N

N

Truncated thioredoxin (Trx-80) promotes pro-inflammatory
macrophages of the M1 phenotype and enhances
atherosclerosis
Dler Faieeq Darweesh Mahmood, Amna Abderrazak, Dominique Couchie, Oleg
Lunov, Vimala Diderot, Tatiana Syrovets, Mohamed-Naceur Slimane, Fabien

Gosselet, Thomas Simmet, Mustapha Rouis, et al.

» To cite this version:

Dler Faieeq Darweesh Mahmood, Amna Abderrazak, Dominique Couchie, Oleg Lunov, Vimala Diderot, et
al.. Truncated thioredoxin (Trx-80) promotes pro-inflammatory macrophages of the M1 phenotype and en-
hances atherosclerosis. Journal of Cellular Physiology, 2013, 228 (7), pp.1577-1583. {10.1002/jcp.24319). <hal-
01544063)

HAL Id: hal-01544063
https://hal.science/hal-01544063v1

Submitted on 19 Jul 2021

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizﬁtion
HAL Authorization


https://hal.science/hal-01544063v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

ORIGINAL RESEARCH ARTICLE 1577

Journal of
Cellular
Physiclogy

Truncated Thioredoxin (Trx-80)
Promotes Pro-Inflammatory
Macrophages of the M1
Phenotype and Enhances
Atherosclerosis
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Vascular cells are particularly susceptible to oxidative stress that is believed to play a key role in the pathogenesis of cardiovascular
disorders. Thioredoxin-1 (Trx-1) is an oxidative stress-limiting protein with anti-inflammatory and anti-apoptotic properties. In contrast,
its truncated form (Trx-80) exerts pro-inflammatory effects. Here we analyzed whether Trx-80 might exert atherogenic effects by
promoting macrophage differentiation into the M| pro-inflammatory phenotype. Trx-80 at | pg/ml significantly attenuated the
polarization of anti-inflammatory M2 macrophages induced by exposure to either IL-4 at |5 ng/ml or IL-4/IL-13 (10 ng/ml each) in vitro, as
evidenced by the expression of the characteristic markers, CD206 and IL-10. By contrast, in LPS-challenged macrophages, Trx-80
significantly potentiated the differentiation into inflammatory M| macrophages as indicated by the expression of the M| cytokines, TNF-a
and MCP-1. When Trx-80 was administered to hyperlipoproteinemic ApoE2.Ki mice at 30 g/g body weight (b.w.) challenged either with
LPS at 30 jug/30g (b.w.) or IL-4 at 500 ng/30 g (b.w.), it significantly induced the M| phenotype but inhibited differentiation of M2
macrophages in thymus and liver. When ApoE2.Ki mice were challenged once weekly with LPS for 5 weeks, they showed severe
atherosclerotic lesions enriched with macrophages expressing predominantly M| over M2 markers. Such effect was potentiated when
mice received daily, in addition to LPS, the Trx-80. Moreover, the Trx-80 treatment led to a significantly increased aortic lesion area. The
ability of Trx-80 to promote differentiation of macrophages into the classical proinflammatory phenotype may explain its atherogenic
effects in cardiovascular diseases.

J. Cell. Physiol. 228: 1577—-1583, 2013. © 2013 Wiley Periodicals, Inc.

Atherosclerosis is a complex inflammatory disease that
involves interaction of a variety of cells including monocytes/
macrophages within the vessel wall. A crucial step in this
process is the infiltration of monocytes into the subendothelial
space of large arteries and their subsequent differentiation into
tissue macrophages (Ross, 1999) residing within the
atherosclerotic lesions. These macrophages represent a
heterogeneous cell population whose activation and function is
influenced by various cytokines and microbial products. Thus,

| receptor antagonist, and upregulate mannose receptor
(CD206), and arginase-|. Accumulation of M2 macrophages
leads to reduction of inflammation. In addition, anti-
inflammatory macrophages promote angiogenesis, tissue
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interleukin-13 (IL-1B), interferon vy (IFN<y), and
lipopolysaccharide (LPS) increase the “classical” or
inflammatory activation profile yielding the so-called M|
macrophages (Lumeng et al., 2007), which produce pro-
inflammatory cytokines, such as tumor necrosis factor o (TNF-
a), IL-6, and IL-12 as well as reactive oxygen species (ROS) and
nitrogen intermediates (Gordon, 2003, 2007). Consistently, M|
macrophages are associated with inflammation and tissue
damage. In contrast, IL-4, IL-13 (Stein et al., 1992; Savill et al.,
2002; Gordon, 2003), peroxisome proliferator-activated
receptor y (PPARY) activation (Bouhlel et al., 2007), and
adiponectin (Lovren et al., 2010; Ohashi et al., 2010) promote
polarization of macrophages into the anti-inflammatory,
alternative M2 type. M2 macrophages secrete the anti-
inflammatory cytokine IL-10, transforming growth factor @3, IL-
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remodeling and repair (Mantovani et al., 2001; Gordon, 2003;
Odegaard and Chawla, 2008).

Increasing evidence indicates that risk factors for
cardiovascular disease can lead to dramatic increases in the
concentration of ROS in the vascular wall. When the rate of
ROS formation exceeds the capacity of the antioxidant defense
system, oxidative stress occurs, which markedly contributes to
arterial inflammation (see review Forstermann, 2008).
Thioredoxin-1 (Trx-1), a 12-kDa highly conserved protein that
has recently been recognized as a critical protective system
against oxidative stress (Yamawaki et al., 2003; Forstermann,
2008). Nevertheless, posttranslational modifications of Trx-|
have been described. Thus, a C-terminal truncated form,
composed of 1-80 or [-84 N-terminal amino acids (Trx-80),
which is either secreted from cells already truncated or cleaved
by an unknown enzyme at the cell surface, possesses a cytokine-
like activity (Pekkari and Holmgren, 2004). Macrophages have
been reported to cleave full-length Trx-| to yield Trx-80
(Bizzarri et al., 2005). Trx-80 is expressed also by U937
monocytes, cytotrophoblasts and CD4" T cells (Silberstein
et al,, 1989; Di Trapani et al., 1998).

The levels of Trx-80 varies from 2 to 175 ng/ml, those of Trx-
| varies from 16 to 55 ng/ml without any correlation to Trx-80,
which is highly increased under inflammatory conditions
(Pekkari et al., 2000; Cortes-Bratti et al., 201 I). Trx-80
activates monocytes and induces up-regulation of cell surface
pathogen recognition receptors, molecules essential for T-cell
activation and function (Lemarechal et al., 2007) as well as
release of the proinflammatory cytokines evoking inflammation
(Bertini et al., 1999).

We have previously shown in vitro that human recombinant
Trx-1 down-regulates the expression of a number of
inflammatory genes such as IL-1 3, TNF-a, IL-6, and IL-8 (Billiet
et al., 2005). In addition, we have recently shown that
intravenous injection of recombinant human Trx-1 promotes
anti-inflammatory macrophages of the M2 phenotype and
antagonizes atherosclerosis in mice (El Hadri et al., 2012).

Since Trx80 has very different properties from the full-length
protein, lacking the disulfide reductase activity of the full-length
species, and instead having pro-inflammatory cytokine-like
effects on immune cells (Pekkari et al., 2000, 2001 ), we further
investigated the vascular proinflammatory mechanism to clarify
its atherogenic implication. We found that recombinant human
Trx-80 promotes mouse peritoneal and human macrophages
toward a “classical” pro-inflammatory M| phenotype. As an in
vivo model of atherosclerosis, we have chosen ApoE2.Ki mice
expressing human ApoE2 (2/2), which virtually exhibits all
characteristics of type Ill hyperlipoproteinemia in man.
Accordingly, their plasma cholesterol and triglyceride levels are
two to three times of that of normolipidemic mice (Sullivan
etal., 1998). These animals are markedly defective in clearing 3-
migrating VLDL particles, and spontaneously develop
atherosclerotic plaques, even onaregular diet. In apoE2.Ki mice
on an atherogenic diet (Sullivan etal., 1998) or exposed to LPS,
an exacerbation of atherosclerosis is observed (Ostos et al.,
2002; Cuaz-Perolin etal., 2008). We demonstrated that Trx-80
treatment led to a significantly increased aortic lesion surface
area in ApoE2.Ki mice challenged with LPS.

Methods

For in vitro studies, both murine peritoneal and human
macrophages were used. Cells were left untreated or treated
with LPS, IL-4, IL-4/IL-13, Trx-80, or a combination thereof.
Recombinant Trx-80 containing by the LAL method less than
< 1.0 EU of endotoxin per | ng of protein was obtained from
R&D systems. To exclude any potential endotoxin interference,
we have added in all in vitro experiments (except when LPS was
added) polymyxin B that is known to neutralize endotoxin. In
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some samples, a specific antibody against truncated human Trx-
80 was added. To study the binding of Trx-80, recombinant
Trx-80 was fluorescently labeled and incubated with
macrophages, and fluorescence images were taken using Zeiss
LSM710 confocal scanning microscope. The expression of
macrophage phenotype markers, CD206, MCP-I, IL-10, and
TNF-a, and other involved genes, activator protein (AP)-1 and
Ref-1, were investigated at both transcription and protein levels
using real-time polymerase chain reaction and immunoblotting
or ELISA, respectively. In vivo study was performed on C57BI/
6.ApoE2.ki mice. Heart, liver, spleen, thymus, pancreas, and
kidneys were excised, fixed, and immunohistochemical studies
were performed. Serial paraffin-embedded sections on
proximal aorta sections were stained and the mean lesion area
per animal was quantified. Human atherosclerotic vessel
specimens from patients undergoing vascular surgery for
atherosclerotic complications were fixed and
immunohistochemical analysis was performed. Statistical
significance was calculated with the Newman—Keuls test (given
in detail in the online-only Data Supplement).

Results
Trx-80 Reduces the Expression of M2 Markers in Murine
Peritoneal Macrophages

Macrophages rapidly bind Trx-80, which is later taken up by the
cells and which can be detected primarily in the cytosol after
extended periods of time. Interestingly, Trx-80 does not
colocalize with acidic compartments such as lysosomes, and is
barely degraded even after 24 h (Figs. IA and IB in the online-
only Data Supplement).

We further analyzed whether human recombinant Trx-80
would reduce an M2 polarization of murine macrophages.
Indeed, peritoneal macrophages from C57BL/6 mice were
incubated with recombinant IL-4 in the absence or in the
presence of recombinant human Trx-80. As reported (Stein
etal., 1992; Bouhlel et al., 2007), IL-4 induced significantly the
M2 macrophage marker CD206 (also called mannose
receptor); 3.1 £ 0.9 a.u. versus control cells 1.0 £0.2a.u.,,

P <0.001 (for mRNA; Fig. 1A) and 3 £0.2a.u. versus control
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Fig. I. Trx-80 attenuates the M2 anti-inflammatory phenotype in

freshly isolated murine peritoneal macrophages. A: Left part, shows
mRNA levels of CD206 after treatment with recombinant Trx-80
(I pg/mil), IL-4 (15 ng/ml) and specific antibody against human Trx-80
(5 pg/ml) for 24 h. mRNA levels of CD206 were quantified with qPCR
and normalized to GAPDH. B: Right part, shows quantification of
Western blots of CD206 and f3-actin after treatment with
recombinant Trx-80 (I pg/ml), IL-4 (15 ng/ml), and specific antibody
against human Trx-80 (5 pug/ml) for 24 h. Data are presented as
mean * SE of three independent experiments performed in
triplicate. **P<0.01, ***P<0.001, as indicated. One representative
Western immunoblot was inserted.
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Fig. 2. Trx-80 attenuates the M2 anti-inflammatory phenotype in
freshly isolated murine peritoneal macrophages. A: Left part, shows
mRNA levels of IL-10 after treatment with recombinant Trx-80 (I ng/
ml), IL-4 (15 ng/ml), and specific antibody against human Trx-80 (5 ng/
ml) for 24 h. mRNA levels of IL-10 were quantified with qPCR and
normalized to GAPDH. B, right part, shows the levels of IL-10 in cell
supernatants after treatment with recombinant Trx-80 (I pg/ml), IL-
4 (15 ng/ml) and specific antibody against human Trx-80 (5 pg/ml) for
24 h. Data are presented as mean * SE of three independent
experiments performed in triplicate. *P<0.05, **P<0.01, ***P<0.01,
as indicated.

cells 1.0 £0.2a.u,, P<0.001 (for protein; Fig. IB). In contrast,
the expression of the marker CD206 marker was reduced by
Trx-80. Thus, in IL-4-treated cells, Trx-80 significantly reduced
the expression of CD206 mRNA from 3.1 £0.9 to
1.5+0.9a.u. P< 0.0l (Fig. IA) and CD206 protein level from
3.0+0.2to [.5+0.9a.u. (P<0.0l; Fig. IB). The effect of Trx-
80 on macrophage polarization was specific, because it could be
virtually abolished by an anti-Trx-80 antibody (Fig. 1A,B). Of
note, we used Trx-80 at | pwg/ml in all in vitro experiments
reported in this manuscript, because in pilot concentration-
response experiments, | pg/ml Trx-80 exerted the maximum
effect on macrophage polarization in vitro (data not shown).
Similarly, IL-4 induces the expression of IL-10 (3.5 + 0.7 a.u vs.
control cells 1.0£0.4a.u,, P<0.001 (for mRNA; Fig. 2A) and
32 + 8 pg/ml versus control cells 4.5 + 1.4 pg/ml, P < 0.0l (for
protein; Fig. 2B) and concomitant administration of Trx-80
reduced such expression (from 3.5+0.7 to 1.4+0.2a.u,

P < 0.0l (for mRNA) and 32 + 8 pg/ml to 20 & 6 pg/L, P < 0.05
(for protein; Fig. 2A,B), respectively. Again, the effect of Trx-80
on macrophage polarization was specific, because the effect
could be neutralized by an anti-Trx-80 antibody (Fig. 2A,B). A
similar regulation of CD206 and IL-10 expression by Trx-80
was observed in macrophages treated with IL-13 alone or in
combination with IL-4 (not shown). In all experiments
polymyxin B was added in order to prevent any effect from a
potential endotoxin contamination. Moreover, similar results
were also observed in human monocyte-derived macrophages
(Figs. Il and Il in the online-only Data Supplement).

Trx-80 Induces the Expression of Murine MI
Macrophages Markers

To determine whether Trx-80 affects the expression of the M|
macrophage markers, peritoneal macrophages were treated
with LPS in the absence or presence of recombinant human
Trx-80. LPS significantly induced M| macrophage markers such
as TNF-a, 5.2 4+ 1.0 a.u. vs. control cells 1.0 £0.2a.u., P < 0.001
(for mRNA; Fig. 3A) and 2.5 £ 0.5 ng/ml versus control cells
0.5+0.2ng/ml, P <0.01 (for protein; Fig. 3B). In addition, the
expression of TNF-a was significantly induced by Trx-80 at
| ug/ml in LPS-treated cells. Thus, Trx-80 enhanced the LPS-
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Fig. 3. Trx-80 promotes the M| pro-inflammatory phenotype in
freshly isolated murine peritoneal macrophages. A: Left part, shows
mRNA levels of TNF-« after treatment with recombinant Trx-80
(I pg/ml), LPS (100 ng/ml), and specific antibody against human Trx-
80 (5 pg/ml) for 24 h. mRNA levels of TNF-a were quantified with
qPCR and normalized to GAPDH. B: Right part, shows the levels of
TNF-ain cell supernatants after treatment with recombinant Trx-80
(I pg/ml), LPS (100 ng/ml), and specific antibody against human Trx-
80 (5 png/ml) for 24 h. Data are presented as mean = SE of three
independent experiments performed in triplicate. *P<0.05,
**p<0.01, ***P<0.001, as indicated.

induced expression of TNF-o from 5.2+ 1.0 to 6.8 +0.2a.u,;
P <0.05 (for mRNA) and from 2.5+ 0.5 to 3.8 + 0.6 ng/ml;

P < 0.05 (for protein; Fig. 3A,B, respectively). Moreover, the
effect was also almost completely neutralized by an anti-Trx-80
antibody (Fig. 3A,B). Similarly, LPS significantly induces the
expression of MCP-I (another MI marker). Thus, in the
presence of LPS, the MCP-I mRNA increased from 1.0 +0.2
(control cells) to 7.8 £0.6a.u. P<0.001 (Fig. 4A) and for the
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Fig. 4. Trx-80 promotes the MI pro-inflammatory phenotype in
freshly isolated murine peritoneal macrophages. A: Left part, shows
mRNA levels of MCP-1 after treatment with recombinant Trx-80
(I pg/ml), LPS (100 ng/ml), and specific antibody against human Trx-
80 (5 pg/ml) for 24 h. mRNA levels of MCP-1 were quantified with
qPCR and normalized to GAPDH. B: Right part, shows the levels of
MCP-1 in cell supernatants after treatment with recombinant Trx-80
(I pg/ml), LPS (100 ng/ml) and specific antibody against human Trx-
80 (5 pg/ml) for 24 h. Data are presented as mean * SE of three
independent experiments performed in triplicate. *P <0.05,
***p<0.001, as indicated.
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Fig. 5. Trx-80 attenuates M2 polarization of murine thymus- Fig. 6. Trx-80 attenuates M2 polarization of murine liver-

macrophages. C57B1/6.ApoE2.Ki mice were intravenously injected
with LPS (10 ng/30 g body weight (b.w.)), IL-4 (500 ng/30 g b.w.) and/
or Trx-80 (30 ng/30 g b.w.) at Days 0 and 3. At Day 5, the mice were
sacrificed. Paraffin embedded serial sections (5 um) of the thymus
were immunohistochemically analyzed with antibodies either against
the M2 marker CD206 (A) or M1 marker TNF-a (B), and fluorescently
labeled secondary F(ab’),; nuclei were stained with DAPI. TNF-a and
CD206 positive cells were quantified using Image) software (NIH).
The data represent the number of positive cellssfHPF (magnification
200X), mean = SEM, n=8. **P<0.01, ***P<0.001 as indicated.

protein level from 0.5+ 0.2 (control cells) to 4.8 + 1.2 ng/ml;
P < 0.05 (Fig. 4B). In addition, the expression of MCP-1 was
further increased by Trx-80 at | pg/ml in LPS-treated cells.
Thus, Trx-80 increases the LPS-induced expression of MCP-|
from 7.8 £ 0.6 to 9.0 £0.2a.u,; P <0.05 (for mRNA; Fig. 4A)
and from 4.8 £ 1.2 to 6.2+ 0.9 ng/ml; P < 0.05 (for protein;
Fig. 4B). In analogy to the previous experiments, the stimulation
effect of Trx-80 on LPS-induced expression of MCP-I marker
was totally abolished in the presence of the specific anti-Trx-80
antibody (Fig. 4A,B). Similar to murine peritoneal macrophages,
Trx-80 inhibited the expression of M2 macrophage markers
and increased the expression of M| markers in human
monocyte-derived macrophages (Figs. IV and V in the online-
only Data Supplement).

Short Term Effects of Trx-80 on MI/M2 Macrophages in
Tissues of ApoE2.Ki Mice

Macrophages are highly plastic cells that enter target tissues and
gain the phenotypic and functional attributes of their tissue of
residence (Mantovani et al., 2005). To address such phenotypic
changes, we analyzed the effect of Trx-80 administration on the
expression of M1/M2 markers in murine tissues. For the in vivo
study, we injected mice with recombinant human Trx-80 at
30 pg/g b.w. because in a pilot study, mice injected with various
doses of Trx-80, showed the maximum effect at 30 ug/g b.w.
There were no changes in the expression of M| and M2
macrophage markers in spleen, pancreas and kidneys (data not
shown). However, in agreement with the data obtained in vitro
with murine peritoneal and human macrophages, Trx-80
decreased the number of CD206* M2 and given together with
IL-4 increased the TNF-a™ M| macrophages in the thymus
(Fig. 5). Moreover, it antagonized the IL-4- induced expression
of CD206 in thymus macrophages (Fig. 5).

Trx-80 exhibited comparable effects on hepatic
macrophages, where it antagonized the IL-4-induced
expression of CD206 and potentiated the LPS-induced
expression of TNF-a (Fig. 6). Trx-80 also enhanced the LPS-
induced decrease of CD206 (Fig. 6). Thus, Trx-80 promotes M|
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macrophages. C57B1/6.ApoE2.Ki mice were intravenously injected
with LPS (10 ng/30 g body weight (b.w.)), IL-4 (500 ng/30 g b.w.) and/
or Trx-80 (30 ng/30 g b.w.) at Days 0 and 3. At Day 5, the mice were
sacrificed. Paraffin embedded serial sections (5 pm) of liver
macrophages were immunohistochemically analyzed with antibodies
either against the M2 marker CD206 (A) or the Ml marker TNF-a
(B), and fluorescently labeled secondary F(ab’),; nuclei were stained
with DAPI. TNF-a and CD206 positive cells were quantified using
Image] software (NIH). The data represent the number of positive
cells/HPF (magnification 200X), mean + SEM, n= 8. *P<0.05,
**p<0.01, ***P<0.001 as indicated.

macrophage markers and inhibits the M2 phenotype in tissue
macrophages.

Trx-80 Colocalizes With M|l Macrophages in Human
Atherosclerotic Lesions

Previous studies have shown the presence of M| (Ross, 1999)
and M2 (Bouhlel et al., 2007) macrophages in atherosclerotic
lesions. However, it was unknown whether Trx-80 would
colocalize with M| or M2 markers in complicated
atherosclerotic lesions. Not unexpected, the staining pattern of
CD206 in serial sections of human atherosclerotic plaques
confirmed that Trx-80-expressing cells colocalize with the M|
macrophage marker TNF-a. In contrast, Trx-80 does not
colocalize with CD206, a marker of inflammatory M2
macrophages (Fig. 7), indicating that Trx-80 could promote the
M| differentiation in human atherosclerotic vessels as well.

Chronic Treatment With Trx-80 Increases the Number
of Lesional Ml Macrophages and Enhances the Size of
Atherosclerotic Lesions

ApoE2.Ki hyperlipoproteinemic mice challenged repeatedly
with LPS exhibit a significantincrease in lesion size compared to
control animals, as we have previously shown (Cuaz-Perolin
et al,, 2008). Lesional macrophages in these mice express high
levels of TNF-a and low levels of CD206 exhibiting
predominantly the proinflammatory M| phenotype. When LPS-
injected ApoE2.Ki mice were additionally treated with human
recombinant Trx-80, the amount of TNF-a.* M| macrophages
was significantly potentiated, and the number of CD206" M2
macrophages was significantly reduced (Fig. 8A). Similarly, liver
tissue of mice chronically treated with Trx-80 exhibited
increased expression of M| macrophage marker TNF-a, but
reduced expression of the M2 marker CD206 (data not
shown). Moreover, Trx-80 significantly increased the size of
aortic atherosclerotic lesions in ApoE2.Ki
hyperlipoproteinemic mice challenged with LPS (100 & 18%
(LPS-challenged) vs. 136% +21% (Trx-80-treated LPS-
challenged mice; n=8); P < 0.0l (Fig. 8B)).
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Fig. 7. Trx-80 colocalizes with M1, but not with M2 macrophages in human atherosclerotic lesions. Serial sections of paraffin-embedded human
atherosclerotic vessel specimens from five patients undergoing vascular surgery for atherosclerotic complications were double stained with
Trx-80 and TNF-a or CD206 primary antibodies, respectively. TNF-a and CD206 were visualized by Cy2-conjugated secondary antibody (green).
Trx-80monoclonal mouse antibody that reacts exclusively with the truncated protein was stained withCy-5-conjugated secondary antibody (red).
In control samples, the primary antibodies were substituted with control IgG. Sections were counterstained with hematoxylin. Original

maghnifications 400X. Representative images are shown.

Treatment of macrophages With Trx-80 Enhances the
ABCAI Expression in Ml Macrophages But Does Not
Affect the Reverse Cholesterol Transport

To determine the role of Trx-80 in lipid metabolism and its
accumulation in the M| macrophages, the expression of
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Fig. 8. Trx-80 induces Ml macrophage polarization in murine
atherosclerotic lesions. C57BI/6.ApoE2.Ki mice were intravenously
injected with LPS (10 ng/30 g b.w.) once weekly and daily with either
Trx-80 (30 ng/30 g b.w.) or PBS for 5 weeks, when the mice were
sacrificed. Frozen serial sections (7 um) of proximal aortas were
analyzed by immunohistochemistry using double immunostaining
with antibodies either against the macrophage marker F4/80 and the
MI marker TNF-a or the M2 marker CD206, respectively (A).
Furthermore, serial paraffin-embedded sections (5 um) of proximal
aortas were prepared, stained with hematoxylin, eosin, and saffron
for lesion area measurement. Three aortic sections, each separated
by 100 um, from eight mice were analyzed (B). Data are mean = SEM
of eight mice, *P<0.05.
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ABCAI, scavenger receptors SR-A, CD36, and LOX-1 were
studied. It was found that Trx-80 (I pg/ml) significantly
enhanced the expression of ABCAI in M| macrophages (LPS-
treated cells) compared to resting macrophages (RM; Fig. 9A),
whereas the expression of SR-A, CD36 and LOX-1| (data not
shown) as well as the reverse cholesterol transport were not
affected (Fig. 9B).

Discussion

Macrophages possess a remarkable diversity, which depends on
the type, duration and concentration of environmental signals,
including bacterial products and cytokines. Macrophage
subpopulations exhibit differential gene expression, release
different cytokines and secondary mediators, and express
different cell surface antigens. According to their phenotype,
macrophages are divided into two major populations, those
which promote inflammation, and those which limit
inflammation and support tissue remodeling and angiogenesis
(Mantovani et al.,, 2009). In contrast to lymphocytes, which
cannot be reprogrammed, macrophages retain plasticity,
meaning that alteration of environmental signals could change
the balance between M| and M2 populations. Changing the
composition of macrophage population in tissues would affect
pathogenesis, evolution and complication of many diseases
including atherosclerosis (Murray and Wynn, 201 ). Therefore,
identification of agents that might modulate the balance of
macrophage polarization is of great importance.

In this manuscript we show that macrophages bind rapidly
Trx-80, which is later taken up by the cells and which can be
detected primarily in the cytosol after extended periods of
time. Interestingly, Trx-80 does not colocalize with acidic
compartments such as lysosomes, and is barely degraded even
after 24 h (Figs. IA and IB in the online-only Data Supplement).
Extracellular full length Trx-lalso binds rapidly to the surface of
macrophages, yet after 24 h, Trx-1 is localized predominantly
within the lysosomal compartment (El Hadri et al,, 2012). The
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Fig. 9. Trx-80 induces ABCAI expression in the Ml macrophages
but without effect on the reverse cholesterol efflux. A, left part, shows
quantification of Western blots of ABCAI and B-actin (for
normalization) after treatment with recombinant Trx-80 (I png/ml),
LPS (100 ng/ml) and their combination for 24 h. B: Right part, shows
the effect of Trx-80 (I pg/ml) on the reverse cholesterol efflux. Data
are presented as mean * SE of three independent experiments
performed in triplicate. *P<0.05, **P<0.01, as indicated. One
representative Western immunoblot was inserted.

raison of such different localization is currently not known.
Nevertheless, it is well documented that the lysosomal pathway
of proteolysis is selective for cellular proteins containing a
peptide sequence related to the Lys-Phe-Glu-Arg-GIn (KFERQ)
motif. A heat shock protein of 73 kDa binds to such peptide
regions in proteins and mediates their transfer to lysosomes for
degradation. Therefore, we hypothesized that the lysosomal
localization of full length Trx-1 but not of its truncated form,
Trx-80, might be explained by a potential presence of the
KFERQ motif in the C-terminal domain, which might be lost
after cleavage of the protein. Unfortunately, we could not find
such a KFERQ motif. Therefore, we considered another
explanation. Thus, Cys-proteases such as cathepsin B are
constitutively expressed in the lysosomes of human B cells
(Rodriguez and Diment, 1995) and their activity requires active
SH generating systems that protect them from oxidative
inactivation. They play an important role in antigen processing,
producing peptides, which can be recognized in the context of
MHC class Il (Matsunaga etal., 1993; Deussing etal., 1998). The
enzymatic activity of cathepsin B requires the presence of Trx.
Accordingly, Trx is thought to represent a good SH donor
candidate for the processing of disulfide-bonded multimeric
antigens. Trx could therefore be considered as a molecular
chaperonin involved in antigen processing (Kerblat et al., 1999),
which could explain its presence within the lysosome. In
contrast, Trx-80 lacks redox activity (Pekkari et al., 2000) and
its presence within the lysosome might not be necessary.
Another hypothesis could be considered as well. Thus, Trx-1 is
known to inhibit oxidative stress-induced apoptosis in different
cell types (Andoh etal., 2002; Haendeler et al., 2002; Shioji et al.,
2002). To overcome such apoptosis inhibition, cathepsin D
(CatD), a lysosomal asparatic proteinase, induces degradation
of Trx-1 (Haendeler et al., 2005). Hence, the lysosomal
localization of Trx-| might represent a mechanism used by
macrophages to control the induction of apoptosis.

In addition, we show in the present study, that human Trx-80
potentiates the expression of pro-inflammatory Ml
macrophages through AP-1 and Ref-1 transcription factor-
independent pathways (not shown), as evidenced by the
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increase of the markers TNF-o.and MCP-1, characteristic of the
M1 polarization. In parallel, Trx-80 blunts the expression of
anti-inflammatory M2 markers such as CD206 and IL-10
through unknown mechanism. The correlation between the
human macrophage subpopulations and their murine
counterparts, particularly in atheroma, are still unknown.
Therefore, itis important that we found similar effects in human
as well as in murine macrophages. In addition, we
complemented our in vitro experiments with in vivo studies
using a hyperlipoproteinemic mouse model.

Our in vitro data showing promotion of M| over M2
phenotype by Trx-80 are supported by the in vivo data. In
ApoE2.Ki mice treated intravenously with human recombinant
Trx-80 for 2-5 days or for 5 weeks, Trx-80 increases
expression of M| pro-inflammatory macrophage marker in
thymus and in liver, as well as in the atherosclerotic lesions. In
contrast, the high expression of macrophage M| markers
observed in mice injected with LPS is significantly potentiated by
the Trx-80 treatment. As a consequence, lesion surface area is
significantly increased in mice treated with Trx-80 compared to
mice treated with LPS alone. In addition, in human
atherosclerotic plaques, we observed colocalization of Trx-80
with TNF-a, a marker of proinflammatory M| macrophages,
but not with CD206, a marker of anti-inflammatory M2
macrophages. This may be due to the Trx-80-induced activation
of pro-inflammatory and pro-survival PI3K/Akt and MAP/ERK
signaling pathways, a hypothesis that is currently under further
investigations.

Taken together, these studies indicate that Trx-80 functions
as regulator of macrophage phenotype tipping the balance
towards the pro-inflammatory M| state. As a consequence,
atherosclerotic plaques become larger and probably more
unstable.

Of note, in a previous publication, Trx-80 was shown to
induce differentiation of human CD 14" monocyte into a new
cell type designate as Trx-activated monocytes (TAMs)
(Bizzarri et al., 2005). TAMs resemble immature dendritic cells
(iDCs) generated in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-4 (Bizzarri et al.,
2005). Functional assays revealed that TAMs release
significantly higher amounts of the pro-inflammatory cytokines
such as TNF-q, IL-13, and IL-6 and of the anti-inflammatory
cytokine IL-10 (Bizzarri et al., 2005). In our present study, we
also show that Trx-80, either alone or in combination with LPS,
increases the TNF-a and MCP-1 expression and secretion by
murine peritoneal macrophages as well as by HMDM. However,
Trx-80 alone did not affect the expression of CD206 or IL-10in
these cells. In contrast, in |L-4-treated macrophages, Trx-80
decreased CD206 and IL-10 expression. The discrepancy with
the data reported by Pekkari et al. (Bizzarri et al., 2005) who
show an increase of IL-10 with Trx-80 might be due to the cell
type and/or the cell purification procedure and culture
condition.

Furthermore, it has been shown recently that the expression
of the cyclin-dependent kinase inhibitor p | 6™** modulates the
macrophage phenotype (Cudejko et al., 201 |; El Hadri et al.,
2012). Thus, pl6 '~ bone marrow-derived macrophages
display a decreased response to classical polarizing by IFNy and
LPS but an increased sensitivity to alternative polarization by
IL-4 (Cudejko et al., 201 I). Therefore, one could assume that
Trx-80 might reduce macrophage polarization into the M2
phenotype through upregulation of p16™ **. However, such a
mechanism does not seem to be relevant because we did not
observe any effect of Trx-80 on p16™** expression in
macrophages (data not shown).

Of note, plasma cholesterol and triglycerides levels in LPS-
treated mice versus LPS and Trx-80-treated mice were not
significantly different (Table Il in the online-only Data
Supplement). However, whether the progression and
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unstability of atheroma plaques attributed to M| phenotype
could be explained by a difference in lipid metabolism and lipid
accumulation in M| in comparison to M2 macrophages was
unknown. Therefore, we conducted additional experiments on
cultured macrophages to determine the level of ATP-binding
cassette Al (ABCAI) expression in the MI, M2, and in RM as
well as the influence of Trx-80 on the ABCAI gene expression.
The results showed an increase of ABCAI expression in M|
macrophages in comparison to M2 and RM and that Trx-80
enhanced such expression suggesting that M| macrophages
may have a high reverse cholesterol efflux activity which can be
potentiated by Trx-80 (Fig. 9A).

In addition, the expression of the scavenger receptors SR-A,
CD36, and LOX-1 were similar in RM, M2, and M|
macrophages and Trx-80 did not influence the expression of
any of these genes (data not shown). Moreover, Trx-80 does
not affect the reverse cholesterol transport (Fig. 9B). The
reason for this apparent contradiction is currently not known.
One might speculate that Trx-80 could activate macrophage
pinocytosis through protein kinase C, which increases
cholesterol accumulation. This cholesterol influx is
counterbalanced by the increase of ABCAI expression.
Nevertheless, further studies are needed to clarify this point.

To date, the biological roles of Trx-80 are still largely
unknown. Previously, Trx-80 was termed eosinophil
cytotoxicity-enhancing factor (ECEF) due to its eosinophil
cytotoxicity and it has been first detected in the plasma of
patients suffering from severe schistosomiasis (Dessein et al.,
1984; Lenzi et al., 1985; Silberstein et al., 1989). Of note, these
patients also developed atherosclerosis. It may be rewarding to
identify other pathologies associated with Trx-80 generation
and to study in greater detail the molecular mechanisms leading
to its generation.
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