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Abstract

BACKGROUND: Thioredoxin-1 (TRX1), a ubiquitous 12 kDa protein, exerts anti-oxidant
and anti-inflammatory effects. In contrast, the truncated form, called TRX80, produced by
macrophages induces up-regulation of pro-inflammatory cytokines. TRX80 also promotes the
differentiation of mouse peritoneal and human macrophages toward a pro-inflammatory M1
phenotype.

METHODS: TRX1 and TRX80 plasma levels were determined using specific ELISA. ADAM-17
and ADAM-10 activities were measured using respectively SensoLyte® 520 ADAM10 Activity
Assay Kit * Fluorimetric* and InnoZyme™ TACE Activity Kit. Western immunoblots were
performed using specific antibodies to ADAM-10 or ADAM-17. Angiogenesis study was
evaluated /n vitro using Human Microvascular Endothelial Cells-1 and /n vivo using the

matrigel plug angiogenesis assay in mice. The expression of macrophage phenotype markers
were investigated using real-time polymerase chain reaction. Phosphorylation of Akt, mTOR and
70S6K was determined using specific antibodies. The effect of TRX80 on NLRP3 inflammasome
activity was evaluated by measuring the level of IL-1p and IL-18 in the supernatants of

activated macrophages using ELISA. Hearts were used for lesion surface evaluation and
immunohistochemical studies and whole descending aorta were stained with oil-red-O. For
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transgenic mice generation, the human scavenger receptor (SR-A) promoter/enhancer was used
to drive macrophage-specific expression of human TRX80 in mice.

RESULTS: In this study, we observed a significant increase of plasma levels of TRX80 in

aged subjects compared to healthy young subjects. In parallel, an increase in expression and
activity of ADAM-10 and ADAM-17 in aged peripheral blood mononuclear cells compared

to young subjects were observed. Furthermore, TRX80 was found to colocalize with TNF-a.,

a macrophage M1 marker, in human atherosclerotic plaque. In addition, TRX80 induced the
expression of murine M1 macrophages markers through Akt-2/mTOR-C1/70S6K pathway and
activated the inflammasome NLRP3, leading to IL-1p and IL-18 release, potent atherogenic
cytokines. Moreover, TRX80 exerts a powerful angiogenic effect both /n vitro and /mmouse.
Finally, transgenic mice that overexpress human TRX80 specifically in macrophages of apoE ™/~
mice have a significant increase of aortic atherosclerotic lesions.

CONCLUSION: TRX80 showed an age-dependent increase in human plasma. In mouse models,
TRX80 was associated with a pro-inflammatory status and increased atherosclerosis.
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Introduction

The development of atherosclerosis is dependent upon both innate and adaptive arms of the
immune response, which have been shown to modulate lesion initiation, progression, and
potentially devastating thrombotic complications 1+ 2. In this process, macrophages play a
central role in accumulation of lipids in atherosclerotic plaques 3, immune responses 4 and
the maintenance of inflammation °. Therefore, macrophage recruitment and plasticity are
key components of atherosclerosis.

Interestingly, macrophages residing within atherosclerotic lesions represent a heterogeneous
cell population, whose activation and function are influenced by various cytokines and
microbial products. For example, interleukin-1p (IL-1p), interferon-v, and endotoxin
lipopolysaccharide (LPS) increase the inflammatory activation profile, yielding the so-called
M1 macrophages © that produce proinflammatory cytokines, such as tumor necrosis factor-
a (TNF-a), IL-6, and IL-12, as well as reactive oxygen species (ROS) and nitrogen
intermediates 7. Consistently, M1 macrophages are associated with increased inflammation
and tissue damage. In contrast, IL-4, I1L-13 8 peroxisome proliferator-activated receptor-

v (PPAR-v) activators 8 and adiponectin % 10 promote polarization of macrophages

into the anti-inflammatory, alternative M2 type. M2 macrophages secrete the anti-
inflammatory cytokine IL-10, transforming growth factor-@, and IL-1 receptor antagonist,
and upregulate scavenger receptors, the mannose receptor CD206, and arginase-1. Overall,
the accumulation of M2 macrophages leads to reduction of inflammation.

Growing evidence indicates that overproduction of ROS under pathophysiological
conditions is an integral component in the development of cardiovascular diseases (CVDs),
such as atherosclerosis, ischemic heart disease, hypertension, cardiomyopathies, cardiac
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hypertrophy and congestive heart failure 11 12, An imbalance favoring the cellular
production of free radicals in amounts exceeding the cellular defense capacities is referred to
as oxidative stress 11: 13 which markedly contributes to arterial inflammation 14, Therefore,
cells have evolved several strategies, both enzymatic and non-enzymatic, to overcome free
radical-induced oxidative stress including preventive and repairing mechanisms, physical
barriers, and antioxidant defenses. Non-enzymatic antioxidants are ascorbic acid (vitamin
C), a-tocopherol (vitamin E), glutathione, carotenoids, flavonoids, and other antioxidants.
Enzymatic antioxidant defenses include superoxide dismutase, glutathione peroxidase,
catalase, glutaredoxin, and thioredoxin system 12,

The thioredoxin system comprises thioredoxin (TRX), truncated TRX (TRX80), thioredoxin
reductase (TRXR), and NADPH. In addition a natural TRX inhibitor, the thioredoxin-
interacting protein (TXNIP), is also an important part of this system. The thioredoxin system
is essential for maintaining the balance of the cellular redox status and is involved in the
regulation of redox signaling. It is also pivotal for growth promotion, neuroprotection,
inflammatory modulation, anti-apoptosis, immune function, and atherosclerosis. As an
ubiquitous and multifunctional protein, TRX1, a 12-kDa highly conserved protein, is
expressed in all forms of life and executes its function through its anti-oxidative, protein
reducing, signal transducing activities 1°. Several studies reported the beneficial role of
TRX1 in CVDs 1619, |n contrast, the C-terminal truncated form, composed of 1-80 or
1-84 N-terminal amino acids (TRX80), which is either secreted from cells already truncated
or cleaved by 2a—secretases (ADAM-10 and ADAM-17) at the cell surface 20, possesses

a pro-inflammatory cytokine-like activity 21. Macrophages have been reported to cleave
full-length TRX1 to yield TRX80 22,

The level of TRX80 in plasma has been reported to vary from 2 to 175 ng/ml and is
markedly increased under inflammatory conditions 23 24, TRX80 activates monocytes and
induces up-regulation of cell surface pathogen recognition receptors, molecules essential for
T-cell activation and function 22, as well as for the release of the pro-inflammatory cytokines
26, In contrast to the full length TRX1, which down-regulates the expression of a number of
inflammatory genes 27, TRX80 promotes mouse peritoneal and human macrophages toward
a pro-inflammatory M1 phenotype and significantly increases aortic lesion surface area in
mice 28. Therefore, it is thought that these two different forms of TRX may use different
signaling pathway or regulate the same signalling pathway but in different ways. Among
the candidate signalling pathways, Akt pathway is most likely to be used by TRX1 and/or
TRX80.

Akt, also known as PKB, is a family of three serine/threonine protein kinases (Aktl,

Akt2, and Akt3) that regulate a host of cellular functions, including cell survival,
proliferation, differentiation, and intermediary metabolism 2°. In the vascular wall, Akt
plays an important role in the proliferation and migration of endothelial cells, regulation

of vascular permeability, and angiogenesis 30-32, Recent studies of Akt knockout mice

have shown that despite significant sequence homology, the three Akt isoforms have some
non-redundant functions. Although AktzZ-deficient mice exhibit overall growth impairment
33 Akt2knockout mice have impaired glucose tolerance and insulin resistance 34, and Az3
nulls display a selective reduction in brain size 3.

Circulation. Author manuscript; available in PMC 2021 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Couchie et al.

Methods

Page 4

Additionally, it has been reported that a global absence of Aktl /n vivo enhances
atherosclerotic lesion burden and promotes coronary atherosclerosis in a mouse model of
atherosclerosis, indicating that Akt1 exerts vascular protection against atherogenesis 2°.
Interestingly, it has been demonstrated that Akt2 ablation results in the M2 polarization

of macrophages, whereas Akt1 ablation promotes their M1 polarization 38. Therefore, the
implication of Akt pathway has been studied to explore the signalling pathway used by
TRX1 and/or TRX80 to induce the macrophages polarization. Because we have observed

a significant increase of the plasma level of TRX80 in aged subjects in comparison to
young people, we conducted a series of /in vitroand /n vivo experiments to determine the
mechanism underlying the cleavage of the TRX1 and the generation of the TRX80. We also
investigated the /n vivorole of TRX80 on angiogenesis, inflammation, oxidative process and
arterial lesion development in mice.

Cohort constitution

A cohort of young and aged male and female was collected in collaboration with the Health
Professional Department in Ksar Hellal Hospital (Monastir, Tunisia). A total of 283 subjects
(male and female) divided into two groups, young (n=144 from 20 to 40 years old; (male
n=98; female n=46)) and aged (n=139, = 65 years old (male n=94; female n=45)) were
recruited after a routine health checkup and were included in the study if they were free of
any history of obesity, hypertension, dyslipidemia, diabetes mellitus, smoking or coronary
artery diseases. In addition, subjects who had inflammatory diseases, valvular heart disease,
cancers or rheumatoid arthritis were also excluded. Heparinized plasma was collected

after overnight fasting, centrifuged and stored at —80°C. TRX1 levels were determined
using ELISA kit from International office IBL, Hamburg, Germany. TRX80 levels were
determined using an ELISA kit developed in our laboratory (Supplemental Methods).

For a-secretases activity, peripheral blood mononuclear cells (PBMC) were purified from
5 young and 5 aged subjects and ADAM-17 and ADAM-10 activities were measured

using respectively SensoLyte® 520 ADAM10 Activity Assay Kit *Fluorimetric* (Anaspec,
France) and InnoZyme™ TACE Activity Kit (Merck, France). Aliquots of cell lysates
were also used to perform Western immunoblots, using specific antibodies to ADAM-10

or ADAM-17 (NeoBiotech, France) (Supplemental methods). All subjects provided written
informed consent for the collection and storage of plasma aliquots and peripheral blood
mononuclear cells consistent with the current study. Colocalization of TRX80 and TNF-a
on M1 macrophages in human atherosclerotic lesions was conducted on 5 pm sections of
vessel specimens obtained from patients undergoing vascular surgery for atherosclerotic
complications (Online Supplemental Methods). For the angiogenesis study, the effect of
TRX80 was evaluated /7 vitro using Human Microvascular Endothelial Cells-1 (HMEC-1)
and /n vivo using the matrigel plug angiogenesis assay in mice (Supplemental Methods).
The data are presented as mean + SD.

In vitro study on mouse peritoneal macrophages

In this study, murine peritoneal macrophages were left untreated or treated with LPS,
IL-4, TRX80, or a combination thereof. The expression of macrophage phenotype markers,
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CD206, MCP-1, IL-10, and TNF-a,, were investigated at the transcription level, using
real-time polymerase chain reaction (Supplemental Table 1). For TRX80 signal pathway
determination, murine peritoneal macrophages were untreated or treated with TRX80, PI13K
inhibitor, Akt inhibitor, mTOR inhibitor, or a combination thereof. Phosphorylation of Akt,
mTOR and 70S6K was determined using specific antibodies (Supplemental Methods). The
effect of TRX80 on NLRP3 inflammasome activity was evaluated by measuring the level of
IL-1B and IL-18 in the supernatants of activated macrophages (see figure legends) isolated
from C57B1/6.NIrp3*/* or C57BI/6.NIrp3~~ using ELISA. The data are presented as mean +
SD.

In vivo study on C57Bl/6.apoE~~ mice.

In vivo study was performed on C57BI/ 6.apoE ™~ mice. Heart and descending aortas were
excised and fixed. Hearts were used for lesion surface evaluation and immunohistochemical
studies and whole descending aorta were stained (en face) with oil-red-O and the lesion area
per animal was quantified (Supplemental Methods) and the data are presented as mean +
SD. All procedures involving animal handling and their care were in accordance with the
University of Pierre and Marie Curie Guidelines for Husbandry of Laboratory Mice.

Transgenic mice generation

The human scavenger receptor (SR-A) promoter/enhancer was used to drive macrophage-
specific expression of human TRX80 in mice (Supplemental Figure 1A). In the created
transgenic line the heterozygous mice had 50 copies of the TRX80 transgene per genome.
Expression of human TRX80 was measured in peritoneal macrophages (Supplemental
Figure 1B). For the study on the effect of TRX80 transgene on development of
atherosclerosis, the transgene was transferred onto an apoE-KO background by crossing the
transgenic mice with apoE-KO mice, which were also on a C57BI/6N genetic background
(Jackson Lab, stock 2052).

Statistical analyses

Results

Statistical significance was calculated with Mann-Whitney test, unpaired t-test or ANOVA
and reported in the legend of each figure and table. A<0.05 was considered significant.

Baseline clinical characteristics

Different parameters of subjects included in this study such as age, body mass index
(BMI), glycemia, Blood Pressure, LDL-Cholesterol (LDL-c), HDL-Cholesterol (HDL-c),
Total Cholesterol (Total-c) and Triglycerides (TG) were reported in Table 1.

Plasma levels of TRX1 and TRX80 in young and aged subjects

TRX1 is known to be cleaved at its C-terminal 21, producing a truncated protein called
TRX80, which accumulates in plasma 24. The conversion of TRX1 to TRX80 appears
to be a molecular switch from an anti- to pro-inflammatory molecule. Two a-secretases
(ADAM-10 and ADAM-17) were recently reported to be responsible for its cleavage 2°.

Circulation. Author manuscript; available in PMC 2021 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Couchie et al.

Page 6

Nevertheless, the physiological or pathological condition in which the cleavage process
occurs is not known. Because inflammation often increases with age and age is an
independent risk factor for cardiovascular diseases, we evaluated the level of both TRX1
and TRX80 in the plasma of young and aged male and female subjects. Higher levels of

full length TRX1 were found in young male versus old male subjects (71.96 + 13.36 ng/ml
vs. 24.84 £ 9.26 ng/ml respectively, P< 0.001), as well as in young female versus old

female subjects (45.42 £ 14.49 vs 25.90 + 10.05 ng/ml respectively, P< 0.001) (Fig. 1A).

In contrast, TRX80 was lower in young males vs. aged subjects (9.00 + 9.01 vs. 60.21

+ 18.50 ng/ml, P<0.001) and in young females than in aged respective subjects (11.22 +
15.13 vs 40.41 + 24.41 ng/ml, P< 0.001) (Fig. 1B). Mean = SD, Mann-Whitney test was
used. In order to assess cofounding effects, we performed an additional statistical tests using
Generalized Linear Model (GLM - R software - “car’ library with Gaussian family) using
the following model: TRX1 ~ Age + BMI + Blood Pressure + glycemia + LDLc + HDLc

+ Totalc + TG and TRX80 ~ Age + BMI + Blood Pressure + glycemia + LDLc + HDLc +
Totalc + TG. Then ANOVA was performed on the results of the GLM. For males, the results
stand for both molecules TRX1/TRX80 with p-values <0.001 in both cases. For females, the
results stand for TRX1/TRX80 with P-value <0.05.

ADAM-10 and ADAM-17 expression and activity increased in PBMC in aged subjects

The cleavage process of TRX1 into TRX80 could possibly be attributed to the increase

of the two a-secretases expression and/or activities. Indeed, we showed that ADAM-10
and ADAM-17 expression (Fig. 1C) and activities (Fig. 1D) increased in peripheral blood
mononuclear cells (PBMC) isolated from aged subjects in comparison to PBMC isolated
from young people. Because oxidative stress, inflammatory cytokines and oxidized LDL
could increase with age, we examined whether H,O, 1L-6, IL-1B, TNF-a or oxLDL were
responsible for the induction of the expression of the two a-secretases in cultured murine
peritoneal macrophages. None of these treatments, however, had any appreciable effect on
the level of either a-secretase (Supplemental Figure 2).

TRX80 colocalizes with M1 macrophages in human atherosclerotic lesions

The staining of serial sections of human atherosclerotic plaques confirmed that TRX80
expressed by macrophages colocalized with the M1 macrophage marker TNF-a (Fig. 1E (h,
i). In contrast, TRX80 does not colocalize with CD206, a marker of M2 macrophages (Fig.
1E, f), indicating that TRX80 could promote the M1 polarization in human atherosclerotic
vessels.

TRX80 and NLRP3 inflammasome activation

Because the NLRP3 inflammasome is involved in the pro-1L-1p and pro-I1L-18 maturation
into biological active IL-1p and IL-18, we determined whether TRX80 is able to activate the
NLRP3 inflammasome. TRX80, however, did not stimulate the generation of mature IL-1p
and IL-18 in the absence of LPS (Fig. 2 and Supplemental Figure 3 respectively). Of note,
LPS is known to activate NF-xB, leading to prolL-1p and prolL-18 generation. Therefore,
cholesterol crystals (CC), which are specific activator of NLRP3 inflammasome 37, induced
the maturation of prolL-1p and prolL-18 into IL-1p and IL-18. In the presence of TRX80 (1
or 2.5 pg/ml), CC (1 mg/ml) or a combination of TRX80 and CC, the generation of mature
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IL-1pB and IL-18 was comparable to control cells indicating that neither TRX80 nor CC
affect NF-xB. (Fig. 2 and Supplemental Figure 3). Treatment of macrophages with LPS (10
ng/ml) enhanced the expression of IL-1p (24.4 £5.2 vs 15.2 + 4.4 pg/100 pg cell protein
for the control; P<0.05) (Fig. 2) and IL-18 (32.3 £ 6.1 vs; 18.6 + 0.8 pg/100 g cell protein
for the control; P<0.05) (Supplemental Figure 3). Treatment of macrophages with LPS (10
ng/ml) for 4 h and then with TRX80 (1 pg/ml) for additional 24 h, potentiated the level

of IL-1B (41 + 4.0 vs 24.4 + 5.2 pg/100 pg cell protein for LPS-treated cells; A<0.05)

(Fig. 2) and IL-18 (49.0 £ 6.0 vs 32.3 = 6.1 pg/100 pg cell protein for LPS-treated cells;
£<0.05) (Supplemental Figure 3). Likewise, a marked induction of IL-1p (44.0 = 4.0 pg/100
ug cell protein vs LPS-stimulated cells; P<0.05) (Fig. 2) and 1L-18 (58.2 + 4.0 pg/100 ug
cell protein vs LPS-stimulated cells; £<0.05) (Supplemental Figure 3) was observed when
cells were first activated with LPS (10 ng/ml) for 4 h and then with CC (1 mg/mL) for
additional 24 h. Finally, treatment of macrophages with LPS (10 ng/ml) for 4 h followed by
treatment with CC (1 mg/ml) and TRX80 (1 ug/ml) for additional 24 h, further potentiated
the secretion of IL-1p (52.1 = 6 pg/100 ug cell protein vs LPS-stimulated cells; P<0.01)
(Fig. 2) and IL-18 (75.9 £ 3.0 pg/100 pg cell protein vs LPS-stimulated cells; P<0.01)
(Supplemental Figure 3). In contrast, treatment of macrophages isolated from NIrp3~/~ with
either, TRX80, LPS, CC or a combination thereof did not induce generation of mature IL-1p
(Fig. 2) or IL-18 (Supplemental Figure 3).

Correlation between the plasma levels of TRX80 and IL-1

Since the plasma levels of TRX80 vary with age and because TRX80 contributes to the
generation of IL-1p, we examined whether a correlation exists between the plasma levels

of IL-1B observed in young and aged subjects and the plasma levels of TRX80 in the

same subjects. We did not observe, however, any significant correlation between TRX80 and
IL-1B (Supplemental Figure 4).

Both TRX1 and TRX80 activate Akt

TRX1 and TRX80 up-regulated Akt activation in non-treated macrophages, as demonstrated
by an /in vitro kinase assay performed on total cellular extracts after exposure to TRX1 (1
pg/ml) or TRX80 (1 pg/ml) for 15 min. These data were confirmed by Western blots, which
showed increased levels of the activated form of pAkt (Supplemental Figure 5). The TRX1
did not dampen the down-regulation of Akt activity by LY294002 unlike TRX80. When
cells were primed with either 1L-4 (15 ng/ml) or LPS (100 ng/ml), treatment with TRX1 or
TRX80 did not show any further activation of Akt (Supplemental Figure 5). It is possible to
suggest that they could activate different isoforms of Akt.

TRX80, but not TRX1, activates mTOR

To determine which isoform has been activated by TRX1 and TRX80, a specific inhibitor
of Akt1/2 kinase (A6730, Sigma), was used. With this inhibitor, we observed an IC50 =

58 nM, 210 nM, and 2.12 mM for Aktl, Akt2, and Akt3, respectively. Accordingly, either
Aktl or Akt2 has been inhibited then the cells were treated with different concentrations (0,
1, 2, and 5 pug/ml) of TRX1 or TRX80 for 15 min; TRX80 significantly activated mTOR

in a dose-dependent manner only when Akt1 is inhibited whereas TRX1 did not activate it
(Supplemental Figure 6).
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TRX80 activates mTOR in dose-dependent manner

The p70S6K (Thr389) is known to be a direct substrate of mMTORCLI. It is often used

as functional readout of mMTORC1 activity, as phosphorylation of this site by mTORC1

has been confirmed both /n vitroand in vivo and is inhibited by rapamycin treatment.
Therefore, to confirm our previous results, murine peritoneal macrophages were pretreated
with rapamycin (20 nM) for 1 h followed by exposure to different concentrations of TRX80
for 30 min. Results of Western blot analysis, using phospho-p70S6K and p70S6K specific
antibodies, showed that TRX80 activates mTOR in a dose-dependent manner (Supplemental
Figure 7).

Inhibition of MTOR downregulated the expression of inflammatory cytokines

To further explore the role of mTOR in macrophage polarization, isolated murine peritoneal
macrophages were pretreated with or without rapamycin (20 nM) for 6 h and/or exposed

to LPS (100 ng/ml) and/or TRX80 (1 pg/ml) stimulation. Rapamycin attenuated the
expression of inflammatory cytokines, IL-6, IL-1f, and TNF-a, revealing the role of mTOR
signaling in macrophage phenotype orientation. Interestingly, TRX80 positively regulates
the expression of these cytokines most probably by activation of the mTOR pathway
(Supplemental Figure 8).

mMTOR inhibition orients resting macrophages toward M2 phenotype

Freshly isolated murine peritoneal macrophages were pretreated with or without rapamycin
(20 nM) for 6 h and/or exposed to IL-4 (15 ng/ml) and/or TRX80 (1 ug/ml) stimulation.
Rapamycin stimulated the expression of anti-inflammatory cytokines, IL-10 and CD206
indicating the implication of mTOR signaling in macrophage polarization. Of note, TRX80
treatment attenuated the expression of these cytokines maybe through reactivating mTOR
(Supplemental Figure 9).

TRX80 induced angiogenesis

TRX80 was also found to be angiogenic /n vitroand in vivo. Indeed, cultured HMEC-1 cells
treated or not with TRX80 showed a significant increase, in a dose-dependent manner, of
angiogenesis, as measured by capillary tube formation (40 + 5%; 73 £ 10% and 87 = 5%
respectively for TRX80 at 0.01, 0.1 and 1 pg/ml; A<0.001 vs. negative control) (Fig. 3A and
3B). Of note, the percentage of tube formation obtained with the positive control was 90 +
3% and the negative control was 4 + 1% (Fig. 3B). Similarly, the Matrigel plug angiogenesis
assay in mice was used to investigate the pro-angiogenic effect of TRX80 /n vivo. The result
in Figure 3C and 3D indicated a significant increase of angiogenesis (157.10 + 66.92 for
TRX80 (n=17) vs. 109.30 + 30.08 for the control (n=17), P=0.02.

M1 macrophages number increased in arterial lesion of TRX80 transgenic mice

Immunohistochemical analysis showed that the number of macrophages expressing TNF-a
is greater than the number of macrophages expressing CD206 in transgenic mice compared
to control mice (Fig.4A and 4B).
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Human TRX80, specifically expressed in murine macrophages, increased atherosclerotic
lesions in apoE.KO mice.

The overexpression of human TRX80, specifically in macrophages of apoE.KO mice, does
not change significantly change the phenotype of mice. Indeed, we did not observe any
obvious differences between control and transgenic mice (e.g; body weight, longevity,
apparent neurological disorder, hair color or any visible anatomic differences). It does not
increase either the level of TRX80 in the plasma (undetectable human TRX80). Of note, the
endogenous levels of murine TRX80 cannot be determined because of the lack of specific
antibodies. Overexpression of human TRX80 also did not affect the plasma levels of pro-
inflammatory cytokines, such as IL-33, IL-6, MCP-1 nor the plasma levels of autoantibodies
against oxLDL (Supplemental Figure 10). However, we observed a difference in aortic
atherosclerotic lesions in the transgenic mice in comparison to the control (Fig. 4C and 4D).
Indeed, the mean total surface lesion area (aortic root, thoracic and bifurcation) increased
significantly only in homozygous for TRX80 transgene females, which had 100 copies of
the transgene per genome (n=5) vs control mice (n=5) (40866 um2+7077 vs. 27511+2285
um?2; P=0.0079) (Fig. 4C). In addition, in sinus aorta the mean lesion area in transgenic mice
(female 100 copies) was significantly higher than in control mice (735072+61899; n=8 vs.
606894+58098; n=9; A=0.0016) (Fig. 4D).

Discussion

In this study, we have shown that the level of the TRX80 increased in human plasma

with age, whereas the level of full length TRX1 decreased in the same plasma (Fig. 1A
and 1B). Such an increase in the level of TRX80 can be attributed to the increase of

the expression and activity of ADAM-10 and ADAM-17 on peripheral blood mononuclear
cells (PBMC) (Fig. 1C and 1D). We have also shown that TRX80 can up-regulate the
expression of several pro-inflammatory genes, including IL-1p in human macrophages 28.
This could, at least in part, explain the “inflam’ageing” phenomenon observed in aged
subjects. Therefore, we have identified a TRX80 signal pathway involving macrophage
M1 phenotype polarization and found that TRX80 induces the expression of murine M1
macrophages markers through Akt-2/mTOR-C1/70S6K pathway (Supplemental Figure 5
to Supplemental Figure 9). In addition, we observed a colocalization of TRX80 with TNF-
a, a marker of M1 macrophages, in human atherosclerotic plaque (Fig. 1E (h,i)). This
may be due to the TRX80-induced activation of pro-inflammatory Akt-2/mTOR-C1/70S6K
signaling pathways.

Both TRX1 and TRX80 activate Akt in resting macrophages, whereas in already polarized
macrophages toward either M1 or M2, they could not further activate Akt. Previously, it

was documented that TRX1 can activate Akt 38 39 put in this manuscript, for the first

time, we show the effect of TRX80 on Akt/mTOR pathway. As mentioned earlier, we
hypothesized that each molecule may activate a different isoform of Akt. Therefore, we have
inhibited Akt isoforms separately. It has been found that only TRX80 specifically activates
mTOR only when Aktl is inhibited. Thus, in this study, we established that TRX80 induced
macrophage M1 phenotype through the phosphorylation of Akt-2, mTOR-C1 and 70S6K. In
contrast, TRX1 induced macrophage M2 phenotype through Akt-1, mTOR-C2 and 4E-BP1.
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Taken together, these studies indicate that TRX80 functions as regulator of macrophage
phenotype, tipping the balance towards the pro-inflammatory M1 state. As a consequence,
atherosclerotic plaques become larger and probably more unstable.

Based on these findings, inhibition of mTOR activity appears to orient resting macrophages
toward M2 phenotype and impairs the polarizing effect of LPS. These results are consistent
with recent works by Byles V. er a/4% and Pan H. er a/*!. In these studies, it was shown
that LPS-induced expression of IL-1p and IL-6 was markedly suppressed by INK128,

an mTOR inhibitor, at both mRNA and protein levels 1. Another recent study showed

that rapamycin treatment restores Akt activation simultaneously with rescue of M2 gene
expression and arginase activity. Moreover, rapamycin treatment of control bone marrow
derived macrophages modestly increased Akt signaling and M2 response 0.

Furthermore, our results show that TRX80 uses mTOR signaling pathway to exert its effect
in polarizing macrophages toward M1 phenotype, since it induced mTOR activity in a
dose-dependent manner, as demonstrated by the increased phosphorylation of P70S6K. The
molecular mechanism by which TRX80 could rescue mTOR from the inhibitory action

of rapamycin is still unclear. It may prevent the formation of rapamycin- FK506 binding
protein (FKBP12) complex since rapamycin first binds to its cellular receptor, FKBP12, and
it is the rapamycin-FKBP12 complex that inhibits TOR function. This mechanism of action
is conserved in eukaryotes 42, Further downstream proteins need to be carefully investigated
in order to find out the exact signaling pathway employed by either TRX1 or TRX80 to
stimulate macrophage polarization, since specific macrophage-targeted therapies are now
taking the first steps into the clinical arena.

Angiogenesis is a physiological process required for embryonic vascular development,
which is also involved in wound healing and in pathophysiological progress of some
diseases, such as diabetic retinopathy, cancer and atherosclerosis 43. In the normal arterial
wall, the vasa vasorum constitute a microvascular network in the adventitia. While no
capillaries are found in the intima and the media of normal arteries, neovascularization is
seen in the intima of human atherosclerotic lesions 44 45. These neocapillaries are thought to
favor the progression of the plaque, promote plaque instability and intraplaque haemorrhage
and finally increase the risk of athero-thrombotic events 4547, Thus, the finding from

this study that TRX80-induced angiogenesis both /n vitroin a HMEC-1 tube formation
model and /n vivo in the murine Matrigel plug model (Fig. 3A and 3B) may be critical in
understanding the link between ageing and CVD. Indeed, our results on TRX80 transgenic
mice indicated an increase in lesion surface area even in the absence of high fat diet. This
pathological effect can possibly be attributed to the increase number of the macrophages
with the M1 phenotype, as well as the neovascularization in atherosclerotic lesions in the
transgenic mice.

To date, the biological roles of TRX80 are still largely unknown. Previously, TRX80 was
termed eosinophil cytotoxicity-enhancing factor due to its eosinophil cytotoxicity and was
first detected in the plasma of patients suffering from severe schistosomiasis 46-20, Of
note, these patients also developed atherosclerosis. It may be valuable to identify other
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pathologies associated with TRX80 generation and to study in greater details the molecular
mechanisms leading to its generation.

Finally, because IL-1p and IL-18 maturation are under the control of inflammasome NLRP3
and the plasma level of these cytokines increased in elderly subjects, we investigated the
effect of TRX80 on inflammasome NLRP3 activation and IL-1p and IL-18 generation.
Our data showed that TRX80 exerts its effect, at least in part, through the activation of
inflammasome NLRP3 (Fig. 2 and Supplemental Figure 3). However, we did not observe
any correlation between the plasma levels of TRX80 and IL-1p. Furthermore, we have
generated transgenic mice that overexpress human TRX80 specifically in macrophages
of apoE.KO mice. These mice had a significant increase of aortic surface lesion (Fig.

4C and 4D). Taken together, we have identified, TRX80, as a new pro-inflammatory and
pro-angiogenic actor, which, in contrast to TRX1, increases its plasma concentration with
age and thus could explain increased associated with ageing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?
. A significant increase of plasma levels of TRX80 in healthy aged subjects.

. A significant increase of ADAM-10 and ADAM-17 activities, two a-
secretases responsible for the TRX1 cleavage, in aged peripheral blood
mononuclear cells.

. A significant activation of the inflammasome NLRP3 by TRX80 leading to
IL-1p and IL-18 release.

. Transgenic mice that overexpress TRX80, specifically in macrophages, have a
significant increase of aortic atherosclerotic lesions.

What are the clinical implications?

. The loss of TRX1 and the increase of TRX80 with age explain, at least in
part, the occurrence of oxidative stress and inflammation in aged subjects.

. The plasma level of TRX80 could be considered as a new parameter for
the evaluation of inflammation, angiogenesis and atherosclerotic lesions
development.
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Figure 1. Plasma TRX1 and TRX80, ADAM-10 and ADAM-17 expression and activity and
immunohistochemical studies.

Plasma levels of TRX1 and TRX80 in young and aged subjects. Plasma levels of

TRX1 (A) and TRX80 (B) in young (male (n=98) and female (n=46)) and aged (male
(n=94) and female (n=45)) subjects were determined by ELISA and are represented

in box plots indicating the median and the lower and upper quartiles. Statistically
significant differences are indicated (male (young vs aged; ***/<0.001; Mann-Whitney); C-
ADAM-10 and ADAM-17 expression in PBMC from young and aged subjects. Peripheral
blood mononuclear cells from young (n=5) and aged (n=5) subjects were cultured, lysed,
centrifuged and 20 pg protein/lane were separated on 4-15% gels and electroblotting

onto PVDF membrane as described in the methods section. Specific antibodies against
either ADAM-10 (1:500), ADAM-17 (1:500), or B-actin for normalization were added,
Membranes were washed, incubated with HRP conjugated secondary antibody (1:5000)
and specific bands were visualized and scanned. Data are presented as mean = SD of five
young and five aged subjects. Statistically significant differences are indicated (**/<0.01;
Mann-Whitney). One representative Western immunoblot was inserted. D- Measurement of
ADAM-10 and ADAM-17 activities. Peripheral Blood Mononuclear Cells were isolated
from healthy young and aged donors, washed, lysed, centrifuged and the supernatant

was collected and used to assay ADAM-10 and ADAM-17 activities using respectively
SensoLyte® 520 ADAM10 Activity Assay Kit * Fluorimetric* and InnoZyme™ TACE
Activity Kit. The results are represented in box plots indicating the median, the lower and
upper quartiles. Statistically significant differences are indicated (**/<0.01; ***/<0.001;
Mann-Whitney). E- TRX80 colocalizes with M1 macrophages in human atherosclerotic
lesions. Serial sections of paraffin-embedded human atherosclerotic vessel specimens from
three patients undergoing vascular surgery for atherosclerotic complications were stained
with DAPI for nuclei visualization (a), the primary antibodies were substituted with control
1gG (b), anti-CD68 (a specific marker for macrophages) (c), TRX80 monoclonal mouse
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antibody, that reacts exclusively with truncated protein, was stained with Cy-5-conjugated
secondary antibody (d), anti-human CD206 (e), double stained withanti-TRX80 and anti-
CD206 (f), anti-TNFa (g) and double stained with anti-TRX80 and anti-TNF-a primary
antibodies (h). Magnification of selected area in panel h (i). Representative images are
shown. Original magnifications 400X.
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Figure 2. Effect of TRX80 on inflammasome NLRP3 activation.
Peritoneal macrophages were purified and cultured at 0.5x108 cells/ml. The cells were

incubated with hrTRX80 in the absence or presence of either CC (1 mg/ml) or LPS (10
ng/ml) or both. Data are presented as mean + SD of IL-1f (pg/100 pg cell protein) of three
independent experiments performed in duplicate. Statistically significant differences, using
Mann-Whitney test, are indicated (*/<0.05; **/P<0.01). We have also used ANOVA for
multiple comparisons to analyse the data obtained on macrophages isolated from Nlrp3~/~
mice. In all cases; there is no significance between samples.
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Figure 3. Effect of TRX80 on angiogenesis.
A,B- Treatment of cultured HMEC-1 cells with TRX80 showed a significant increase,

in a dose-dependent manner, of angiogenesis as measured by capillary tube formation.
Similarly, the Matrigel plug angiogenesis assay in mice (C,D) was used to investigate /n
vivo the pro-angiogenic effect of TRX80. The data are presented as mean + SD. Statistically
significant differences, calculated with the unpaired t-test, are indicated (*/<0.05; **/<0.01;
***00.001).
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Figure 4. Macrophages phenotype in atherosclerotic lesions of TRX80 transgenic mice and the
lesions surface in the aortic sinus and in the whole aortas (‘en face’).

C57BI/6.ApoE ™"~ mice (control) and TRX80 transgenic mice in C57BI/6.ApoE ™~
background were sacrificed. Paraffin serial sections (7 um) of proximal aortas were analyzed
by immunohistochemistry using double immunostaining with antibodies either against
F4/80 and TNF-a (M1 marker) or CD206 (M2 marker). A- Representative images. B-
Quantification of the number of macrophages (F4/80) that express TNF-a or CD206. Data
are mean + SD of 8 mice. Statistically significant differences, are indicated (*/~<0.05;
**P<0.01; unpaired t-test).

At 8 months of age, female ApoE~~ and female TRX80 Tg mice on ApoE~~ background
were sacrificed, hearts and proximal aortas were removed and fixed. Hearts were cut
directly under and parallel to the leaflet, and the upper portions were embedded in OCT
medium. One hundred sections of 7-um thickness were prepared from the top of the left
ventricle. The sections were stained for lipids with Oil-Red O and counterstained with
Hematoxylin Harris. Sections were used for specific morphometric evaluation of intimal
lesions. C-Ascendant aortas were stained with Sudan 1V and total surface lesion area was
evaluated (n=5; **/<0.01). D- The mean lesion size + SD in these sections was determined
(n=5; ***P<0.001; Mann-Whitney test).
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