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Abstract

Numerous clinical studies have revealed the utility of circulating adrenomedullin (AM) or mid-
regional pro-adrenomedullin (MR proAM) as an effective prognostic and diagnostic biomarker for
a variety of cardiovascular-related pathophysiologies. Thus, there is strong supporting evidence
encouraging the exploration of the AM- calcitonin receptor like receptor (CLR) signaling
pathway as a therapeutic target. This is further bolstered because several drugs targeting the
shared calcitonin gene-related peptide (CGRP) - CLR pathway are already FDA approved and
on the market for the treatment of migraine. In this review, we summarize the AM — CLR
signaling pathway as well as its modulatory mechanisms and provide an overview of the current
understanding of the physiological and pathological roles of AM — CLR signaling and the yet
untapped potentials of AM as a biomarker or therapeutic target in cardiac and vascular diseases
and provide an outlook on the recently emerged strategies that may provide further boost to the
possible clinical applications of AM signaling.
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CELLULAR PHYSIOLOGY AND CLINICAL POTENTIAL OF
ADRENOMEDULLIN

Biosynthesis

Adrenomedullin (Gene = Adm; Protein = AM) is a 52 amino acid peptide hormone

that is a member of the calcitonin family of peptides alongside calcitonin gene-related
peptide (CGRP), amylin, and adrenomedullin 2/intermedin. AM was first isolated from
the adrenal medullal, but secreted in high amounts by endothelial cells (EC) and vascular
smooth muscle cells. Similarly to many other hormones, during AM biosynthesis, first
preproadrenomedullin, a large precursor protein is synthetized, which is then cleaved
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into 4 peptides (namely, proAM N-terminal 20 peptide (PAMP)-Gly, mid-regional pro-
adrenomedullin 45-92 (MR pro-AM), AM-Gly, and C-terminal pro-AM3. Active AM is
produced by the cleavage of C-terminal Gly from AM-Gly. Cytokines?, lipopolysaccharide
(LPS)5, pressure overload®, vascular shear stress’, and hypoxia® have been shown to
stimulate AM synthesis and release.

AM has a half-life of 20-25 minutes in the blood circulation®, limiting its application as a
biomarker. In contrast, the biologically inactive MR-proADM, cleaved from the precursor
protein of AM, has been found to be a stable and reliable molecule acting as a surrogate
of AM peptide, independent of its degradationl®. In cases where real time assessment

of instantaneous AM levels is needed, biologically active AM concentrations might be
preferable, but given time constraints in most clinical scenarios, in almost all pathologies,
MR proAM has more potential as a biomarker.

AM'’s short half-life also impairs its therapeutic potential. In order to reach adequate
plasma concentrations of AM, continuous intravenous administration is required. When
infusion is halted plasma concentrations drop precipitously, again reflecting the short
half-life of AM®. Adrecizumab is a humanized non-neutralizing monoclonal antibody
targeting AM, leading to a significant increase in plasma AM levels without changing MR
proAM concentrations'l, effectively increasing the amount of bioactive AM in the plasma.
Adrecizumab presumably functions by preventing the extravascularization or slowing the
degradation of AM in the plasma (Table 1), thereby increasing effective plasma levels of
AM and elongating the timeframe of its action.

Receptors and downstream signaling mechanisms

AM predominantly acts by binding to its class B G protein coupled receptor, calcitonin-
receptor like receptor (Gene = Calcrf. Protein = CLR) (Figure 1). G protein-coupled
receptors (GPCRs) are 7 transmembrane receptors that play critical roles in many
physiological processes through signal initiation and propagation, thereby making them
ideal drug targets!2. To establish biologically active receptors for the members of the
calcitonin family of peptides, CLR must form a heterodimer with one of three receptor
activity-modifying proteins (RAMPs1-3); the CGRP receptor (CLR/ RAMP1), the AM;
receptor (CLR/ RAMP?2), and the AM, receptor (CLR/ RAMP3). RAMPs, which were

first discovered and characterized due to their relationship with CLR, are single pass
transmembrane proteins that interact and allosterically regulate GPCRs. While originally
thought to only interact with a select group of GPCRs, there is an ever-expanding list of
known RAMP-interacting GPCRs among all GPCR classes!3. RAMPs regulate GPCRSs in
a RAMP-GPCR dependent manner; therefore, the specific CLR-RAMP pairings have broad
pharmacological and physiological consequences. Not only does CLR require interaction
with RAMPs to be chaperoned to the plasma membrane, the three CLR-RAMP endogenous
ligands have differential affinity for the receptor-complex dependent on which RAMP

is present. That is, CGRP preferentially binds the CLR/ RAMP1 complex, while AM
preferentially binds the CLR/ RAMP2 dimer, followed by the CLR/ RAMP3 coupling. The
CLR/RAMP3 heterodimer is also the preferred receptor complex of AM2/intermedin#13,
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There has been exciting advancement in our understanding of CLR-RAMP signal initiation,
propagation, and desensitization over the last several years. It is well established that

ligand (CGRP, AM, AM2) binding to CLR-RAMP complexes results in intracellular cAMP
accumulation and calcium mobilization. That being said, using modified yeast strains and
HEK-293 cells, Weston et al. show that CLR-RAMP complexes can couple with multiple
types of Ga subunits and demonstrate that coupling to these alternative Ga subunits

alters the ligand binding potencies of the CLR-RAMP receptor complexes?8. After agonist-
stimulation, besides activation of Ga mediated signaling pathways, p-arrestins-1 and —2
are also recruited to ligand-bound CLR receptor complexes, and are required for the

rapid internalization, endosomal sorting, and desensitization of these receptor complexes.
However, while full agonism does not require p-arrestins-1 and —2 recruitment, their
recruitment may initiate signaling cascades independent of Ga¢l’. Excitingly, CLR-RAMP
complexes are among a growing list of GPCRs shown to continue to signal from endosomes
and not solely just at the plasma membrane. For example, Yarwood et al. demonstrate

that CLR-RAMP1 signaling endosomes promote migraine pain transmissionl®, Downstream
intracellular consequences of cyclic adenosine monophosphate (CAMP) production, increase
in [Ca2*];c levels, B-arrestins-1 and —2-mediated recruitment and internalization, and
endosomal signaling result in the activation of downstream effectors such as mitogen-
activated protein kinase (MAPK) cascade as well as the phosphorylation of AKT and
cAMP response element-binding protein (CREB) to initiate cellular responses and nitrogen
monoxide (NO) production?®. Recent articles found that AM-CLR signaling preferably
signals through Gas-mediated signaling mechanisms over Gag in Cos7 and HEK293s cell
lines transfected with CLR-RAMP receptor constructs 1920, On the other hand, Clark

et al. demonstrated that AM and AM2-dependent [Ca2*],c mobilization can be impeded

by co-treatment with an anti- Gagy11/14 inhibitor in human umbilical vein endothelial

cells (HUVECS) 15, Moreover, HUVECs and human umbilical arterial endothelial cells
(HUAECS) show different downstream signaling bias'®, highlighting the importance of the
cell type for CLR signaling. It has been also demonstrated that AM signaling can lead

to a ligand-independent transactivation of the vascular endothelial growth factor receptor

2 (VEGFR2) in HUVECs and immortalized endothelial cell lines?1, and VEGFR3 in
lymphatic endothelial cells (LECs) 22, respectively. Therefore, besides Ga signaling, other
alternative intracellular mechanisms might also contribute to AM-dependent downstream
cAMP production in endothelial cells. Further studies elucidating the downstream signaling
preference of AM on different cell types and unveiling the underlying molecular
mechanisms may help us understand the cell type-specific properties of AM signaling.

As discussed more in detail below, both increased and decreased AM may lead to pathology.
Therefore, a tight regulation of the biological levels of AM peptide by ACKR3 is essential
for proper AM function. Atypical chemokine receptor 3 (ACKR3, other common aliases:
CXCR7, RDC-1, GPR159) is a 7 transmembrane receptor, with the highest expression

in fibroblasts and ECs23, proposing its importance during tissue repair and in vascular
physiology. Currently, known ligands of ACKR3 include chemokine x ligand 11 (CXCL11,
also known as I-TAC), CXCL12 (also known as SDF-1)24 macrophage migration-inhibitory
factor 22, virus-encoded chemokine vCCL2/vMIP-1128, endogenous opioid peptides?’:28,
PAMPs 22, and AM30. Upon ligand binding, ACKR3 recruits G protein-coupled receptor
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kinases that phosphorylate the C-terminal tail of ACKR3 recruiting arrestin which in turn
promotes ligand internalization and degradation31-34. Through this mechanism, ACKR3
eliminates the bound AM molecules and thereby regulates its function3°.

Current therapeutic applications

Because of their crucial physiological and pathological roles and pharmacological
tractability, GPCR signaling pathways are intensively studied drug targets. Approximately
1/3 of the FDA-approved drugs act on GPCRs2. Currently a highly successful clinical
approach targeting the AM receptor CLR is being applied for the inhibition of the AM-
related peptide CGRP in migraine patients. CGRP is a neuropeptide that is produced by
A8 and C nerve fibers and functions in pain sensation and vasodilation36-38, Given these
functions, it is a compelling biomarker for various human pathophysiologies, the foremost
being migraine39. In 1988 CGRPs role in activation of the trigeminovascular system was
described by Dr. Lars Edvinsson®? and in 2003 elevated CGRP was identified in the
cerebrospinal fluid in migraine patients*. A later study demonstrated CGRP elevation in
jugular venous blood of patients with migraines#2, suggesting it as a potential biomarker
for migraine. Additionally, a recent meta-analysis of genome wide association studies
examining risk loci in migraine has identified polymorphisms in the gene encoding CGRP
(Calcal Calcb) as a novel risk locus in migraine3. Migraine is extremely responsive to
anti-CGRP targeting medications such as monoclonal antibodies targeting a shared epitope
between CGRP/RAMP1 (erenumab)** or soluble CGRP (fremanezumab, galcanezumab,
and eptinezumab) or small molecule receptor antagonists (‘gepant class medications)*®.
Since 2018, four CGRP-inhibitor monoclonal antibodies and three small molecule inhibitors
have been approved to date.

The successful therapeutic application of agents targeting CLR/RAMP1 signaling
demonstrates that CLR signaling is a clinically targetable pathway with a high clinical
efficacy. Thus, it stands to reason that CLR/RAMP2 and CLR/RAMP3 heterodimers

may also be exploited as therapeutic targets for manipulating AM signaling. Therefore,
understanding the physiological functions of AM and its roles in disease helps us to evaluate
the clinical potential of AM and to determine future directions for its use as a biomarker and
therapeutical target.

VASCULAR AND CARDIAC FUNCTIONS OF ADRENOMEDULLIN

Vasoactive functions

AM peptide is best known for its vasoactive functions. As a part of its intracellular signaling
cascades, AM increases intracellular cAMP and Ca2+ levels in endothelial cells, leading to
endothelial nitric oxide synthase (eNOS) activation and NO formation’1546, Endothelial
NO then diffuses to the surrounding vascular smooth muscle (VSM) cells, promoting
smooth muscle relaxation and vasodilation. Other preclinical results demonstrated that

AM also acts on VSM cells directly, and promotes VSM relaxation through increasing
cAMP levels and inhibiting endothelin production?’. A clinical study demonstrated that
intravenous administration of 50 ng-kg—1-min—-1 AM is efficient to decrease mean arterial
blood pressure of healthy subjects#®, and the authors suggested that this AM-mediated
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vasodilation mechanism contributes to basal vascular tone regulation. A recent article also
demonstrated this role of AM signaling in basal blood pressure control 7. Regardless,
because AM has many known functions, it is unlikely to be useful as a specific therapeutic
agent in the management of hypertension.

Vascular development and remodeling

Besides regulating basal vascular tone, AM also contributes to numerous other
cardiovascular mechanisms. Admnull and Calcr/ null mouse embryos do not display
abnormal vascular expansion, but studies reported reduction in arterial wall thickness and
VSM coverage and abnormal basal membrane structure in the larger vessels. These findings
suggest a role for AM in vascular remodeling and maintaining vascular barrier integrity, but
not in embryonic angiogenesis*9-51,

Cardiac development

The role of the AM/CLR/RAMP pathway in cardiac development has been extensively
studied. AM deficient mouse embryos die at mid-gestation due to hydrops fetalis and
cardiovascular defects, including overdeveloped ventricular trabeculae, underdeveloped
arterial walls with reduced myocardial proliferation and increased apoptosis?®. Deletion
of AM receptors Calcrl, or RampZ2 also leads to embryonic lethality characterized by
hydrops fetalis, thin vascular smooth muscle walls, and small disorganized hearts®L,
Additionally, RampZ2null embryos display systemic and cardiac edema, small hearts, and
vascular defects including vascular wall structure disruption, diminished junctional protein
expression, increased vascular permeability, and diminished neovascularization®2-°3, Thus,
the embryological phenotypes of these deficient mouse lines is conserved, supporting a
requisite role for this signaling pathway in cardiac and vascular development.

In contrast, Adm/Ni mice overexpressing AM have enlarged hearts due to hyperplasia,
which can be reversed with reduction of AM levels®*. Similarly, mouse embryos lacking the
AM decoy receptor ACKR3 develop enlarged hearts due to cardiomyocyte hyperplasia and
die by postnatal day 1 due to cardiac valve defects®>8. Similar to Adn"/M mice, genetic
reduction of AM in the ACKR3 null mice is sufficient to reverse the embryonic cardiac
hyperplasias3®.

Lymphatic development

The lymphatic vasculature is an open-ended vessel system that functions primarily to drain
excess interstitial fluid, traffic leukocytes to immune organs, and facilitate dietary lipid
absorption, among many other tissue-specific roles®’. In mice, development of the lymphatic
system starts around embryonic day 10.5, when lymphatic vessel endothelial hyaluronan
receptor 1 (LYVEL) / prospero homeobox protein 1 (PROX1) double positive endothelial
cells first appear in the cardinal vein. These cells bud from the cardinal vein and form the
jugular lymph sac, the first lymphatic structure®®8. Eventually, a mature lymphatic vessel
network derived from both venous and non-venous LEC precursors develops to enmesh
most vascularized organs®.
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PROX1 is a key transcription factor for the determination and maintenance of lymphatic
identity and function and is continually expressed by lymphatic endothelial cells.
Overexpression of PROX1 in LECs has been shown to induce Calcr/ expression levels.
Because Prox1 is a key transcription factor for maintaining lymphatic cell fate, it is not
surprising that expression levels of Adm, Calcr/and RampZ2 are significantly higher in
cultured LECs than blood endothelial cells (BECs)>2. Not surprisingly, Adm ™", Calcrl~
and Ramp2~~ mouse embryos all display lymph sac hypoplasia at E13.5°2, and hydrops
fetalis#9-51.60, revealing the importance of AM signaling in lymphatic development. The
relevance of the AM/CLR/RAMP2 signaling pathway for human lymphatic development
and survival was also uncovered from whole exome sequencing of a 4-generation

family pedigree, revealing a recessive in frame mutation in the CALCRL gene that was
homozygous in two infants with nonimmune hydrops fetalis. Biochemical characterization
of the receptor mutation showed reduced association with RAMP?2 protein, thereby
precluding receptor presentation to the cell surface®0.

Other studies have shown that AM treatment stabilizes LEC intercellular junctions /in

vitro, and AM administration improves lymphatic barrier function and decreases lymphatic
permeability /7 vivePL. This suggests that disruption of the AM/CLR/RAMP?2 signaling
axis leads to systemic edema, at least partially due to impaired lymphangiogenesis and
altered lymphatic vessel permeability. Of note, ACKR3 deficient mouse embryos however,
had blood-filled, enlarged lymph sacs interstitial edema, and dilated and aberrant lymphatic
vasculature, emphasizing that precise regulation of AM levels and signaling is crucial for
lymphatic vessel function3®,

In adult mice, inducible postnatal global deletion of CLR results in disorganized subcellular
organization of the junctional proteins vascular endothelial cadherin (VE-Cadherin) and
zona occludens 1 (ZO-1), leading to disrupted lymphatic vessel permeability and impaired
dietary lipid absorption62-64  highlighting the central role of AM signaling in maintaining
proper lymphatic function in adulthood. Because VE-Cadherin and ZO-1 are also important
junctional proteins in the blood vasculature, it is likely that AM promotes blood vascular
barrier integrity through a similar molecular mechanism. Furthermore, VE-Cadherin has
been shown to be essential for maintaining pro-lymphangiogenic VEGFRS3 signaling nodes
at the plasma membrane in LECs22, providing additional mechanisms through which AM
signaling exerts its pro-lymphangiogenic effects.

In summary, AM plays important roles in cardiac development, lymphatic growth, and
vascular permeability. It is likely that upregulation of AM promotes cardiac tissue
regeneration, regulates immune responses, helps resolve cardiac edema after injury, and
reduces fibrosis following injury by the mechanisms discussed above in detail. In Figure 2,
we summarize these diverse biological functions of AM, and mark which of these functions
contribute to cardiovascular pathologies or to diseases with significant cardiovascular
involvement as discussed below.
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PATHOPHYSIOLOGICAL ROLES AND POTENTIAL THERAPEUTIC
APPLICATIONS OF AM IN CARDIOVASCULAR DISEASE

AM has potent cardiovascular activity. As a potent vasodilator, it reduces arterial blood
pressure, decreases peripheral vascular resistance, thereby increasing heart rate and cardiac
output®s. Moreover, it is also essential for maintaining vascular integrity86 and promotes
angiogenesis under hypoxic conditions®’. Given these functions of AM in regulating
cardiovascular physiology and development, it is not surprising that AM also plays a role
in numerous cardiovascular diseases. Here, we provide a brief summary of those conditions
where AM has emerged as a biomarker or therapeutic target due to its cardiovascular
functions.

Heart failure

Currently, natriuretic peptides, such as atrial natriuretic peptide (ANP) and B-type natriuretic
peptide (BNP) and their prohormones proANP and proBNP are commonly used prognostic
biomarkers in patients with heart failure. Natriuretic peptides are secreted from the

atria and ventricles and provide an accurate prediction on heart failure (HF) mortality

and hospitalization®®. Clinically however, ANP/BNP utility is limited by high variability
and these biomarkers of heart failure are not sufficient to guide management of HF

alone. Therefore, additional predictive molecular markers could help to improve both the
specificity and sensitivity of HF related clinical testing.

Shortly after the discovery of AM, studies reported a significant increase in plasma AM
levels in heart failure patients®:70, proposing AM as a potential prognostic biomarker

of HF. Clinical studies have reported high levels of MR-proAM and bioactive AM as
independent prognostic biomarkers of hemodynamic impairment, tissue congestion, organ
dysfunction and to predict mortality risk of HF patients (Table 2)6%71-74 While some
researchers proposed MR-proAM 45-92 as a more accurate prognostic marker of HF than
the natriuretic peptides’1:7>-77 other studies questioned the additional prognostic value of
MR-proADM78-80_ As discussed in detail in this manuscript, AM is involved in numerous
physiological or pathophysiological processes. Therefore, multiple underlying mechanisms
might be responsible for the high levels of plasma AM or MR proAM. Combination of MR
proAM with additional biomarkers will improve the specificity of AM as a biomarker.

The clinical potential of AM in heart failure is not limited to its application as a biomarker.
An early ex vivo study revealed the positive inotropic effect of AM8L, by which AM

can increase stroke volume and therefore cardiac output and systolic blood pressure82.

On the other hand, however, vasodilatory effects of AM combined with its positive
inotropic properties may promote the development of hyperdynamic circulation (Figure
2). An ongoing phase Il clinical study is aiming to evaluate safety and tolerability of an
Adrecizumab in patients with acute HF. This suggests an alternative approach for targeting
AM in HF patients.
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Myocardial Infarction

Heart disease is the leading cause of death and over 800,000 people have myocardial
infarction (MI) annually in the United States only 83. Though M1 is generally treated by
coronary artery catheterization or with thrombolytic agents, novel diagnostic and therapeutic
approaches are desirable in order to improve long term outcomes and provide additional
information about end organ damage. Early studies reported an immediate elevation

in plasma AM levels following myocardial infarction®. Recent clinical data have also
indicated that MR-proAM is a reliable predictive marker to predict long-term mortality,
volume overload, and congestion during recovery from M, but similar to HF, the additional
value to the currently used biomarkers is questioned (Table 2) 8586,

In addition to ECs and smooth muscle cells, mesenchymal stem cells have also been
reported to contribute to AM expression after myocardial infarction 87. An early study
reported elevated ANP secretion in AM-treated cultured rat myocytes, and reduced

collagen production in AM-treated cultured fibroblasts®8. Preclinical studies found that

AM administration after myocardial infarction reduced pathologic tissue remodeling and
fibrosis formation post injury, suggesting AM as a possible therapeutic target after M189.90,
Similarly, cardioprotective effects of AM administration were shown in preclinical HF
models®1-92, Pilot clinical studies have suggested intravenous infusion of AM improves
cardiac outcomes in patients recovering from acute MI93 and that co-treatment with ANP as
a potential therapeutic approach for patients with acute decompensated HF94,

AM overexpressing Adm/" mice have a more robust cardiac lymphangiogenic response
following MI which was correlated with improved cardiac function and reduced cardiac
edema and tissue remodeling when compared to wild type controls®>. Moreover, a recent
study suggested that lymphatic vessels promote embryonic heart development as well as

MI recovery mediated by reelin secretion6. These findings suggest that the cardioprotective
effects of AM might be partly related to its pro-lymphangiogenic function. The currently
available experimental results suggest a reactivation of embryonic epicardial gene expression
program upon cardiac injury, including the epicardial expression of AM97.

Furthermore, the current body of literature suggests that AM plays an important role in
cardiac function and recovery following insult, indicating a potential therapeutic role for AM
in numerous cardiac diseases. AM’s short half-life significantly decreases its therapeutic
potential. Therefore, pharmaceutical strategies to increase the half-life of AM might improve
its usefulness as a therapeutic agent.

Pulmonary hypertension and congestion

Plasma AM and MR pro-AM levels have been suggested as reliable prognostic markers

in patients with pulmonary hypertension%:99, Moreover, inhalation of aerosolized AM was
shown to improve survival as well as reduce pulmonary arterial pressure and pulmonary
vascular resistance in rats with monocrotaline-induced pulmonary hypertension (Figure
2)100 Although clinical pilot studies have proposed AM as a promising therapeutic target
to treat pulmonary hypertension102:102 jts short half-life is once again a significant obstacle
in AM’s therapeutic potential. Though pulmonary congestion is associated with higher

Circ Res. Author manuscript; available in PMC 2024 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balint et al.

Stroke

Sepsis

Page 9

mortality in HF patients193.104 assessment and staging of pulmonary congestion remains
challenging and lacks standardization195-107_ A recent study found AM to be the strongest
clinical predictor of pulmonary congestion’4, suggesting that despite the debate over the
added value of AM testing to predict mortality risk in HF patients, AM levels may be a
valuable tool in determining therapeutic approach.

Importantly, pulmonary hypertension and congestion are not the only pulmonary vascular
conditions where clinical application of AM have emerged. A promising diagnostic
approach takes advantage of the fact that CLR expression is abundant in the alveolar
endothelium%8, PulmoBind, a radiolabeled AM derivative that can be used to detect
pulmonary microcirculatory occlusions and abnormalities with single-photon emission
computerized tomography (SPECT) has passed phase | and 11 clinical trials109110, This
represents a promising tool for the early detection of pulmonary embolism and of other
pathophysiologies that alter circulation through the pulmonary vasculature.

Under pathophysiological circumstances, such as ischemia, preclinical studies demonstrated
that AM promotes blood and lymphatic vessel expansion!11-113 suggesting AM as a
potential biomarker and therapeutic target for ischemic diseases. Moreover, a preclinical
study found anti-apoptotic effects of AM infusion on neuronal cells and transplanted
mesenchymal stem cells 114, showing that direct vascular and non-vascular effects of AM
might improve stroke outcomes. An earlier human study found elevated AM levels in the
cerebrospinal fluid (CSF) but not in the plasma of patients with cerebral vasospasm after
hemorrhage!5. Other researchers reported elevated plasma AM and mid-regional pro-AM
levels in both ischemic and acute hemorrhagic stroke patients116-118 These findings suggest
AM as a potential diagnostic biomarker of stroke. Moreover, its neuroprotective properties,
such as reducing neuron apoptosis and promoting oligodendrocyte differentiation119-121,
make AM an even more promising therapeutic target in stroke (Figure 2). A current phase 11
study aims to use AM as a treatment option for ischemic strokel22,

Sepsis is a life threatening extreme immune reaction of the body to disseminated infection.
AM and MR pro-AM levels both are increased in patients with sepsis, and correlate

with increased disease severity and mortality risk123-126_ The use of AM as a morbidity-
independent sepsis biomarker would help predict illness severity and inform personalized
therapy decisions for septic patients. The therapeutic effect of increasing AM as a treatment
strategy in sepsis has also been intensively studied. Administration of AM exerts anti-
inflammatory, antimicrobial, and protective effects on endothelial barrier function during
sepsis'2’. On the other hand, as AM has both vasodilatory and positive inotropic roles,
elevated AM can lead to hyperdynamic circulation, which may contribute to sepsis severity
and push the patient toward developing septic shock (Figure 2). Adrecizumab has been
shown to the improve vascular barrier maintenance function of AM but does not promote
AM detrimental vasoactive effects!28, which might be beneficial for septic patients. Of note,
it is currently it is not known if Adrecizumab also alters other functions of AM. A phase

Il clinical trial of 301 patients found that both 2 and 4 mg/BWkg adrecizumab is well
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tolerated and organ failure scores were significantly improved compared to placebo (Table
2). Additionally, 28-day mortality trended lower in adrecizumab treated septic patients than
placebo controls, but was not significant (Table 1)129,

Other diagnostic potentials of AM in cardiovascular diseases

Adrenomedullin has recently been implicated in a variety of cardiovascular diseases,
expanding its diagnostic and therapeutic potential. Interestingly, in contrast to the low

AM expression levels in adult heart tissue under physiological conditions, increased

AM immunoreactivity was found to be correlated with myocyte hypertrophy in the
endomyocardium of transplanted hearts in contrast to the low levels of AM expression

in adult, non-hypertrophic cardiac tissue under physiological conditions139, MR pro-AM has
recently emerged as a promising prognostic biomarker of aortic stenosis and severity and to
predict mortality risk after transcatheter aortic valve replacement!31:132 which is probably
also related to AM’s vasoactive function.

Lymphedema

The lymphatic system plays an important role in maintaining tissue fluid homeostasis.
Failure or impaired function of the lymphatic vascular system results in disfiguring,
disabling, and sometimes life-threatening swelling of the affected tissues, called
lymphedemal33, Lymphedema occurs as a result of a hereditary genetic mutations in the
genes involved in lymphatic development and function (primary lymphedema), or after
surgical removal of lymph nodes, radiation therapy, or parasite infections (secondary
lymphedema)134. Despite its high incidence and serious effects on the patients’ quality

of life, no effective treatment is available for lymphedema currently. As AM signaling has
important roles in promoting lymphangiogenesis and modulating lymphatic function, it is a
promising therapeutic target to treat patients with lymphedema.

In addition to the severe edema reported in AM, CLR and RAMP2 deficient mouse
embryos, other studies also support the anti-edematous effects of AM signaling. In
addition, mice lacking RAMP3, although do not show embryonic edematous phenotype,
have impaired lymphatic drainage. Moreover, in a mouse model of lymphedema, RAMP3
deficient mice represent more severe edema and display defective lymphatic cell migration
when challenged with scratch wound assay13°. This suggests the importance of CLR/
RAMP3 mediated signaling in lymphedema in addition to CLR/RAMP2 signaling.
Accordingly, dilated dermal lymphatics were reported after induced global deletion of CLR.
CLR deleted mice developed a much more severe local edema after hind paw injection

of complete Freund’s adjuvant2. AM haploinsufficient mice, but not wild type controls
developed a lymphedematous phenotype following hind limb skin incision, which could be
restored by exogenous AM administration!36. Following hind limb skin incision elevated
AM expression was found in both wild type and AM haploinsufficient mice compared to
baseline, indicating that AM signaling was triggered by the surgery. In addition, another
research group reported that continuous AM administration promoted the angiogenic

and lymphangiogenic response and resolved lymphedema severity in a mouse model of
lymphedema (Figure 2)112,
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These preclinical studies suggest that AM is a potent therapeutic target to treat lymphedema.
For its therapeutic use in patients with lymphedema however, a reliable delivery method that
provides long lasting local AM signal is required, which is currently not available.

CARDIOVASCUALR CORRELATES IN OTHER PREVALENT DISEASES

Tumors

Pneumonia

There is a large and ever-expanding amount of evidence linking AM as well as the

AM receptors (AM;, AM, and ACKR3) to cancer pathogenesis and metastasis. Vazquez
et al. 2021 have provided a comprehensive review highlighting much of this research,
including preclinical studies assessing the efficacy of anti-AM therapies in neoplasia

(ie. AM-neutralizing antibodies)!37. Overall, the pro-tumorigenic properties of AM are
not surprising given that AM has known roles in lymphangiogenesis and angiogenesis,
cellular proliferation, and cell survival38. A variety of solid tumors as well as other
stromal cell-types present within the tumor microenvironment, such as endothelial cells,
CAFs and TAMs, express the AM and its receptors (CLR/RAMP1, CLR/RAMP2, CLR/
RAMP3, ACKR3)137.139-141_ AM signaling promotes tumor cell growth, proliferation,
and survivall3®, Second, AM secreted within the tumor microenvironment facilitates
tumor-associated angiogenesis and -lymphangiogenesis, thereby providing the tumor
microenvironment with nutrients and oxygen to promote continued survival and growth
and contributing to metastasis formation. 142:143 (Figure 2). Importantly, AM and CLR
overexpression is correlated with a worse prognosis, disease severity, and relapse for

a variety of cancers such as in acute myeloid leukemia (AML)144-149 However, these
findings are context- and cancer-dependent whereby AM is associated with a more favorable
prognosis for other cancer types such as triple-negative breast cancer 1%0. That being said,
the contribution of AM and the AM receptors to cancer pathogenesis is undeniable, sparking
a new wave of anti-AM therapies that are currently being assessed for efficacy in various
clinical trials37.

Besides hypoxia, pro-inflammatory cytokines and LPS also promote AM release, so that
infections and inflammatory responses trigger AM secretion. Broadly, the inflammatory
condition of pulmonary pneumonia infection, resulting in tissue damage and alveolar

fluid accumulation, has been closely associated with pathophysiological levels of AM
peptide, which, given its vascular roles, might increase local blood flow and promote a
lymphangiogenic response, supporting local immune responses and edema resolution. A
study found increased proAM levels in community-acquired pneumonia (CAP) patients who
died during follow-up compared with survivors. The researchers found that pneumonia
severity index (PSI) combined with plasma proAM levels more accurately predicted
mortality than PSI alone!®1, indicating adrenomedullin levels are a useful metric in
determining the severity of pneumonia. The prognostic accuracy of proAM to predict the
outcome of CAP was also confirmed by additional studies'®2:153 and its usefulness was not
affected by various etiologies of pneumonia infection1>4. A recent study reported that serum
AM levels are also a promising predictive marker in the assessment of ventilator associated
pneumonia (VAP) diagnosis1®®.
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Of note, it has long been demonstrated that AM also has an antimicrobial role, participating
in the prevention of local infection acting synergistically with the immune response (Figure
2)156, Interestingly, antimicrobial effects of AM seem to be independent from its classical
signaling pathway. Instead, AM was demonstrated to disrupt and permeabilize cell walls

of £. Coliand S. Aureust™’. These antimicrobial effects of AM, in combination with its
vascular functions, such as improving lymphatic function, suggest that in addition to being
a valuable prognostic biomarker, AM might also be a potential antimicrobial agent for
infectious diseases like pneumonia.

Glaucoma is an ocular disease primarily mediated by elevated intraocular pressure,
eventually leading to vision loss due to damage of the optic nerve. An early pilot clinical
study found higher AM levels in the aqueous humor of patients with primary open-angle
glaucoma compared to neovascular glaucomal®8. Accordingly, a pre-clinical study reported
that CLR overexpression in the pupillary sphincter muscle led to increased intra-ocular
pressure which was reversed when crossed to AM haploinsufficient micel®9. AM and its
receptors have both been found to be expressed in the retinal®%, and genetic mutations

in the human RAMP2 gene have been associated with primary open-angle glaucomal®l.
An interesting study demonstrated reduced pore formation in the ECs of the hybrid

vessel Schlemm’s canal in patients with glaucomal62, AM signaling is known to play

an important role in regulating intercellular junctions in ECs and modulate their barrier
function. Increased AM signaling might enhance the barrier function, reducing the uptake
capability of Schlemm’s canal leading to decreased intra-ocular fluid drainage (Figure 2).
Further studies are needed to understand the role of AM signaling in glaucoma and to unveil
whether it can be as a diagnostic marker or therapeutic target in glaucoma.

Inflammatory Bowel Disease

AM is also widely expressed throughout the highly vascularized system of the
gastrointestinal (GI) tract. AM producing cells are spread throughout the GI endocrine
system, including the mucosal epithelium, glandular duct cells, enteroendocrine cells,

and smooth muscle cells, indicating its important roles in digestion and nutrient
absorption163.164_|n addition to its various functions in non-endothelial cells of the GI tract
165-167  AM was reported to regulate lipid transport through lacteal LECs. Induced deletion
of CLR in PROX1 positive cells led to lymphatic insufficiency and lymphangiectasia®?,

as well as disrupted lipid trafficking and enteric nerve patterning in HFD fed mice®4.
Similarly to its role in ECs, AM is also critical in maintaining intestinal epithelial barrier
integrity (Figure 2). Lack of endogenous AM accelerates the development and severity

of colitis induced by rectal instillation of 3 mg 2,4,6-trinitrobenzenesulfonic acid (TNBS)
in mice mitigates the expression levels of junctional adhesion molecule-A (JAM-A) and
e-cadherinl®®, Moreover, reduced AM expression resulted in altered colonic microbiota
with a lower proportion of beneficial bacteria in mice, such as Lactobacillus gasseri and
Bifidobacterium choerinum, which was correlated with significantly worse colitis!9. The
broad functions of AM in the Gl tract propose multiple possible applications of AM in GI
disorders. Currently, AM is considered as a potential therapeutic approach for inflammatory
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bowel diseasel’0-173, Two phase 11 studies have suggested 174175 the clinical potential of
AM for treatment of inflammatory bowel disease (IBD) patients.

BOOSTING THE CLINICAL POTENTCY OF AM-TARGETING APPROACHES

As demonstrated above in detail, AM has important roles in cardiovascular physiology and
pathophysiology. Given these functions, AM has been proposed as a promising predictive
biomarker and therapeutic target for multiple diseases. On the other hand, the broad,
systemic roles of AM could also lead to off target effects of AM. Despite the promising
clinical potential of AM, there are currently no diagnostic or therapeutic approaches that
exploit AM signaling in clinical practice. However, recent advances have provided numerous
tools which may help us to leverage the key roles of AM signaling in this wide spectrum of
diseases. These include the diagnostic use of MR proAM and the therapeutic application
of adrecizumab, which both help to overcome the limitation of the short half-life of

AM. In this section, we summarize other current approaches for developing AM-targeting
pharmaceuticals that may facilitate or improve the clinical usefulness of AM signaling.

Improving pharmacologic abilities of AM by peptide modifications

Besides reducing the degradation of AM by non-neutralizing antibodies, such as
Adrecizumab, another approach to increase the half-life of AM is biochemical modification
of the peptide by methods such as PEGylation, acylation, or additional modifications to

the peptide structure. These biochemical modifications often decrease the potency or the
affinity of the signal for its receptor}’6:177, Encouragingly, an acylated a-CGRP analogue
has been demonstrated to reduce end organ damage in a model of murine hypertension78,
The Pioszak laboratory has developed CLR/Ramp agonists for both AM and CGRP that
have improved receptor affinities down to the picomolar range and have receptor dwell
times ranging from 5 to 10 hours1”®. This group has also designed sustained signaling AM
(ss-AM) and CGRP (ss-CGRP) that increase cCAMP levels in stimulated cells after washout
of CLR/Ramp agonist1’®. Currently, the only clinically approved therapeutics that target
CLR/Ramps are CGRP antagonists for migraine, these modified proteins represent exciting
therapeutic avenues for CLR/Ramp agonists in the context of heart and vascular disease.

The Hay laboratory has developed small molecule agonists of the CLR receptor that are
capable of upregulating cAMP in vascular endothelial cells 189, Hsu and colleagues have
also successfully developed CLR/RAMP receptor agonists and antagonists that were up to
100-fold more selective to their respective receptor complexes as the natural ligands?8L.
In their later studies, the researchers could evoke a sustained activation of CLR/RAMP1
and CLR/RAMP?2 receptor signaling pathways using palmitoylated AM and AM2/IMD
analogues!82. Moreover, the selected AM analogue was demonstrated to have gel-like
characteristics, limiting its spatial spreading. Therefore, application of these gel-forming
AM analogues would also provide a predominantly local stimulation of AM signaling
pathways. It is yet to be investigated whether these analogues bear the same intracellular
signaling bias as AM in the different cell types, or act through a distinct signaling
preference.
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Therapeutic Approaches to Increase Plasma AM levels

Sacubitril/valsartan is an FDA- and EMA-approved angiotensin receptor - neprilysin
inhibitor agent to treat patients with chronic heart failure with reduced ejection fraction
(HFrEF). A recent clinical study aimed at characterizing the changes in natriuretic peptide
levels after neprilysin-inhibition treatment of patients with HFrEF. Surprisingly however,
Pavo and colleagues found that neprilysin-inhibition evoked a modest change in plasma
BNP levels, but instead led to a more robust elevation in plasma bio-AM and MR proAM183,
Their results also suggest that neprilysin-inhibition probably not only mitigates AM
degradation, but also promotes AM production by a yet unknown mechanism. These data
propose administration of neprilysin inhibitors as a possible alternative indirect approach
to increase plasma levels of biologically active AM in those patients where its use is not
contraindicated.

As demonstrated above in this review, another known mechanism that is responsible for

the biodegradation of AM is through its decoy receptor ACKR3. Diphenylacetamides were
recently discovered to inhibit ACKR3 signaling84. Administration of these pharmacological
agents may be a suitable way to evoke increased AM levels. Besides small molecule
inhibition of neprilysin and ACKR3, biological targeting of these molecules is also a
promising option to target AM signaling.

Potential Approaches for Targeted AM Treatments

As AM receptors are expressed in various cell types all around the body, and AM binding
to CLR can evoke different intracellular signaling pathways, systemic administration of AM
might lead to undesired effects, as seen in sepsis. Discovering molecular mechanisms that
determine which intracellular signaling pathway is activated by AM binding is essential for
developing more targeted therapeutic approaches. Development of engineered AM variants
or AM agonists that evoke only a distinct downstream mechanism out of the many know
AM signaling pathways may be a possible approach to mitigate off-target AM effects.
Developing specific AM or CLR inhibitors that mitigate undesirable AM effects without
affecting the desired intracellular mechanism might also improve the clinical potential of
AM signaling. Developing an administration technique enabling tissue-specific delivery

of AM, such as a cell type-specific antibody labeled coating of the bioactive peptide,

would help reducing off-target effects of AM. Encapsulation of AM into an enzymatically
degradable coating might also help titrate desired AM concentrations locally and control the
dynamics of AM administration.

CONCLUDING REMARKS

Adrenomedullin, predominantly known for its vasoactive effects exerts numerous additional
biological functions, especially in the cardiovascular and lymphatic vascular systems. In
addition to regulating vascular flow by promoting vasodilation, it is indispensable for
maintaining endothelial barrier function of blood and lymphatic vessels. AM signaling

is essential for cardiac and lymphatic development and under pathological conditions, it
may promote adult angiogenesis and lymphangiogenesis and cardiac regeneration after
injury. This wide diversity in its physiological and pathophysiological roles elevates AM
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as a promising biomarker and therapeutic target in numerous cardiovascular diseases, and
consequently multiple therapeutic approaches targeting AM signaling are under clinical
testing or trials. Recent advances in the understanding of AM-mediated pathways and
development of novel approaches, such as AM-specific antibodies increasing its high-life
and modifying its intracellular signaling bias or engineered AM-analogues enabling a more
specific and sustained activation of AM receptors may provide us with possible tools to
tackle the two main limitations of AM in the clinic, namely its short half-life and the wide
variety of biological functions. These novel advances further boost the clinical potential of
AM signaling pathways. Further studies are required to fully understand the mechanisms
that determine which intracellular signaling pathway is activated upon AM binding by its
receptor complex. Understanding these mechanisms may further improve the application of
AM as a predictive biomarker and development of tissue specific AM-targeted therapeutic
approaches.
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Non-standard Abbreviations and Acronyms

ACKR3 atypical chemokine receptor 3

AM adrenomedullin (protein; gene: Adm)

ANP atrial natriuretic peptide

BEC blood endothelial cell

BNP B-type natriuretic peptide

cAMP cyclic adenosine monophosphate

CAP community-acquired pneumonia

CGRP calcitonin gene-related peptide (protein; gene: Calca/
Calcb)

CLR calcitonin-receptor like receptor (protein; gene: Calcrl)

CREB CAMP response element-binding protein

CSF cerebrospinal fluid

CXCL chemokine x ligand

EC endothelial cell
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eNOS
GPCR
HF
HFrEF
HUAEC
HUVEC
IBD
JAM-A
LEC
LPS
LYVE1
MAPK
MI

MR pro-ADM
NO
PAMP
Pro-AM
PROX1
PSI
RAMP
SPECT
ss-AM
TNBS
VAP
VE-Cadherin
VEGFR

Z0-1

endothelial nitric oxide synthase

G protein-coupled receptor

heart failure

heart failure with reduced ejection fraction
human umbilical arterial endothelial cells
human umbilical vein endothelial cells
inflammatory bowel disease

junctional adhesion molecule-A

lymphatic endothelial cells
lipopolysaccharide

lymphatic vessel endothelial hyaluronan receptor 1
mitogen-activated protein kinase

myocardial infarction

pro-adrenomedullin 45-92

nitric oxide

proAM N-terminal 20 peptide
pro-adrenomedullin

prospero homeobox protein 1

pneumonia severity index

receptor activity-modifying protein
single-photon emission computerized tomography
sustained signaling AM
2,4,6-trinitrobenzenesulfonic acid

ventilator associated pneumonia

vascular endothelial cadherin

vascularar endothelial growth factor receptor

zona occludens 1
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Figure 1: Schematic summarization of the intracellular signaling pathways activated by the
binding of AM, CGRP and AM2.

Adrenomedullin acts through CLR/RAMP2 and CLR/RAMP3 receptor complexes and
activates G-protein mediated intracellular pathways, which lead to cell-type specific cellular
effects. ACKR3 degrades AM by recruiting G protein-coupled receptor kinases and p-
arrestin.

Human pECsgq values for CAMP production are shown, where applicable (data from Hay

et al. 201714). Arrow thickness represent the corresponding pECsg value. Known cellular
effects in blood endothelial cells (BEC), lymphatic endothelial cells (LEC), vascular smooth
muscle cells (SMC) and myocardial cells (myoC) are indicated.
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Adrenomedullin acts on a diverse range of tissues generally favoring reduced cellular

barrier permeability, angiogenesis, and has significant impact on cardiovascular parameters.
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function, promoting angiogenesis, vasoactive and cardiac functions and non-vascular
functions). The involvement of these AM-mediated mechanisms in cardiovascular related
diseases is summarized above and grouped by physiologic role of AM. Checkmarks mark
which AM functions contribute to each disease. Color of the checkmarks label whether that
given function of AM is associated with blood endothelial, lymphatic endothelial cells or
other cell types.
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