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Abstract 
 

Activated microglia and macrophages play a key role in driving demyelination 
during multiple sclerosis (MS), but the factors responsible for their activation 
remain poorly understood. Here, we present evidence for a dual-trigger role of IFNγ 
and alpha B-crystallin (HSPB5) in this context. In MS-affected brain tissue, 
accumulation of the molecular chaperone HSPB5 by stressed oligodendrocytes is 
a frequent event. We have shown before that this triggers a TLR2-mediated 
protective response in surrounding microglia, the molecular signature of which is 
widespread in normal-appearing brain tissue during MS. Here, we show that IFNγ, 
which can be released by infiltrated T cells, changes the protective response of 
microglia and macrophages to HSPB5 into a robust pro-inflammatory classical 
response. Exposure of cultured microglia and macrophages to IFNγ abrogated 
subsequent IL-10 induction by HSPB5, and strongly promoted HSPB5-triggered 
release of TNF, IL-6, IL-12, IL-1β and reactive oxygen and nitrogen species. In 
addition, high levels of CXCL9, CXCL10, CXL11, several guanylate-binding 
proteins and the ubiquitin-like protein FAT10 were induced by combined activation 
with IFNγ and HSPB5. As immunohistochemical markers for microglia and 
macrophages exposed to both IFNγ and HSPB5, these latter factors were found to 
be selectively expressed in inflammatory infiltrates in areas of demyelination during 
MS. In contrast, they were absent from activated microglia in normal-appearing 
brain tissue. Together, our data suggest that inflammatory demyelination during 
MS is selectively associated with IFNγ-induced reprogramming of an otherwise 
protective response of microglia and macrophages to the endogenous TLR2 
agonist HSPB5. 
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Introduction 
 

Activation of microglia and macrophages contributes to inflammatory demyelination 
during MS, but the factors that trigger such activation remain incompletely 
understood. Animal model studies have so far met with limited success in 
modelling chronic demyelination as seen during MS, and especially in mimicking  
the critical contribution by oxidative injury

1
, which is extensive in MS-affected brain 

tissue
2,3

. Several factors may explain this. Different from the central nervous 
system of a healthy laboratory animal,  MS-affected brain tissue is in a state of 
persistent oxidative stress and diffuse mild inflammation

3–9
. Associated with this 

altered state is the widespread, up to 20-fold enhanced expression of the glial 
stress protein HSPB5

10–15
. HSPB5 is selectively induced in glial cells by oxidative 

stress, and serves to limit the potentially deleterious effects of such stress
16–18

.  
HSPB5 not only acts as an intracellular chaperone that counteracts oxidative 

stress-induced damage and apoptosis, but it also has a role as an extracellular 
signalling factor. We have recently shown that extracellular HSPB5 acts as a TLR2 
agonist with a specific requirement for CD14 as co-receptor, which limits its 
signalling function to microglia and macrophages

19,20
. The HSPB5-induced 

microglia/macrophage response is typified by production of large amounts of IL-10, 
modest amounts of TNF and IL-6, and absence of any IL-1β or IL-12 release. This 
response profile is characteristic for an immune-regulatory phenotype. Along with 
many other HSPB5-induced factors identified by genome-wide microarray profiling, 
this response profile of microglia and macrophages readily explains the broad 
neuroprotective and anti-inflammatory effects of HSPB5 in the central nervous 
system

21–32
. We recently documented uptake of oligodendrocyte-derived HSPB5 by 

activated HLA-DR
+
 microglia in the normal-appearing white matter of MS-affected 

brains, and expression of several HSPB5-induced activation markers in these 
microglia

19,20
. Clusters of such activated microglia, referred to as ‘microglial 

nodules’, ‘pre-phagocytic lesions’ or ‘preactive lesions’, can be found throughout 
the normal-appearing white matter in MS, in areas surrounding active lesions as 
well as in unaffected areas distant from ongoing demyelination

33,34
. Together, the 

accumulated data support the notion that during MS, this widespread TLR2-
mediated microglial activation serves to mitigate inflammation and oxidative injury, 
and that it is at least in part driven by HSPB5 produced by stressed 
oligodendrocytes.  

The inherent plasticity of innate responses by microglia and macrophages, 
however, renders their protective regulatory response to HSPB5 susceptible to re-
programming. IFNγ in particular can fundamentally change the outcome of TLR-
mediated signaling

35–37
. Due to a range of intracellular events generally referred to 

as ‘priming’, IFNγ re-programs macrophages to develop a strongly pro-
inflammatory classical response profile to TLR ligation, different from the effects 
triggered by the TLR agonist on its own

38
. Given that IFNγ can be secreted by 

infiltrated T cells in areas of active demyelination during MS
39–43

, this consideration 
prompted us to examine its effect on the HSPB5-induced response of microglia 
and macrophages.  

We first monitored the effects of IFNγ on the HSPB5-induced expression of 
signature cytokines such as IL-10, TNF, IL-12, and IL-1β by cultured human 
microglia and macrophages, as well as of factors responsible for production of 
reactive oxygen and nitrogen species. Next, we examined the role of combined 
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activation of microglia/macrophages with IFNγ and HSPB5 in demyelination during 
MS. Since direct immunohistochemical detection of either IFNγ or HSPB5 as 
extracellular signalling factors is strongly hampered by their very short half-life, we 
identified more robust and persistent intracellular markers for the state of activation 
that is induced in microglia/macrophages by combined activation with both triggers. 
Immunohistochemical analysis of MS-affected brain tissue samples subsequently 
revealed selective expression of these markers in activated microglia/macrophages 
in areas of demyelination, but not by activated microglia in normal-appearing white 
matter.  

 
Materials & Methods 
 

Brain samples  
Post-mortem brain tissue samples were obtained from patients without neurological 
disorders and patients with MS (Supplementary Table 1). The rapid autopsy 
regimen of the Netherlands Brain Bank in Amsterdam (coordinator Dr. I Huitinga) 
was used to acquire the samples, with the approval of the medical ethical 
committee of the VU University Medical Centre. All patients and control donors had 
given informed consent for autopsy and use of their brain tissue for research 
purposes. Tissue samples from subcortical white matter were obtained from control 
cases to isolate and culture microglia. For pathology studies, the tissues were 
either snap-frozen in cooled isopentane and stored in liquid nitrogen, or fixed in 
10% formalin and paraffin-embedded. Classification of lesions stages was based 
on immunohistochemical detection of HLA-DR and the presence of PLP to reveal 
areas of non-demyelinated white matter.      
 

Isolation and activation of human microglia and macrophages  
Human adult microglia were isolated from fresh post-mortem brain samples as 
previously described

44
. Briefly, tissue samples were dissected from subcortical 

white matter and visible blood vessels were removed. After a 20-min digestion in 
0.25 % (w/v) trypsin (Sigma, St. Louis, MO), the cell suspension was gently 
triturated and washed with DMEM/HAM-F10 medium containing 10 % (v/v) FCS 

and antibiotic supplements. After passage through a 100-m filter, myelin was 
removed by Percoll gradient centrifugation. Erythrocytes were lysed by 15-min 
incubation on ice with 155 mM NH4Cl, 1 mM KHCO3 and 0.2 % (w/v) bovine serum 
albumin. Recombinant human granulocyte-macrophage colony stimulating factor 
(PeproTech Inc, Rocky Hill, NJ) was added to microglial cultures every 3 days at a 

final concentration of 20 g/mL to promote proliferation and survival. The purity of 
the cultured microglia was verified by staining for CD68 before cell stimulation and 
RNA isolation. Generally, microglia cultures were found to be > 99 % pure.   
Human monocyte-derived macrophages were obtained by isolating CD14+ 
monocytes from peripheral blood mononuclear cells from healthy blood bank 
donors, using EasySep® magnetic beads (Stemcell Technologies, Grenoble, 
France), and differentiating these at 1.5 x 10

6
 cells/mL with 50 ng/mL macrophage-

colony stimulating factor (Preprotech, Rocky Hill, NJ) for 5-6 days, as previously 
described

20
. 

Activation of microglia and macrophages by HSPB5 was performed using sterile 
clinical-grade recombinant human HSPB5 (Delta Crystallon BV, Leiden, The 
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Netherlands) containing 5 ng/mg (0.0005%) E. coli proteins, < 0.7 EU/mg 
endotoxins, and < 75 pg/mg bacterial DNA. As previously shown

15
, this 

recombinant protein preparation does not activate HEK293 reporter cells 
expressing either of the individual human TLRs 1-10 (without CD14) at 
concentrations up to 200 μg/mL, confirming the absence of any confounding 
bacterial contaminants. Activation of microglia and macrophages was routinely 
performed by adding HSPB5 to a final concentration of 50 μg/mL, unless otherwise 
indicated. Priming of cells with IFNγ was typically performed 24 h prior to the 
addition of HSPB5, by supplying the microglial or macrophage cultures with 
recombinant human IFNγ (PreproTech) to a final concentration of 20 ng/mL.  
 

Immunohistochemistry and -cytochemistry  
Paraffin sections were de-paraffinized with xylene, rehydrated through graded 
alcohol and washed in distilled water. Antigen retrieval was performed using citrate 
buffer and heating, and after washing, endogenous peroxidase activity was 
quenched by incubating the slides in 0.3% (w/v) hydrogen peroxide in PBS. 
Sections were blocked with PBS containing 1% (v/v) normal goat serum, and 
incubated overnight with primary antibodies (Supplementary Table 2) diluted in 
PBS/serum. For immunofluorescence studies, snap-frozen sections (5 μm) were 
fixed with acetone. After rinsing in PBS, sections were incubated with a blocking 
solution (CleanVision IHC/ICC, Immunologic, Duiven, The Netherlands) 
supplemented with 1 % (v/v) normal human serum (Dako, Glostrup, Denmark) for 2 
h. Subsequently, the sections were washed in PBS and incubated overnight with 
primary antibodies at 4°C. After washing in PBS, sections were incubated with 
secondary antibodies (Supplementary Table 2) for 60 min at room temperature. 
Omission of primary antibodies served as negative controls. After washing in PBS, 
sections where incubated with 0.5% (w/v) Sudan black (Sigma, St. Louis, MO), and 
cell nuclei were visualized with 4',6-diamidino-2-phenylindole. Sections were 
viewed using confocal laser scanning microscopy (Leica TCS-SP confocal). Optical 
slices were collected in the z-direction. Images were collected using a Plan-
Apochromate Leica and 63- or 100-fold objective. Image processing was 
performed using NIH Image J software (http://rsb.info.nih.gov/ij/index.html). 

For immunocytochemical analyses of the NADPH subunits P22Phox and 
P47Phox, and of iNOS, human microglia and macrophages were cultured in 
chamberslides and cells were fixed with 4% (w/v) paraformaldehyde 24 h or 48 h 
after HSPB5-induced activation in all cases, or 48 or 72 h after treatment with IFNγ 
alone. Subsequently, cells were permeabilized and blocked with PBS containing 
10% (v/v) normal goat serum and 0.1% (w/v) saponin (Sigma, St. Louis, MO). 
Fixed and blocked cells were incubated overnight with primary antibodies, washed 
with PBS and incubated with secondary antibodies for 60 min at room temperature. 
Antibodies used are listed in Supplementary Table 2. Staining intensity was 
quantified as corrected total cell fluorescence (CTCF) using Image J. 
 

Microarray transcript profiling 
Microarray transcript profiling of four microglia cultures and four macrophage 
cultures was performed using whole human genome GE 4 x 44K GF4112F 
microarrays, according to the manufacturer’s protocol (Agilent Technologies, Palo 
Alto, CA) as previously described in detail

19,20
. Briefly, total microglial/macrophage 

RNA was isolated in 0.75 mL of TRIzol®, and extracted according to the 
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manufacturer’s protocol (Invitrogen, Breda, The Netherlands). RNA integrity and 
concentrations were measured on a Bioanalyzer 2100 (Agilent Technologies, 
Santa Clara, CA) and a Nanodrop spectrophotometer ND-1000 (Fisher Scientific, 
Waltham, MA). All samples were of high quality with an RNA Integrity Number 
(RIN-value) between 7.6 and 8.7 and 260/280 ratios greater than 2.00. Samples of 
500 ng total RNA were used as input for amplification and labelling with the Quick 
Amp Labelling kit (Agilent Technologies, Palo Alto, CA), according to the 
manufacturer’s guidelines including control spikes. Labeled RNA was purified using 
the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands) yielding 7.5 µg or more of 
labeled cRNA and specific activities greater than 15.3 pg Cye3 dye/µg cRNA and 
18.9 pg Cy5 dye/µg cRNA. Hybridized arrays were scanned using a microarray 
scanner G2505C (Agilent Technologies) and Feature Extraction v10.7 using the 
manufacturer’s protocols (Agilent Technologies).  
 

Real-time PCR  
Total cellular RNA was isolated using TRizol® as described above. RNA was 
reverse transcribed into cDNA and levels of different genes, including β-actin as a 
reference, were determined by real-time PCR (RT-PCR) using SYBR®green. The 
primers used (Biolegio, Nijmegen, The Netherlands) are listed in Supplementary 
Table 3.  
 

Cytokine, nitric oxide and kinase assays  
Quantitation of cytokines in microglial culture supernatants was performed using 
commercially available ELISA kits according to the manufacturer’s instructions 
(eBioscience, San Diego, CA, and Sanquin, Amsterdam, the Netherlands). 
Release of nitric oxide was monitored by quantifying the concentration of nitrite in 
the culture medium after activation of microglia or macrophages, by mixing culture 
supernatants 1:1 with Griess reagent and measuring absorbance at 550 nm.  
MAP kinase activation patterns were monitored by western blotting of macrophage 
lysates after treatment of the cells with 50 μg/mL HSPB5 for the indicated times. 
Macrophages were treated with lysis buffer (Cell Signal Technologies, Danvers, 
MA) and after western blotting, probed with rabbit antibodies against 
phosphorylated v-akt murine thymoma viral oncogene homolog-1 (AKT), cAMP 
responsive element binding protein 1 (CREB; Cell Signal Technologies) and 
glycogen synthase kinase 3β (GSK3; Pierce Thermo Scientific, Rockford, IL) 
according to the manufacturer’s instructions, using β-actin-specific antibodies as 
internal reference (Abcam, Cambridge MA). As secondary antibodies, horse radish 
peroxidase-coupled anti-rabbit IgG was used according to the manufacturer’s 
instructions (Cell Signal Technologies). 
 

Statistical analyses  
Statistical evaluation of data obtained with the various cytokine, nitrite and kinase 
assays was performed using GraphPad prism software (version 3.0, GraphPad 
Software). All p-values < 0.05 were considered significant (*= p< 0.05; **= p< 0.01; 
***=p< 0.001). Analysis of microarray data was performed with R and BioConductor 
package Limma, as previously described in detail

20
. Background correction was 

performed with the normexp function with an offset value of 50. Global Loess within 
array normalization and quantile between array normalization were performed. To 
alleviate multiple testing correction, probes coding for a single gene were collapsed 
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upon gene symbol
45

, poorly annotated genes, and genes with low variance, were 
filtered from the analysis. Array quality weight was used to fit a heteroscedastic 
model to the expression values for each gene and was incorporated into the linear 
model approach to find differentially expressed genes. A Benjamini-Hochberg 
corrected P-value of <0.05 and a fold change >2.0 were used as cut-off to 
determine significance. 

 
Results 
 

IFNγ priming profoundly alters the HSPB5-induced cytokine response profile 
of microglia and macrophages 
In two recent reports, we have documented the TLR2-mediated state of activation 
that is induced by HSPB5 in cultured human microglia and macrophages by 
genome-wide microarray transcript profiling, PCR analyses and ELISA, based on 
data obtained with 12 different isolates of either cell type

19,20
. These data sets 

clarified that among many other factors, HSPB5 induces in both cell types the 
secretion of large amounts of IL-10, modest amounts of TNF and IL-6, while failing 
to trigger secretion of IL-1β or IL-12. Activation by HSPB5 alone leads to marked 
accumulation of IL-1β-encoding transcripts, but it does not lead to processing and 
secretion of mature IL-1β. Ample in vivo evidence has confirmed that such a TLR2-
mediated regulatory microglia/macrophage response to soluble extracellular 
HSPB5 contributes to neuroprotection and suppression of inflammatory damage 
not only within the central nervous system, but also in other organs and 
tissues

19,21,23,26,28,29,31,32,46,47  .  
As shown in Figure 1, exposure of cultured human microglia or macrophages to 

IFNγ prior to activation with HSPB5 profoundly changed this protective response 
profile. IFNγ-priming led to abrogation of the IL-10 response to HSPB5, and 
strongly promoted HSPB5-induced production of TNF, IL-6, IL-12 and IL-1β. These 
changes were seen both at the level of transcript accumulation 4 h after activation, 
and at the level of secreted mediators found in the culture medium after 24 h. 
Importantly, treatment of microglia or macrophages with IFNγ alone did not lead to 
significant production of any of these cytokines (Figure 1; note that all curves 
including those that involve 24-h pre-treatment with IFNγ start at medium control 
levels). This profound shift in the HSPB5-triggered cytokine balance illustrates how 
exposure to IFNγ changed the otherwise protective response of both cell types to 
HSPB5 into a strongly pro-inflammatory classical response. The data in Figure 1 
were obtained after exposing cultured microglia and macrophages to 20 ng/mL 
IFNγ for 24 h prior to activation by HSPB5. While these conditions best 
demonstrate the impact of IFNγ, qualitatively similar results were obtained with 
different concentrations of IFNγ, and after pre-treating cells with IFNγ for much 
shorter times. The IFNγ-mediated priming effects were therefore robust, and did 
not critically depend on dosing or timing. 

We next extended the analysis to factors involved in production of reactive 
oxygen and nitrogen species, viz. iNOS and NADPH oxidase-2. As evaluated by 
immunocytochemistry, iNOS nor the NADPH oxidase-2 subunits P47Phox and 
P22Phox were expressed at high levels in untreated, cultured microglia or 
macrophages, nor were they induced by activation of these cells with HSPB5 
alone. While priming with IFNγ led to slightly enhanced expression of the NADPH  
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oxidase-2 subunits and iNOS in macrophages, robust and significantly higher 
expression of either factor in both cell types was only found following combined 
activation with both IFNγ and HSPB5. In Figures 2A and B, staining results for 
microglia and macrophages, respectively, are shown for P47Phox and iNOS 24 h 
after activation with HSPB5, which are also representative for the expression 
pattern of P22Phox. Quantification of the staining data is shown in Figure 2C. 
Especially in the case of macrophages, localization of P47Phox and P22Phox 
clearly pointed to assembly of a functional NADPH oxidase-2 complex at the 
plasma membrane, along with iNOS (inserts in Figure 2B). Enhanced expression of 
NADPH oxidase-2 subunits and iNOS was still observed 48 h after activation (data 
not shown). In line with the enhanced expression of iNOS, a significant increase in 
nitric oxide release was observed after IFNγ/HSPB5 treatment, but not upon 
activation with HSPB5 alone, as illustrated for macrophage cultures in Figure 2D. 
In contrast to the well-documented neuroprotective and anti-inflammatory effects 
mediated by microglia and macrophages upon activation with HSPB5 alone, these 
data show that combined activation with HSPB5 and IFNγ promotes a strikingly 
pro-inflammatory state of activation in these cells, accompanied by enhanced 
expression of free radical-generating enzymes. 

Figure 1. IFNγ profoundly  re-programs the HSPB5-induced cytokine response in human 
microglia and macrophages. Cultured human brain-derived microglia and monocyte-derived 
macrophages were activated by increasing concentrations of HSPB5 with or without prior exposure 
to 20 ng/mL IFNγ for 24 h as described in Materials and Methods. Changes in the levels of 
transcripts encoding IL-10, TNF, IL-12p40 and IL-1β were evaluated by RT-PCR 4 h after the 
addition of HSPB5, using β-actin as an internal standard to normalize values. In parallel 
experiments, levels of secreted IL-10, TNF, IL-12p70 and IL-1β were evaluated in culture 
supernatants by ELISA 24 h after the addition of HSPB5. The data, representative for results 
obtained with 3 microglia isolates and 12 macrophage isolates, illustrate the profound impact of 
IFNγ on the HSPB5-induced cytokine response profile. Note that none of the cytokines were 
induced by exposure of microglia or macrophages to IFNγ alone prior to HSPB5-mediated 
activation.  
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GSK3 plays an important role in controlling the microglia/macrophage 
response to HSPB5 and IFNγ 
To gain insight into the mechanism through which IFNγ changes the 
microglia/macrophage response to HSPB5, we explored the involvement of GSK3. 
This kinase is an important regulatory switch in innate macrophage responses, and 
a key player in mediating the inhibitory effects of IFNγ on macrophage IL-10 
responses induced by Pam3Cys, another TLR2 agonist

35,37
. To examine the role of 

GSK3 in the IFNγ-induced changes in HSPB5-triggered signalling in microglia and 
macrophages, we evaluated production of the signature cytokines IL-10, IL-12 and 
TNF in the presence or absence of the selective GSK3 inhibitor SB415286. This 
synthetic inhibitor inactivates GSK3, and thereby abrogates the GSK3-activating 
effects of IFNγ. As illustrated in Figure 3A, SB415286 almost completely blocked 
the IFNγ-induced shift in HSPB5-triggered IL-10 and IL-12 responses in both cell 
types, largely restoring the balance that is characteristic for cells activated by 
HSPB5 alone. The induction of TNF, which is largely controlled by NF-κB, was not 
affected by SB415286. Confirming a role of the PI3K/AKT pathway in mediating the 
HSPB5-induced phospho-inactivation of GSK3, HSPB5 led to increased 
phosphorylation of AKT, GSK3 and CREB in macrophages (Figure 3B).  

Figure 2. Combined activation of human microglia and macrophages with IFNγ and HSPB5 
promotes robust expression of NADPH oxidase-2 subunits and iNOS, accompanied by 
release of reactive nitrogen species Cultured human microglia and macrophages were 
activated by either HSPB5 or IFNγ, or with both factors, and examined by immunocytochemical 
staining for expression of the NADPH oxidase-2 subunits P47Phox and iNOS. Results obtained 
24 h after activation of microglia with HSPB5 (panels A) were similar to those for macrophages 
(panels B), and revealed robust expression of the mediators of oxidative and nitrosative stress 
only in response to activation with both stimuli. In macrophages, such expression was clearly 
membrane-associated, as shown in the inserts. The orange inclusions in microglia represent 
endogenous autofluorescent inclusions that are found in all human microglial cultures. 
Quantification of staining data is shown in C (upper panels for microglia, lower panels for 
macrophages). In line with these findings, meaningful nitrite accumulation in the culture medium 
was also exclusively found after cells were treated with both stimuli, as illustrated for 
macrophages in panel D (Bar = 50 μm).  
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In addition, the selective PI3K inhibitor PI828 suppressed the HSPB5-induced 
production of IL-10 by about 80%, while leaving production of the NF-κB-controlled 
cytokines IL-6 and TNF largely unaffected (Figure 3C). Together, these data 
support the notion that the effects of IFNγ priming on the HSPB5-induced response 
in microglia and macrophages is controlled to a large extent by GSK3. While 
HSPB5-mediated signalling through PI3K/AKT leads to phospho-inactivation of 
GSK3, IFNγ priming dominantly activates GSK3.  

Finally, Figure 3D additionally shows that HSPB5 also activates major kinases in 
the macrophage MAP kinase pathway, viz. P44/42, P38 MAPK and MEK1/2. 
Together with the above data, this confirms that HSPB5-mediated activation of 
microglia/macrophages involves a classical flow of TLR2-mediated signals through 
not only NF-κB and the PI3K/AKT/GSK3 pathway, but also through the MAP kinase 
pathway.  
 

 
 

Figure 3. GSK3 plays a major role in regulating the macrophage IL-10/IL-12 balance in 
response to HSPB5 and IFNγ To examine the role of GSK3, the effects of the selective GSK3 
inhibitor SB415286 were tested on the release of IL-10, IL-12p70 and TNF by microglia and 
macrophages activated either by HSPB5 alone, or by HSPB5 and IFNγ together (A). The 
profound IFNγ-induced shift in the balance between IL-10 and IL-12 responses to HSPB5 was 
almost completely blocked by inactivating GSK3 with SB415286, while the NF-κB-controlled 
production of TNF was not affected. Exposure to IFNγ alone did not lead to any cytokine 
production (cf. Figure 1; not shown in A). Involvement of the PI3K/AKT/GSK3 pathway in 
controlling HSPB5-induced IL-10 production was further supported by the increased 
phosphorylation state of macrophage kinases belonging to this pathway (B), as well as by the 
effects of the selective PI3K inhibitor PI828 (C). In the presence of this inhibitor, macrophage IL-
10 production was suppressed by about 80%, while the NF-κB-controlled production of IL-6 and 
TNF remained unaffected.  D illustrates that apart from the PI3K/AKT/GSK3 pathway and NF-κB, 
HSPB5 also activates a third major signaling pathway in macrophages, viz. the MAP kinase 
pathway. In all cases, results shown are representative for at least three separate experiments. 
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Markers for combined activation of microglia and macrophages by IFNγ and 
HSPB5 
To examine MS-affected brain tissue for signs of IFNγ-mediated reprogramming of 
microglial and macrophage responses to HSPB5, direct immunohistochemical 
demonstration of extracellular IFNγ and HSPB5 as activating signals would be a 
logical approach. However, both factors have very short half-lives in the 
extracellular space. Extracellular IFNγ is taken up and degraded by microglia and 
macrophages within minutes, leaving little opportunity for its direct detection as an 
extracellular signalling factor by immunohistochemistry

48
. Indeed, with an 

approximate half-life of IFNγ in biological fluids of well below 1 h, direct 
demonstration of extracellular IFNγ in MS lesions, or in samples of cerebrospinal 
fluid, has been notoriously difficult

49
. The same applies to extracellular HSPB5. 

Macrophages and microglia internalize and degrade extracellular HSPB5 equally 
rapidly, abrogating its direct detectability as an extracellular signalling factor by 
staining within approximately 30 min

19
. Only in cases of very recent release and 

uptake of HSPB5 has it been possible to document its presence in the endosomal 
pathways of macrophages/microglia in MS-affected brain samples

15,50
. 

To circumvent this problem or poor detectability of both IFNγ and HSPB5 as 
extracellular factors, we identified intracellular microglia/macrophages markers for 
combined activation with IFNγ and HSPB5. More persistent and therefore more 
suitable as targets for immunohistochemical staining than the elusive, short-lived 
extracellular triggers themselves, these markers were used as intracellular 
reflections of the functional footprint of IFNγ and HSPB5. To document the 
presence of HSPB5 and the source of IFNγ in MS-affected brain samples, we 
additionally stained for HSPB5 and for the transcription factor T-box 21 (TBX21; 
also known as T-bet), which is a well-established driver of IFNγ production in Th1 
and Tc1 cells

51
.  

To identify selective microglia/macrophage markers for combined activation by 
IFNγ and HSPB5, we performed a small-scale microarray transcript analysis of 
microglia and macrophages 4 h after activation with either HSPB5, IFNγ, or a 
combination of both factors, using four isolates of either cell type. As summarized 
in Table 1, this exploration yielded several candidate markers. Amongst the factors 
most strongly induced upon combined IFNγ/HSPB5 activation in both cell types 
were the three CXCR3-targeting chemokines CXCL9, CXCL10 and CXCL11. 
Previous reports have already documented the abundant and selective presence of 
these chemokines in actively demyelinating MS lesions, along with the CXCR3

+
 

Th1 and Tc1 cells they selectively recruit
39,52–54

. Focusing on intracellular markers 
instead, we examined several guanylate-binding proteins (GBPs), viz. GBP1, 
GBP4 and GBP5, and the ubiquitin-like protein F-adjacent transcript 10 (FAT10). 
Upon genome-wide transcript profiling, these factors emerged among the ten 
strongest induced transcripts in microglia 4 h after combined activation by IFNγ and 
HSPB5. In macrophages, they ranked among the 25 most strongly induced 
transcripts. While IFNγ alone also led to induction of these factors, albeit to a 
markedly lower extent, their induction by HSPB5 alone was very modest or absent, 
as documented in Table 1. This latter difference was considered the most 
important one, given our aim to distinguish microglia/macrophages activated by 
both IFNγ and HSPB5 from cells activated by HSPB5 alone.  
 



CHAPTER 8 

174 

 

Table 1. Effects of HSPB5 and IFN-γ on the expression levels of selected transcripts 
in human microglia and macrophages 
 

Gene 
product 

HSPB5 IFNγ HSPB5 + IFNγ 

 FC p-value FC p-value  FC p-value 

Microglia 

CXCL9 5.4 NS 59.5 1 x 10
-3

 315 2 x 10
-4

 
CXCL10  5.5 3 x 10

-2
     15.8 2 x 10

-3
  57 1 x 10

-4
 

CXCL11  5.3 3 x 10
-2

 8.0 9 x 10
-3

 70 5.5 x 10
-5
 

GBP1 6.2 3 x 10
-3

 7.7 1 x 10
-3

 28 3.5 x 10
-5
 

GBP4 5.5 8 x 10
-3

 11.2 9 x 10
-4

 33 5.7 x 10
-5
 

GBP5 6.3        3.6 x 10
-2
           20.7 3 x 10

-3
 90 2 x 10

-4
               

FAT10 1.9 NS 8.8 2.9 x 10
-2
 46 1 x 10

-3
 

Macrophages 

CXCL9 0.7 NS 171 9.5 x 10
-8
 277 1.5 x 10

-7
 

CXCL10  0.5 NS 24.9 3.3 x 10
-6
 44 1.7 x 10

-6
 

CXCL11  0.9 NS 52.2 7.9 x 10
-13

 64 2.7 x 10
-12

 
GBP1 2.7 2 x 10

-3
 25.9 1.6 x 10

-10
 37 1.9 x 10

-10
 

GBP4 1.4 NS 28.4 4.6 x 10
-13

 31 2.7 x 10
-12

 
GBP5 1.7 NS 70.4 3.9 x 10

-9
 103 6.7 x 10

-11
 

FAT10 0.7 NS 117.3 2.9 x 10
-10

 170 6.3 x 10
-8
 

evaluated by genome-wide microarray profiling (n=4); FC -  fold change in transcript levels relative to 

untreated control cells; NS - not significant. 
 

Current data on the biological roles of GBP1, GBP4, GBP5 and FAT10 indicate 
that they are not just phenotypic markers for the re-programming effects of IFNγ, 
but important functional markers as well. FAT10 promotes NF-κB-mediated 
expression of pro-inflammatory cytokines, by targeting IκB for degradation

55
. The 

different GBPs contribute to cell-autonomous immunity by assisting in the 
assembly of protein complexes such as the NLRP3 inflammasome and NADPH 
oxidase-2

56–58
.  

Their induction thus stimulates processing and secretion of mature IL-1β, and 
also promotes release of reactive oxygen and nitrogen species. As illustrated 
above in Figure 1 and 2, these are key features of the classical state of activation 
that is induced in microglia and macrophages by concomitant exposure to IFNγ 
and HSPB5.  

With no adequately performing antibody for GBP4 available, we validated the 
suitability of GBP1, GBP5 and FAT10 as staining markers. For this purpose, we 
examined their expression as intracellular factors in cultured microglia and 
macrophages cells after activation by either HSPB5 and IFNγ alone, or combined 
activation with both. As exemplified by the expression patterns of GBP1 and FAT10 
in macrophages (Figure 4A) all of the above markers emerged at high levels of 
expression in cultured cells only following combined activation, while remaining 
close to undetectable in cells activated by HSPB5 alone, fully in line with the results 
of our micro-array analysis. The suitability of the various markers for 
immunohistochemical analysis of MS-affected brain tissue samples was further 
examined by single and double-staining. To illustrate our findings, Figures 4B-C 
provide some example results. Figure 4B shows how intense staining for GBP1 (as 
well as for GBP5 and FAT10) was generally associated with marked demyelination, 
while in instances of only moderate demyelination such staining was equally 
modest. Figure 4C confirms the cellular localization of GBP1 to be limited to 
activated HLA-DR

+
 cells within perivascular infiltrates.  
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Finally, Figure 4D confirms the suitability of the nuclear transcription factor TBX21 
as a marker to selectively highlight the presence of IFNγ-producing CD3

+
 T cells in 

inflammatory infiltrates. 

  

 
 

Tracing the functional footprint of IFNγ and HSPB5 in MS-affected brains 
Having identified and validated GBP1, GBP5 and FAT10 as intracellular staining 
markers for combined activation of microglia and macrophages by IFNγ and 
HSPB5, we examined a collection of brain tissue samples from 12 MS-affected 
brains as well as from 3 control brains for expression of these markers. In this 
evaluation, we used PLP expression to reveal areas of demyelination, and 
expression of HSPB5, CD3 and TBX21 to highlight (the source of) both activating 
triggers. In Figure 5A-C, representative data are illustrated for inflammatory MS 
lesions at three different stages of demyelination. While the infiltrated blood vessel 
represented in Figure 5A is not yet surrounded by marked demyelination, the one 
in Figure 5C is accompanied by extensive demyelination. Perivascular 
macrophages in the lesion represented in Figure 5C contain clearly detectable 
amounts of ingested HSPB5. As explained before

50
, this lesion therefore 

Figure 4. Validation of immunohistochemical markers To verify the suitability of GBP1, GBP5 
and FAT10 as markers for HSPB5/IFNγ-activated microglia and macrophages, both types of cells 
were stimulated in culture with either HSPB5, IFNγ or both stimuli, and subsequently stained for the 
above makers. Representative data for both cell types and for all markers, as found in at least three 
independent experiments for either cell type, are illustrated in A by the expression patterns of GBP1 
and FAT10 in human macrophages. In all cases, prominent intracellular staining was observed only 
following combined activation of cells with HSPB5 and IFNγ. The suitability of the markers for 
staining human brain tissue samples is further exemplified by staining results for GBP1 in multiple 
sclerosis-affected brain samples (B and C). In C, double staining is shown for GBP1 and HLA-DR, 
confirming that only activated microglia/macrophages express this marker. Finally, D shows that as 
a rule, infiltrated cells positive for the nuclear transcription factor TBX21, which drives IFNγ 
production, are also positive for the T-cell marker CD3.  
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represents a very early, actively demyelinating lesion, in which very recent uptake 
of HSPB5 in the endosomal pathway of microglia/macrophages can still be 
visualized by staining. Both in this case, and in all other lesions we examined, we 
found marked expression of GBP1, GBP5 as well as FAT10 in HLA-DR

+
 cells 

within perivascular infiltrates in areas of demyelination. In each case, such 
activated cells were accompanied by TBX21

+
CD3

+
 T cells, and found in close 

association with brain tissue containing oligodendrocytes that displayed intense 
HSPB5 staining. Also myelin in these areas stained for HSPB5, in line with 
previous reports

11,12,14,15
. In lesions at a more advanced stage of demyelination, 

such as the one in Figure 5C, HSPB5 staining was additionally found in astrocytes, 
again in line with previous reports. 

Contrasting the consistent expression of GBP1, GBP5 and FAT10 in HLA-DR
+
 

activated macrophages within the inflammatory infiltrates in demyelinating MS 
lesions, clusters of HLA-DR

+
 activated microglia in normal-appearing white matter 

did not express any of these markers, nor did we find any TBX21
+
CD3

+
 T cells in 

such areas. Figure 6A illustrates this by showing a tissue section in which a blood 
vessel in the white matter with a perivascular infiltrate is surrounded by still fully 
myelinated tissue. Within the normal-appearing region of this tissue sample, a 
cluster of HLA-DR

+
 microglia is clearly visible, along with more isolated dispersed 

HLA-DR
+
 microglia. While a number of perivascular macrophages are positive for 

GBP1 and FAT10, and serve as a positive control for adequate staining for these 
markers, GBP1 and FAT10 are both fully absent from HLA-DR

+
 microglia in the 

surrounding tissue, also in the cluster of activated microglia, despite these latter 
cells being in close proximity to HSPB5

+
 oligodendrocytes. The same applied to 

GBP5 (data not shown). 
 
 

 
 

Figure 5. legend see next page 
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As additional controls, white matter sections from control brain donors consistently 
lacked the increased expression of HSPB5 seen in MS-affected brains, were 
devoid of CD3

+
 T cells, and also lacked any of the markers for combined activation 

of microglia/macrophages with HSPB5 and IFNγ, as exemplified by GBP1 (Figure 
6B).In previous reports, we have documented how clusters of HLA-DR

+ 
microglia in 

normal-appearing white matter take up HSPB5 from nearby stressed 
oligodendrocytes, and consistently display the molecular markers that typify the 
state of HSPB5-activated microglia

15,19
. The present findings emphasize that such 

HSPB5-activated microglia in non-demyelinated tissue lack the markers that are 
characteristic for additional exposure to IFNγ as a second activating signal.  
 

 

Figure 5. Expression of the microglial/macrophage markers for combined activation by 
HSPB5 and IFNγ are associated with demyelinating multiple sclerosis lesions Three 
representative examples of serial sections of active lesions at varying stages of demyelination are 
shown. The series of images in A represent an early stage in which the tissue is heavily infiltrated, 
but demyelination has not yet become apparent. B shows an early active demyelinating lesion. 
The insert in the HSPB5 panel in this series shows phagosomal localization of HSPB5 in 
perivascular macrophages, indicative of early stages of myelin degradation (see text for further 
explanation). C illustrates an inflammatory lesion that is associated with more advanced 
demyelination. In all cases, the inflammatory infiltrate emerges as the center of 
microglial/macrophage activation, and is consistently surrounded by brain tissue with marked 
expression of HSPB5. Especially in A and B, HSPB5 is prominently expressed by 
oligodendrocytes, while astrocytes become an additional source of HSPB5 at later stages. In all 

cases, the infiltrate contained numerous TBX21
+

CD3
+

 T cells (as a local source of IFNγ), along 
with activated microglia/macrophages that expressed HLA-DR, GBP1, GBP5 and FAT10 at high 
levels.  
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Discussion 
 

We and several other groups have previously documented the widespread, up to 
20-fold enhanced expression of HSPB5 in MS-affected brains, in both 
demyelinating areas and normal-appearing white matter

10–15
. The present data 

confirm these findings, and extend the biological significance of such HSPB5 
accumulation. Not only does HSPB5 act as an intracellular chaperone that limits 
the effects of oxidative stress, especially in oligodendrocytes, HSPB5 also 
activates TLR2-mediated neuroprotective and anti-inflammatory responses in 
microglia and macrophages

19,20
. In the present study, we show that IFNγ priming 

profoundly re-programs this otherwise protective microglia/macrophage response 
to HSPB5, and changes it into a strongly pro-inflammatory and destructive classical 
response. The molecular signature of this response was consistently found in 

Figure 6. In normal-appearing white matter or control brains, activated microglia lack the 
markers for combined HSPB5/IFNγ-induced activation Serial sections of normal-appearing 

white matter from multiple sclerosis-affected brains were stained for PLP, CD3
+

 T cells, HSPB5 and 
HLA-DR, along with GBP1 and FAT10 as markers of combined HSPB5/IFNγ activation (A). A 
representative example is shown in which a mildly infiltrated blood vessel is additionally present, 
serving as an internal control for CD3, HLA-DR, GBP1 and FAT10 expression. In normal-appearing 

white matter, clusters of activated HLA-DR
+

 microglia (marked by an arrow in the HLA-DR panel) 

are regularly seen. Like the more dispersed HLA-DR
+

 microglia in normal-appearing white matter, 

however, these clusters lack expression of GBP1 and FAT10, consistent with the absence of CD3
+

T 
cells from these areas as a potential source of IFNγ. Also GBP5 was not expressed in normal-
appearing white matter (not shown). In B, serial sections of a control brain are shown that were 
stained for CD3, HSPB5 and GBP1, illustrating the absence of any of these markers in normal brain 
tissue, unaffected by multiple sclerosis. The same result was found for GBP5 and FAT10 (not 
shown).  
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activated microglia/macrophages in areas of demyelination, but not in activated 
microglia in non-demyelinated brain tissue, nor in brain tissue of control donors. 
Together, these findings suggest that IFNγ released by T cells within inflammatory 
infiltrates during MS can act as a critical cofactor that re-programs local microglia 
and macrophages to become HSPB5-triggered drivers of demyelination and 
oxidative damage.   

Our data indicate that GSK3 plays an important role in mediating the re-
programming effects of IFNγ on microglia and macrophages, in line with previous 
reports

35,37
. While HSPB5 inactivates GSK3 via the PI3K/AKT pathway, and thus 

promotes CREB/AP-1 mediated IL-10 expression, exposure to IFNγ leads to 
activation of GSK3, which blocks HSPB5-induced IL-10 production and promotes 
IL-12 production. These dominant effects of IFNγ-mediated GSK3 activation are 
essentially the same as those previously reported for IL-10 production induced by 
another TLR2 agonist, viz. Pam3Cys

35
. Yet, several additional mechanisms are 

likely to contribute to the effects of IFNγ on microglia and macrophages. Recent 
evidence indicates that exposure of macrophages to IFNγ also induces chromatin 
remodelling, thus changing the accessibility for transcription factors and RNA 
polymerase II of genes that encode critical cytokines

36
. As a result, genes encoding 

TNF, IL-6, and IL-12 become more responsive to TLR-induced expression, while 
the IL-10 gene becomes less responsive. Furthermore, IFNγ inhibits several anti-
inflammatory feedback mechanisms in macrophages that are otherwise triggered 
via autocrine stimulation by IL-10. IFNγ re-directs IL-10-induced activation of the 
anti-inflammatory factor STAT3 to the pro-inflammatory factor STAT1

44
. It also 

blocks the appearance of the transcriptional feedback repressors Hes1 and Hey1 
that are otherwise induced by IL-10, and selectively suppress expression of IL-6 
and IL-12

59
. Together, these combined effects of IFNγ priming strongly promote the 

development of a classical pro-inflammatory microglial/macrophage response to 
TLR signalling. Clearly, IFNγ-induced reprogramming is not unique to HSPB5-
induced activation of microglia and macrophages, but would also alter 
microglial/macrophage responses to any other TLR agonist that may be available.  

Our data show that in the case of HSPB5-induced activation of microglia and 
macrophages, re-programming by IFNγ results in a strongly enhanced expression 
of the three CXCR3-targeting chemokines CXCL9, CXCL10 and CXCL11. Upon 
genome-wide microarray transcript profiling of IFNγ/HSPB5-stimulated microglia, 
the above three chemokines emerged among the five overall most strongly induced 
factors, being induced up to 300-fold. As prominent signs of combined activation of 
microglia/macrophages by IFNγ and HSPB5, their presence in inflammatory 
demyelinating MS lesions, and their increased levels in the cerebrospinal fluid of 
MS patients especially during disease exacerbation has been well 
documented

39,52–54,60
. The three guanylate-binding proteins GBP1, GBP4 and 

GBP5 were additionally induced strongly in microglia and macrophages by both 
IFNγ and HSPB5, along with FAT10. Such induction is in line with previous reports 
demonstrating the responsiveness of these factors to IFNγ

56,61–63
, but to the best of 

our knowledge, their enhanced expression in inflammatory demyelinating MS 
lesions is a novel finding. FAT10 regulates cellular functions by targeting various 
intracellular proteins for proteasomal degradation

64
. One of its targets is the NF-κB 

inhibitor IκB and by promoting the degradation of this inhibitor, FAT10 enhances 
TLR-mediated activation of NF-κB

55
. The presently observed increased production 

of cytokines that are largely controlled by NF-κB, such as IL-6 and TNF (Figures 1 
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and 3B), is fully in line with this. In addition, FAT10 stimulates proteasomal 
degradation of intracellular pathogens such as viruses, for presentation via MHC 
class I molecules

65
. Such a host-defence function parallels that of the different 

GBPs that are prominently induced by IFNγ/HSPB5 as well. GBPs contribute to 
cell-autonomous immunity by regulating vesicular traffic and protein complex 
assembly. They stimulate oxidative, autophagic, and inflammasome-related 
antimicrobial activities

56–58
. Their induction in microglia and macrophages readily 

explains how combined activation with IFNγ and HSPB5 triggers secretion of 
mature IL-1β, assembly and activation of the NADPH oxidase-2 complex at the 
plasma membrane, and production of reactive oxygen and nitrogen species, none 
of which is observed in microglia or macrophages activated by HSPB5 alone. Fully 
consistent with our present findings, ample evidence supports the notion that 
expression of the machinery responsible for the generation of reactive oxygen and 
nitrogen species, and the resulting signs of oxidative injury, are consistent and 
prominent features of actively demyelinating MS lesions

2,3,5,6,8
. 

Finally, it is of interest to note an intriguing self-amplifying quality in the microglial 
and macrophage response to combined activation with IFNγ and HSPB5 in the 
central nervous system. Oligodendrocytes are highly susceptible to oxidative injury, 
and selectively accumulate HSPB5 in response to oxidative stress

17,18
. By 

releasing reactive oxygen and nitrogen species, IFNγ/HSPB5-activated microglia 
and macrophages will therefore stimulate the accumulation of HSPB5 in nearby 
oligodendrocytes. This effect is likely aggravated by high levels of TNF, given that 
IFNγ induces expression of TNF receptor 1 on oligodendrocytes, as well as by the 
concomitant accumulation of extracellular iron

66
. At the same time, CXCL9, 

CXCL10, CXCL11 and IL-12 are released by IFNγ/HSPB5-activated microglia and 
macrophages. Along with factors that activate the blood-brain barrier, such as TNF, 
IL-1β, and IFNγ itself

67
, these factors will promote selective recruitment as well as 

activation of CXCR3
+
 Th1 and Tc1 cells, and consequently promote antigen-driven 

local secretion of IFNγ, the signature cytokine of such T cells. HSPB5 itself can 
play a role in this respect as a bona fide T-cell antigen, given its functional 
presentation to T cells during MS by HLA-DR

+
CD40

+
CD80

+
 perivascular 

macrophages, and its ability to induce IFNγ release by such T cells
50,68

. In the 
presence of oligodendrocytes as a pivotal local source of HSPB5, therefore, 
IFNγ/HSPB5-mediated activation of microglia and macrophages in the central 
nervous system promotes the continued accumulation of IFNγ and HSPB5 
themselves. This self-perpetuating aspect of the response may help explain the 
fact that the inflammatory process during MS centers around oligodendrocytes, and 
that it is chronic.  
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Supplementary data 
 
Supplementary table 1. Characteristics of multiple sclerosis patients and control 
subjects serving as donors for brain samples used for immunohistochemical studies 
and microglia isolation 
 

Code Age Gender
  

PM 
delay 
(h:m)     

Diagnosis       MS 
Disease 
duration 
(y) 

Cause of death 

Donors for immunohistochemical studies 

MS1 75 F 08:00 MS 33 Pmeumonia 
MS2 72 F 12:00 MS(PP) 59 Euthanasia 
MS3 40 F 08:00 MS(PP) 14 Dehydration  
MS4 66 M 07:45 MS Unknown Sepsis 
MS5 47 M 07:15 MS 7 Urosepsis; organ failure 
MS6 66 F 06:00 MS 22 Unknown 
MS7 66 M 07:30 MS(PP) 26 Ileus  
MS8 57 F 28:10 MS(PP) 33 Euthanasia 
MS9 74 M 10:15 MS 49 Respiratory insufficiency 
MS10 54 M 08:15 MS 12 Euthanasia 
MS11 50 F 07:35 MS 32 Euthanasia 
MS12 66 F 09:35 MS Unknown Euthanasia 
MS13 54 M 10:50 MS Unknown Euthanasia 
C1 58 F 12:00 Control N/A Myocardial infarction 
C2 46 F 12:00 Control N/A Myocardial infarction 
C3 37 M 08:30 Control  N/A Suicide 

Donors for microglia isolation 

C4 80 M 4:25 Control N/A euthanasia 

AD1 73 F 4:55 AD N/A 
Deterioration due to 
dementia 

C5 88 M 7:50 Control N/A 
Pneumonia, urinary tract 
infection 

MS14 60 F 7:25 Possible MS unknown Decreased intake 
AD2 96 F 5:05 AD N/A Acute heart failure 
FTD1 70 M 5:50 FTD N/A Decreased intake 
PD1 70 M 5:45 PD N/A Peritonitis, pneumonia 
PD2 74 M 4:35 PD N/A Decompensation cordis 
FTD2 75 F 5:15 FTD N/A Unknown 
AD3 43 F 4:15 AD N/A Unknown 
PD3 86 M 6:15 PD N/A Unknown  

AD - Alzheimer’s; FTD - Frontotemporal dementia; MS – Multiple sclerosis; N/A – not applicable;  PD = 
Parkinson’s; PM – post mortem delay 
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Supplementary table 2. Antibodies used for immunohisto- and cytochemistry 
 

Antigen Species/isotype Clone/code Dilution Source 

Primary antibodies 

HSPB5  mouse/IgG1 JAM-01 1:500 Delta Crystallon 

CD3 rat/IgG1 CD3-12  1:250 Serotec 

TBX21  rabbit  SC-21003 1:250  Santa Cruz 

PLP mouse/IgG2a MCA839G 1:3000 Serotec 

HLA-DR mouse/IgG2b LN3 1:1500 eBioscience Lt. 

FAT10 rabbit  EPR4370 1:100 LSBio 

GBP1 mouse/IgG1 1B2 1:250 
Antibodies 
Online,  

GBP5  rabbit  
ABIN149840
5 

1:250 
Antibodies 
Online,  

P22Phox rabbit FL-195 1:100 Santa Cruz 

P47Phox rabbit  ab74095 1:500 Abcam 

iNOS  rabbit  ab15323 1:50 Abcam 

Secondary antibodies 

EnVision Goat K5007  undiluted DAKO 

Anti-rat IgG-Alexa 488 Goat A11006 1:400 Invitrogen 

Anti-rat IgG-Alexa 488 Goat A11006 1:400 Invitrogen 

Anti-mouse IgG1-Alexa 488 Goat A21121 1:400 Invitrogen 

Anti-mouse IgG1-Alexa 594 Goat A21125 1:400 Invitrogen 

Anti-mouse IgG2a-Alexa 
594 

Goat A21135 1:400 Invitrogen 

Anti-mouse IgG2b-Alexa 
594 

Goat A21145 1:400 Invitrogen 

Anti-rabbit IgG-Alexa 488 Goat A11008 1:400 Invitrogen 

 

 

Supplementary table 3. Primers used for real-time PCR 

Target gene Sense primer Anti-sense primer 

β-actin 5’-GGTCATCACCATTGGCAA-3’ 5’-ACGTCACACTTCATGATG-3’ 

IL-12p40 5’-ACGGAAAGACCTCAGCCACC3’ 5’-GGGCCCGCACGCTAA-3’ 

IL-1β 5’-AAACAGATGAAGTGCTCCTTCC-3’ 5’-AAGATGAAGGGAAAGAAGGTGC-3’ 

IL-10 5’-CCAAGCTGAGAACCAAGA-3’ 5’-TAGAGTCGCCACCCTGAT-3’ 

TNF 5’-CCTCTTCTCCTTCCTGATC-3’ 5’-GCTACAACATGGGCTACA-3’ 

        



 

 
 

  


