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Annexin-A1 (ANXA1) was first discovered in the early 1980’s as a protein, which mediates
(some of the) anti-inflammatory effects of glucocorticoids. Subsequently, the role of
ANXA1 in inflammation has been extensively studied. The biology of ANXA1 is complex
and it has many different roles in both health and disease. Its effects as a potent
endogenous anti-inflammatory mediator are well-described in both acute and chronic
inflammation and its role in activating the pro-resolution phase receptor, FPR2, has been
described and is now being exploited for therapeutic benefit. In the present mini review,
we will endeavor to give an overview of ANXAT1 biology in relation to inflammation and
functions that mediate pro-resolution that are independent of glucocorticoid induction.
We will focus on the role of ANXA1 in diseases with a large inflammatory component
focusing on diabetes and microvascular disease. Finally, we will explore the possibility
of exploiting ANXA1 as a novel therapeutic target in diabetes and the treatment of
microvascular disease.
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Annexin-Al (ANXALI) is a 37 kDa phospholipid-binding protein widely expressed in many
tissues including leukocytes, lymphocytes, epithelial cells, and endothelial cells. ANXAL is present
intracellularly and at the membrane (1), but can also be secreted into the circulation were it
can signal in both an autocrine and paracrine manner (2, 3). However, in disease ANXA1 levels
are modulated most notably when endogenous glucocorticoids levels are altered. Patients with
Addison’s disease exhibit lower levels of ANXATI in leukocytes due to reduced cortisol production.
In contrast, patients with Cushings syndrome have elevated levels of ANXA1 secondary to
excessive cortisol production (4).

REGULATION AN EXPRESSION AND SECRETION OF ANXA1

The role ANXA1 plays as an anti-inflammatory as a molecule up-regulated by glucocorticoids
was first described over three decades ago (5-7). ANXA1 expression was shown to be higher in
alveolar macrophages, obtained by broncho-alveolar lavage, from patients receiving glucocorticoid
treatment for inflammatory lung disease (8). Glucocorticoid administration to peripheral blood
mononuclear (PBMN) cells increased ANXAT1 expression in both a temporal and dose-dependent
manner (9, 10). ANXAL is upregulated by both IL-6 and phorbol-myristate (PMA) in human lung
epithelial cell line A549 via activation of transcription factor C/EBPB (11). IL-6, dexamethasone
and endothelial cell adhesion cause ANXAL to be trafficked to the cell surface and to be
secreted, which has important implications for ANXA1 mediated anti-inflammatory actions of
glucocorticoids (7, 12, 13).
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The secretion of ANXAI occurs in one of three ways;
(i) via the ATP-binding cassette transport system (14), (ii)
phosphorylation of ANXA1l on serine-27 in pituitary cells
(15), and (iii) it is released from gelatinase granules following
cellular exposure to weak activating signals i.e., cell adhesion
to endothelium (Figure 1) (16, 17). Once transported to the
outside of the plasma membrane, ANXA1 can be tethered in
a calcium-dependent manner. Under resting conditions, the N-
terminus of ANXAI is buried in a pocket. Extracellular Ca®*
concentrations of >1 mM are needed to facilitate the release
of the N-terminal region allowing ANXAI to aggregate at the
membrane (18, 19); where it can signal in both an autocrine or
paracrine fashion (17). ANXA1 can be cleaved into a 33 kDa
fragment by elastases, metalloproteases, or proteinase 3 (20-22).
This N-terminal fragment is biologically active; however, it is
some 20-fold less potent than the un-cleaved full length protein.
Ac2-26 which is a synthetic mimetic of the N-terminal fragment
requires 14 time more in terms of molarity to elicit the same levels
of gene expression changes as the full length protein (12, 23).
Therefore, it is still unclear if (a) the cleavage produces the active
form from the full protein, whereby ANXALI is a pro-protein,
(b) a bioactive fragment is produced, or (c) cleavage promotes
homeostasis and limits the actions of ANXA1. Pederzoli-Ribeil
et al. report that cleavage resistant forms of ANXAI and its
peptide Ac2-26 demonstrate prolonged biological function (22).

ANXA1 AND FORMYL PEPTIDE
RECEPTOR 2 (ALX/FPR2)

The effects of ANXA1l are mediated by the N-terminal
interaction with the G-protein coupled formyl peptide receptor-
2 (ALX/FPR2) (24). Like ANXA1, the ALX/FRP2 receptor is
expressed on a wide variety of cell types including fibroblasts,
endothelial cells, and stromal cells; but its expression is most
abundant on leukocytes (25). The ALX/FPR2 receptor is coupled
to both Ga and GPy. The signaling cascades that are activated
by different ALX/FPR2 agonists have been reviewed in detail by
Cattaneo et al. (26).

The generation of the ANXA1 knock out mouse has allowed
the design of many studies, which have resulted in a better
understanding of ANXA1 biology (27). ANXA1l knock out
mice are resistant to the effects of glucocorticoids in a model
of amatory arthritis of suggesting that ANXAL1 is one of the
main anti-inflammatory effector molecules of glucocorticoids
(28). However, gaining a better understanding of the role of
FPR2 on the anti-inflammatory effects of ANXA1 has been
more challenging. Humans have three FPR genes, while mice
have at least eight FPR genes, with a high degree of sequence
homology between members in mice. Thus, although there is
very good evidence that activation of FPR2 mediates the anti-
inflammatory effects of ANXA1 in humans, this is less clear in
mice, as in this species ANXAI can activate both FPR1 and
FPR2 (29). Indeed, Cooray et al. demonstrated for the first time
that agonist binding and dimerization state contributed to the
conformational landscape of FPR’s and allowed them to elicit
various pro-resolution functions (30).

As aforementioned many of the biological actions of
ANXA1l can be mimicked using the peptide Ac2-26 (31).
Hayhoe et al. demonstrate that blocking FPR2/ALXR with
a monoclonal antibody prevented ANXA1/Ac2-26 induced
inhibition of human neutrophil transmigration and adhesion to
the endothelial-cell monolayers under flow conditions (32).

ANXA1: AN ANTI-INFLAMMATORY
MEDIATOR

ANXAL is best known for its anti-inflammatory and pro-
resolving properties. Known mechanisms of action span from
the inhibition of pro-inflammatory mediators release (PGE; and
leukotrines) (33), to tissue repair (34), and to the blockade of
leukocyte migration through an inflamed endothelium (35, 36).
ANXAL1 induces L-selectin shedding on neutrophils and the
detachment of monocytic cells from the endothelium by reducing
a4p1 integrin clustering and activation (12). Treatment of human
neutrophils with Ac2-26 (a synthetic N-terminal fragment of
ANXA1) reduces their ability to adhere and undergo chemotaxis
(37, 38). In a zymosan-induced peritonitis model, ANXA1~/~
mice display a lower degree of PMN recruitment compared
to wild-type littermates (39). Analysis of the cremaster muscle
microcirculation by intravital microscopy after stimulation with
zymosan showed increased leukocyte emigration, but not rolling
or adhesion in ANXA17/~ (29, 35). Similarly, ALX/FPR27/~
mice exhibit reduced leukocytes trafficking and emigration after
mesenteric ischemia reperfusion (29). ANXA1 also suppresses
indomethacin-induced leukocyte adherence to the vascular
endothelium (40).

ANXAL1 also aids resolution of inflammation through
accelerating apoptosis. Transfection of monocytic U937 cells with
full length recombinant ANXATI constitutively activates caspase-
3 activity (41). Moreover, ANXA1 stimulates increased cytosolic
calcium flux resulting in the de-phosphorylation of the Bcl-2
associated death promoter (Bad), thus, activating the apoptotic
effector machinery (15). McArthur et al. discovered a novel
mechanism whereby ANXA1 is released by apoptotic neutrophils
targeting only them for phagocytosis by recruited monocytes,
thus protecting the surrounding healthy tissue from damage
(42). ANXA1~/~ mice provided further evidence for a functional
role of ANXALI in efferocytosis, whereby, bone marrow derived
macrophages (BMDM) from ANXA1~/~ mice were inefficient
in the clearance of apoptotic cells (43). Dalli et al. confirmed that
ANXALI expression in BMDM was needed for the recognition
and efferocytosis of apoptotic neutrophils (44).

Central Nervous System

ANXAL1 plays a pivotal role in maintaining blood brain
barrier integrity. ANXAL is highly expressed at the site of
cell-cell contacts specifically, at tight junctions. ANXA1~/~
showed a down modulation and alteration in tight junction
protein occludin and VE-cadherin (2, 45). Cristante et al.
demonstrated that ANXA1 signaling through FRP2/ALX inhibits
the small GTPase RhoA, allowing for actin stabilization. Under
physiological conditions, ANXA1~/~mice exhibit an increase in
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FIGURE 1 | Upon cellular activation, ANXA1 is mobilized to the plasma membrane and then secreted in one of three mechanisms depending in the cell type involved.
These mechanisms are: (1) through the ATP-binding (ABC) transporter; (2) via direct phosphorylation of ANXA1 on serine-27 followed by membrane localization to the
plasma membrane, and (3) fusion of ANXA1 loaded granules to the plasma membrane. Once released ANXA1 can act in an autocrine, paracrine, and juxtacrine

Glucocorticoids induce ANXA1 expression

permeability of the blood brain barrier as measured by MRI,
increases leaking of Evans blue extravasation and serum IgG (2).
Taken together, these findings suggest that ANXA1 plays a key
role in the tightness of the blood brain barrier.

Patients with multiple sclerosis have decreased expression
of ANXAI in brain parenchymal capillaries (2). Interestingly,
the loss of ANXA1 expression occurred at sites distant from
the active lesion. Enhanced ANXA1 expression has also been
documented in macrophages and perivascular lymphocytes at
sights of active lesions (46). One could speculate that an increase
in the permeability of the blood brain barrier triggers the
infiltration of immune cells into an immune privileged area,
which in turn exacerbates the disease. Ries et al. demonstrated
ANXAL expression is increased both in the brain of patients with
Alzheimer’s disease and animal models of Alzheimer’s disease at
early stages of the disease. They report that ANXALI regulates
amyloid-B phagocytosis in microglia by increasing its enzymatic
degradation by neprilysin (47). Such apparent contradictory
data shows that ANXA1 plays differing roles in these two
diseases. From one side the down regulation of ANXAL is
important component of the BBB allowing for increased leakage
allowing T cells that have lost a self-recognition to pass in the
parenchyma and attack the myelin sheet. On the other hand
ANXAL1 upregulation at microglia level in human and animal
model of Alzheimer’s disease demonstrates that ANXA1 has anti-
inflammatory effects in control the M1 to M2 phenotypic switch
of microglia M1/M2 (48).

Cardiovascular Disease
Kusters et al. demonstrated that hrANXA1l treatment of
LDLR™/~ mice reduces atherosclerotic plaque burden (49). In
contrast, atherogenic ALX/FPR2™/~ mice develop less lipid
streaks in the descending aorta (50). Drechsler et al. also
demonstrate that Ac2-26 (a synthetic peptide of the last 25 amino
acids of the N-terminal fragments of AXNA1) inhibits CCL5-
induced conformation change of B2 integrin into its activate
state in neutrophils and monocytes, resulting in a reduction in
early atherogenesis and plaque formation (51). These studies
further highlight the therapeutic potential of ANXA1 in
atherosclerosis an important co-morbidity of diabetes. Fredman
et al. used collagen IV-targeting nanoparticles containing Ac2-
26 as a therapeutic intervention in atherogenic LDLR ™/~ mice.
Interestingly, Ac2-26 was released from the nanoparticles and
accumulated in vessel lesions, increasing plaque stability (52).
ANXA1 has been shown to be tissue protective in arterial
wall healing after wire injury in ApoE™/~ mice; limiting arterial
neointima formation by reducing macrophage proliferation (53).
Gobbetti et al. demonstrated a non-redundant role for the
ALX/FPR2 axis in polymicrobial sepsis. The observed protective
effects of Ac2-50 (a synthetic peptide of the last 28 amino
acid of the N-terminal fragment of ANXA1l) were lost in
FRP2/37/~ mice suggesting that activation by Ac2-50 of the
ALX/FPR2 confers tissue protection (54). In patients with stable
coronary artery disease, Bergstrom et al. describe that ANXA1
located on the surface of peripheral monocytes serves as a

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 938


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Purvis et al.

Annexin-A1: Therapeutic Potential in Microvascular Disease

marker of glucocorticoid sensitivity, thereby reflecting the anti-
inflammatory capacity of these cells (55).

Ischemia Reperfusion Injury

ANXAL1 and its N-terminal peptides are protective in various
models of ischemia reperfusion injury (IRI) (56). D’Amico et al.
demonstrated a decrease in myocardial infarct size upon infusion
of recombinant ANXA1 (57). Treatment with Ac2-26 decreased
infarct size and reduced MPO and IL-1PB content in infarcted
hearts (58). The peptide Ac2-26 preserved cardiomyocyte
contractility by activating PKC, p38, and Karp channels (59).
Compound 17b, a biased agonist of FPR1/2, attenuates both early
and late inflammatory responses associated with reperfusion
after an acute myocardial infarction (60). Intracerebroventricular
administration of Ac2-26 reduces stroke volume (infarct size)
and cerebral edema in rats (61), possibly by reducing leukocyte-
endothelial interactions (62). Vital et al. demonstrated that Ac2-
26 attenuated neutrophil and platelet activation and neutrophil-
platelet aggregation in the murine cerebral microvasculature after
induction of cerebral ischemia-reperfusion injury in mice (63).
Interestingly, ANXA1 translocates to the nucleus to activate
pro-inflammatory gene expression in microglial cells in an in
vitro model of ischemia-reperfusion injury (64). McArthur et al.
demonstrated that FPR2/ALX ™/~ mice had greater BBB leakage
post-ischemia than wild type littermates (45).

ANXA1 IN DIABETES

Early work by Melki et al. demonstrated that physiological
concentrations of ANXA1 had the ability to inhibit tyrosine
21 phosphorylation on the insulin receptor; which is needed
for insulin secretion (65). A later study found that ANXA1
increased insulin secretion in rat pancreatic and MIN6N8s
cells by cell surface binding; although the receptor is not
described (66). Furthermore, ANXA1 was demonstrated to be
serine phosphorylated upon exposure to high glucose levels
(66), suggesting, phosphorylation is necessary to induce glucose
stimulated insulin release. However, ANXA1~/~ mice display
no augmentation in oral glucose tolerance test (in vivo), and
ex vivo isolated pancreas from ANXA1~/~ mice have the
same level glucose of stimulated insulin secretion as WT mice,
suggesting, that ANXALI is not essential for insulin secretion
to lower blood glucose levels (67). Yet under hyperglycemic
conditions, ANXA1~/~ mice fed a HFD demonstrate increased
inhibitory phosphorylation on IRS-1 indicative of severe insulin
resistance (68, 69). And when ANXA1~/~ mice were treated
with streptozotocin (STZ) to induce experimental type-1 diabetes
they displayed a more severe augmentation in oral glucose
tolerance test (OGTT) compared to WT mice (3). Similarly, when
ANXA17~/~ mice are fed a HFD they develop a more severe
diabetic phenotype, characterized by increased blood glucose
levels, elevated insulin levels and more severe augmentation
in OGTT (69-71). Taken collectively, these lines of evidence
suggest, but not prove that ANXALI is important in the regulation
of glucose levels in diseased state but may have a redundancy
in health. Cristante et al. demonstrated that ANXA1 directly
interacts with and regulates RhoA in endothelial cells (2), while

ANXA17/~ mice have constitutively activated RhoA in the
kidney and liver (69). Subsequent work by Purvis et al. revealed
a mechanistic link between ANXA1 expression, RhoA and IRS-1
in diabetic mice (68, 69, 72).

Numerous reports have demonstrated that protein expression
of ANXAI is decreased in diabetes (69, 71). It is currently
unclear the mechanism by which this occurs, one possibility
is that the rate of secretion is increased, or there could be
transcriptional regulation at the transcript level. We and others
have shown that the plasma levels of ANXAI are elevated in
patients with long-standing type-1 diabetes (over 25 years from
diagnosis) and those with type-2 diabetes and obesity compared
to age-matched healthy controls (3, 69, 73). Murine models of
diabetes have demonstrated a similar rises in ANXA1 levels in
serum as seen in humans with diabetes. However, the biological
consequence of elevated ANXA1 in diabetes remains unclear.
One possible reason is that ANXAL is secreted from tissues
under hyperglycemic and hyperlipidemic conditions, however,
further research is needed to confirm this. Interesting, serum
ANXAL levels in patients with type 1 and type 2 diabetes did
not correlate with increased systemic inflammation (C-reactive
protein levels) (3, 69). ANXAL also been has been shown to be
a good diagnostic marker of glomerular injury and in particular
diabetic nephropathy (74).

ANXA1 in Diabetic Nephropathy

In addition to aberrant glucose handling, patients with diabetes
will develop overt or sub-clinical microvascular complications
(diabetic nephropathy, neuropathy, and retinopathy) over the
course of their disease. These complications occur predominantly
in tissues where glucose uptake is insulin independent (kidney,
retina, and the endothelium) as these tissues are exposed to
glucose levels close to blood glucose levels. ANXA1~/~ mice have
more severe diabetic nephropathy compared to WT littermates
in STZ-induced experimental type 1 diabetes and in a model of
HFD induced insulin resistance. In both models, mice developed
more severe proteinuria and had more pronounced loss of
brush borders in the S1-S2 segment of the proximal convoluted
tubules (3, 69).

The natural history of diabetic nephropathy comes as a result
of the combined effects of direct glucose mediated endothelial
damage, superoxide production, and advance glycation end-
products due to prolonged hyperglycemia (75). Hyperglycemia
triggers the production of excessive reactive oxygen species
(ROS) leading to oxidative stress, primarily in the blood vessels,
which can ultimately lead to endothelial senescence an early sign
of vascular complications in diabetes (76, 77). Over production
of ROS leads to the uncoupling of endothelial nitric oxide
synthase (eNOS) leading to reduced nitric oxide production,
which impairs endothelial dependent vasodilatation, ultimately
leading to an increase in blood pressure. ANXA1~/~ mice fed
a HFD show a decreased eNOS activity in the kidney, which
can be restored by treatment with human recombinant ANXA1
(69). Elevated blood pressure is a common co-morbidity seen in
patients with diabetes. Regulation of blood pressure is leading
cause of kidney dysfunction; most therapies for the management
of diabetic nephropathy revolve around normalizing blood
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pressure using angiotensin-converting enzymes inhibitors and
angiotensin receptor blockers. Jelminic et al. demonstrate that
ANXA17/~ mice with type-2 diabetes display more severe
cardiac remodeling, coupled with increased vascular compliance
an early sign of hypertension compared with their wild-
type littermates (78). ANXA1~/~ mice also have constitutively
activated MYPT1 (69), which regulates the contraction and
relaxation of vascular smooth muscle and maintains blood
pressure (79).

The development of renal fibrosis is a classical hallmark
of the diabetic kidney. ANXA1~/~ with STZ induced type-
1 diabetes develop more renal fibrosis compared to diabetic
WT mice. Additionally, treatment with hrANXA1 could reduce
renal fibrosis in type-1 diabetic mice, by inhibiting ERK1/2,
p38, and JNK (3). Neymeyer et al. also demonstrated in a
model of hypertensive nephropathy that ANXA1 signaling had
anti-fibrotic effects on renal fibroblasts via ALX/FPR2 (80).
Some of the anti-fibrotic and reno-protective effects of the
ANXA1/FPR2 axis have been attributed to the accumulation of
anti-inflammatory M2 macrophages in the nephron; an effect
which was first demonstrated in an a model of acute anti-
Thyl.1 nephritis (81). Further work is needed to determine if
similar phenotypic class switching of macrophages occurs in the
diabetic kidney.

ANXA1 as a Potential Therapeutic Tool

in Diabetes

Human recombinant ANXA1l and the N-terminal peptide
(Ac2-26) have both been used as pharmacological tools in
many in vivo models of both acute and chronic inflammation
(3, 49, 54, 69, 82, 83). However, the concentration of Ac2-
26 needed to elicit the same biological effect as full length
ANXAL are some 20 times higher (12). Many of the effects of
ANXAL and its peptides have are mediated by ALX/FPR2 axis,
however, there is much evidence provided for FPR1 facilitating
wound healing and tissue protective effects of ANXALI in the
epithelium (34).

STZ-induced type-1 diabetic mice treated with human
recombinant ANXAl do not develop microvascular
complications (diabetic cardiomyopathy and nephropathy)
even though they have elevated blood glucose (3), suggesting
a key organ protection effect independent of glucose lowering.
In the same model mice given hrANXAI therapeutically
(after microvascular complications had developed) did not
display a further decline in cardiac and renal function seen in
vehicle treated mice. The therapeutic benefits in a pre-clinical
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