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TISSUE TRANSGLUTAMINASE APPEARS 
IN MONOCYTES AND MACROPHAGES 
BUT NOT IN LYMPHOCYTES IN WHITE 
MATTER MULTIPLE SCLEROSIS LESIONS

Chapter 3



 
 

ABSTRACT 
 
Leukocyte infiltration is an important pathological hallmark of Multiple Sclerosis (MS) and 
is therefore targeted by current MS therapies. The enzyme tissue Transglutaminase (TG2) 
contributes to monocyte/macrophage migration and is present in MS lesions and could be 
a potential therapeutic target. In the present study, we examined the cellular identity of 
TG2 expressing cells by immunohistochemistry in white matter lesions of 13 MS patients 
of which we analyzed 4 patients with 9 active and chronic active lesions in detail. In these 
active MS lesions, TG2 is predominantly expressed in leukocytes (CD45+) but not in cells of 
the lymphocyte lineage, i.e. T cells (CD3+) and B cells (CD20+). In general, cells of the 
monocyte/macrophage lineage (CD11b+ or CD68+) are TG2 positive but no further 
distinction could be made regarding pro- or anti-inflammatory macrophage subtypes. In 
conclusion, TG2 is abundantly present in cells of the monocyte/macrophage lineage in 
active white matter MS lesions. We consider that TG2 can play a role in MS as it is 
associated with macrophage infiltration into the CNS. As such TG2 potentially presents a 
novel target for therapeutic intervention that can support available MS therapies targeting 
lymphocyte infiltration. 
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INTRODUCTION 
 
Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease that is 
the most common cause of neurological disabilities in young adults [211]. MS clinical 
features can be diverse but include motor and sensory deficits, and cognitive impairment. 
MS pathology is characterized by the infiltration of leukocytes into the central nervous 
system (CNS) which results in inflammatory lesion formation concomitant with 
demyelination and axonal damage [179, 212-214]. The inflammatory active lesions in the 
CNS white matter consist mainly of leukocytes infiltrated from the blood and of resident 
CNS cells such as microglia and astrocytes that are activated by the local inflammatory 
response [20]. Cellular infiltration of the CNS is highly regulated and involves a complex 
adhesion and migration cascade. This cascade is tuned by many factors including 
chemokines and adhesion molecules which are upregulated during inflammation [24, 179, 
215]. It is thought that auto-reactive T cells enter the CNS during MS pathogenesis. This is 
then followed by recruitment and influx of other leukocyte cell types including B cells and 
monocytes. B cells play a pathogenic role in MS development by prolonging and 
supporting inflammation by antibody and cytokine secretion as well as stimulating T cells 
[29-31, 216]. Infiltrating monocytes can differentiate into macrophages upon entering the 
CNS. Locally, they can diverge into macrophages exerting damage and promoting further 
inflammation or having anti-inflammatory properties and induce axonal regeneration and 
repair [217, 218]. 

Novel treatments for MS patients target mainly lymphocyte infiltration into the 
CNS [219, 220], which can be achieved either by the reduction in the number of circulating 
lymphocytes [43, 44] or by interference with mechanisms associated with cellular 
infiltration [221-223]. As it has been revealed that MS pathology is highly heterogeneous 
between lesions and patients [224], it is important to focus also on other cell types as 
potential (additional) targets to combat the disease. In this respect, we propose that 
monocytes and macrophages, whose detrimental roles have been established in MS and 
MS animal model pathogenesis [212, 225, 226], are of interest as potential targets. 
The enzyme Tissue Transglutaminase (TG2) is involved in adhesion and migration of 
several cell types, including monocytes and macrophages [119, 227], which is observed in 
MS pathology [228]. The precise role of TG2 in MS has not been delineated yet, but its 
expression is confirmed in human leukocyte antigen-D related (HLA-DR)-positive cells in 
active white matter MS lesions [229]. Furthermore, TG2 is involved in inflammation and 
other MS-associated processes such as cell adhesion, migration and efferocytosis, as 
previously reviewed [230]. Additional data from MS rodent and primate models showed 
that TG2 is expressed in monocytes and macrophages and contributes to the development 
of MS-like disease symptoms [229, 231].  

If monocyte and macrophage-derived TG2 contributes to MS pathology as 
indicated by animal model experiments, TG2 could hold promise as a potential target to 
reduce monocyte and macrophage infiltration and thus as add on therapy in MS. 
Considering the remaining uncertainty as to the cellular localization of TG2 in MS lesions 
and its potential impact on therapeutic approaches using modulation of TG2 activity, in 
the present study we questioned whether TG2 is expressed by monocytes and 
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macrophages or by lymphocytes present in (chronic) active white matter MS lesions. In 
addition, we studied if a macrophage subtype expressing TG2 can be established in these 
lesions. 

 
 

MATERIALS AND METHODS 
 
Brain tissue 
 
Human post-mortem tissue from MS patients and non-neurological control subjects was 
obtained from the Pathology department of the Amsterdam University Medical Center 
and the Netherlands Brain Bank (Amsterdam, The Netherlands). The subcortical white 
matter tissue contained active or chronic active MS lesions as classified by and the 
presence of HLA-DR positive cells and loss of myelin [16, 177]. We studied post-mortem 
material of 13 clinically diagnosed and pathologically verified MS patients. All tissue 
samples contained TG2-immunopositive cells, although with a high variation in the 
number of immunoreactive cells. To be able to better characterize TG2 expressing cell 
type(s), we selected four of the 13 MS cases (Table 1, #1,2,3,7) with a total of 9 
active/chronic active lesions and a relatively high number of TG2-immunopositive cells. In 
addition to these selected MS patients (average age 47 ± 5.7 years), six non-neurological 
control subjects (Table 1, average age 58.8 ± 2.9 years) were included. All subjects were 
matched for post-mortem delay. The clinicopathological data of the patients and control 
donors are summarized in Table 1. Informed consent was given by the donors for brain 
autopsy and the use of brain tissue for research purposes. The use of tissue in 
combination with the clinical information for scientific research was in compliance with 
the local ethical and legal guidelines. 
 
Tissue processing 
 
The snap-frozen brain tissue was cut in 10 μm thick cryo-sections. Sections were mounted 
on positively charged glass slides (SuperFrost Plus slides, Fisher Scientific, Pittsburgh, PA). 
After drying for 30 min at 37 °C, the dry slides were stored until use at -80 °C. 
 
Lesion classification and selection 
 
White matter MS lesions were classified by standard immunohistochemical stainings for 
myelin-specific proteolipid protein (PLP) and the major histocompatibility complex class II 
receptor HLA-DR, a marker for inflammatory cells, as described previously [232]. Active 
and chronic active lesions with ongoing demyelination were selected by the presence of 
foamy macrophages and neutral lipids by Oil Red-O staining. 

Active (inflammatory) lesions were identified by the massive presence of HLA-DR 
and Oil Red-O positive cells throughout the lesion area. Chronic active lesions were 
characterized as lesions that had a broad active rim of HLA-DR and Oil Red-O positive cells 
combined with reduced cell numbers in the center of the lesion. 
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Immunohistochemistry 
 
Sections were thawed, air-dried and fixed in acetone for 10 min (60 min for delipidation 
when used for PLP staining). In addition, sections were rinsed for 5 min with 50 mM Tris-
buffered saline ([TBS]; pH 7.4), followed by incubation for 20 min with 0.3 % H2O2 in TBS 
including 0.1 % sodium azide to quench endogenous peroxidases. Non-specific binding of 
antibodies was blocked for 30 min with 3 % bovine serum albumin ([BSA] Sigma–Aldrich) 
in TBS containing 0.5 % TritonX-100 ([TBS-T] Sigma–Aldrich). 
 
Single antigen detection 
 
Single stainings were performed for HLA-DR, PLP and TG2 (see Table 2). Sections were 
incubated with primary antibodies overnight at 4°C in 3 % BSA in TBS-T) After washing 
with TBS, a 2-h incubation at room temperature followed with donkey anti-goat or goat 
anti-mouse biotinylated IgGs (dilution 1:400, 3 % BSA in TBS-T [Jackson ImmunoResearch 
Laboratories Inc., West Grove, PA]). After washing using TBS, the sections were incubated 
for 1 h at room temperature with HRP-labeled avidin-biotin complex ([ABC] 1:400 dilution, 
Vector Laboratories, Burlingame, CA). Detection of immunoreactivity was performed by 
adding chromogen 3,3-diaminobenzidine ([DAB] Sigma-Aldrich) and 0.01% hydrogen 
peroxide in Tris-HCl buffer (pH 7.6) to the sections. Nuclear counterstaining with 
hematoxylin was applied. Sections were dehydrated in graded ethanol solutions and 
cleared in xylene, before cover-slipping with Entellan mounting medium (Merck Millipore, 
Darmstadt, Germany). To ensure TG2 antibody specificity, the anti-TG2 antibody was pre-
adsorbed with excess recombinant TG2 protein as follows. Recombinant guinea pig TG2 
(2 units, Sigma-Aldrich) was mixed with 1.5 ml of a 1:10 000 dilution of the TG2 antibody 
and incubated at 4 °C for 6 h. Subsequent tissue staining was performed as described 
above, using this mixture as the primary antibody. 
 
Co-labeling of antigens 
 
To identify the cell type immunopositive for TG2, we co-labeled TG2 with immune markers 
for general leukocytes (CD45), pan-T cells (CD3), pan-B cells (CD20) and macrophages 
(CD11b, CD68, CD163, CD206, CX3CR1; Table 2). The fixed and pre-treated sections were 
incubated with primary antibody directed to one of the immune markers, diluted in TBS-T 
with 3 % BSA. Incubation was performed for 1 h at room temperature or overnight at 4 °C 
(no differences observed in the protocol used). After washes in TBS, ImmPRESS™ alkaline 
phosphatase (AP) reagent directed to mouse or rabbit IgGs (Vector Laboratories) was 
added to the sections for 30 min. Subsequently, slides were rinsed with TBS and Tris-HCl 
and then developed with liquid permanent red (LPR) as substrate (according to 
manufacturer, Dako, Glostrup, Denmark). 
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Table 1: Clinicopathological characteristics of MS patients and control subjects 
# Sex Age Type of 

tissue 
MS 
disease 
duration 
(years) 

PMD 
(h:min) 

Cause of death 

1 m 41 MS 14 7:20 Pneumonia, urosepsis 
2 m 44 MS 22 10:15 General deterioration / 

infection 
3 m 49 MS 25 8:00 Pneumonia 
4 f 50 MS 17 7:35 Euthanasia 
5 f 50 MS 12 9:05 Euthanasia 
6 m 51 MS >20 11:00 Unknown, infection 2 days 

prior to death 
7 f 54 MS 13 9:25 Unclear, most likely respiratory 

failure 
8 m 54 MS 21 8:15 Euthanasia 
9 f 60 MS 7 10:40 Euthanasia 
10 m 64 MS 35 7:30 Euthanasia 
11 f 66 MS 22 6:00 Unknown 
12 f 66 MS 23 9:35 Euthanasia 
13 f 66 MS 17 10:45 Pulmonary hypertension 
14 m 55 control - 7:30 Euthanasia with oesophageal 

cancer 
15 f 57 control - 7:40 Euthanasia with metastatic 

urothelial cancer 
16 m 57 control - 9:45 Multi-system atrophy 
17 f 60 control - 7:30 Infection, fever of unknown 

origin 
18 f 62 control - 7:55 Unknown 
19 m 62 control - 7:20 Unknown 

PMD: post-mortem delay 

Oil Red-O staining 
 
Neutral lipids, present in macrophages and indicative of myelin phagocytosis and 
degradation, were detected with Oil Red-O staining. An Oil Red-O stock solution of 0.5 g 
Oil Red-O (Sigma-Aldrich) in 100 ml isopropanol was prepared. After 3:2 dilution with 
distilled water and filtration, unfixed tissue sections were incubated for 10 min at room 
temperature. This was followed by a rinse with water, nuclear hematoxylin 
counterstaining and cover slipping with aquatex (Merck Millipore). 
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Table 2: Primary antibodies used in immunohistochemistry 
Target Origin Dilution Supplier Article code 
HLA-DR 
(LN3) 

mouse 1:1,000 Pierce (Rockford, Illinois, USA) MA5-11966 

PLP mouse 1:1,000 AbD Serotec (Oxford, UK) MCA839G 
TG2 goat 1:10,000 Upstate(via Merck Millipore, Darmstadt, 

Germany) 
06-471 

CD3 rabbit 1:3,000 Dako (Glostrup, Denmark) A0452 
CD11b mouse 1:500 Abcam (Cambridge, UK) ab34216 
CD14 mouse 1:400 Dako (Glostrup, Denmark) M0825 
CD20 mouse 1:2,000 Dako (Glostrup, Denmark) M0755 
CD45 mouse 1:2,000 Dako (Glostrup, Denmark) M0701 
CD68 mouse 1:20,000 Dako (Glostrup, Denmark) M0718 
CD163 mouse 1:8,000 Gift, dept. Molecular Cell Biology and 

Immunology, VUmc, Amsterdam, The 
Netherlands 

- 

CD206 mouse 1:8,000 Abcam (Cambridge, UK) ab8918 
CX3CR1 rabbit 1:3,000 Abcam (Cambridge, UK) ab8020 

 
Subsequently, the sections were incubated with goat anti-TG2 antibody for 1 h at room 
temperature. Washing steps with TBS and Tris-HCl were followed by incubation with 
ImmPRESS™ horseradish peroxidase (HRP) anti-goat IgG reagent (Vector Laboratories) for 
30 min at room temperature. The reagent was washed off with TBS and Tris-HCl and the 
signal developed with 3,3-diaminobenzidine (DAB, Sigma-Aldrich). Finally, slides were 
washed in Tris-HCl and tap water, counterstained with hematoxylin and mounted with an 
aqueous mounting medium containing mowiol (24 g glycerol, 24 ml distilled water, 48 ml 
0.2 M Tris buffer, pH 8.5, 9.6 g mowiol 4-88 [Sigma-Aldrich]) and dried at 4 °C. 

For all immunostainings, negative controls, the omission of the primary 
antibodies on several sections, served as the control for unspecific IgG binding and 
resulted in no staining (data not shown).  
 
Image acquisition and semiquantitative analysis of immunopositive cells 
 
Immunohistochemical images of 4-12 regions of interest ([ROI], 690 μm by 665 μm) per 
patient were acquired with Leica DM5000B microscope (Leica Microsystems, The Hague, 
The Netherlands) equipped with a spectral imaging camera (Nuance, PerkinElmer, 
Waltham, MA). Semiquantification of co-labeled cells was performed by assessment of the 
numbers of TG2-positive cells that were also immunopositive for one of the immune cell 
markers. For this purpose, the slides were imaged according to the Nuance user manual 
(provided by PerkinElmer, Waltham, Massachusetts, USA). In short, for each chromogen, 
that is DAB, LPR and hematoxylin, the specific emission spectrum was acquired and 
characterized with the Nuance software based on light absorbance/scattering. Acquired 
spectral images from the triple chromogen stainings were separated into the three 
individual channels using the predefined spectra. The manually counted number of TG2-
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positive cells per patient varied from 45 to 295 cells, depending on the number of ROIs 
size and the numbers of available tissue blocks per patient. To handle variation in cell 
numbers, we determined the number of TG2 cells co-labeling with one of the immune cell 
markers as a percentage of total TG2-positive cells counted per patient. Images that were 
taken from bright field microscopy are shown pseudo-colored in the style of fluorescent 
stainings to increase visual contrast. 
 
 
RESULTS 
 
The 9 analyzed MS lesions were classified as active (n=1) or chronic active (n=8) by 
immunohistochemistry, using the above-described criteria. The general marker for 
antigen-expressing cells, HLA-DR, demonstrating lesion activity, was abundantly present in 
all MS lesions either in the center (active lesion) or in a broad rim surrounding the lesion 
(chronic active lesion; Fig A, B). Reduction in anti-PLP antibody immunoreactivity indicated 
demyelination which was partial or complete in all lesions (Fig 1D, E). To further classify 
the activity state of the lesions, Oil Red-O staining was performed. The intense red cellular 
staining specified myelin ingested by macrophages in all analyzed lesions, suggesting 
ongoing demyelination (Fig 1G, H). Brain tissue obtained from control patients showed 
very little HLA-DR expression (Fig 1C), no loss of anti-PLP immunoreactivity (Fig 1F), and no 
Oil Red-O staining signal (Fig 1I). 
 
 
TG2 immunoreactivity in MS lesions 
 
TG2 was commonly present in blood vessels in tissue from control subjects (Fig 2A, 
arrowhead) and in MS normal appearing white matter (NAWM, Fig 2B, arrowhead) and 
MS lesions (Fig 2C, arrowhead). In inflammatory active and chronic active MS lesions, 
additional TG2-positive (TG2+) round cells were found in the perivascular cuff, the lesion 
area surrounding the blood vessels and in the parenchyma (Fig 2C, arrows). This cellular 
TG2 immunoreactivity was neither observed in inactive lesions (not shown), in normal 
appearing white matter of MS patients nor in control brain tissue, as shown previously by 
our group [229]. Pre-adsorption of the TG2 antibody with recombinant TG2 protein 
resulted in absence of cellular TG2 staining in MS lesions with only a slight residual 
vascular staining remaining (Fig 2D, arrowhead), indicating the specificity of the 
immunostaining. 
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Figure 1: MS white matter lesion classification with PLP, HLA-DR, and ORO immunohistochemical staining. 
HLA-DR (A–C), PLP (D–F), and ORO (G–I) staining of postmortem MS lesion tissue (2 magnifications of 1 lesion 
each) and control tissue (C, F, I). Scale bars: B, C, E, F, H, I =50 μm; A, D, G = 200 μm. Abbreviations: HLA-DR, 
human leukocyte antigen-D related; PLP, myelin proteolipid protein; ORO, Oil Red O. 
 
Characterization of TG2+ cells in MS lesions 
 
For cell type characterization of TG2+ cells in MS lesions, we first stained post-mortem 
tissue with various immune cell markers, followed by co-labeling with TG2-antibodies and 
subsequent analysis. 
 
TG2 immunoreactivity is present in leukocytes 
 
The majority of TG2+ cells found in active MS lesions appeared as round cells, 
characteristic of infiltrated leukocytes. Therefore, we performed a double labeling of the 
TG2 antibody (Fig 3A) with the general leukocyte marker CD45 (Fig 3B). We found 
numerous cells demonstrating both CD45 and TG2 immunoreactivity (Fig 3C arrow and 
inserts). After quantification of the amount of TG2+ cells that are CD45+, we observed that 
approximately 70 % of the TG2+ cells were leukocytes (Fig 3D). 
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Figure 2: TG2 
expression in 
white matter MS 
lesions and 
control tissue. (A–
C) Vascular 
immunohistoche
mical TG2 staining 
(arrowhead) was 
observed in 
healthy control 
tissue (A), normal 
appearing white 
matter (NAWM) 
tissue of MS 

patients (B), and MS tissue (C). Additionally, cellular TG2 staining outside the vasculature (arrow) was not 
observed in control tissue (A) or NAWM (B), whereas in MS patient-derived tissue (C) some cells were strongly 
stained. (D) The antiTG2 immunoreactivity was strongly reduced after pre-adsorption of the TG2 antibody with 
recombinant TG2 protein. Scale bar: 50 μm. 
 
TG2 immunoreactivity in lymphocytes  
 
To further characterize TG2+ leukocytes, we used markers that stain specific leukocytes 
subsets. First, we studied lymphocytes, i.e. T- and B cells, using CD3 and CD20 as pan-
markers, respectively. In the MS lesions, especially around larger blood vessels, where also 
TG2+ cells were present (Fig 4A, E), CD3+ T cells (Fig 4B) and CD20+ B cells (Fig 4eE were 
found. Although CD3 (Fig 4A-D) and CD20 immunoreactivity (Fig 4E-F) were present in 
numerous cells, these hardly co-localized with TG2 as shown in the overlay of both 
stainings (Fig4C, G). Quantification of the co-labeled cells indicated that of the TG2+ cells 
only 3.8 % and 2.3 % were identified as T and B cells, respectively (Fig 4D, H). 
 

 
Figure 3: AntiTG2+ cells in MS lesions are positive for the leukocyte marker CD45. (A) TG2+ cells (arrowheads) 
surrounding a blood vessel in a MS lesion. (B) Cells immunoreactive for the antiCD45 antibody (arrowheads). (C) 
Double staining of TG2 and CD45 indicates immunoreactivity for antiTG2 antibody in antiCD45+cells (arrowheads, 
magnified inserts). (D) Quantification of TG2+ cells immunoreactive for the antiCD45 antibody. Scale bar: 50 μm. 
Bar: standard error of the mean (SEM). 
 
TG2 immunoreactivity in macrophage subtypes  
 
Another subset of leukocytes found in MS lesions is of the monocyte and macrophage 
type. For their analysis as potential TG2 expressing cells, a broad panel of different cell 
markers was used. These markers are also known to be expressed by parenchymal 
microglia, depending on their activation status [233, 234]. Studying the MS lesions for 
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macrophages and TG2+ cells (Fig 5A, E, I, M), many round cells representing monocytes 
and macrophages were present in these areas. First, we studied the population of CD14+ 

cells in MS lesions (Fig 5B). We found numerous CD14+ monocytes in close vicinity to 
blood vessels but also spread throughout the lesion. Most of them showed limited co-
localization with TG2 staining (3.5 % co-labeling, Fig 5C, D). The two macrophage markers 
used were CD11b, a pan macrophage marker and CD68, a lysosomal marker for phagocytic 
active macrophages [235]. Both markers, i.e. CD11b (Fig 5F) and CD68 (Fig 5J), were 
present in cells in the lesion areas. Their co-labeling with TG2 staining resulted in 45 % of 
TG2+ cells being CD11b+ macrophages (Fig 5G,H) and 11 % were positive for CD68 (Fig 5K, 
L). Another cell surface macrophage marker, i.e. CX3CR1 [236], is expressed in MS lesions 
but also only showed limited co-localization (5.3 %) with TG2 staining (Fig 5N, O, P). 
 

 
Figure 4: AntiTG2 antibody immunoreactivity in MS lesions was absent in lymphocytes. TG2+ cells (arrows) 
surrounding a blood vessel in a MS lesion (A, E). (B) B cells present in MS lesions were detected using the B cell-
specific marker CD20. (C) Double staining of antiCD20 antibody and antiTG2+ cells showed (D) very little overlap 
of these 2 markers (arrows) and therefore limited expression of TG2 in B cells. (F) CD3 expression indicated the 
presence of T lymphocytes, but a merge of antiTG2 and antiCD3 antibody staining (G) revealed that both markers 
were expressed in different cell types (arrows), as quantified in (H). Scale bar: 50 μm. Bar: SEM. 
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Figure 5: Abundant antiTG2 antibody immunoreactivity in monocyte/macrophages associated with MS lesions. 
(A, E, I, M) TG2+ cells (arrows, arrowheads) surrounding blood vessels in MS lesions. (B) CD14+-immunoreactive 
monocytes (arrowheads) were found in MS lesions. (C, D); however, few of the antiCD14+ cells expressed TG2 
(arrowheads), whereas the majority did not show immunoreactivity for antiTG2 antibody (arrows). (F) CD11b 
expression was found in lesions (arrowhead) and (G, H) approximately half of the CD11bþ+cells expressed TG2+ 
(arrowheads, magnified inserts). (J) CD68, a lysosomal macrophage marker, was present in MS lesions and (K, L) 
antiTG2 antibody immunoreactivity was present (arrowheads, magnified insert) in some but not all (arrows). (N). 
Another cell surface macrophage marker, CX3CR1, was expressed in MS lesions but (O, P) little co-localization 
with the antiTG2 antibody immunoreactivity was found (arrows). Arrows indicate TG2+ cells that did not 
correspond to one of the monocyte or macrophage markers. Arrowheads indicate monocytes or macrophages 
showing immunoreactivity for the antiTG2 antibody. Scale bar: 50 μm. Bar: SEM. 
 

 
Figure 6: Expression of TG2 in alternatively activated (M2) type macrophages. (A, E) TG2+ cells surrounding a 
blood vessel in a MS lesion (arrows, arrowheads). M2 macrophages were found in MS lesions as indicated by 
antiCD163 antibody (B) and antiCD206 antibody (F) immunoreactivity; however, only small proportions were 
found to be immunoreactive for the antiTG2 antibody in these M2 macrophages (C, D/G, H, arrowheads, 
magnified inserts) whereas TG2 staining was absent in the majority of M2 type cells (arrows). Scale bar: 50 μm. 
Bar: SEM. 
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As TG2 has been qualified as a marker for alternatively activated macrophages (M2) [237], 
we further characterized whether TG2+ cells co-label with markers for alternatively 
activated macrophages, i.e. CD163 and CD206 [38]. In the area of TG2+ cells in the lesions 
(Fig 6A, E) both CD163 (Fig 6B) and CD206 (Fig 6F) were present. Co-labeling of TG2 and 
the M2 markers (Fig 6C,G), however, resulted in only small numbers of double stained 
cells, i.e. CD163 was expressed in 3.8 % and CD206 in 5 % of the TG2+ cells in the MS 
lesions (Fig 5P,T). 

The results of the semi-quantification of TG2+ cells co-labeling with immune cell 
markers in inflammatory MS lesions are summarized in Table 3. 
 
Table 3: TG2 and Immune Cell Marker Co-localization in MS Lesions 
Immune 
marker 

% of TG2 cells 
positive for 
immune marker 

Standard 
deviation 
(%) 

CD45 72.16% 10.50% 
CD3 3.85% 6.46% 
CD20 2.27% 1.45% 
CD14 3.52% 3.97% 
CD11b 45.02% 29.06% 
CD68 11.21% 9.89% 
CX3CR1 5.29% 6.77% 
CD163 3.74% 6.32% 
CD206 4.96% 5.95% 
 
 
DISCUSSION 
 
Novel treatments of MS focus mainly on lymphocytes as a therapeutic target, but there is 
heterogeneity between MS lesions and patients with regard to the pathological features. 
Therefore, other cell types, in particular monocytes and macrophages, may be of interest 
as a potential target. TG2 plays a role in monocyte/macrophage migration and the aim of 
the present study was to examine TG2 expressing cell types in MS lesions in detail. 
As the variation in the number of TG2+ cells is high in different types of MS lesions, we 
included only active and chronic active lesions with still significant HLA-DR staining in the 
rim and a relatively high number of TG2+ cells. The reason for the variation in TG2 
expression between MS patients remains unsolved, but can potentially be related to e.g. 
disease duration and the clinical status of the patient. Since TG2 is upregulated under 
inflammatory conditions [230] it can be mostly seen in active or chronic active lesions with 
substantial leukocyte infiltration. With ongoing disease, the inflammation and cellular 
infiltration recede which in turn might reduce the expression of TG2 [238]. 

The main observation of our study is that the vast majority (~70 %) of TG2+ cells 
are CD45+ and display a round morphology, indicative of leukocytes infiltrated from the 
circulation. In our previous study, the TG2+/HLA-DR-positive cells also had a round 
morphology [229] and thus likely represent a (sub)population of infiltrated leukocytes. To 
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further delineate the cell type(s) expressing TG2, we analyzed the two most abundant 
leukocyte cell types found in MS lesions, i.e. lymphocytes and monocytes/macrophages. 
Both CD3+ T cells and CD20+ B cells were hardly associated with TG2+ cells, despite the fact 
that lymphocytes, together with monocytes and macrophages, migrate into the CNS as a 
part of MS pathology [216, 239]. We, therefore, propose that the migration process of 
lymphocytes into the CNS in MS may be independent of TG2 in lymphocytes, which is in 
line with previous rodent MS models in which lymphocyte migration was not affected by 
TG2 inhibition (29, 43). In addition, we determined the presence of TG2 in monocytes and 
macrophages. CD14+ monocytes showed limited TG2 immunoreactivity. However, in 
circulating monocytes derived from MS patients, low but increased TG2 mRNA levels were 
present compared to control monocytes [240]. Still, these mRNA levels may not result in 
sufficient levels of protein to be detected by immunohistochemistry. It is also possible that 
the TG2+ monocytes mostly remain in the circulation with a minority entering the CNS. 
TG2 immunoreactivity was clearly present in CD11b+ cells. Although CD11b can also be 
expressed by natural killer cells and granulocytes in addition to macrophages, these cell 
types are rather scarce in MS lesions compared to macrophages [241-243]. Hence, we 
assume that the majority of the TG2+ round CD11b+ cells is of the macrophage lineage 
[119, 244]. 

Nowadays, macrophages are often subdivided into homeostatic (M0), classically 
activated (M1) and alternatively activated (M2) macrophages, based on a certain cell 
marker expression profile in vitro [245]. Depending on their phenotype they might adopt 
different functions that can be either beneficial or detrimental. Our data of TG2 
immunoreactivity in a number of CD68+ macrophages, i.e. macrophages with lysosomal 
activity may suggest that TG2 contributes to phagocytosis of, for example, myelin debris. 
Also, a role for TG2 in the process of efferocytosis, i.e. phagocytosis of apoptotic cells, has 
clearly been established [246-248]. However, CX3CR1, an important factor in the 
clearance of myelin debris [249], and TG2 co-expression proved limited in CX3CR1+ cells in 
MS lesions. Together, these data suggest that if macrophage-derived TG2 contributes to 
the clearance of myelin debris, its impact may be limited. Generally, lysosomal active 
macrophages have been shown to have an anti-inflammatory signature [250] and it has 
been shown that TG2 expression is increased in M2 macrophages in vitro [237, 251]. In the 
MS lesions studied, we could not confirm that TG2 is only expressed by anti-inflammatory 
M2 macrophages. Still, the low number of TG2+ cells that co-label with M2 markers may 
represent macrophages involved in phagocytosis and/or efferocytosis. We cannot rule out 
that also macrophages of the M1 type can be TG2+ representing another subpopulation of 
the CD11b+ or CD68+ macrophages. Altogether, it is of importance to note that 
macrophages present in MS lesions are predominantly of an intermediate phenotype [38], 
which may explain our finding of relatively low numbers of TG2+ anti-inflammatory 
macrophages in MS lesions. 

With our analyses, we characterized the majority of the TG2+ cells to be 
leukocytes of which the majority is of the monocyte/macrophage lineage. However, our 
analysis did not allow us to determine the lineage of the remaining 30 % of cells. One 
possibility is that their expression of our analyzed markers was too low to be detected in 
our immunohistochemical assays. For example, CD45 expression in microglia might be 
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below our detection limit [252]. In addition, we cannot exclude that certain subtypes of 
lymphocytes that are neither CD3+ nor CD20+ might be expressing TG2. Additional studies 
are needed to enlighten the identity of these cells and their potential effects when 
considering TG2 a potential target in the therapeutic treatment of MS patients. 
Concluding, based on our observations we state that TG2 is largely expressed by cells of 
the monocyte/macrophage lineage in MS lesions. The TG2+ macrophage phenotype 
cannot be clearly classified as M1 or M2 and hence a potential dual role of macrophage-
derived TG2 in MS lesion pathology is possible. Our observations in animal models of MS 
supported a role for monocyte/macrophage-derived TG2 in cell adhesion and migration 
contributing to the disease process [229]. As we observed that TG2 contributes to human 
monocyte adhesion and migration in vitro [240], this could also hold true for the in vivo 
disease situation. Therefore, monocyte/macrophage-derived TG2 could be a potential 
target for intervention during MS that adds to the available lymphocyte focused therapies 
and broadens the spectrum of cells targeted in the heterogeneous MS lesions. 
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