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Abstract

Macrophages exert either a detrimental or beneficial role in Multiple Sclerosis (MS) pathology, 
depending on their inflammatory environment. Tissue Transglutaminase (TG2), a calcium-
dependent cross-linking enzyme, has been described as a novel marker for anti-inflammatory, 
interleukin-4 (IL-4) polarized macrophages (M(IL-4)), which represent a subpopulation of 
macrophages with phagocytic abilities. Since TG2 is expressed in macrophages in active 
human MS lesions, we questioned whether TG2 drives the differentiation of M(IL-4) into 
an anti-inflammatory phenotype and whether it plays a role in the phagocytosis of myelin 
by these cells. In macrophage-differentiated THP-1 monocytes, TG2 was increased upon IL-
4 treatment. Reducing TG2 expression impairs the differentiation of M(IL-4) macrophages 
into an anti-inflammatory phenotype and drives them into a pro-inflammatory state. In 
addition, reduced TG2 expression resulted in increased presence of myelin basic protein 
in macrophages upon myelin exposure of M(IL-4) macrophages. Moreover, the elevated 
presence of an early endosome marker and equal expression of a lysosome marker 
compared to control macrophages, suggest that TG2 plays a role in phagosome maturation 
in M(IL-4) macrophages These data suggest that tuning macrophages into TG2 producing 
anti-inflammatory cells by IL-4 treatment may benefit effective myelin phagocytosis in e.g. 
demyelinating MS lesions and open avenues for successful regeneration.
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Introduction

Multiple Sclerosis (MS) is a chronic neuroinflammatory and degenerative disease of the 
central nervous system (CNS) characterized by inflammation, demyelination and axonal loss. 
Although the pathogenesis of the disease is not fully understood yet, immune cell infiltration 
in the CNS represents a crucial step in the disease process underlying MS pathology1. In 
particular, monocytes represent an important cell type infiltrating the brain during MS. 
Once migrated into the brain tissue, monocytes further differentiate into monocyte-derived 
macrophages, an heterogeneous population of phagocytic cells able to display different 
phenotypes depending on the inflammatory environment surrounding the cells. The two 
best characterized polarized phenotypes in vitro are classically activated macrophages and 
alternatively activated macrophages2. The classically activated macrophages are considered 
pro-inflammatory macrophages with cytotoxic properties, whereas alternatively activated 
macrophages promote tissue repair and regeneration. Additionally, the latter can be divided 
in various functionally different subsets depending on the stimuli the cells encountered,  
interleukin (IL)-4 or IL-102,3. Currently, it is widely accepted that macrophages play a dual 
role in MS4 as they contribute to myelin destruction and lesion formation5,6, but also support 
removal of myelin debris thereby inhibiting inflammation and promoting tissue repair7. In 
particular, IL-4 activated macrophages (called M(IL-4)) are more efficient in removing myelin 
debris through phagocytosis compared to classically activated macrophages8,9. Classically 
and alternatively activated macrophages can be characterized and distinguished by a 
panel of functional markers such as IL-1β and tumor necrosis factor (TNF)-α for classically 
activated macrophages and the Mannose Receptor (MR or CD206) for the alternatively 
activated macrophages2,3,10. Recently, tissue Transglutaminase (TG2) was identified as a 
new marker for M(IL-4) macrophages11. TG2 is a calcium-dependent crosslinking enzyme 
whose expression is regulated by  e.g.  various inflammatory mediators. TG2 is the highest 
expressed among the Transglutaminases in macrophages where it is known for its role in the 
proper phagocytosis of apoptotic cells12,13. Phagocytosis, an important mechanism for the 
host’s defense and tissue homeostasis, is a process which starts with the recognition and 
engulfment of a particle (e.g. bacteria, apoptotic cells, myelin debris) into a phagosome. 
Once internalized, the phagosome rapidly adopts properties of early endosomes by fusing 
with early/recycling endosomes. Subsequently, those early endosomes/phagosomes fuse 
with late endosomes and ultimately with lysosomes, where the internalized particles are 
degraded by digestion by lysosomal enzymes14-16.
Of interest is that in post-mortem brain material, TG2 immunoreactivity was observed in 
macrophages-like cells in active MS lesions with evident demyelination17. We now hypothesize 
that macrophages require TG2 to differentiate into an anti-inflammatory phenotype and that 
TG2 contributes to phagocytosis of myelin mediated by anti-inflammatory macrophages.
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Materials and methods

Cell culture
THP-1 cells, human acute monocytic leukemia cell line (ATCC), were maintained in complete 
RPMI 1640 medium (Gibco, Waltham, Massachusetts, USA) containing 10% heat-inactivated 
fetal calf serum (PAA), Penicillin (50 units/ml, Gibco), Streptomycin (50 µg/ml, Gibco), 
L-Glutamine (2 mM, Gibco) at 37° C in humidified air containing 5% CO2. 
Scramble control (SCR) and TG2-knockdown (TG2-KD) THP-1 cell lines were generated and 
characterized as described previously18. Double, subsequent lentiviral transduction (MOI 1) 
with either a scramble or hTG2 specific short hairpin RNA (shRNA) (scramble: sc-108080, 
hTG2: sc-37514-V, Santa Cruz, Dallas, Texas, USA) was performed for 24 h for each infection. 
To create stable knockdown cell lines, cells were selected with 2 µg/ml puromycin (Sigma-
Aldrich, Saint Louis, Missouri, USA). Stable cell lines were maintained in complete RPMI in 
presence of 2 µg/ml puromycin. 

THP-1 Macrophage differentiation
1x106 THP1 monocytic cells were plated into 6 well plates and differentiated into M(0) 
macrophages by addition of 250 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, 
Saint Louis, Missouri, USA) for 48h. After medium replacement, polarization in either 
M(LPS), M(IL-4) or M(IL-10) macrophages was induced by 24 h treatment with 100 ng/ml of 
lipopolysaccharide (LPS; Serotype O55:B5, Difco) or of 50 ng/ml  IL-4 or IL-10 (BioLegend, 
San Diego, USA). 

Primary human monocyte isolation and differentiation into macrophages
Primary human monocytes were isolated from healthy donors buffy coat (Sanquin Blood 
Bank, Amsterdam, The Netherlands). Peripheral blood mononuclear cells were isolated 
using a Ficoll (Lymphoprep, Axis-Shield, Oslo, Norway) density gradient. Monocytes 
were subsequently isolated from the PBMCs by anti-CD14 magnetic beads according to 
manufacturer’s instruction (MACS; Milteny Biotech, Bergisch Gladbach, Germany). To 
differentiate the monocytes into macrophages, 0.5x106  primary monocytes were plated/
well into 6 well plates in RPMI 1640 medium (Gibco) containing 10% heat-inactivated fetal 
calf serum (PAA), Penicillin (50 units/ml, Gibco), Streptomycin (50 µg/ml, Gibco), L-Glutamine 
(2 mM, Gibco) and 20 ng/ml M-CSF (BioLegend) for 5 days. After medium replacement, the 
cells were treated with 50 ng/ml human recombinant  IL-4 (BioLegend) for 6, 24 or 48 h.

mRNA isolation and cDNA synthesis
Macrophages derived from THP-1 cells and primary human monocytes were homogenized 
in TRIzol reagent (Invitrogen, California, USA) and total RNA was isolated as described by 
the manufacturer. RNA concentration was determined by measuring the absorbance at 260 
nm (NanoDrop ND-1000 spectrophotometer) and when approved, samples were included 
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for cDNA synthesis. Then, 1 µg of total RNA was reverse-transcribed into cDNA using the 
High-Capacity cDNA Reverse Transcription kit (Life Technologies, California, USA), using 0.5 
µg oligo-dT primers and according to the manufacturer’s instructions.

Quantitative real-time PCR (qPCR)
For qPCR, the Power SYBR Green Master Mix (Life Technologies, California, USA) was 
used. Primers were purchased from Eurogentec (Liège, Belgium) and qPCR was performed 
in MicroAmp Optical 96-well Reaction Plates (Applied Biosystems, California, USA) on 
a StepOnePlus Real-Time PCR system (Applied Biosystems). The reaction mixture (20 µl) 
was composed of 1× Power SYBR Green buffer (Applied Biosystems), 3.75 pmol of each 
primer (Table 1), and 12.5 ng cDNA. The thermal cycling conditions were an initial 10 min 
at 95° C followed by 40 cycles of 15 secs at 95° C and 1 min at 60° C. The specificity of the 
reaction was checked by melt curve analysis of the individual qPCR reaction. The relative 
expression level of the target genes was determined by the LinRegPCR software (http://
www.hfrc.nl, downloads, applications, lin reg PCR, version 2014.3) using the following 
calculation N0=Nq/ECq (N0=target quantity, Nq=fluorescence threshold value, E=mean PCR 
efficiency per amplicon, Cq=threshold cycle)19, after which the value was normalized relative 
to glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA levels.

Western Blotting (WB)
To determine cellular TG2 protein levels, cells were homogenized in ice-cold RIPA buffer 
containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 1% NP-40, 1% sodium deoxycholate, 1 mM 
EDTA, 0.1% Sodium dodecyl sulfate (SDS), 15 µM Pepstatin-A, 100 µM phenylmethylsulfonyl 
fluoride (PMSF), 0.3 µM Aprotinin and 20 µM Leupeptin. Cell lysates were cleared by 
centrifugation at 20,000 g for 10 min at 4° C). Protein concentration of the supernatant was 
determined by the bicinchoninic acid (BCA) method according to the instructions of the 
manufacturer (Pierce Biotechnology, Waltham, Massachusetts, USA). 
Then, 50 µg of protein was denatured by adding Laemmli sample buffer (0.012%  bromophenol 
blue, 5%  glycerol, 1.6%  SDS, 125 mM  Tris HCl pH 6.8) and 50 mM Dithiothreitol (DTT). After 
heating for 5 minutes at 95° C, the mixture was loaded on a 10% SDS-polyacrylamide gel and 
transferred onto a nitrocellulose membrane (Li-cor Biosciences, Lincoln, Nebraska, USA). 

  Gene Forward Reverse 
TG2 5’AGAGGAGCGGCAGGAGTATG 3’ 5’AGGATCCCATCTTCAAACTGC 3’ 
MR 5’AGTGATGGGACCCCTGTAACG 3’ 5’CCCAGTACCCATCCTTGCCTTT 3’ 
IL1-β 5’TACAGCTGGAGAGTGTAGATC 3’ 5’CAAATTCCAGCTTGTTATTG 3’ 
TNF-α 5’CCCAGGCAGTCAGATCATCTTC 3’ 5’CTCTCAGCTCCACGCCATTG 3’ 
GAPDH 5’TCAAGGGCATCCTGGGCTAC 3’ 5’CGTCAAAGGTGGAGGAGTGG 3’ 
TG2 = Transglutaminase 2; MR = Mannose receptor;  IL-1β = interleukin-1β; TNF-α = tumor necrosis factor-α; 
GAPDH = glyceraldehyde-3-phosphate-dehydrogenase 

 

Table 1: primer sequences
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Membranes were incubated overnight with the following primary antibodies: mouse anti-
β-actin (dilution 1:10,000; Abcam, Cambridge, UK), mouse anti-TG2 (Ab3, dilution 1:2,000; 
Thermo Scientific, Waltham, Massachusetts, USA) diluted in LI-COR blocking buffer. For 
subsequent antigen detection, the membranes were incubated for 1 h at room temperature 
(RT) with corresponding IgG’s labelled with IRDye 800CW or IRDye 680LT (dilution 1:10,000; 
LI-COR blocking buffer) and subsequently scanned to detect fluorescence emission at 800nm 
or 680 nm, respectively, using an Odyssey infrared imaging system (LI-COR Biosciences). The 
signal intensity was measured using the Odyssey Sa Infrared scanning software (version 1.1, 
LI-COR Biosciences).
 
Myelin isolation from human brain
Post-mortem human brain tissue was provided by the Netherlands Brain Bank (NBB, 
Amsterdam, The Netherlands). Permission was obtained from donors for brain autopsy and 
for the use of tissue and clinical information for research purposes (protocol number 700). 
At autopsy, subcortical white matter was dissected and stored in Hibernate A medium (Brain 
Bits LLC, Springfield, IL, USA) at 4° C until further processing.
Tissue was chopped into small pieces with a sterile razor blade and enzymatically dissociated 
by the addition of 40 µg/ml of DNase (Sigma-Aldrich, Saint Louis, Missouri, USA) and 160 
µg/ml of collagenase I (Sigma-Aldrich) dissolved in a buffer containing 4 g/l MgCl2, 2.5 g/l 
CaCl2, 3.73 g/l KCl, 8.95 g/l NaCl (pH 6-7). Cells, myelin, and debris were then separated 
by density gradient centrifugation using Percoll (GE Healthcare, Uppsala, Sweden) of  
ρ = 1.03 and ρ = 1.095. Myelin was  collected at the interface of the buffer and Percoll 
ρ = 1.03 and further purified by a sucrose gradient, as described previously20. Briefly, the 
myelin fraction was washed 3 times in 0.32 M sucrose, resuspended in 0.32 M sucrose, and 
underlain with 0.85 M sucrose. This was followed by a centrifugation step for 50 minutes 
at 35,000 rpm at RT. Myelin was collected from the interface and washed in sterile water 
to induce an osmotic shock that depleted the remaining cells. After centrifugation, myelin 
was collected, resuspended in Phosphate buffered saline (PBS), and stored at -80° C until 
further processing. Myelin concentration was measured with the BCA method (Pierce 
Biotechnology). The possible presence of contaminating bacterial endotoxins in the myelin 
preparation was tested in the department of Clinical Pharmacology of the VU University 
Medical Center (VUmc), Amsterdam, The Netherlands, using the chromogenic kinetic 
method (paragraph 2.6.14) as described in the 9th edition of European Pharmacopoeia. The 
amount of endotoxins detected was considered neglectable.

Phagocytosis assay and immunocytochemistry
For the phagocytosis assay SCR and TG2-KD THP-1 cells were seeded either in 6-well 
plates (for protein analysis) or on 8-well slides (Ibidi, GmbH, Munchen, Germany) (for 
immunofluorescence staining). After the differentiation of THP1 monocytes into THP1-
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derived M(IL-4) macrophages, cells were washed twice with complete RPMI medium 
and either incubated with 200 µg/ml human myelin (diluted in complete RPMI medium) 
or kept in complete RPMI medium. After 8 h, cells were extensively washed 5 times with 
serum-free RPMI medium. For protein analysis, cells were lysed in ice-cold RIPA buffer. 
Protein concentration was measured with the BCA method (Pierce Biotechnology). Fifty 
µg of cell lysate was analysed on a 13% (for myelin basic protein, MBP) or 9% (for early 
endosome antigen 1, EEA1, and lysosomal-associated membrane protein-1, LAMP-1) SDS 
PAGE gel electrophoresis followed by WB (refer to “western blotting” paragraph for sample 
preparation and WB procedure). The following primary antibodies were used: mouse anti-
MBP (dilution 1:2,000, Abcam, Cambridge, UK), rabbit anti-caspase 3 (dilution 1:1,000 Cell 
Signalling, Danvers, Massachusetts, USA), rabbit anti-EEA1 (dilution 1:1,000, Upstate), rabbit 
anti-LAMP-1 (dilution 1:1,500, Cell Signalling) and mouse anti-GAPDH (dilution 1:2,000, 
Abcam) as we observed that, in contrast to GAPDH, β-actin did not remain stably expressed 
during the phagocytosis experiments. 
For immunocytochemistry, the cells were fixed at 4, 8 or 24 hr after incubation with myelin 
in 4% formaldehyde for 20 min at RT and then washed 3 times with PBS. Next, cells were 
incubated for 30 min with blocking buffer, consisting of TBS with 0.05% Triton-X100, 1% bovine 
serum albumin and 10% normal donkey serum and incubated overnight at 4° C with the 
following antibodies diluted in blocking buffer: rabbit anti-LAMP-1 (dilution 1:200, Abcam, 
Cambridge, UK). Subsequently, cells were incubated for 1 hr at RT with Alexa 488-labeled 
donkey anti-rabbit IgG’s (Molecular Probes, Invitrogen) diluted in blocking buffer. Next, 
cells were incubated for 90 min at RT with mouse anti-MBP (dilution 1:250, Abnova, clone 
QD-9Abcam, Cambridge, UK) followed by a 1 hr incubation with Alexa 594-labeled donkey 
anti-mouse IgG’s (Molecular Probes), both diluted in blocking buffer without normal donkey 
serum. Finally, cells were stained with Hoechst (Molecular Probes) to visualize cellular nuclei. 
Co-labeling was analysed using a Confocal Laser Scanning Microscope (Leica DMI 6000, SP8, 
Leica, Mannheim, Germany); images were acquired using LCS software (version 2.61, Leica).
For the time-course experiment, the percentage of myelin-positive cells per total cell 
number was determined at each time-point. In addition, cells displaying either vacuoles or 
myelin clusters bigger than 5 μm were considered myelin-dense cells and their percentage 
over total cell number was calculated. An average of 71 cells per condition (range 49-109) 
was counted.

Nuclei isolation and extraction of nuclear proteins
For the isolation of cell nuclei, the Nuclei EZ Prep Nuclei Isolation kit (Sigma-Aldrich, Saint 
Louis, Missouri, USA) was used according to the manufacturer’s instructions. Briefly, 3x106 

THP1-derived macrophages were washed with ice-cold PBS and lysed in ice-cold Nuclei EZ 
lysis buffer to release cytoplasmic component. The intact nuclei were then washed once 
with Nuclei EZ lysis buffer, resuspended in ice-cold Nuclei EZ storage buffer and stored at 
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-80° C till further processing. To isolate nuclear proteins, intact nuclei were lysed in Nuclear 
Extract (NE) buffer containing 20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 25% Glycerol, 
5 µg/ml Pepstatin A, 100 µM PMSF, 5 µg/ml Aprotinin and 5 µg/ml Leupeptin. Protein 
concentration was measured with the BCA method (Pierce Biotechnology). Thereafter, 50 
µg of nuclear lysate was separated on a 10% SDS PAGE gel by electrophoresis followed by 
WB (refer to “western blotting” paragraph for sample preparation and WB procedure). The 
following primary antibodies were used: mouse anti-NFκB p65 (dilution 1:200, Santa Cruz) 
and mouse anti-Tata binding protein (TBP; dilution 1:5,000, Abcam). 

Statistical analysis
Data were checked for normal distribution by the Shapiro Wilk test. Data that met the 
criteria for normal distribution, were analysed by either an independent Student’s T-test (for 
two group analysis) or an one-way analysis of variance (ANOVA) followed by Tukey post hoc 
test (for multiple comparisons). Data that did not meet the normal distribution (Mannose 
Receptor mRNA expression in primary human macrophages at 24h) were analysed by 
non-parametric test (Mann–Whitney U). For the phagocytosis time course experiment, an 
independent Student’s T-test was performed. Results were considered to be statistically 
significant if p < 0.05. All statistical analyses were performed using SPSS software, version 
20.0 (IBM Corp, NY, USA).

Results

TG2 is enhanced in M(IL-4) macrophages and TG2 knock-down induced a pro-
inflammatory phenotype in TG2-KD M(IL-4) macrophages 
Adherent M(0) macrophages were generated by treatment of THP1 monocytes with 250 nM 
PMA for 48h. Then, a pro-inflammatory M(LPS) phenotype was induced by LPS treatment 
while anti-inflammatory phenotypes M(IL-4) or M(IL-10) were induced by treatment with IL-
4 or IL-10, respectively. Compared to M(0) macrophages, TG2 mRNA levels were significantly 
up-regulated in M(IL-4) macrophages only (Fig. 1A). WB analysis confirmed that cellular TG2 
protein was elevated in the presence of IL-4 (Fig. 1B). 
To validate, at least part of, our results obtained with the THP-1 cell-line, we subsequently 
used primary human monocytes that were differentiated into macrophages and treated with 
IL-4. In the primary human macrophages TG2 and Mannose Receptor expression increased 
after IL-4 exposure compared to the untreated control cells (Suppl. Fig. 1). The increase 
in TG2 mRNA seemed to reach a maximum after 24 h of treatment with IL-4. These data 
confirm that the THP-1 derived macrophages resemble primary human monocyte-derived 
macrophages on the parameters of our interest and can therefore be used for subsequent 
studies on human macrophages in vitro.   
Next, to determine the function of TG2 in M(IL-4) macrophages, we knocked-down TG2 
expression. Indeed, both TG2 mRNA (Fig. 1C) and protein levels (Fig. 1D) were reduced 
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in control (M0) and IL-4 treated macrophages transduced with hTG2 shRNA (TG2-KD) 
compared to control shRNA (SCR) transduced cells.
We next evaluated the effect of knockdown of TG2 expression on the inflammatory phenotype 
of SCR/TG2-KD M(0) and M(IL-4) macrophages. We observed a significant decrease in 
Mannose Receptor. In addition, a significant increase was found in the expression of two 
pro-inflammatory markers IL-1β and TNF-α in TG2-KD M(IL-4) macrophages compared to 
SCR M(IL-4) macrophages (Fig. 1E-G). The switch toward a pro-inflammatory phenotype of 

Fig. 1 TG2 is increased in macrophages upon IL-4 treatment and TG2 knockdown leads to a pro-
inflammatory phenotype of M(IL-4) macrophages
THP-1 cells were treated for 48 h with PMA to induce differentiation into M(0) macrophages. Then, 
M(0) macrophages were differentiated into M(IL-4), M(IL-10) or M(LPS) macrophages. Cells were 
analyzed for A) TG2 mRNA levels and B) cellular TG2 protein levels. Lentiviral particles were used to 
knockdown TG2 expression in macrophages as confirmed both by C) qPCR, D) WB. To study the effect 
of TG2 knockdown on the differentiation of macrophages into an M(IL-4) phenotype, mRNA  levels 
of E) mannose receptor, F) IL-1β and G) TNF-α were measured by qPCR in SCR or TG2-KD M(0) and 
M(IL-4) macrophages. Cropping of the WB was used in the figure. Data presented are the mean values 
+ SEM (standard error of the mean) of three independent experiments. **p<0.01, ***p<0.001. SCR = 
scramble control, TG2-KD = TG2 knockdown
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the macrophages was also evident in TG2-KD M(0) macrophages in which significant more 
IL-1β and TNF-α mRNA is expressed compared to SCR M(0) macrophages. To further support 
this observation, we studied a possible molecular pathway underlying the pro-inflammatory 
phenotype of TG2 KD macrophages. The TG2-KD M(0) macrophages showed a significant 
increase in the nuclear p65 fraction in TG2-KD M(0) macrophages compared to SCR M(0) 
macrophages (Suppl. Fig. 2) supportive of a higher basal activation level of the NFκB pathway.

Upon human myelin exposure TG2-KD M(IL-4) macrophages contained more 
cellular MBP and altered expression of phagocytosis markers 
As TG2 is involved in the phagocytosis of apoptotic cells, we investigated whether TG2 could 
play a role in the phagocytosis of myelin in M(IL-4) macrophages. Therefore, SCR and TG2-
KD M(IL-4) macrophages were incubated with human myelin. MBP protein could only be 
detected in the samples to which myelin was added confirming the specificity of our assay. 
Moreover, we observed almost a double amount of MBP in TG2-KD M(IL-4) macrophages 
compared to SCR M(IL-4) macrophages (Fig. 2A). In addition, we studied components of the 
endo-lysosomal pathway as this route is most common for antigen processing21,22. In TG2-
KD M(IL-4) macrophages a significant increase in the amount of EEA1 protein, a marker for 

Fig. 2 Altered phagocytosis of human myelin in TG2-KD M(IL-4) macrophages
SCR and TG2-KD M(IL-4) macrophages were incubated for 8 h with 200 µg/ml of human myelin. WB 
analysis was performed to detect A) cellular MBP protein, B) cellular EEA1, a marker for early endosomes 
C) cellular LAMP-1, a lysosomal marker. Cropping of the WB was used in the figure. Quantified WB data 
presented are the mean values + SEM of three independent experiments. *p<0.05, **p<0.01
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early endosomes, was observed (Fig. 2B). Furthermore, when comparing protein levels of a 
lysosomal marker, LAMP-1, no significant differences were observed between SCR M(IL-4) 
macrophages and TG2-KD M(IL-4) macrophages (Fig. 2C). 

Upon human myelin exposure, TG2-KD M(IL-4) macrophages showed altered 
cellular localization of MBP 
Next, we investigated whether the increased presence of MBP in TG2-KD M(IL-4) 
macrophages is due to either an impairment in the late phases of phagosome maturation 
or in a slowing-down of the phagocytic process. Immunocytochemically we also observed 
increased intracellular MBP immunoreactivity (Fig. 3A) in TG2-KD M(IL-4) compared to 
SCR M(IL-4) macrophages, thereby confirming our previous WB findings. Moreover, MBP 
was localized mainly inside the lumen of LAMP-1 positive lysosomal compartments of SCR 
M(IL-4) macrophages (Fig. 3A, upper panels, arrowheads). In contrast, in TG2-KD M(IL-4) 
macrophages MBP immunoreactivity was detected mainly in the cytosol (Fig. 3A, lower 
panels, arrowhead). In addition, in the TG2-KD M(IL-4) macrophages, LAMP-1 positive 
vacuoles that do not contain MBP could be observed throughout the cytosol (Fig. 3A, lower 
panels, asterisk).
Furthermore, a phagocytosis time-course analysis showed that the percentage of myelin-
positive cells was not different between SCR M(IL-4) and TG2-KD M(IL-4) at any time point 
analysed (Fig. 3B). However, there was a clear tendency that the percentage of myelin-dense 

Fig. 3 Altered phagocytosis of myelin in TG2-KD M(IL-4) macrophages
A) Cells were stained for MBP (red) and the lysosomal marker LAMP-1 (green). B) Percentage of 
myelin-positive cells over total cells was determined at 4, 8 and 24 h after human myelin exposure. C) 
Percentage of myelin-dense macrophages over total cells was determined at 4, 8 and 24 h after human 
myelin exposure. Data presented are the mean values + SEM of three independent experiments. 
*p<0.05. Scale bar: 5 µm, magnification 3 µm.  SCR = scramble control, TG2-KD = TG2 knockdown 
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cells in TG2-KD M(IL-4) macrophages was higher compared to SCR M(IL-4) macrophages at 
any time point, which reached a significant difference at 24 h (Fig. 3C). 

Discussion

In the present study we observed that among different inflammatory stimuli, IL-4 induced 
the most prominent increase in TG2 mRNA and protein in human monocyte-derived 
macrophages. This is in line with the recent finding that TG2 represents a reliable marker 
for both human and mouse anti-inflammatory M(IL-4) macrophages11,23-25 thus implying 
that the PMA-treated THP-1 cells resemble human macrophages. Subsequently, we showed 
that knock-down of TG2 in M(IL-4) macrophages displayed impaired upregulation of 
mannose receptor mRNA levels (10 for overview of M(IL-4) markers) and showed a more 
pro-inflammatory phenotype by elevated IL-1β and TNF-α expression. This indicates that 
TG2 is involved in tuning human macrophages into an M(IL-4) anti-inflammatory phenotype. 
Interestingly, the observed pro-inflammatory phenotype of TG2-KD M(IL-4) macrophages 
was also present in TG2-KD M(0) macrophages, suggesting that reducing TG2 expression 
induces a pro-inflammatory phenotype as such. This is likely due to an increased NFκB p65 
nuclear translocation in the TG2-KD M(0) macrophages compared to SCR M(0) macrophages 
as also observed previously for mouse macrophages26. This might explain the observed 
increased expression in TG2-KD M(0) macrophages of typical NFκB target genes, i.e. IL-1β 
and TNF-α.
It is known that during MS pathology, infiltrating monocytes can differentiate into 
macrophages with phagocytic properties that eliminate myelin debris. In particular M(IL-4) 
macrophages are known as a macrophage subtype with phagocytic capacities contributing 
to suppression of the immune response and stimulation of tissue remodeling and repair2. 
Since TG2 has been shown to play an important role in macrophage-mediated phagocytosis 
of apoptotic cells 12,13, we investigated whether TG2 in M(IL-4) macrophages contributes to 
the phagocytosis of myelin. We observed that in TG2-KD M(IL-4) macrophages more MBP 
protein was present compared to SCR M(IL-4) macrophages upon exposure to myelin. In 
addition, we observed an increased presence of a marker for early endosomes, EEA1, in 
TG2-KD M(IL-4) macrophages which suggests either an increase in the presence of early 
endosomes or an impairment in the maturation into late phases of phagosome maturation. 
Moreover, no difference in the amount of the lysosomal marker, LAMP-1, was detected 
between the cell types suggesting that the production of lysosomes is not affected by knock-
down of TG2. 
Furthermore, a reduced localization of MBP inside the lysosomal compartments in TG2-
KD M(IL-4) macrophages was found compared to SCR M(IL-4) macrophages. In fact, MBP 
staining was widely spread in the cell cytoplasm and to a lesser extent inside the lumen of 
LAMP-1 positive lysosomes in TG2-KD M(IL-4) while MBP could mainly be detected in the 
lumen of lysosomes in SCR M(IL-4) macrophages. Those results suggest an impairment in 



TG2 contributes to myelin phagocytosis in macrophages

67

3

the fusion of lysosomes and MBP-containing early endosomes thus resulting in endosome 
accumulation and MBP localization outside the lysosomes. Along with this, we also observed 
large vacuoles in the cytosol of TG2-KD M(IL-4) macrophages. The presence of such aberrant 
vacuoles as well as a role for TG2 in the maturation of (auto)phagosomes has been described 
before in TG2-KD MEF cells undergoing autophagy27, which share some similarities with the 
process of phagocytosis. 
In support of an impairment in the late phases of phagosome maturation and fusion with 
lysosomes, we showed that the percentage of myelin-dense cells is higher whereas the 
percentage of myelin positive cells is not different between TG2-KD and SCR M(IL-4) cells. 
Thus, although we cannot exclude the possibility that our observations are due to a slowing 
down of the myelin phagocytosis process rather than a functional impairment, the latter 
option seems more plausible. We therefore suggest that the observed phenotype is due 
to an impairment in the degradation of myelin via reduced phagosome maturation and 
subsequent fusion with lysosomes in TG2-KD M(IL-4) human macrophages. Although the 
molecular mechanisms underlying this impairment need further characterization, our data 
are the first to show that TG2 plays a role in the phagocytosis of myelin in human M(IL-4) 
macrophages. In addition, future studies are needed to validate the current findings in 
macrophages in human post-mortem MS lesions or models for MS.
Taken together our data showed that TG2 is expressed in IL-4 treated human monocyte-
derived macrophages and that the reduction of its expression drives the M(IL-4) macrophages 
toward a pro-inflammatory phenotype. In parallel, silencing of TG2 expression induces an 
impairment in the degradation of myelin probably by affecting the maturation of the MBP-
containing phagosomes and their fusion with lysosomes. Our data describe a novel function 
for macrophage-derived TG2 and suggest a beneficial role for TG2 expressed by anti-
inflammatory macrophages in the phagocytosis of myelin debris possibly in demyelinating 
MS lesions.
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Supplementary material

Suppl. Fig. 1 TG2 and Mannose Receptor mRNA levels in IL-4 treated primary human monocyte-
derived macrophages
Primary human monocytes were differentiated in macrophages with 20 ng/ml M-CSF for 5 days. 
Subsequently, macrophages were either untreated or treated with 50 ng/ml of IL-4 for 6, 24 or 48 h. 
qPCR analysis was performed to detect A) TG2 and B) Mannose Receptor expression. Data presented 
are the mean values + SEM (standard error of the mean) of three independent samples. * p< 0.05

Suppl. Fig. 2 Increased activation of the NFκB pathway in TG2-KD M(0) macrophages
Nuclear extract of SCR or TG2-KD M(0) macrophages were analysed by WB to detect nuclear 
translocation of p65. Data presented are the mean values + SEM of three independent experiments. 
**p<0.01. SCR = scramble control, TG2-KD = TG2 knockdown
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