing pheno-

menon has also been reported by Giles for another GPCR, the serotonin 1B receptor (5-

HT1BR). They suggested that a very efficient receptor-effector coupling at low densities

of receptors present in the system accounts for the observation of 5-HT1BR functionali-

ty in absence of 5-HT radioligand binding (16). Another explanation might be that
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imbalance between the functional receptor states, R (inactive receptor) and R* (active

receptor) occurs. Radiolabeled high affinity agonist binding requires a certain number

of R* receptors (11). Constitutive receptor activity results in such an imbalance, with

more receptors in the R than in the R* state (11, 24). Accordingly, low histamine bin-

ding (Ki: 369uM) but high efficacy of histamine-induced cAMP production (EC50:

180nM) was detected for the human H2 histamine receptor expressed in CHO cells, a

receptor that showed high constitutive activity (1, 2). Alternatively, it could be possible

that the [125I]-label of the ligand somehow interferes with the binding. At this point it

remains unclear which of these explanations applies to our radio-ligand binding stu-

dies. However, our data strongly indicate that L-CCR is a functional chemokine recep-

tor responding to CCL2. As such, L-CCR may account for effects of CCL2 in tissues lac-

king CCR2 (20, 38, 45). More specifically, L-CCR may be the alternative receptor for

CCL2 which has been suggested several times in the literature (34, 40). 

Characterization of HCR

HCR is the human homologue of L-CCR

In Chapter 5 we investigated the possible existence of the human homologue of L-CCR

and characterized the candidate sequence in human glial cells. First, we conducted a

sequence homology search to compare the L-CCR basepair sequence with the human

genome database. In agreement with Shimada and others we identified the human orp-

han chemokine receptor HCR (also listed as CRAMA/B and CKRX) as a candidate for

the human counterpart of L-CCR, showing 51% protein sequence homology. 

HCR is expressed in human glial cells

RT-PCR experiments showed constitutive expression of HCR mRNA in both cultured

post-mortem astrocytes (shown in Chapter 5) and microglia (data not shown). No

expression of human CCR2 was observed in these cells. Interestingly, treatment of ast-

rocytes with LPS did not induce stronger expression of HCR mRNA. However, LPS-

induced activation of regulatory genes of the immune system in human astrocytes is a

controversial issue (4, 22). In contrast, we observed that nitric oxide (NO) regulates

expression of HCR mRNA in human astrocytes. Furthermore, in collaboration with

R&D Systems, we developed an antibody against HCR to examine possible protein

expression of HCR. Previously, it was reported that HCR protein expression is strongly

induced in human monocytes after stimulation with LPS (31). We repeated the experi-

ment to assess specificity of our HCR antibody. Indeed, HCR immunoreactivity at

human monocytic membranes was strongly enhanced after treatment with LPS.

Subsequent immunohistochemistry experiments showed expression of HCR in astrocy-

te membranes. In addition, pre-treatment of the astrocytes with NO, but not with LPS,

resulted in enhanced HCR protein expression. Thus, under inflammatory conditions

human astrocytes upregulate HCR mRNA as well as protein expression in vitro.
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CCL2 and other chemokines induce functional responses mediated by HCR

Transfection of the full-length sequence of HCR in HEK293 cells was performed to

assess the functionality of HCR. Protein expression of HCR in transfected cells was

confirmed by immunohistochemistry. We have observed HEK293 (HCR)-mediated che-

motaxis in response to human CCL2, CCL5, CCL7 and CCL8 out of 10 chemokines tes-

ted. In addition, CCL2 and CCL5 but not CCL4 induced calcium mobilization in

HEK293 (HCR) cells. Specifically, 50% of HEK (HCR) cells responded to CCL5 and

30% to CCL2 at the same ligand concentrations. Moreover, we examined the organiza-

tion of the F-actin cytoskeleton in HEK293 (HCR) and cultured human astrocytes befo-

re and after stimulation with CCL2. After treatment with CCL2 HEK293 (HCR)

showed rapid relocation of F-actin to specific membrane areas, particularly at large

membrane protrusions. This effect is consistent with a cell preparing for migration.

Interestingly, human astrocytes also showed extensive reallocation of F-actin. Under

standard conditions, cultured human astrocytes show long parallel F-actin stress fibers

that may extend over multiple adjacent astrocytes that form a confluent layer. In our

experiments, astrocytes retracted the stress fibers and reallocated F-actin at their mem-

branes after treatment with CCL2. Also, astrocytes separated from the confluent astro-

cyte layer and formed a new layer of individual cells that showed F-actin polarization.

Since in our hands astrocytes do not express CCR2 the response to CCL2 strongly sug-

gests that here HCR acts as the receptor for CCL2. 

HCR is the human equivalent of murine L-CCR

The similarity between L-CCR and HCR in terms of sequence homology, expression

pattern, pharmacology and functionality supports the idea that both receptors are equi-

valents conserved in human and mouse. Expression of L-CCR and HCR has been found

in microglia and astrocytes and is upregulated by inflammatory substances, such as LPS

and NO. Furthermore, CCL2 induced similar effects in HEK293 cells transfected with

either L-CCR or HCR. Thus in recombinant HEK293 (HCR) and HEK293 (L-CCR)

cells we observed redistribution of F-actin, chemotaxis and transient mobilization of

intracellular calcium in response to CCL2, CCL5, CCL7 and CCL8, but not to other

chemokines tested. 

CCL2 regulates metalloproteinase expression in human astrocytes

Astrocytes are essentially involved in the formation and regulation of the blood-brain-

barrier (17). Under inflammatory conditions astrocytes are exposed to chemokines (13,

28). CCL2 is one of the chemokines that is strongly expressed at in many neurodegene-

rative diseases (10, 39, 19, 34). In the central nervous system astrocytes are a promi-

nent source of CCL2 (28). 
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Gene expression profile in CCL2 treated astrocytes

In previous experiments we observed that CCL2 induces responses in human astrocytes

lacking CCR2 but expressing HCR. We subsequently investigated the gene expression

profile of human astrocytes in response to exposure to CCL2. Using cDNA microarray

assays we examined mRNA expression of 1180 genes in human astrocytes. cDNA

microarray analysis requires strict normalization of the results to reveal the significant

alterations in gene expression. In our experiments, we normalized the data using the

“10% Trimmed Mean Normalization method” recommended for arrays obtained from

our manufacturer (23). After normalization, the data of multiple array experiments

were highly comparable. We observed specific regulation of mRNA expression in

human astrocytes that were stimulated with CCL2. In total 36 genes were upregulated

(mostly genes encoding for intracellular messengers or transcription factors). In addi-

tion 46 genes were downregulated. Surprisingly, we observed an overall reduction in

expression of genes belonging to the family of metalloproteinases (MMPs). In particu-

lar, the mRNA expression of MMP2, MMP14 and MMP16 and MMP1 as well as the

MMP-inhibitors TIMP1 and TIMP2 were decreased mRNA. Subsequent RT-PCR experi-

ments and preliminary Q-PCR data have confirmed these findings.

Metalloproteinases and neuroinflammation: a possible anti-inflammatory role for CCL2?

MMPs are involved in the degradation of extracellular matrix proteins (37). During

neuroinflammation MMPs are responsible for the breakdown of the tight junctions

between the vascular endothelial cells, enabling infiltration of leukocytes (37).

Furthermore, MMPs have been shown to alter chemokine functionality by cleavage of

chemokines. MMP1 has been shown to cleave CCL2 resulting in a protein with antago-

nist properties when binding to CCR2 (29). Likewise, MMP2 has been shown to cleave

CCL7 (29). Both CCL2 and CCL7 have been suggested to play a role in the pathology of

MS and its corresponding animal model EAE (43). 

Chemokines are generally considered proinflammatory proteins, activating immune

responses. Indeed, CCL2-induced expression of the metalloproteinase MMP9 has been

observed in monocytes (36). In our study prolonged exposure to CCL2 resulted in a

downregulation of MMPs in astrocytes in vitro, which was an unexpected but intriguing

finding. Clearly, cultured human astrocytes respond to CCL2 with the downregulation of

mRNA expression of metalloproteinases. These enzymes are involved in the breakdown

of the BBB during neuroinflammation. The down regulation of MMPs suggests a poten-

tial, additional anti-inflammatory role for CCL2 in nervous tissue. To which extend this

effect applies to the situation in vivo is unknown. Further study is needed to reveal the

mechanisms of CCL2-dependent downregulation of MMPs in human astrocytes.
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L-CCR in EAE

EAE is an animal model showing pathology similar to MS. It has been shown that CCL2

plays an important role in both diseases (26, 35). We therefore investigated possible

expression of L-CCR in adult mice subjected to EAE. RT-PCR, Q-PCR and in situ-

hybridization experiments in brain tissue showed indeed prominent induction of L-

CCR expression in mice suffering from EAE. L-CCR mRNA expression was strongly

induced early after onset of the disease and mRNA levels remained high at more severe

stages of the disease. In addition, a combination of immunohistochemistry and in-situ

hybridization staining identified astrocytes as a primary source of L-CCR expression in

brain and spinal chord tissue affected by EAE. 

The induction of L-CCR mRNA did not correlate with the presence of infiltrating leuk-

ocytes. Thus, L-CCR was expressed well before leukocyte infiltration of the brain sug-

gesting a local neuroinflammatory effect of L-CCR.

The early induction of expression of L-CCR suggests that this receptor plays an impor-

tant role in the pathology of EAE. Additional experiments in L-CCR knock out mice

will be necessary to further validate this hypothesis.

General Conclusion

In this thesis we have investigated the expression and biological activity of the orphan

chemokine receptors L-CCR/HCR in astrocytes and microglia. Several lines of evidence

indicate that the chemokines CCL2, CCL5, CCL7 and CCL8 are agonists for these

receptors. Although a variety of biological L-CCR/HCR responses have been found,

high affinity radioligand binding with CCL2 and CCL5 was not observed. Accordingly,

an official classification of these receptors is not yet possible. 

Moreover, the results presented strongly indicate a role expression of L-CCR/HCR in

neuroinflammation. L-CCR/HCR expression might explain the effects of CCL2 in astro-

cytes lacking the classical CCL2 receptor. More information on the importance of L-

CCR/HCR in neuroinflammation and particularly their role in astrocytes should be

obtained in L-CCR deficient mice.  

Summary

It is now widely accepted that most if not all neurodegenerative diseases like

Alzheimer’s disease, multiple sclerosis and Parkinson’s disease are accompanied by inf-

lammation of nervous tissue. Besides the well-described role of the peripheral immune

system in neuroinflammation, findings of the last decade showed have also shown a

significant contribution of the local neuro-immune system. The neuro-immune system

mainly consists of astrocytes and microglia that are the predominant cellular source of a

variety of pro- and anti-inflammatory mediators. 
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Chemotactic cytokines are a recently described class of inflammatory mediators called

chemokines. These highly specific intercellular mediators orchestrate the migration of

blood leukocytes throughout the body and control large parts of the immune response

in the peripheral immune system. The expression of chemokines in glial cells during

neurodegenerative pathology and recent experiments in chemokine deficient mice sug-

gest a prominent role of chemokines in the infiltration of the central nervous system by

leukocytes; leukocyte infiltration is an important aspect of various neurodegenerative

diseases. 

The expression of functional chemokine receptors in glial cells has led to the suggestion

that chemokines may have additional functions in the endogenous immune response of

the brain. Accordingly, it has been shown that chemokines have local effects on CNS

cells that might contribute to CNS pathology. These effects include neuroprotection,

induction and modulation of cytokine release and synthesis of matrix metalloproteina-

ses,. 

One of the most prominent chemokines known in brain is CCL2. CCL2 not only

attracts blood leukocytes, but activates glial cells as well, indicating the presence of a

functional CCL2 receptor expressed in glial cells. Since the expression of the primary

CCL2 receptor CCR2 in glial cells is controversial, presence of an additional chemokine

receptor in these cells has been suggested. In the current thesis functional expression of

the orphan chemokine receptors (mouse) L-CCR and (human) HCR in mouse and

human glial cells, respectively, was investigated.  We present several lines of evidence

that suggest functional activity of L-CCR/HCR not only in primary glial cells, but also

in heterologous expression systems. In cells expressing L-CCR/HCR several chemoki-

nes induced intracellular signaling, cytoskeletal reorganization and migration. Thus, L-

CCR/HCR responded to stimulation with the chemokines CCL2, CCL5, CCL7 and

CCL8. Other chemokines tested did not produce any effect. An unusual property of L-

CCR/HCR is its lack of radioligand binding capacity. The reason for this property is

currently unknown, but several possible explanations are discussed in this thesis. 

Based on our data we suggested that expression of L-CCR/HCR may provide an expla-

nation for the generally known effects of CCL2 in glial cells. Both the presence and bio-

logical activity of L-CCR/HCR in glial cells was induced in vitro by application of proinf-

lammatory stimuli, such as the bacterial cell wall component lipopolysaccharide and the

free radical species nitric oxide. Subsequently, also in vivo models showed a rapid and

pronounced induction of L-CCR in glial cells under inflammatory conditions.

Specifically, challenge with LPS and development of EAE induced rapid and strong

expression of L-CCR in nervous tissue. Although these results strongly indicate a func-

tion of L-CCR/HCR in inflammation of the central nervous system, the exact role of

this alternative receptor for CCL2 in local neuroinflammation is not known yet.

Therefore, L-CCR deficient mice would provide an exellent tool to further unravel the

role of L-CCR in the central nervous system.
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