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Abstract: Anorexia nervosa (AN) is a severe psychiatric disorder with the highest mortality
rate among mental illnesses, characterized by an intense fear of weight gain, persistent
restriction of energy intake, and a distorted perception of body image. Despite decades of
investigation, the pathogenesis of AN is only partially understood and is recognized as
multifactorial, involving genetic, sociocultural, and neurobiological determinants. Beyond
its core psychopathological features, AN leads to a wide spectrum of systemic complica-
tions, including cardiovascular, renal, skeletal, and endocrine dysfunctions. Increasing
evidence implicates autophagy and oxidative stress as key molecular mechanisms under-
pinning its pathophysiology, while growing attention has been directed toward immune
dysregulation and alterations in the gut-brain axis as potential mediators of disease onset
and progression. Therapeutic advances, however, remain limited. Current management
relies primarily on nutritional rehabilitation and psychotherapeutic interventions, while
treatment outcomes are constrained by high relapse rates and the lack of pharmacological
agents with proven efficacy. In this context, a more comprehensive understanding of the
clinical spectrum and molecular substrates of AN is essential to improving prognosis and
guiding the development of novel therapeutic strategies. This narrative review synthesizes
current evidence on the non-psychopathological dimensions of AN, encompassing its
clinical manifestations, systemic complications, and implicated molecular pathways. It
also appraises existing treatment modalities and examines emerging interventions with
translational potential. Overall, this review aims to provide clinicians and researchers
with an updated and integrative overview of AN, shedding light on novel directions in
ongoing research.

Keywords: anorexia nervosa; autophagy; gut-brain axis; hormones; immunity;
neuromodulation; novel therapies; oxidative stress; systemic complications

1. Introduction

Anorexia nervosa (AN) is a complex and potentially life-threatening eating disorder
(ED) defined by persistent restriction of energy intake, intense fear of weight gain, and
a distorted body image, resulting in clinically significant underweight and widespread
systemic consequences. AN carries the highest mortality rate among psychiatric illnesses,
primarily due to the medical sequelae of malnutrition. Mortality risk is further increased in
the presence of psychiatric comorbidities, particularly within the first decade after diagnosis,
with suicide representing a leading cause of death [1,2]. The disorder disproportionately
affects females, with a lifetime prevalence of up to 4%, compared with 0.3% in males. While
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overall incidence has remained relatively stable, diagnoses among individuals younger
than 15 years are rising, likely due to earlier onset and improved detection [3].

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5), AN is defined by three cardinal features: (i) restriction of energy intake resulting
in significantly low body weight relative to age, sex, developmental stage, and health
status; (ii) intense fear of weight gain or persistent behaviors that prevent weight restora-
tion; and (iii) disturbance in body image, excessive influence of body weight or shape
on self-evaluation, or failure to recognize the severity of underweight [4]. Two primary
subtypes of AN are delineated, the restricting type and the binge-eating/purging type, dis-
tinguished by the presence of recurrent binge eating or purging behaviors [4,5]. The DSM-5
further recognizes atypical AN, in which the core psychopathological features are present
despite the individual maintaining a weight within or above the normal range, potentially
exhibiting distinct patterns in the frequency and severity of medical complications [4,6].

AN pathogenesis remains only partially understood, yet converging evidence supports
a multifactorial etiology encompassing genetic, epigenetic, sociocultural, psychiatric, and
biological influences. Recent molecular studies have implicated the WDR6 gene in disease
susceptibility, and differential DNA methylation patterns have also been observed in
women with AN compared with both healthy controls and remitted cases. These motifs are
particularly notable in genes such as SYNJ2, PRKAG2, and STAT3, which are involved in
psychiatric, metabolic, and immune pathways [7,8]. Emerging research data also highlight
autophagy, oxidative stress, immune dysregulation, and alterations in the gut microbiota
as pivotal mechanisms contributing to disease onset and progression [9,10].

Treatment of AN remains particularly challenging due to patients’ frequent resistance
to weight restoration and the uncertainty often reported by non-specialist physicians man-
aging complex inpatient cases. These barriers underscore the necessity of multidisciplinary
care, specialist involvement, and targeted physician training to enhance clinical confi-
dence and decision-making [11,12]. Integrating advances in the molecular and systemic
understanding of AN with its clinical manifestations is essential for optimizing current
management and informing the development of novel therapeutic strategies.

This narrative review provides a comprehensive synthesis of current knowledge on the
clinical spectrum of AN, highlighting its systemic repercussions and associated laboratory
correlates. It also incorporates emerging insights into the disorder’s molecular mechanisms,
including the roles of the immune system and gut microbiome, while examining contem-
porary therapeutic strategies. Finally, the review identifies key areas for future research
aimed at improving treatment outcomes.

2. Literature Search

For the purposes of this narrative review, a comprehensive literature search was
conducted in the PubMed (NIH) database using the keywords “anorexia nervosa”, “patho-
genesis”, and “treatment”. The search primarily focused on publications from the past five
years, yielding a total of 441 records. Priority was given to research articles, systematic and
narrative reviews, clinical trials, and meta-analyses relevant to the pathophysiology and
therapeutic approaches to AN. Reference lists of included papers were further screened
to identify additional pertinent studies. Given the breadth of the literature retrieved, it is
acknowledged that not all studies could be discussed in exhaustive detail within the scope

of the present review.

3. Neurological Manifestations in Anorexia Nervosa

In AN, central nervous system (CNS) alterations are characterized primarily by atro-
phy of both gray and white matter, often accompanied by deficits in higher-order cognitive
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functions. Neuroimaging studies have revealed ventricular enlargement and widening of
cortical sulci, indicative of diffuse cerebral volume loss [13-17]. A recent study by Gupta
et al. demonstrated that even in early-stage, acute restrictive-type AN, structural brain
changes resembled those typically associated with accelerated aging. Using magnetic
resonance imaging (MRI) coupled with machine learning-based brain-age analysis, this
study identified marked deviations from normative brain-age profiles. Partial reversal
of these alterations was observed following nutritional rehabilitation, although complete
restoration was not achieved in all cases [18].

Neuropsychological investigations have identified cognitive rigidity as a common
feature in AN, persisting in some individuals despite weight restoration [19]. Morphometric
analyses have localized volume reductions to regions such as the thalamus, hippocampus,
and cerebellum, areas integral to sensory integration, memory, and motor coordination.
At the cellular level, chronic malnutrition deprives neural tissue of essential substrates,
including polyunsaturated fatty acids (PUFAs), potentially impairing membrane integrity,
synaptic transmission, and myelination, thereby contributing to the observed structural
deficits [20-25]. Notably, individuals with AN, particularly those experiencing rapid weight
loss, are at risk for Wernicke’s encephalopathy due to severe thiamine malnourishment [26].

Evidence also indicates that women with AN exhibit diminished sympathetic nervous
system activity, likely reflecting an adaptive response to chronic energy restriction [27].
Peripheral nervous system (PNS) involvement has further been reported, manifesting as
distal weakness, paresthesia, or, in severe cases, foot drop. These deficits are thought to
result from direct axonal injury secondary to nutrient depletion, compounded by connective
tissue alterations that compromise neural support structures. Most PNS abnormalities
improve with weight restoration, although recovery trajectories remain variable [28].

4. Cardiopulmonary Disease in Anorexia Nervosa
4.1. Cardiovascular Complications

Cardiovascular abnormalities represent some of the most frequent medical compli-
cations of AN, occurring in up to 87% of patients. Clinical manifestations encompass left
ventricular atrophy, mitral valve prolapse, bradycardia, hypotension (often orthostatic),
QTc prolongation, arrhythmias, pericarditis, ischemic heart disease, and heart failure (HF).
Mortality due to cardiovascular causes is particularly elevated, with epidemiological data
indicating a two- to threefold higher risk compared with the general population [29,30]. In
a large Taiwanese cohort comprising 2081 patients with AN, Tseng et al. reported a 4.8%
cumulative incidence of major adverse cardiovascular events (MACEs) over a five-year
follow-up period. The risk of HF, structural cardiac abnormalities, and conduction dis-
turbances was greatest shortly after diagnosis, whereas the incidence of ischemic heart
disease rose significantly only by the fifth year. Older age and male sex were identified as
independent risk factors for adverse cardiovascular outcomes [31].

Bradycardia, reported in 36-95% of patients, and hypotension, observed in up to 85%,
correlate inversely with body mass index (BMI) and often necessitate hospitalization when
BMI falls below 15 kg/m? [30,32-35]. Bradycardia likely reflects an adaptive decrease in
basal metabolic rate, whereas hypotension arises from autonomic dysregulation character-
ized by increased vagal tone. QTc prolongation, observed in up to 40% of patients, becomes
clinically significant when exceeding 600 ms due to the risk of ventricular tachycardia,
torsades de pointes, and sudden cardiac death [34]. Electrolyte abnormalities, particularly
hypokalemia and hypomagnesemia, are common precipitants, although QTc prolongation
may also occur independently of electrolyte imbalance, implicating autonomic dysfunction.
Certain antipsychotic agents may further exacerbate repolarization disturbances [36-38].
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Structural myocardial alterations are also well documented. Echocardiography of-
ten reveals reduced left ventricular mass index proportional to the degree of undernu-
trition [34,35]. Histopathological findings include mitochondrial swelling, myxoid and
lipofuscin accumulation, and interstitial fibrosis [39]. Thiamine deficiency contributes
significantly to myocardial dysfunction, and beriberi cardiomyopathy may coexist [40].
Mitral valve prolapse, affecting up to 25% of patients, likely results from disproportion
between ventricular chamber size and leaflet dimensions and typically resolves with weight
restoration [30]. Pericardial effusion, observed in up to one-third of patients, is associated
with thyroid hormone alterations and hypoalbuminemia and generally regresses following
nutritional rehabilitation [30,34].

The refeeding phase is a particularly vulnerable period, as the metabolic transition
from catabolism to anabolism can trigger refeeding syndrome, typically manifesting with
hypokalemia, hypomagnesemia, and hypophosphatemia within the first 10 days of nu-
tritional reintroduction. These shifts impair myocardial energy metabolism and oxygen
delivery, predisposing to arrhythmias and HF even in the presence of preserved ejection
fraction [32,34,41,42]. Thiamine deficiency may further exacerbate cardiac dysfunction.
Proactive supplementation with electrolytes and thiamine during refeeding is therefore
essential to prevent these potentially fatal complications [32].

4.2. Pulmonary Complications

Pulmonary complications in AN are less common but clinically relevant. Isolated
reports describe spontaneous pneumothorax and pneumomediastinum [43]. Proposed
mechanisms include malnutrition-induced bullae or bleb formation predisposing to alve-
olar rupture, as well as acute intrathoracic pressure changes from forceful vomiting [44].
Aspiration pneumonia may also occur in advanced stages, likely secondary to impaired
pharyngeal muscle coordination from severe malnutrition. An increased frequency of
emphysema has also been noted, with some authors proposing the entity of “nutritional
emphysema,” though its pathogenesis and validity remain debated [30,45].

5. Liver Disease in Anorexia Nervosa

Although AN is an uncommon cause of liver disease, abnormalities in liver function
are frequently observed among hospitalized AN patients [46]. The predominant mecha-
nism involves starvation-induced autophagy, triggered by endoplasmic reticulum stress.
Initially adaptive, this process may become excessive with progressive malnutrition, re-
sulting in hepatocellular injury and cell death [47,48]. Additional contributors include
secondary hypoxia due to hypovolemia, particularly in the setting of hypotension or car-
diac dysfunction, and, in some cases, iron overload [49,50]. In contrast, insulin resistance
(IR) does not appear to play a significant role [51].

Elevated serum aminotransferases are the most common liver abnormality, occurring
in more than half of patients. These elevations typically reflect increased hepatocyte mem-
brane permeability from autophagy rather than frank necrosis [52,53]. Although usually
mild, aminotransferase levels can rise substantially when BMI falls below 13 kg/m? [53,54].
The biochemical profile often resembles metabolic dysfunction-associated steatotic liver
disease (MASLD), with alanine aminotransferase (ALT) exceeding aspartate aminotrans-
ferase (AST). Rarely, lactate dehydrogenase (LDH) may increase, usually in the context of
hepatic hypoxia, and severe hypoglycemia may occur due to depleted glycogen stores [55].
Notably, serum albumin may remain within the normal range despite profound malnutri-
tion, whereas hematocrit-adjusted albumin has been proposed as a more reliable marker of
nutritional status and hepatic recovery [50,56,57].
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The international normalized ratio (INR) is typically modestly elevated, though more
pronounced increases may be observed in patients with marked transaminase abnormalities.
These changes are thought to result primarily from impaired vitamin K absorption rather
than reduced hepatic synthetic capacity [58]. Standard anticoagulant prophylaxis for
venous thromboembolism (VTE) is generally safe, supported by thromboelastography data
indicating preserved coagulation function [59]. Nonetheless, severe coagulopathy and
persistent thrombocytopenia, even after refeeding, have been reported, highlighting the
importance of regular monitoring of hematological and coagulation parameters. Acute
liver failure is rare, while isolated cases of portal hypertension have been described [60-62].

Liver biopsy is seldom required but, when performed, typically demonstrates abun-
dant autophagosomes with minimal inflammation and little or no necrosis. Hepatic steato-
sis is generally absent in starvation-related hepatitis unless the biopsy is obtained during
refeeding, when glucose and fat accumulate in the liver [52]. Gradual nutritional rehabili-
tation remains the cornerstone of management. Serum aminotransferases usually begin
to normalize within two weeks of refeeding, although full recovery may take longer. A
mild, transient rise in aminotransferases is often observed during the early refeeding
phase [51,52]. Figure 1 presents the key features and clinical management considerations
of liver disease in patients with AN.

4

Liver Disease in Anorexia Nervosa

A Pathophysiological Mechanisms Laboratory Profile
v Starvation-induced autophagy promotes
hepatocellular liver injury v T aminotransferases in >50% of cases
v Secondary hypoxic damage, related to v ALT > AST
hypovolemia due to cardiac dysfunction, may v 1 1 aminotransferases when BMI <13 kg/m?
rarely be observed v T LDH in cases of hypoxia
v Contribution of iron overload has been v Serum albumin is often within normal range
reported v Typically mild coagulopathy (when present)

7 Insulin resistance is not implicated

Liver Biopsy Treatment and Prognosis
v Gradual nutritional rehabilitation is the

v Indicated infrequently cornerstone of management
v Common findings: v Aminotransferases typically ! within 2 weeks

1. Abundant autophagosomes of refeeding; complete normalization may be

2. Minimal inflammation delayed

3. Lack of significant necrosis v Transient T of aminotransferases may occur
v Hepatic steatosis is absent; unless biopsy during early refeeding
performed during refeeding v Prognosis is generally favorable with adequate

support; careful follow-up is essential

Figure 1. Main characteristics and key approaches to liver disease in anorexia nervosa. Abbrevi-
ations: ALT: alanine aminotransferase; AST: aspartate aminotransferase; BMI: body mass index;
LDH: lactate dehydrogenase; 1: increase; |: decrease. Created in BioRender. Kounatidis, D. (2025)
https://BioRender.com/zs7ulab (assessed on 8 September 2025).

6. Gastrointestinal Disease in Anorexia Nervosa

Gastrointestinal (GI) symptoms are highly prevalent in individuals with AN and may
reinforce restrictive eating behaviors, as patients often attribute reduced food intake to
abdominal discomfort. Reported manifestations encompass the entire GI tract, including
abdominal pain, constipation, and diarrhea, with documented cases of gastroesophageal



Biomolecules 2025, 15, 1559

reflux disease (GERD) and irritable bowel syndrome (IBS) [63,64]. More severe compli-
cations, such as gastroparesis and, less commonly, acute gastric dilatation (particularly
following binge episodes) have also been observed. Pancreatitis may arise in severely
malnourished patients, potentially as a result of hypoperfusion, duodenogastric reflux, or
pancreatic atrophy [63,65]. Overly aggressive refeeding may exacerbate these GI compli-
cations. Notably, early-life GI disturbances, like persistent constipation or diarrhea, have
been linked to subsequent development of AN, though the contribution of shared familial
or genetic factors cannot be excluded [66]. While symptoms such as constipation and
abdominal pain generally improve with nutritional rehabilitation, complaints of dyspepsia
may persist, with psychological distress emerging as a significant predictor of ongoing GI
morbidity [67].

7. Kidney Disease in Anorexia Nervosa

In a cohort of 395 adolescents with newly diagnosed AN, Gurevich et al. reported
impaired kidney function in nearly 37% of patients [68]. Renal complications in AN are
primarily driven by electrolyte disturbances and volume depletion, with hypokalemia
representing the key pathogenic factor. Hypokalemia commonly arises from self-induced
vomiting, laxative misuse, or diuretic abuse and is particularly prevalent in the binge-
eating /purging subtype compared with the restricting subtype [68-70]. Severe, acute
hypokalemia in the context of intravascular depletion may precipitate hypotension, re-
duced renal perfusion, and acute kidney injury (AKI). During refeeding syndrome, marked
hypophosphatemia (serum phosphorus <0.3 mmol/L) can further exacerbate AKI through
rhabdomyolysis [69-72]. Moreover, chronic hypokalemia may induce structural renal
injury, termed hypokalemic nephropathy, histologically characterized by vacuolization
of proximal tubular epithelial cells, with distal tubular involvement occurring less fre-
quently. Additional reported abnormalities include non-specific glomerulosclerosis, in-
terstitial nephritis, tubular atrophy, and medullary cyst formation. Notably, correction of
hypokalemia may reduce cyst burden [69]. Figure 2 depicts the spectrum of histopathologi-
cal changes associated with hypokalemic nephropathy in AN.

Other electrolyte disturbances further exacerbate renal dysfunction in AN. Hypo-
magnesemia, frequently coexisting with hypokalemia, often reflects diuretic or laxative
misuse compounded by nutritional deficiencies [69-73]. Hyponatremia, resulting from
excessive water intake or volume depletion, can trigger inappropriate vasopressin secretion,
perpetuating water retention and electrolyte imbalance. Interestingly, this process may
be aggravated by concomitant antipsychotic therapy [69]. Beyond electrolyte-mediated
injury, nephrocalcinosis, defined by calcium oxalate and/or calcium phosphate deposition
within the renal parenchyma, has been reported, with malnutrition and chronic volume
depletion implicated in its pathogenesis. Nephrolithiasis may also occur, commonly as
ammonium urate calculi promoted by dehydration. Collectively, these abnormalities place
patients with AN at risk for both AKI and chronic kidney disease (CKD), with some cases
progressing to end-stage renal disease (ESRD) [73,74]. Accurate assessment of renal func-
tion in AN remains challenging. Severe muscle wasting reduces creatinine generation,
limiting the reliability of creatinine-based estimations of glomerular filtration rate (eGFR).
The potential utility of cystatin C, either alone or incorporated into Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equations, warrants further investigation as a more
accurate biomarker in this population [69].
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(@)

Hypokalemic Nephropathy in Anorexia Nervosa

Self-induced Misuse of Abuse of
vomiting laxatives diuretics

(b) (c)

Proximal vacuolization Distal vacuolization Glumerulosclerosis

(e) —— )

Interstitial nephritis Tubular atrophy Medullary cysts

Figure 2. The histopathological spectrum of hypokalemic nephropathy in anorexia nervosa.
Created in BioRender. Kounatidis, D. (2025) https://BioRender.com/4tnmh4k (assessed on
1 November 2025).

8. Hormonal Abnormalities in Anorexia Nervosa
8.1. Hypothalamic—Pituitary—Adrenal (HPA) Axis Dysregulation

Patients with AN, particularly those with the binge—purge subtype, frequently display
sustained overactivity of the hypothalamic—pituitary—adrenal (HPA) axis, reflected by ele-
vated levels of corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone
(ACTH) [75]. A rare case of ACTH deficiency with secondary adrenal insufficiency has
also been documented [76]. Excessive CRH and ACTH secretion contributes to hypercor-
tisolemia, with affected individuals often exhibiting increased salivary and 24 h urinary
cortisol levels [77]. The cortisol awakening response is typically exaggerated, especially
in the binge—purge subtype compared with the restrictive subtype [78]. In contrast, hair
cortisol concentration, a biomarker of long-term cortisol exposure, does not appear ele-
vated and shows weak correlation with urinary cortisol output, possibly indicating altered
cortisol incorporation or enzyme dysregulation secondary to severe malnutrition [79].
Weight restoration generally leads to normalization of circulating cortisol levels; however,
persistent HPA axis abnormalities have been reported. Schmalbach et al. observed that,
despite normalized basal cortisol, individuals with AN demonstrated a blunted cortisol
response to acute stress, a pattern more closely associated with residual eating-disorder
psychopathology and psychological distress than with BMI [80]. Pharmacological suppres-
sion of cortisol is not recommended, given the absence of proven benefit and the potential
risks of adrenal insufficiency and further weight loss [81].
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8.2. Growth Hormone—Insulin-like Growth Factor 1 (GH-IGF-1) Axis Dysregulation

Prolonged starvation in AN is characterized by increased growth hormone (GH) se-
cretion and pulsatility, accompanied by markedly reduced circulating insulin-like growth
factor 1 (IGF-1) levels. This paradoxical pattern likely reflects a compensatory adaptation
aimed at maintaining euglycemia through enhanced gluconeogenesis and promoting lipol-
ysis. In AN, however, GH hypersecretion occurs in the context of GH resistance, mediated
by reduced insulin concentrations and elevated fibroblast growth factor 21 (FGF21), both of
which impair GH receptor signaling and hepatic IGF-1 synthesis [77,81]. Growth hormone
secretagogue receptor (GHSR) signaling has also been implicated in circadian adaptation
during periods of food restriction. In a murine model of AN, GHSR-deficient mice exhibited
impaired circadian adjustment, with diminished daytime and pre-prandial activity [82].
Although premorbid stature in AN is generally normal, adult height often remains below
midparental expectations. Partial catch-up growth may occur with nutritional rehabili-
tation; however, final stature depends on chronological age, bone age, growth velocity
during hospitalization, and concurrent changes in luteinizing hormone (LH) secretion [83].
Growth hormone therapy has demonstrated potential benefits in patients with persistent
AN-related growth failure, increasing linear growth velocity compared with placebo over a
12-month period [84].

8.3. Hypothalamic—Pituitary—Gonadal (HPG) Axis Dysregulation

Menstrual irregularities are highly prevalent in AN, with functional hypogonadotropic
hypogonadism (FHH) most commonly manifesting as amenorrhea, reported in up to 85%
of cases. Loss of adipose tissue leads to leptin deficiency, disrupting kisspeptin-mediated
stimulation of hypothalamic gonadotropin-releasing hormone (GnRH) neurons. This
impairs pulsatile GnRH secretion and subsequently reduces LH and follicle-stimulating
hormone (FSH) output. As a result, ovarian estradiol and testicular testosterone production
decline [77,81]. Weight restoration typically reverses FHH, though menstrual recovery
may take up to one year, and approximately 20% of women fail to resume menses despite
normalization of body weight [81,85]. Among weight-restored individuals, higher estradiol
concentrations and greater LH/FSH responsiveness to GnRH predict menstruation resump-
tion. Specific endocrine thresholds, such as the presence of at least two LH pulses within
four hours and an LH/GnRH response >33 IU/L, have demonstrated strong predictive
value independent of body weight [86]. Despite amenorrhea, conception remains possible;
thus, early fertility counseling is recommended due to increased obstetric risks, including
low birth weight, preterm delivery, and intrauterine growth restriction [87,88].

8.4. Hypothalamic-Pituitary-Thyroid (HPT) Axis Dysregulation

Typical clinical manifestations of AN, including dry skin, hypothermia, hypotension,
and bradycardia, frequently reflect underlying thyroid dysfunction. Severe malnutrition
often induces a non-thyroidal illness syndrome (NTIS), characterized by reduced triiodothy-
ronine (T3), elevated reverse T3 (rT3), and thyroid-stimulating hormone (TSH) and free
thyroxine (fT4) levels within the low-normal range [89,90]. Suppression of hypothalamic-
pituitary-thyroid (HPT) axis activity, indicated by reduced fT3 and a decreased fT3/fT4
ratio, appears more pronounced in individuals with severe depressive symptoms [91]. An
fT3/£T4 ratio below 2.0 has been proposed as a biomarker distinguishing NTIS from cen-
tral hypothyroidism in adolescents [92]. Thyroid hormone alterations generally improve
with nutritional rehabilitation, although complete normalization is not universal. Animal
studies suggest that early nutritional support may prevent T3 decline during fasting by
modulating deiodinase activity and leptin signaling [93]. Exogenous thyroid hormone
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replacement is not recommended, as it may disrupt adaptive hypometabolism and heighten
cardiovascular risk [81].

8.5. Posterior Pituitary Hormone Dysrequlation

Individuals with AN may exhibit impaired osmoregulation, as evidenced by lower
plasma sodium and osmolality, elevated antidiuretic hormone (ADH) concentrations,
and diminished urine-concentrating capacity. ADH responses appear dysregulated, with
persistently dilute urine particularly in chronic illness [94]. In contrast, copeptin, used
as a stable surrogate marker of ADH, does not differ between medically stable patients
with AN and healthy controls, suggesting that ADH activity may not be elevated under
normohydrated conditions [95]. Notably, central diabetes insipidus can emerge during
the refeeding phase, with MRI findings of absent posterior pituitary high signal (PPHS)
indicating ADH granule depletion [96,97].

Oxytocin dysregulation has also been implicated in AN pathophysiology, with reduced
serum and cerebrospinal fluid levels reported [81,98]. Elevated postprandial oxytocin
concentrations have been associated with heightened anxiety and depressive symptoms,
independent of cortisol and largely unaffected by leptin status [99]. Conversely, other
studies have described postprandial oxytocin declines, more pronounced in atypical AN,
potentially contributing to appetite dysregulation [100]. Associations between oxytocin
and psychopathology may vary by subtype, with restrictive AN showing broadly negative
correlations across symptom domains, while binge—purge AN is more closely linked to
depressive symptoms [101]. These findings have prompted investigation of intranasal
oxytocin (IN-OT) as a therapeutic strategy. A pilot inpatient trial reported reductions in
eating-related preoccupations, cognitive rigidity, and salivary cortisol responses. However,
a subsequent multicenter randomized controlled trial (RCT) failed to replicate these results,
suggesting that treatment effects may depend on baseline symptom severity and comorbid
psychiatric profiles [102,103].

8.6. Adipokine Dysrequlation

Fat mass depletion in AN may produce significant alterations in adipokine secretion.
Leptin, a key regulator of satiety, neuroendocrine function, and metabolic homeostasis,
is reduced, initiating starvation-adaptive processes that operate through both threshold-
dependent “switches” and graded, tissue-specific modulation [104]. Low leptin contributes
to hyperactivity, a relationship absent post-recovery, when activity aligns more closely with
core psychopathology [105,106]. Ghrelin signaling is impaired via increased methylation of
the growth hormone secretagogue receptor 1a (GHSR1a) promoter, consistent with “ghrelin
resistance,” explaining the lack of compensatory hyperphagia despite elevated circulating
and exogenous ghrelin, while anxiety, food preoccupation, and altered reward processing
persist [107]. Elevated liver-expressed antimicrobial peptide 2 (LEAP2), an endogenous
GHBSR antagonist, may reinforce this selective resistance, highlighting complex interac-
tions between metabolic signals and neural reward circuits [108]. Circulating adiponectin,
which is typically elevated during caloric restriction, is influenced by metabolic and in-
flammatory mediators such as insulin, resistin, triglycerides, and interleukin (IL)-6. Its
concentrations correlate positively with GH pulsatility but remain unaltered by short-term
GH elevations, suggesting regulation primarily by fat mass rather than by acute endocrine
fluctuations [109,110].

9. Musculoskeletal Disease in Anorexia Nervosa

Malnutrition in subjects with AN is closely correlated with generalized fatigue and
attenuated physical endurance, mainly resulting from skeletal muscle atrophy. Nutritional
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deficits, electrolyte imbalances, metabolic alterations, and hypercortisolemia contribute to
the selective degeneration of type Il muscle fibers [111,112]. This catabolic milieu can lead
to functional impairments, including difficulties in maintaining posture, and a heightened
risk of falls. Skeletal involvement in AN is predominantly characterized by a reduction in
bone mineral density (BMD), which can progress from osteopenia to osteoporosis, thereby
predisposing to fragility fractures. Dual-energy X-ray absorptiometry (DEXA) studies
have demonstrated markedly reduced BMD in individuals with AN, often within the
osteoporotic range [113,114]. The pathophysiology underlying these bone abnormalities is
multifactorial. FHH favors estrogen deficiency, while changes in GH secretion and reduced
IGF-1 impair osteoblastic bone formation. Additional contributing factors include vitamin
D deficiency, depletion of calcium and phosphorus, persistent hypercortisolemia, and
dysregulation of adipokines such as leptin and adiponectin. In addition, serum osteocalcin
concentrations are decreased, reflecting reduced osteoblastic activity and a consequent
imbalance between bone formation and resorption [115,116]. Histological and imaging
studies further indicate a pathological shift in bone marrow composition from osteogenesis
toward adipogenesis, thereby accelerating bone loss [117].

10. Cutaneous Manifestations in Anorexia Nervosa

Skin signs are common in advanced AN, particularly when BMI falls below
16 kg/ m? [118]. A functional classification identifies four principal categories: (i) cu-
taneous signs of starvation, (ii) lesions related to self-induced vomiting, (iii) injuries from
self-inflicted behaviors, and (iv) changes associated with substance misuse, including
laxatives and diuretics. Often, multiple mechanisms contribute to individual clinical
findings [119]. Xerosis, or dry skin, is among the most prevalent features, attributed to
reduced sebaceous gland activity and altered lipid composition. Dehydration from purging
behaviors, diuretic or laxative use, and excessive hygiene further exacerbates this condi-
tion [119,120]. Hair abnormalities are also frequent and include alopecia, brittle or thinning
hair, and lanugo-like growth, with the latter potentially related to decreased 5-a-reductase
activity or concurrent hypothyroidism. Additional cutaneous changes include eczema,
acne, nail fragility, and pigmentary alterations such as hyperpigmentation, carotenoderma,
and acrocyanosis [119,121,122]. Carotenoderma is typically linked to a high intake of
carotenoid-rich vegetables, while acrocyanosis reflects underlying vascular dysregulation.
Pruritus is frequently reported and may be generalized, influenced by hormonal imbalance,
and impaired thermoregulation. Characteristic signs include Russell’s sign, manifested as
callused knuckles from repeated self-induced vomiting, and perimolysis, characterized by
enamel erosion resulting from chronic exposure to gastric acid. Among the most common
dermatological findings in AN are xerosis, alopecia, dental caries, brittle hair, and nail
fragility, while features such as hypertrichosis, Russell’s sign, perimolysis, and self-inflicted
lesions are considered more specific to the disorder. Early recognition of these manifesta-
tions may facilitate identification of patients who do not openly disclose disordered eating
behaviors [123,124]. Figure 3 summarizes the common clinical features observed in AN.
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Figure 3. Clinical consequences of anorexia nervosa. Abbreviations: AKI: acute kidney injury; CKD:
chronic kidney disease; GERD: gastroesophageal reflux disease; LV: left ventricular. Created in
BioRender. Kounatidis, D. (2025) https:/ /BioRender.com/3hfpuek (assessed on 6 September 2025).

11. Hematological Alterations in Anorexia Nervosa

Hematological assessment represents an essential component of the clinical evaluation
of AN, as complete blood count (CBC) abnormalities commonly reflect the systemic effects
of malnutrition. The most frequently observed alterations include anemia, leukopenia, and
thrombocytopenia, all of which generally improve with nutritional rehabilitation [125]. The
prevalence and severity of these changes correlate closely with the degree and duration
of protein-energy malnutrition, as reflected by BMI and phase angle measurements [126].
Reported frequencies vary across studies, likely owing to differences in sample charac-
teristics and nutritional status. Earlier investigations from Europe and the United States
identified anemia as the most frequent abnormality, followed by leukopenia and, less
often, thrombocytopenia [127,128]. More recent data, however, indicate that leukopenia
predominates, while a global meta-analysis estimated the overall prevalence of anemia in
AN at 44.8% [129,130]. Bone marrow biopsies typically reveal hypocellularity with adipose
replacement and, in some cases, gelatinous marrow transformation (GMT) [131]. Despite
these findings, bone marrow biopsy is not recommended in routine clinical practice [129].

During refeeding, hematological indices may transiently deteriorate, often reaching
their nadir between days five and ten of hospitalization. This decline tends to be more
pronounced in restrictive-type AN or in the presence of intercurrent infection and may
necessitate transfusion support [132]. Anemia is usually normocytic and normochromic,
though cases of macrocytosis have been reported [127,129]. The relationship between
neutropenia and infection risk in AN remains uncertain. Individuals admitted with a BMI
below 12 kg/m? appear particularly vulnerable, and earlier studies suggested that im-
paired bactericidal activity and reduced polymorphonuclear cell adherence may compound
this risk [133,134]. Nevertheless, evidence for a higher incidence of infections in AN is

11
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inconclusive. Clinical vigilance is therefore critical, as infections may present atypically,
with absent fever or blunted inflammatory responses [135].

In cases of severe neutropenia, the therapeutic role of granulocyte colony-stimulating
factor (G-CSF) remains poorly defined but may be considered in protracted or complicated
presentations [62,130,136]. Thrombocytopenia can also occur in a subset of patients and may
be accompanied by increased platelet distribution width (PDW), a parameter potentially
reflecting both illness duration and the rate of weight loss [137]. In instances of severe
hepatic dysfunction, impaired thrombopoietin synthesis may further contribute to reduced
platelet counts [138]. Figure 4 summarizes the principal hematological and laboratory
abnormalities observed in AN.

Common Laboratory Findings in Anorexia Nervosa ]

Complete Blood 5
Count Abnormalities Electrolyte Disturbances
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Figure 4. Common laboratory findings in anorexia nervosa. Abbreviations: ACTH: adrenocorti-
cotropic hormone; fT4: free thyroxine; FSH: follicle-stimulating hormone; INR: international nor-
malized ratio; LDH: lactate dehydrogenase; LH: luteinizing hormone; T3: triiodothyronine; TSH:
thyroid-stimulating hormone; 1: increase; |: decrease. Created in BioRender. Kounatidis, D. (2025)
https://BioRender.com/ye572om (assessed on 7 September 2025).

12. Emerging Pathophysiological Pathways in Anorexia Nervosa:
The Role of Immunity and the Gut-Brain Axis

Beyond the well-characterized systemic adaptations associated with AN, accumulat-
ing evidence implicates dysregulation of immune function and disturbances within the
gut-brain axis as significant contributors to its complex pathophysiology. These emerging
frameworks highlight the intricate interplay between peripheral metabolic and inflamma-
tory processes and central neural regulation of appetite, mood, and cognition. A deeper
understanding of these interactions may clarify how AN influences and is maintained
by both immune and neurobiological mechanisms and could guide the development of
more targeted prevention and treatment strategies. The following subsections synthesize
current data on the role of immune alterations and gut-brain communication in the onset,
development, and progression of AN.

12.1. Immunological Alterations in Anorexia Nervosa

Nutritional deprivation has long been implicated in immune dysregulation, and
accumulating data suggest that AN is accompanied by distinct alterations in both innate
and adaptive immunity [139,140]. However, the available evidence remains heterogeneous

12
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and is often limited by small cohort sizes. Components of innate immunity appear blunted,
although the contribution of specific subsets such as macrophages and dendritic cells has
yet to be fully characterized [141]. Circulating levels of macrophage inhibitory cytokine-1
(MIC-1) tend to rise during starvation and decline following refeeding, a fluctuation that
may be potentiated by hyperinsulinemia [142,143]. Natural killer (NK) cell counts are
generally reduced, while their cytotoxic function appears largely preserved [141,144].

Adaptive immune responses are likewise perturbed. Although the proliferative capac-
ity of T cells is usually maintained, an elevated CD4" /CD8* ratio is frequently observed,
largely due to selective depletion of CD8" subsets, a shift that could impair antiviral
defenses [145]. Overexpression of the C-X-C chemokine receptor type 4 (CXCR4) on
CD4" T cells has been associated with both psychological distress and nutritional status
in adolescents with AN [146], whereas regulatory T cell (Treg) function appears rela-
tively preserved [147]. Findings regarding humoral immunity are ambiguous. B cell
counts may be normal or elevated, with restrictive-type AN showing expansion of antigen-
experienced subsets alongside depletion of immunoregulatory populations [148]. An-
tibody titers are typically reduced or within normal limits, yet vaccine responsiveness
remains intact [141,149]. Reports also suggest aberrant T-B cell crosstalk, and a decreased
neutrophil-to-lymphocyte ratio (NLR) has been proposed as a potential marker of disease
severity [141,150].

Cytokine profiling has yielded similarly variable results, although most studies report
elevated concentrations of pro-inflammatory cytokines, including IL-1p3, IL-6, and IL-8 [151].
Prostaglandin E, (PGE;) has been implicated in IL-1p3-driven anorexic behavior, albeit with
strain-specific variability [152]. Findings regarding tumor necrosis factor-alpha (TNF-«)
remain inconsistent. For instance, one study demonstrated in vitro release comparable
to controls, whereas lipopolysaccharide (LPS)-stimulated secretion appeared attenuated,
possibly reflecting reduced monocyte availability. Other investigations reported increased
IL-6 and transforming growth factor-beta (TGF-3) without significant TNF-« alterations,
while some data support spontaneous TNF-« production [151,153]. Reduced interferon-
gamma (IFN-v) secretion by lymphocytes has also been described, though findings are not
uniform across studies [151,154].

Importantly, immune abnormalities may emerge even in the early stages of AN, with
improvements in cytokine profiles during treatment paralleling reductions in depressive
symptoms [155]. Restrictive-type AN may not initially exhibit overt pro-inflammatory
activation; nonetheless, disturbances in immune-related mediators such as C-X-C motif
chemokine ligand 1 (CXCL1) and matrix metalloproteinase-8 (MMP-8) have been docu-
mented [156]. Complement activity remains underexplored, although reduced C3 levels
have been correlated with disease severity and improve with weight restoration [157].
Oxidative stress also appears to modulate immune function, as indicated by reduced serum
uric acid and total antioxidant capacity, both of which normalize following nutritional
rehabilitation [158,159].

While some immune abnormalities in AN resemble those observed in primary malnu-
trition, the overlap is only partial, suggesting that caloric restriction alone does not fully
account for the immunological phenotype of AN [141]. Endocrine factors, particularly
adipokines such as leptin and adiponectin, likely exert additional modulatory effects on
immune responses [160]. Collectively, the available evidence supports an immunologi-
cal contribution to the pathophysiology of AN, although its precise clinical significance
remains incompletely defined. The partially autoimmune potential of AN is further sug-
gested by its co-occurrence with immune-mediated diseases, particularly those affecting the
gastrointestinal tract, such as celiac disease (CeD) and inflammatory bowel disease (IBD). In
the case of CeD, comparable patterns of immune dysregulation have been described, albeit
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mediated through distinct mechanisms of aberrant immune activation and inflammatory
signaling [161]. On the other hand, the relationship between AN and IBD remains less
consistent. Population-based data and genetic analyses yield divergent findings regarding
both the strength and direction of association between AN and specific IBD subtypes,
namely Crohn’s disease (CD) and ulcerative colitis (UC). Overall, the mechanistic basis
underlying the interplay between AN and immune-mediated GI disorders remains unclear
and warrants further investigation [162-164]. Additional immune-related phenomena
include hepatic cytolysis linked to anti-hypoxia-inducible factor 1-alpha (HIF-1x) autoanti-
bodies, and reactivation of latent human herpesviruses 6 and 7 (HHV-6, HHV-7) leading
to pityriasis rosea. Interestingly, reduced salivary immunoglobulin M (IgM) concentra-
tions have been correlated with increased dental plaque accumulation in subjects with
AN [50,165-167].

12.2. The Gut-Brain Axis in Anorexia Nervosa

The gut microbiota, comprising bacteria, viruses, fungi, and archaea, and its genomic
counterpart, the gut microbiome, play a central role in maintaining host homeostasis.
Disruption of this balance gives rise to gut dysbiosis, which in AN is marked by increased
intestinal permeability, reduced microbial diversity, and distinct compositional alterations.
These include elevated levels of Enterobacterales, Proteobacteria, and Methanobrevibacter
smithii, alongside reductions in Faecalibacterium prausnitzii and Firmicutes [168-170]. Beyond
bacterial shifts, patients with AN demonstrate diminished viral-bacterial interactions and
enrichment of microbial pathways linked to neurotransmitter degradation, suggesting that
dysbiosis may contribute to neurobiological processes underlying the disorder [171]. Within
this context, the gut-brain axis (GBA), a bidirectional communication network integrating
immune, hormonal, and metabolic signals, has become a major focus of contemporary
research [172,173].

Loss of intestinal barrier integrity facilitates the translocation of LPS from Gram-
negative bacteria into the circulation via disrupted tight junction proteins, a phenomenon
commonly referred to as “leaky gut”. This process elicits an immune response marked by
the release of pro-inflammatory cytokines, including IL-6 and TNF-&, which can cross the
blood-brain barrier and promote neuroinflammation [170]. The hypothalamus, enriched
in cytokine receptors and central to appetite regulation, is particularly sensitive to these
signals. Toll-like receptor 2 (TLR-2) and toll-like receptor 4 (TLR-4) activation of microglia,
leading to NLR family pyrin domain-containing protein 3 (NLRP3) inflammasome activa-
tion, provides a key pathway through which peripheral immune disturbances may disrupt
hypothalamic function [174-176]. The role of the hypothalamus in weakening immune
defense and further destabilizing intestinal barrier integrity is underscored by the chronic
hyperactivity of the HPA axis observed in AN, manifested in elevated cortisol secretion,
particularly in the binge-purge subtype [177].

Metabolic signaling through short-chain fatty acids (SCFAs) constitutes another mech-
anism shaping neuroinflammation. SCFAs, such as butyrate, are generated by bacterial
fermentation of dietary fibers, and patients with AN have been shown to display reduced
fecal concentrations of butyrate and acetate compared with healthy controls [178]. Dimin-
ished butyrate production has also been associated with lower levels of brain-derived neu-
rotrophic factor (BDNF), impairing neuronal growth, survival, and plasticity, and thereby
contributing to disturbances of appetite regulation and mood [179]. Other microbiota-
derived metabolites, including caseinolytic peptidase B (ClpB), can mimic the anorexigenic
hormone x-melanocyte-stimulating hormone (x-MSH), further enhancing appetite sup-
pression [172]. In addition, severely ill patients may demonstrate reduced circulating
concentrations of diazepam-binding inhibitor (DBI). A decline in DBI weakens inhibitory
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control over anorexigenic signals such as growth differentiation factor 15 (GDF15) and
lipocalin-2 (LCN2), thereby reinforcing restrictive eating behaviors [180].

Altered tryptophan metabolism represents an additional pathway through which the
gut influences brain function in AN. Gut microbes divert tryptophan away from serotonin
(5-HT) synthesis, reducing the substrate available for neurotransmitter production. Com-
bined with dietary restriction, this leads to further 5-HT depletion, increasing vulnerability
to mood disturbances and cognitive deficits [181]. Autonomic dysregulation may boost
these effects, as the gut-vagus nerve pathway serves as a critical conduit for microbial sig-
naling to the brain. Evidence from animal studies indicates that vagal input can modulate
dopamine release, inflammatory responses, and emotional behavior, although human data
remain mixed [182].

Overall, current evidence indicates that gut dysbiosis in AN disrupts neuroimmune,
neuroendocrine, and neurotrophic processes through the GBA. This interplay positions
the gut microbiome not only as a potential biomarker of disease progression but also as a
promising therapeutic target. Figure 5 presents the role of the GBA in the development and
progression of AN.
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Figure 5. The “busy” gut-brain axis in anorexia nervosa. This figure depicts the role of the GBA in the
development and progression of AN, through interconnected neuroimmune, neuroendocrine, and
neurotrophic pathways. A central event in this cascade is the loss of intestinal barrier integrity, com-
monly referred to as “leaky gut”, which permits the translocation of LPS into the systemic circulation,
leading to peripheral immune activation and promoting neuroinflammation. These effects are exacer-
bated by reduced production of SCFAs and by sustained hypercortisolemia resulting from chronic
hyperactivation of the HPA axis. The bacterial chaperone protein ClpB exerts anorexigenic effects via
molecular mimicry with a-MSH, which are compounded by decreased circulating levels of appetite
regulators, such as DBI and BDNF. Lastly, disturbances in tryptophan metabolism reduce serotonin
bioavailability, while impaired autonomic regulation, particularly through altered vagus nerve
signaling, further contributes to disease progression. Abbreviations: 5-HT: 5-hydroxytryptamine;

15



Biomolecules 2025, 15, 1559

«-MSH: a-melanocyte-stimulating hormone; AN: anorexia nervosa; BDNF: brain-derived neu-
rotrophic factor; ClpB: caseinolytic peptidase B; DBI: diazepam-binding inhibitor; GBA: gut-brain
axis; HPA: hypothalamic—pituitary—adrenal; IL-6: interleukin-6; LPS: lipopolysaccharides; SCFA:
short-chain fatty acid; TNF-a: tumor necrosis factor-alpha; |: decrease. Created in BioRender.
Kounatidis, D. (2025) https:/ /BioRender.com/o4pd1rv (assessed on 7 September 2025).

13. Anorexia Nervosa Management: Current Strategies and
Therapeutic Perspectives

13.1. Current Strategies

The management of AN requires a coordinated, multidisciplinary approach inte-

grating the expertise of psychiatrists, psychologists, and medical-nutrition specialists.
Nutritional education should be initiated at the outset and reinforced throughout treatment,
with the goal of establishing sustainable, health-promoting eating behaviors. The involve-
ment of registered dietitians is essential to ensure safe and progressive weight restoration.

Traditional refeeding protocols typically began with approximately 1200 kcal/day; how-

ever, more recent strategies employing 1400-1600 kcal/day have been shown to be safe

when patients are closely monitored. Vigilance for refeeding syndrome remains paramount,

given its potential lethality during early nutritional rehabilitation. Electrolyte levels must

be assessed regularly, and supplementation with thiamine, riboflavin, vitamin D, calcium,
and other essential micronutrients should be administered. A realistic weight-gain tar-
get is approximately 0.5 kg per week [183]. Table 1 depicts recent studies of nutritional

management in patients with AN.

Table 1. Major studies from the past three years on medical nutrition management in patients with

anorexia nervosa.

Author, Year

Type of Study

Findings

Remarks

Brennan et al., 2025
[184]

Semi-structured interviews were
undertaken by 11 clinicians who
had been working with
adolescents aged 12-18 y.o. with
anorexia nervosa (AN) who had
been on a daily program.

The role of the dieti-
cian was pointed out as a cru-
cial component of this interven-
tion daily program.

The personalized nature of each
nutritional interventionist turned
out to be the most important
determinant between the different
phases of the nutritional program,
especially between the weight
restoration and
maintenance phase.

Bohon et al., 2025
[185]

The authors have summarized
key recommendations for AN

management in the United States.

Early recognition of restrictive
AN in the population together
with family interventions and the
help from a multidisciplinary
team is of utmost importance.

The importance of screening tools
for eating disorders in the general
population has been stressed in
this review manuscript.

Dozio et al., 2025
[186]

Observational study involving
79 patients with AN in Italy who
had been admitted for
management of AN.

The results after 6 months of med-
ical management of these pa-
tients supported
that early fat and protein restora-
tion in these patients to-
gether with their close monitor-
ing were very helpful.

The authors concluded that
sustained medical nutritionists
care and the implementation of a
multidisciplinary team for as long
as 6 months revealed
encouraging results.

Brennan et al., 2024
[187]

A retrospective cohort study
involving 92 patients with AN
from Maudsley Center for Child
and Adolescent Eating Disorders
in London, United Kingdom.

The results of this study
supported that there was no
difference regarding weight gain
among patients who received
dietician’s guidance compared to
those who did not.

The authors concluded that more
information is needed in order to
timely intervene with the
consultation of a registered
dietician among patients
with AN.
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Table 1. Cont.

Author, Year Type of Study Findings Remarks
The authors concluded that much
A scoping review from France The authors have pointed out that more research is mandatory in
Ayrolles et al., 2024 . . . there is lack of information this early-onset pre-pubertal
regarding patients with . . . - .
[188] carlv-onset pre-pubertal AN regarding this particular group of group of patients with AN to
Y prep ’ early-onset AN. better characterize and
manage them.
The authors concluded that in
Asia and from their patient cohort,
a shorter and more dynamic
Patients with AN can achieve calorie administration could
Teo et al.. 2024 A retrospective cohort study weight restoration with a more result in a lower duration of
[ 89l] involving 47 patients with AN in dynamic management and for in-hospital stay. However, they
Singapore. less duration of in-hospital stay have highlighted that the
with safety. incidence of the refeeding
syndrome should be further
studied in this Asian group
of patients.
The authors reported that
outpatient management was most The authors point out the
Campos del often preferred. However, there significance of alertness for the
Portillo et al., 2024 A consensus report from Spain. should be frequent re-assessment refeeding syndrome, especially
[190] even at out of hospital care of among very malnourished
these patients by a patients with AN.
multidisciplinary team.
The authors concluded that the
A qualitative study interviewin, articipants found this
Hunter et al.,, 2024 14 ?emale patients Zvith AN in thge The authors pr(?posed thata planEbasedpdiet motivating and
plant-based diet could be . .
[191] UK to evaluate the effects of a motivating for patients with AN that it was giving them good
plant-based diet. oHvatng for pa ' support for healthier
eating habits.
The patients were seen at baseline ~ The authors concluded that the
. . . and after 6 months. The Mediterranean Diet could offer a
Cinelli et al., 2023 An observational study including Mediterranean Diet was reported very promising dietary plan in
! 8 outpatients with AN in Rome, . p . yp . 8 . yp
[192] Ttal to be a good choice regarding patients with AN.
¥ weight management among these =~ However, the group consisted of
patients with AN. only 8 patients.
The authors reported that the The authors pointed out that the
initiation of nutritional use of parenteral nutrition should
Sthener et al., 2023 An editorial manuscriot management should be gradually  be restricted among patients with
[193] Pt increased during the first days AN due to increased risk for

due to the increased risk of
refeeding syndrome.

infections and metabolic
adverse effects.

Psychotherapy remains the cornerstone of AN treatment. Evidence-based modalities

include family-based interventions, cognitive behavioral therapy (CBT), and the Maudsley

model for adults. Emerging approaches, such as the provision of calorie-dense foods in

prepackaged formats, have been investigated to enhance dietary adherence. Acceptance

and commitment therapy (ACT), which emphasizes restructuring maladaptive cognitions,

fostering intrinsic motivation, and reinforcing value-driven behaviors, has also garnered

increasing attention. On the contrary, pharmacological interventions have demonstrated

limited efficacy. Antidepressants, in particular, yield minimal clinical benefit. To date, no

effective pharmacological treatment for AN has been established, a therapeutic gap that

has prompted intensified research into alternative strategies [194,195].
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13.2. Challenges and Therapeutic Perspectives
13.2.1. Atypical Antipsychotics

The limited efficacy of antidepressants in AN has prompted growing interest in the
therapeutic potential of atypical antipsychotics. Among second-generation agents, olanzap-
ine and aripiprazole appear particularly promising in cases of severe or treatment-resistant
illness. Although the evidence remains inconsistent, recent studies identify olanzapine
as a potential candidate, with reported benefits including weight restoration and attenu-
ation of obsessive food-related thoughts. Qualitative research has described olanzapine
treatment as a liminal “rite of passage”, offering adolescents with AN a sense of autonomy
and empowerment, while simultaneously underscoring tensions around weight gain and
communication with parents and clinicians [196].

13.2.2. Psychedelics, Dronabinol and Ketamine

Psychedelic compounds have recently gained attention as potential therapeutic strate-
gies for AN. Psilocybin, a serotonergic agent derived from fungi, may modulate mood,
perception, and cognition and has been proposed as a candidate treatment. In a phase 1
open-label feasibility study, women with AN received a single 25 mg dose of psilocybin
accompanied by psychological support. The intervention was well tolerated, with only
two brief, asymptomatic episodes of hypoglycemia, and participants generally considered
the treatment acceptable [197]. Supporting these findings, a large observational study of
6612 individuals with EDs reported self-perceived symptom improvement specifically
associated with cannabis or psychedelic use, although such anecdotal evidence requires
confirmation in controlled trials [198]. Evidence is also available for the synthetic cannabi-
noid agonist dronabinol, derived from a randomized, double-blind, placebo-controlled
crossover study involving twenty-five women aged over 18 years with AN of at least
five years’ duration. Over the four-week treatment period, dronabinol administration
resulted in small but statistically significant weight gain (p < 0.01) and was generally well
tolerated [199].

Research has likewise examined ketamine, an N-methyl-D-aspartate (NMDA) receptor
antagonist with established antidepressant efficacy. Beyond its mood-regulating properties,
ketamine may enhance neuroplasticity, neurogenesis, and hippocampal integrity while
mitigating neuroinflammation and depressive symptoms that impede recovery in AN.
When combined with psychotherapy, ketamine could further promote cognitive flexibility
and therapeutic engagement. Early findings, derived primarily from case studies, are en-
couraging. Nevertheless, further research is required to establish optimal dosing regimens,
clinical efficacy, and long-term safety, particularly given the ongoing concerns surrounding
ketamine use and potential safety risks [200].

13.2.3. Anti-Inflammatory and Mitochondria-Targeted Strategies

Anti-inflammatory interventions, particularly those involving cyclooxygenase (COX)
inhibition, have been investigated for their potential to mitigate anxiety and mood distur-
bances while promoting neural resilience and synaptic integrity [195]. Another attractive
therapeutic target is growth differentiation factor 15 (GDF15), a stress-responsive cytokine
implicated in mitochondrial oxidative stress and energy homeostasis. Emerging evidence
indicates that subsets of patients with AN display elevated circulating GDF15 levels [201].
In conditions such as cancer cachexia and chemotherapy-induced anorexia, increased
GDF15 concentrations have been associated with appetite suppression through the acti-
vation of emetic and nausea-related pathways [201,202]. These findings have led to the
hypothesis that GDF15 neutralization might ameliorate weight loss in AN. However, ex-
perimental studies using genetic ablation or antibody-mediated neutralization of GDF15 in
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sepsis models have demonstrated negligible effects on appetite or body weight, complicat-
ing the translational relevance of this approach [203]. Consequently, it remains uncertain
whether GDF15-targeted interventions could yield tangible benefits in promoting weight
restoration. The paucity of large-scale, controlled studies highlights the need for further
investigation into GDF15 modulation, as delineating its precise role in AN may offer new
perspectives for metabolic and behavioral therapeutic strategies.

13.2.4. Recombinant Human Leptin Analogs

As previously discussed, hypoleptinemia in AN may exacerbate weight-related
anxieties and obsessive food-related cognitions. Recombinant leptin analogs, particu-
larly metreleptin, have therefore been proposed as potential therapeutic agents targeting
both metabolic and affective dysregulation [204]. Originally approved for the manage-
ment of metabolic complications in lipodystrophy, metreleptin has demonstrated diverse
endocrine-regulatory properties, including the restoration of reproductive function in
women with hypothalamic amenorrhea and the attenuation of weight-gain-related fear
and anxiety [205,206]. A notable case report described a 16-year-old girl with atypical
AN who experienced rapid improvement in mood, diminished weight-related phobia,
and facilitated hospital discharge following an 11-day course of metreleptin administra-
tion [207]. Beyond AN, leptin signaling has also become a focus of investigation in oncology,
where leptin antagonists have shown encouraging yet unconfirmed results in clinical set-
tings [208]. Similarly, leptin-based interventions for AN remain largely experimental, as
no RCTs have yet been conducted. Moreover, the modest weight reduction observed in
some metreleptin-treated cases warrants cautious interpretation and vigilance regarding its
catabolic potential. Notably, although metreleptin has been reported to transiently enhance
hunger shortly after subcutaneous administration, this effect appears to wane over time
and may even be followed by mild weight loss [209]. Taken together, while isolated case
reports suggest that metreleptin may offer psychological and metabolic benefits in selected
individuals with AN, its clinical application, even in short courses, remains contentious
and requires rigorous validation through well-designed clinical trials.

13.2.5. Gut-Directed Therapeutic Interventions

The gut microbiome has emerged as an attractive therapeutic target in AN. Probiotics
and prebiotics, acting synergistically, support microbial balance and promote immune,
metabolic, and gastrointestinal health. They have demonstrated benefits in type 2 dia-
betes (T2D), obesity, and IBD [210]. Preliminary findings in AN suggest possible roles in
modulating immune activity and alleviating comorbid depression and anxiety [211]. In a
randomized, double-blind, placebo-controlled trial, Lactobacillus reuteri had no effect on
constipation at three months but was associated with greater stool frequency and faster
normalization of body weight at six months. Additional benefits included improved BMD
and vitamin D levels, suggesting that probiotics may represent a safe adjunct to nutritional
rehabilitation in pediatric AN [212]. However, results across studies remain heterogeneous,
and larger trials are needed [195].

Fecal microbiota transplantation (FMT) has also been investigated. Transplantation
of microbiota from AN patients into mice reduced food intake and locomotor activity
while altering microbial profiles and appetite-regulating hormones. Conversely, FMT
from healthy donors reversed these effects, while data from meta-analyses support its
role in enhancing microbial diversity [213]. Findings to date remain mixed. For example,
Kooij et al. reported that FMT from AN patients did not alter cognitive flexibility, anxiety,
or dopaminergic signaling in animal models, highlighting the need for more refined
experimental approaches [214]. Meanwhile, an ongoing RCT is investigating whether
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direct colonic administration of SCFAs over six weeks can influence stress reactivity, eating
behaviors, BMI, and restrictive patterns in AN [215].

13.2.6. Neuromodulation with Intermittent Theta-Burst Stimulation (iTBS)

Intermittent theta-burst stimulation (iTBS) is a patterned form of non-invasive brain
stimulation that delivers bursts of magnetic pulses to modulate cortical excitability and
synaptic plasticity. While iTBS has demonstrated efficacy in major depressive disorder
and other neuropsychiatric conditions, its use in AN remains exploratory and largely
confined to pilot investigations [195]. A current feasibility study is enrolling 66 adolescents
and young adults with AN who have shown suboptimal response to conventional care.
Participants are randomized to receive either active or sham iTBS in conjunction with
standard treatment. The primary outcome measure is four-month treatment retention, with
secondary endpoints including changes in symptom severity, quality of life (QoL), and
neurobiological indices. The results of this trial are anticipated to inform the methodological
and clinical design of future large-scale studies evaluating iTBS as an adjunctive therapeutic
strategy in AN [216].

Collectively, the emerging interventions discussed above represent innovative efforts
to directly modulate the neurobiological underpinnings of AN. Although these strategies
hold theoretical and preliminary clinical promise for improving outcomes and enhancing
QoL, most remain at preclinical or early translational stages and are not yet suitable for
routine clinical implementation. The existing body of research is limited by small sample
sizes, lack of randomization, and reliance on uncontrolled or case-based data, thereby
precluding firm causal inferences. Of note, the 2023 update of the World Federation of
Societies of Biological Psychiatry (WFSBP) guidelines on the pharmacological management
of EDs emphasized that olanzapine has not received marketing authorization from any
medicinal regulatory agency for the treatment of AN, underscoring the continuing absence
of an approved pharmacotherapy for this condition [217]. Figure 6 summarizes the range
of emerging therapeutic strategies currently under investigation for AN management.
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Figure 6. Emerging therapies in anorexia nervosa. Abbreviations: COX: cyclooxygenase; FMT: fecal
microbiota transplantation; GDF15: growth and differentiation factor 15; iTBS: intermittent theta-
burst stimulation; ROS: reactive oxygen species; SCFA: short-chain fatty acid. Created in BioRender.
Kounatidis, D. (2025) https:/ /BioRender.com/jqw1j8l (assessed on 3 November 2025).
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14. Conclusions

AN remains one of the most challenging disorders at the interface of psychiatry,
internal medicine, and neuroscience. Its complex pathophysiology, spanning genetic, im-
munological, and gut-brain interactions, underscores the need for an integrative approach
that transcends traditional psychopathological frameworks. While substantial progress has
been made in delineating its systemic complications and molecular mechanisms, translation
into effective and durable treatments has lagged behind. Current therapeutic strategies,
though essential, often fall short due to high relapse rates and limited pharmacological
efficacy. Moving forward, research should prioritize the identification of novel biological
targets, the refinement of multimodal interventions, and the personalization of treatment
according to the individual patient’s clinical and biological profile. Importantly, bridging
basic science discoveries with clinical practice will be critical to improving outcomes and
reducing the burden of this devastating disorder.
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illness syndrome; PGE2: prostaglandin E2; PDW: platelet distribution width; PPHS: posterior pitu-
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Abstract: Erectile dysfunction (ED) is a common yet frequently underrecognized mi-
crovascular complication of diabetes, affecting up to three out of four individuals. Key
contributing factors include advancing age, long-standing disease duration, and subop-
timal glycemic control, as well as insulin resistance and androgen deficiency—the latter
being particularly common in men with type 2 diabetes (T2D) and obesity. While numerous
studies have investigated the effects of various antidiabetic therapies on diabetes-related
ED, the results remain inconsistent, limiting definitive conclusions. In recent years, increas-
ing attention has focused on a novel class of antidiabetic medications, namely glucagon-like
peptide-1 receptor agonists (GLP-1 RAs). These agents have become central to the treatment
of T2D due to their potent glucose-lowering properties and well-documented benefits on
cardiovascular outcomes, and weight loss. Given these pleiotropic effects, GLP-1 RAs
have been presumed to positively influence erectile function—a hypothesis supported by a
growing body of experimental and clinical research. However, preliminary reports have
also raised concerns about a possible association between GLP-1 RA use and ED. This
narrative review aims to synthesize current evidence regarding the impact of GLP-1 RAs
on erectile function, providing a platform for future research in this evolving field.

Keywords: diabetes; dulaglutide; erectile dysfunction; GIP; GLP-1 receptor agonists;
hypogonadism; liraglutide; semaglutide; testosterone; tirzepatide

1. Introduction

Erectile function is a cornerstone of male sexual health, and its impairment can nega-
tively affect overall quality of life (QoL), emotional intimacy, and relationship satisfaction.
Erectile dysfunction (ED) is defined as the persistent inability to achieve or maintain an
erection sufficient for satisfactory sexual performance and can significantly diminish sexual
well-being [1,2]. The diagnosis of ED relies on a comprehensive clinical approach, includ-
ing detailed medical and sexual history, physical examination, laboratory evaluations, and
standardized assessment questionnaires [1,3]. Among the most widely used instruments is
the 15-item International Index of Erectile Function (IIEF), while its abridged 5-item version
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(IIEF-5) provides a practical alternative for clinical settings. In addition to facilitating diagnosis,
the IIEF-5 enables classification of ED severity, with scores ranging from severe ED (5-7) to no
ED (22-25) [4]. First-line treatment for ED typically involves oral phosphodiesterase type 5
(PDED5) inhibitors, such as sildenafil, tadalafil, vardenafil, and avanafil. These agents act by
inhibiting the PDES5 enzyme, thereby increasing cyclic guanosine monophosphate (cGMP)
levels. Elevated cGMP promotes smooth muscle relaxation and enhances blood flow to the
corpus cavernosum during sexual arousal, thereby facilitating penile erection [5].

ED is particularly prevalent among men with diabetes and has also been reported in
individuals with prediabetes [6]. Hyperglycemia, insulin resistance (IR) and hypogonadism,
particularly in the presence of obesity, constitutes the core pathophysiological triad underlying
diabetes-induced ED [7]. Men with diabetes are approximately 3.5 times more likely to experi-
ence ED compared to their non-diabetic counterparts [8]. Although numerous epidemiological
studies have sought to quantify the prevalence of diabetes-related ED, reported rates vary
considerably, ranging from 35% to 75% [9]. A recent umbrella review encompassing data
from 108,030 men with diabetes estimated a global pooled prevalence of 65.8% [10]. Notably,
prevalence appears to be lower among men with type 1 diabetes (T1D), with reported rates
up to 42.5% [11,12].

Several risk factors have been implicated in the development of diabetes-associated ED.
These factors encompass advancing age, long-standing disease duration, and poor glycemic
control as captured by high glycated hemoglobin (HbA1c) levels, and glycemic variability
detected via continuous glucose monitoring (CGM). Additional risk factors include car-
diometabolic comorbidities, including hypercholesterolemia, hypertension, cardiovascular
disease (CVD), and obesity, as well as diabetes-related microvascular complications [11-14].
Notably, a recent study introduced a predictive model with strong performance (concordance
index [C-index] = 0.827, 95% confidence interval [CI] = 0.772-0.882) for early detection of ED in
subjects with type 2 diabetes (T2D), incorporating variables such as diabetes duration, carotid
intima-media thickness (CIMT), and low-density lipoprotein cholesterol (LDL-C) levels [15].

Research has also explored the impact of various antidiabetic therapies on erectile func-
tion; however, the current evidence remains limited and ambiguous. In this context, increasing
attention has been directed toward the potential effect of newer incretin-based therapies on
erectile health, particularly glucagon-like peptide-1 receptor agonists (GLP-1 RAs) [16]. GLP-1
RAs have transformed the landscape of diabetes care by providing not only effective glycemic
control but also substantial cardiovascular (CV) protection and significant weight loss [17,18].
Given that endothelial integrity and body weight are critical determinants of erectile function,
it is plausible to hypothesize that these therapeutic advantages might extend to this domain
as well. But does the available evidence truly support this assumption?

This narrative review examines the current evidence regarding the influence of GLP-1
RAs on erectile function. It begins with a discussion of the physiology of penile erection,
and the pathophysiological mechanisms underlying diabetes-related ED, followed by a
summary of the pharmacological and clinical characteristics of GLP-1 RAs. Subsequently, it
presents the available preclinical and clinical data regarding their role in modulating erectile
physiology. Finally, the review considers the impact of other antidiabetic drug classes on
erectile function, offering a comparative perspective with GLP-1 RAs. Limitations of the
existing literature are discussed, along with current challenges and future directions for
research aimed at elucidating the therapeutic potential of GLP-1 RAs in this context.

2. Physiological Mechanisms Underlying Male Sexual Arousal

Sexual desire may be elicited by a variety of stimuli, including visual, auditory, tactile,
or cognitive cues, which activate neural pathways that facilitate the relaxation of vascular
and cavernosal smooth muscle. This relaxation allows for increased arterial inflow into
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the corpora cavernosa, a process governed by neurovascular mechanisms originating from
hypothalamic centers and the sacral spinal cord (SSC) [19].

Central to this process is the neurotransmitter nitric oxide (NO), which is synthesized
and released by two main categories of neurons. Non-adrenergic, non-cholinergic (NANC)
neurons located in the pelvic plexus and pelvic nerves express neuronal nitric oxide synthase
(nNOS) and release NO directly into adjacent vascular smooth muscle cells (VSMCs). In
parallel, cholinergic parasympathetic neurons, whose cell bodies reside in the sacral parasym-
pathetic nucleus (52-54) and project to the pelvic plexus and corpora cavernosa, release
acetylcholine. Acetylcholine acts on M3 muscarinic receptors expressed on endothelial cells,
activating endothelial nitric oxide synthase (eNOS) and promoting NO production [20,21].
Once produced, NO diffuses into neighboring VSMCs, where it stimulates soluble guanylyl
cyclase (sGC), catalyzing the conversion of guanosine triphosphate (GTP) into cGMP. Elevated
intracellular cGMP levels activate protein kinase G type 1 (PKG-1), which lowers cytosolic
calcium concentrations and activates calcium-dependent potassium (KCa) channels, favoring
VSMC hyperpolarization and smooth muscle relaxation [22,23].

Testosterone secreted by the testes exerts both genomic and non-genomic effects [24].
Through its interaction with nuclear androgen receptors (ARs) in endothelial and VSMCs,
the hormone modulates gene expression to support vascular integrity. In addition, testos-
terone exerts non-genomic actions via membrane-bound androgen receptors (mARs) that
function independently of classical AR activation [25]. These mechanisms collectively
enhance endothelial NO production and stimulate the release of endothelium-derived
hyperpolarizing factors (EDHFs), such as epoxyeicosatrienoic acids, hydrogen peroxide,
and potassium ions, which further contribute to vasodilation within the erectile tissue [26].

As the corpora cavernosa fill with blood and expand, the resulting increase in intra-
cavernosal pressure compresses the subtunical venous plexus beneath the tunica albuginea,
restricting venous outflow and helping to maintain the erection. Additionally, contraction
of pelvic floor muscles, such as the bulbospongiosus and ischiocavernosus further com-
presses the corpora cavernosa, enhancing penile rigidity and erection stability [27]. Figure 1
illustrates the main pathophysiological mechanisms driving male erection.

Main Events in the Physiology of Male Sexual Arousal
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Figure 1. Key pathophysiological mechanisms underlying penile erection. NO plays a central role in
the regulation of male erection, with two primary sources: (1) activation of nNOS in NANC neurons of
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the pelvic plexus, leading to direct NO release into VSMCs, and (2) activation of eNOS in endothelial
cells upon stimulation of muscarinic M3 receptors by Ach released from cholinergic neurons in the
SSC, with NO subsequently diffusing to VSMCs. In both cases, NO activates sGC in VSMCs, catalyz-
ing the conversion of GTP to cGMP. Elevated cGMP levels activate PKG-1, which in turn decreases
cytosolic calcium concentrations and activates KCa channels, resulting in VSMC hyperpolarization.
Testosterone also enhances NO production via activation of androgen receptors (ARs and mARs),
contributing to both nNOS and eNOS pathways. Additionally, testosterone stimulates the production
of EDHFs, which further support VSMC hyperpolarization. The resulting hyperpolarization induces
smooth muscle relaxation and vasodilation, leading to increased cavernosal blood flow and penile
erection [20-26]. Abbreviations: Ach: acetylcholine; AR: androgen receptor; cGMP: cyclic guano-
sine monophosphate; ECs: endothelial cells; EDHF: endothelium-derived hyperpolarizing factor;
eNOS: endothelial nitric oxide synthase; GTP: guanosine triphosphate; KCa: calcium-dependent
potassium; M3 receptor: muscarinic M3 receptor; mAR: membrane-bound androgen receptor;
NANC: non-adrenergic, non-cholinergic; nNOS: neuronal nitric oxide synthase; NO: nitric ox-
ide; PKG-1: protein kinase G type 1; sGC: soluble guanylyl cyclase; SSC: sacral spinal cord;
VSMC: vascular smooth muscle cell; +: activation; 1: increase; |: decrease. Created in BioRen-
der. Kounatidis, D. (2025) https:/ /BioRender.com/ryktlqj (assessed on 27 August 2025).

3. Pathophysiology of Erectile Dysfunction in Patients with Diabetes
3.1. Hyperglycemia

Poor glycemic control is a major contributing factor to the development of ED, re-
gardless of diabetes type. Persistent hyperglycemia contributes to ED through several
interconnected mechanisms, primarily driven by the generation of advanced glycation end
products (AGEs) and reactive oxygen species (ROS) [28]. AGEs constitute a heterogeneous
group of compounds formed via non-enzymatic reactions between reducing sugars (e.g.,
glucose) and proteins, lipids, or nucleic acids. Prolonged hyperglycemia accelerates this
glycation process, resulting in the accumulation of AGEs both endogenously through
metabolic pathways and exogenously from dietary sources. Over time, AGEs undergo
further irreversible modifications that disrupt cellular and tissue function. These effects are
mainly mediated through their interaction with the receptor for advanced glycation end
products (RAGE) [29].

AGEs exacerbate ED by promoting oxidative stress and attenuating NO bioavailability,
thereby impairing the relaxation of cavernosal smooth muscle [30]. This dysfunction is
further exacerbated by the decreased expression and activity of both nNOS and eNOS,
leading to impaired neurovascular regulation of penile erection [31-33]. Additionally, in
diabetes, a state of NO resistance emerges, characterized by diminished responsiveness
of cavernosal smooth muscle cells to NO signaling. This resistance is primarily driven
by increased oxidative stress, and desensitization of the sGC—cGMP-PKG signaling cas-
cade [34]. Moreover, hyperglycemia impairs maximal cavernosal smooth muscle relaxation
in response to both acetylcholine and nitrergic nerve stimulation. This dysfunction is linked
to enhanced activation of key signaling pathways and molecules, including Rho-associated
kinase 2 (ROCK2), p38 mitogen-activated protein kinase (p38 MAPK), and arginase II [35].
ROCK?2 signaling is critical in regulating vascular tone, cytoskeletal dynamics, intercellu-
lar adhesion, and endothelial barrier function [36]. Research has shown that in diabetic
mice with heterozygous deficiency of ROCK2, these pathological changes are significantly
reduced or even absent [35].

Beyond impairments in cavernosal relaxation, ROS accumulation and oxidative stress
linked to AGE formation promote reductions in antioxidant responses, lipid peroxidation,
DNA damage, and oxidative protein modifications [37,38]. Nitration of tyrosine residues
to form 3-nitrotyrosine (3-NT) alters protein structure and function, disrupting enzymatic
activity and intracellular signaling. These reactions, mediated by reactive nitrogen species
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(RNS), further reduce NO availability, ultimately worsening endothelial dysfunction and
impairing vasorelaxation [39]. Interestingly, recent evidence supports that the combined
accumulation of AGEs and ROS triggers various forms of programmed cell death, including
apoptosis, pyroptosis, and ferroptosis, resulting in ED aggravation [40].

Low-intensity pulsed ultrasound (LIPA) may exert protective effects against AGEs-
induced endothelial injury in the corpus cavernosum by promoting mitophagy, thereby pre-
serving mitochondrial function and cellular homeostasis [41]. Furthermore, sustained high
glucose levels might facilitate corpus cavernosum fibrosis via the transforming growth fac-
tor beta 1/SMAD family proteins/connective tissue growth factor (TGF-1/Smad/CTGF)
signaling pathway [42]. Epidemiological evidence indicates an association between di-
abetes and Peyronie’s disease, with diabetes recognized as a risk factor for its develop-
ment [43].

The frequent coexistence of comorbidities in diabetes can intensify ED by amplifying
the aforementioned pathophysiological processes. For instance, the coexistence of diabetes
and hypertension might exhibit a synergistic negative effect on erectile function by enhancing
oxidative stress, inflammation, and apoptosis [44]. Notably, ED may persist or even worsen
despite appropriate antihypertensive treatment, as certain medications, especially thiazide di-
uretics, beta-adrenergic blockers, and aldosterone antagonists, have been linked to detrimental
effects [45]. Moreover, hypercholesterolemia may further impair NO signaling by promot-
ing the overactivation of nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
oxidase subunits, leading to elevated superoxide production and eNOS uncoupling [46].

3.2. Insulin Resistance

IR may contribute to ED development, primarily through its noxious impact on
endothelial function. By impairing endothelial NO synthesis and attenuating insulin-
mediated vasodilation, IR disrupts the vascular mechanisms essential for erection [47].
In a model of insulin-resistant, obese mice, short-term pharmacological improvement
of IR was sulfficient to restore erectile function. This restoration was attributed to the
normalization of both endothelium-dependent and nerve-mediated corpus cavernosum
relaxation, along with reactivation of the cGMP signaling pathway and attenuation of
cavernosal hypercontractility [48]. Clinical research further supports this association. In a
prospective study involving 283 men with ED lasting at least six months, IR was identified
in nearly half of the participants. Notably, IR was independently associated not only with
the presence of ED but also with its severity [49]. Several studies, including analyses
from large-scale datasets such as the National Health and Nutrition Examination Survey
(NHANES), have identified surrogate markers related to IR that could potentially facilitate
early risk assessment for ED. These indices include the homeostasis model assessment of
insulin resistance (HOMA-IR), the triglyceride-glucose (TyG) index, as well as the metabolic
score for insulin resistance (METS-IR). However, considerable heterogeneity among studies
and variability in the diagnostic performance of these indices currently limit their clinical
utility as predictive tools for ED [50-52].

3.3. Hypogonadism

Hypogonadism, defined by impaired testosterone production due to the dysfunction
of the testes, hypothalamus, or pituitary gland, serves as a key metabolic disturbance
linking diabetes and ED [53]. Both reduced circulating testosterone levels and diminished
concentrations of its primary plasma binding protein, sex hormone-binding globulin
(SHBG), have been identified as independent predictors of T2D development [54,55]. When
present alongside obesity, androgen deficiency augments IR, creating a bidirectional loop
that worsens both T2D and ED [56]. Although obesity is commonly associated with T2D,
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it is increasingly observed in T1D, giving rise to the concept of “’double diabetes” [57].
Moreover, hypertension and other comorbidities may further compound testosterone-
driven impairments in erectile function [58].

Androgen deprivation disrupts vascular homeostasis by promoting vasoconstriction,
VSMC apoptosis, adipocyte infiltration, and fibrosis of the tunica albuginea [59-62]. Within the
corpora cavernosa, the absence of adequate androgen signaling leads to reduced expression
of eNOS and PDE5 mRNA, with the severity of the functional consequences correlating with
the extent of enzymatic downregulation [63]. Persistent high glucose levels have been linked
to decreased testosterone levels, in part due to the downregulation of vascular endothelial
growth factor (VEGF), which compromises testicular microcirculation, leading to Leydig
cell dysfunction and blunted testosterone synthesis [64]. On the other hand, disrupted
insulin signaling mitigates hypothalamic kisspeptin expression, perturbing the hypothalamic—
pituitary—gonadal (HPG) axis via altered mammalian target of rapamycin (mTOR)-kisspeptin
pathway activity and impaired gonadotropin-releasing hormone (GnRH) secretion [65,66].

The HPG axis is further suppressed in obesity, through increased aromatase activity in
adipose depots, driving peripheral conversion of androgens to estrogens. Elevated estradiol
activates hypothalamic estrogen receptors, triggering a negative feedback on gonadotropin
release and further lowering testosterone output [67]. This androgen deficiency skews stromal
progenitor cells (SPCs) toward adipogenic differentiation, causing ectopic lipid accumulation
within erectile tissue and worsening structural dysfunction [68]. Interestingly, a recent tran-
scriptomic analysis has identified aberrant expression patterns of adiponectin receptors in
men with ED [69].

Collectively, the combined effects of prolonged hyperglycemia, obesity-driven hormonal
imbalance, and androgen deprivation promote the development of a chronic pro-inflammatory
milieu that favors progressive endothelial dysfunction [70]. Figure 2 presents key pathophysi-
ological events and mechanisms underlying ED in individuals with diabetes.

Pathophysiological Milestones of Erectile Dysfunction in Diabetes
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Figure 2. Pathophysiological milestones of erectile dysfunction in diabetes. Abbreviations: AGEs:
advanced glycation end products; NO: nitric oxide; ROS: reactive oxygen species; VEGF: vascular
endothelial growth factor [28-69]. Created in BioRender. Kounatidis, D. (2025) https:/ /BioRender.
com/ebzbezk (assessed on 28 July 2025).
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4. GLP-1 Receptor Agonists: Therapeutic Impact and
Safety Considerations

4.1. Pharmacological Profile and Clinical Benefits of GLP-1 Receptor Agonists

GLP-1 RAs constitute a novel class of antidiabetic medications that have reshaped
the management of T2D. These agents function by mimicking the actions of endogenous
GLP-1, binding to its receptor to enhance glucose-dependent insulin secretion from pan-
creatic 3-cells while suppressing glucagon release from x-cells. This glucose-dependent
mechanism offers the benefit of avoiding hypoglycemia, while simultaneously contributing
to effective glycemic control [71]. GLP-1 RAs are classified into short-acting and long-acting
agents based on their pharmacokinetic properties. Short-acting agents, such as exenatide
twice-daily and lixisenatide, primarily target postprandial glucose excursions by delaying
gastric emptying. In contrast, long-acting GLP-1 RAs, including exenatide long-acting
release (exenatide LAR), liraglutide, dulaglutide, and semaglutide, provide more sustained
reductions in fasting plasma glucose (FPG) by continuously enhancing insulin secretion
and suppressing glucagon release [72]. In contemporary clinical practice, once-weekly in-
jectable formulations, particularly semaglutide are preferred, due to their superior efficacy
and ease of use [71].

Beyond glucose control, GLP-1 RAs have gained prominence for their CV benefits,
especially in individuals with established CVD. These benefits are not limited to patients
with T2D but also extend to those with obesity, even in the absence of T2D [73]. The
landmark LEADER (Liraglutide Effect and Action in Diabetes: Evaluation of Cardio-
vascular Outcome Results) trial, which enrolled 9340 individuals with T2D at high CV
risk, demonstrated that liraglutide significantly reduced the incidence of major adverse
cardiovascular events (MACE) compared with placebo over a median follow-up of
3.8 years (Hazard Ratio [HR]: 0.87; 95% CI: 0.78-0.97; p = 0.01 for superiority; p < 0.001
for noninferiority) [74]. Similar CV benefits were observed in the SUSTAIN-6 trial for
semaglutide. This study included 3297 patients with T2D at high CV risk, 83% of whom
had established CVD, chronic kidney disease (CKD), or both. Once-weekly semaglutide
significantly reduced the incidence of the primary composite outcome (first occurrence
of CV death, nonfatal myocardial infarction, or nonfatal stroke) compared with placebo
(6.6% vs. 8.9%; HR: 0.74; 95% CI: 0.58-0.95; p < 0.001 for noninferiority [75]. Prescription
of semaglutide may also provide renal protective benefits in patients with T2D and
CKD. Recent evidence indicated that its use reduced the risk of a composite kidney-
specific outcome, including progression to kidney failure or a sustained >50% decline in
estimated glomerular filtration rate (eGFR), by 21% (HR: 0.79; 95% CI: 0.66-0.94) and
attenuated the annual decline in eGFR by 1.16 mL/min/1.73 m? (p < 0.001) [76].

One of the most impactful therapeutic benefits of GLP-1 RAs is their capacity to
induce substantial and sustained weight loss, particularly for liraglutide and semaglutide.
Although the precise mechanisms underlying this effect are not fully elucidated, it is
thought to involve central appetite suppression, enhanced satiety, and delayed gastric
emptying [77]. High-dose formulations of these agents, specifically liraglutide at 3.0 mg
and semaglutide at 2.4 mg, have been approved for the treatment of obesity, independent
of glycemic status [78]. More recently, tirzepatide, a dual glucose-dependent insulinotropic
polypeptide (GIP)/GLP-1 receptor agonist, has demonstrated superior weight-reducing
effects compared with both placebo and semaglutide, particularly in the SURMOUNT
trials, with these benefits sustained for up to 72 weeks [79-81].

GLP-1 RAs have also shown efficacy in metabolic dysfunction-associated steatotic
liver disease (MASLD) and are now recommended as a first-line antidiabetic treatment for
patients with metabolic dysfunction-associated steatohepatitis (MASH) and diabetes [82].
In a 24-week trial, dulaglutide administration produced a 26.4% relative decrease in liver
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fat content alongside significant reductions in gamma-glutamyl transpeptidase (GGT)
levels [83]. Semaglutide has yielded even greater benefits, with its maximal dosage over
72 weeks increasing the rate of MASH resolution without fibrosis progression (59% vs. 17%
with placebo; p < 0.001) [84]. The wide-ranging biological effects of GLP-1 RAs have further
prompted investigation into other conditions, including Alzheimer’s disease (AD), where
their impact appears favorable, although the current evidence remains preliminary [85].

4.2. Adverse Effects and Safety Profile of GLP-1 Receptor Agonists

The most frequently reported adverse effects of GLP-1 RAs are gastrointestinal, in-
cluding nausea, vomiting, diarrhea, and constipation. These events are typically dose-
dependent and occur most often during treatment initiation or dose escalation. They are
attributed to mechanisms overlapping with the weight-reducing properties of GLP-1 RAs,
particularly delayed gastric emptying, which is considered the predominant factor [86,87].
A modest increase in heart rate has also been observed, although current evidence does not
support an increased risk of arrhythmia [86].

GLP-1 RAs have also been associated with pancreatitis, which has predominantly
been linked to gallbladder disease as a secondary effect of weight loss [88]. In addition,
evidence suggests that GLP-1 RAs may increase pancreatic enzyme secretion, while the
expression and subsequent stimulation of GLP-1 receptors in pancreatic islet and exocrine
duct cells have been correlated with overgrowth of the ductal epithelial cells, resulting in
hyperplasia and chronic low-grade or acute inflammation, potentially leading to pancre-
atitis [89]. Nevertheless, the true incidence appears to be low, and several studies have
questioned the existence of a causal relationship [90-92]. Earlier experimental data are
consistent with this view, showing that although GLP-1 receptor activation can increase pan-
creatic mass and alter gene expression, it does not confer susceptibility to pancreatitis [93].
GLP-1 RAs have also been associated with an increased risk of pancreatic cancer, given
the established link between pancreatitis and pancreatic malignancy. Nevertheless, recent
evidence largely supports the safety profile of GLP-1 RAs. Regarding other malignancies,
preclinical and clinical studies suggest potential anti-cancer properties through suppression
of tumor initiation and progression. An important exception includes individuals with a
personal or family history of medullary thyroid carcinoma (MTC), where GLP-1 RAs are
contraindicated. This recommendation is primarily based on rodent studies demonstrat-
ing increased calcitonin secretion and C-cell hyperplasia, although only minimal GLP-1
receptor expression has been reported in human C-cells [94].

With the increasing adoption of GLP-1 RAs, less common adverse effects are receiving
increased attention. Recent pharmacovigilance data have implicated GLP-1 RAs, par-
ticularly semaglutide, in the development of androgenetic alopecia [95,96]. The precise
mechanisms remain insufficiently defined, with available data relying largely on specu-
lations. The leading hypothesis posits that rapid weight loss may induce metabolic and
nutrient alterations that trigger telogen effluvium [97]. Ocular safety has also emerged as a
key consideration in GLP-1 RA therapy, encompassing worsening of diabetic retinopathy
(DR), particularly in semaglutide users with pre-existing DR at baseline, as well as ischemic
optic neuropathy (ION) [75,98,99]. Current evidence suggests that these effects are more
likely attributable to rapid improvements in glycemic control rather than a direct pharma-
cological action of GLP-1 RAs. In contrast, other investigations have not confirmed this
association, while preclinical research has suggested a potential protective role through
modulation of the ROCK2 pathway within the retinal microvasculature [100-103]. Of
note, a very recent in vitro study demonstrated that semaglutide exerted potent antiox-
idative and cytoprotective effects in retinal endothelial cells, thereby facilitating wound
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healing [104]. Figure 3 summarizes the main advantages and disadvantages of GLP-1 RA
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Figure 3. Benefits and drawbacks of GLP-1 receptor agonist use. Abbreviations: GLP-1: glucagon-
like peptide-1; MASH: metabolic dysfunction-associated steatohepatitis; MTC: medullary thy-
roid carcinoma [71,73,76,77,82,86,90,94-96,98,99]. Created in BioRender. Kounatidis, D. (2025)
https:/ /BioRender.com/ez8dhoa (assessed on 28 July 2025).

The broader implications of GLP-1 RAs on diabetic microvascular disease, including
ED, remain only partially understood. Both animal and human studies increasingly sup-
port the beneficial impact of GLP-1 RAs on erectile performance, primarily by improving
penile vascular health and endothelial function, as well as through their weight-reducing
properties [105,106]. Nevertheless, a limited number of studies have reported potential
deterioration in erectile function following GLP-1 RA initiation [107]. Given these con-
tradictory findings, the subsequent sections will shed light on the existing literature to
determine whether current evidence permits any definitive clinical conclusions regarding
the impact of GLP-1 RAs on erectile function.

5. Cardiovascular and Potential Erectile Implications of GLP-1 Receptor
Agonists: Insights from Preclinical Research

5.1. Cardiovascular Effects of GLP-1 Receptor Agonists

A significant body of preclinical research has illuminated the beneficial impact of
GLP-1 RAs on endothelial function, largely attributed to the widespread distribution of
GLP-1 receptors on endothelial cells throughout different anatomical regions [108,109]. For
instance, GLP-1 receptor expression has been identified in human umbilical vein endothelial
cells (HUVECs), where GLP-1 appears to exert direct anti-inflammatory effects. These
actions are primarily mediated via suppression of RAGE expression, through activation
of the cyclic adenosine monophosphate (cAMP) signaling pathway [110]. Additional
studies have indicated that GLP-1 enhances endothelial function in diabetic vasculature by
reducing endothelial permeability and contractility, while also offering protection against
oxidative stress and autophagic processes [111,112].
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Endothelium-protective effects have been observed with both short- and long-acting
GLP-1 RAs. For instance, exenatide has been shown to ameliorate endothelial dysfunc-
tion induced by hyperglycemia and hyperlipidemia through direct activation of eNOS
via the AMP-activated protein kinase (AMPK) pathway [113]. Lixisenatide not only up-
regulates eNOS but may also promote VEGF expression, with evidence suggesting that
some of its vascular effects may occur independently of GLP-1 receptor activation [114]. In
the case of liraglutide, research demonstrated enhanced endothelial function via stimula-
tion of the mammalian target of rapamycin complex 2/protein kinase B (mTORC2)/Akt
pathway, resulting in increased NO production, elevated telomerase activity, and anti-
apoptotic effects [115]. Liraglutide has also been reported to attenuate VSMC proliferation
and atherosclerotic progression through AMPK activation and cell cycle arrest mecha-
nisms [116]. Interestingly, in endothelial cells derived from individuals with diabetes,
liraglutide alleviated endoplasmic reticulum stress, reduced c-Jun N-terminal kinase (JNK)
activity, and restored insulin-mediated eNOS activation [117].

Once-weekly formulations have also produced favorable outcomes. Dulaglutide has
been shown to reduce hyperglycemia-induced endothelial injury, potentially by preserving
sirtuin 1 (SIRT1) levels and curbing mitochondrial fission [118], as well as via the down-
regulation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome [119].
On the other hand, semaglutide has exhibited vascular protective effects by mitigating
inflammatory damage to endothelial progenitor cells (EPCs), likely through suppression of
microRNA-155 (MiR-155) in macrophage-derived exosomes [120]. It may also contribute
to the maintenance of endothelial barrier integrity by limiting extracellular matrix com-
ponents associated with heightened permeability [121]. Further findings revealed that
semaglutide reversed cerebral microvascular rarefaction induced by high-fat diet and
supported the structural coherence of the neurovascular unit [122]. Notably, the drug
appears to outperform dietary interventions in improving endothelial and cardiac function
in obesity-associated heart failure, possibly via modulation of inflammatory pathways,
immune cell responses, and adipose tissue remodeling [123].

GLP-1 RAs may also confer indirect benefits on endothelial function through their
weight-reducing properties. Weight loss not only improves glycemic control but also
reduces ectopic adipose tissue depots, such as perivascular and epicardial fat, that exert
direct deleterious effects on the vascular endothelium [124]. Weight loss also contributes to
improved insulin sensitivity. Beyond these indirect effects, GLP-1 RAs have been shown
to exert direct actions on insulin signaling, including enhanced glucose uptake, reduced
oxidative stress, and improved lipid metabolism [125]. These mechanisms collectively
underscore the central role of GLP-1 RAs in promoting CV health—mechanisms that may
likewise translate to improved erectile function, given the shared pathophysiology between
CVD and ED [126]. However, dedicated studies specifically evaluating the effects of
GLP-1 RAs on erectile function remain scarce.

5.2. Potential Impact of GLP-1 Receptor Agonists on Erectile Function

Existing data point to a positive role of exenatide in facilitating NO-dependent smooth
muscle relaxation within the corpus cavernosum, likely mediated by reduced NADPH
oxidase activity. In a rat model of cavernosal dysfunction, Dalaklioglu et al. reported
that exenatide significantly improved erectile function, correlating with restoration of
endothelium-dependent and neurogenic relaxation, diminished oxidative stress and apop-
tosis, and normalization of signaling within the eNOS and ROCK2 pathways [127]. Similar
effects have been reported for liraglutide, which targets overlapping molecular pathways
involved in smooth muscle tone regulation. Beyond its vasodilatory properties, liraglutide
has been shown to promote structural remodeling of penile tissue by enhancing autophagic
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activity, thereby facilitating tissue regeneration independently of its glucose-lowering or
weight-reducing effects [128]. Furthermore, liraglutide may enhance the Akt/eNOS sig-
naling pathway by promoting Akt-dependent phosphorylation of eNOS, a crucial process
for maintaining NO bioavailability and supporting endothelial function in penile erec-
tion [129,130]. Indirect mechanisms have also been proposed, particularly in the context of
androgen deficiency. In an orchiectomized rat model, liraglutide was found to improve
metabolic disturbances, such as increased adiposity and impaired glucose regulation [131].
By contrast, to the best of our knowledge, there is currently no direct experimental evidence
exploring the effects of dulaglutide or semaglutide on erectile function.

Emerging evidence indicates that GLP-1 RAs may have therapeutic potential in
diabetes-related ED through a mitochondria-targeted, piezoelectric nanosystem. In a
diabetic mouse model of ED, ultrasound-activated barium titanate (BaTiO3)-based nanosys-
tem (BaTCG) generated localized piezoelectric currents that consumed protons (H") on
the mitochondrial outer membrane. This process reduced mitochondrial matrix H" avail-
ability, collapsed the mitochondrial membrane potential, and triggered mitophagy, thereby
attenuating oxidative stress, inflammation, and apoptosis. Simultaneously, the nanosystem
enabled sustained release of long-acting GLP-1 RAs, which activated pancreatic 3-cell
receptors to enhance insulin secretion and improve glycemic control. The combined effects
of restored metabolic balance, reduced mitochondrial injury, and suppressed inflammation
promoted tissue regeneration within the corpus cavernosum, ultimately improving erectile
function. Figure 4 provides a schematic representation of this nanosystem, highlighting the
role of GLP-1 RA-mediated glycemic regulation in mitochondrial recovery and erectile tis-
sue repair [132]. Several similar nanoplatforms have demonstrated promise in optimizing
antidiabetic therapy; however, their clinical application remains investigational [133].

GLP-1 RA-Mediated Glycemic Control Supports Mitochondrial
Recovery and Erectile Tissue Repair
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Figure 4. Nanotechnology-based GLP-1 RA delivery system supports mitochondrial recovery and
erectile tissue repair. This figure illustrates how the improvement in glycemic control mediated by
the action of GLP-1 RAs enhanced the anti-oxidant, anti-inflammatory, and anti-apoptotic effects
of a mitochondria-targeted piezoelectric nanosystem, providing an additional benefit to the overall
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amelioration of erectile dysfunction [132]. Abbreviations: ED: erectile dysfunction; GLP-1: glucagon-
like peptide 1; GLP-1 RA: glucagon-like peptide 1 receptor agonist; H*: protons; ROS: reac-
tive oxygen species; +: activation. |: reduction. Created in BioRender. Kounatidis, D. (2025)
https://BioRender.com/agueqv0 (assessed on 20 July 2025).

6. GLP-1 Receptor Agonists and Erectile Function: Insights from
Clinical Research

6.1. Evidence Supporting a Beneficial Effect of GLP-1 Receptor Agonists on Erectile Function

While high-quality clinical data remain limited, accumulating evidence increasingly
supports a potential therapeutic role for GLP-1 RAs in the management of ED. A small
prospective, randomized, open-label study involving men with obesity-related functional
hypogonadism unresponsive to lifestyle modification examined the effects of liraglutide
(3 mg daily) and testosterone replacement therapy (TRT). Both interventions led to significant
increases in total testosterone (TT) (+2.6 &£ 3.5 nmol/L with liraglutide vs. +5.9 4+ 7.2 nmol/L
with TRT), with comparable improvements in sexual function, including libido and erectile
performance. Furthermore, 16 weeks of liraglutide treatment outperformed TRT in promoting
weight loss (—7.9 4 3.8 kg vs. —0.9 = 4.5 kg with TRT, p < 0.001), while a marked differential
effect on the hypothalamic—pituitary—testicular (HPT) axis emerged, as TRT induced suppres-
sion of gonadotropins, whereas liraglutide produced a significant increase (p < 0.001) [134].
On the other hand, a subsequent prospective comparative study involving young men (aged
18-35) with metabolic hypogonadism, randomized to gonadotropins (Group A), liraglutide
(Group B), or TRT (Group C), demonstrated the superiority of liraglutide in improving sex-
ual function. After 4 months, Group B demonstrated significantly greater improvements in
erectile function, with IIEF-5 rising from 4 + 2 to 21 + 4 (p < 0.05), while PDES5 inhibitor use
declined most notably in Group B (Group A: 48%, Group B: 31%, Group C: 45%). Liraglutide
treatment was associated with improved sperm quality, accompanied by a significant increase
in TT of 192.9% (1.4 £ 0.6 vs. 4.1 £ 0.5 ng/mL, p < 0.05) and an elevation in SHBG of 157.1%
(14.0 £ 3.0 vs. 36.0 = 4.0 nmol/L, p < 0.05), both relative to baseline and in comparison with
the other two groups at the end of treatment. In addition, patients receiving liraglutide exhibited
significantly higher gonadotropin concentrations compared with the other groups, with FSH
(Group A: 0.9 £0.2IU/L vs. Group B: 2.6 + 0.2 IU/L vs. Group C: 0.2 + 0.1 IU/L, p < 0.05)
and LH (Group A: 1.0 £ 0.3 IU/L vs. Group B: 3.2 + 0.2 IU/L vs. Group C: 0.3 £+ 0.1 IU/L,
p < 0.05) [135].

The therapeutic benefits of GLP-1 RAs have also been reported when used as an
adjunct to metformin. In a retrospective one-year cohort study involving male outpatients
with T2D, Lisco et al. found that the combination of GLP-1 RAs with metformin, compared
with metformin monotherapy, produced marked increases in TT (+41.41 4 6.11 ng/dL,
p <0.0001) and free testosterone (fT) (+0.44 & 0.09 ng/dL, p < 0.0001) levels. These hormonal
changes were accompanied by a significant rise in IIEF-5 score (+2.26 £ 0.26, p < 0.0001).
Interestingly, the magnitude of benefit was greater in men with higher baseline IIEF-5
score (p = 0.045), those presenting with carotid artery stenosis (p = 0.045), and those who
experienced weight loss during treatment (p = 0.013) [106]. These results corroborate
an earlier observational study by the same research group, which further demonstrated
that the addition of liraglutide or dulaglutide to metformin enhanced erectile function,
irrespective of baseline gonadal status (p < 0.01) [136].

Liraglutide also appears to provide additional benefits when used alongside TRT and
metformin in men with T2D, obesity, hypogonadism, and recent-onset ED. After one year
of combined TRT and metformin, patients experienced significant improvements in erectile
function (p < 0.01), although none reached the glycemic target (HbAlc < 7.5%). Among
the 43 participants, 26 showed a limited glycemic response and were considered poor
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responders. These individuals received liraglutide at 1.2 mg daily during the second year,
while the remaining 17 continued on TRT and metformin combination. At the end of the
second year, patients who remained on TRT and metformin exhibited no further gains in
IIEF scores and experienced significant increases in HbAlc (p < 0.05) and body weight
(p < 0.04). In contrast, subjects receiving liraglutide not only reached glycemic targets and
lost weight (p < 0.01) but also showed additional increases in SHBG (p < 0.05) and TT
(p < 0.01), with concurrent marked improvements in erectile function [137]. Genetic data
provide further support for a causal link between GLP-1 RA use and reduced ED risk.
A Mendelian randomization study found genetically proxied GLP-1 RA exposure to be
inversely associated with ED (OR: 0.493; 95% CI: 0.430-0.565; p < 0.001), with mediation
analysis indicating that conventional risk factors such as T2D, obesity, hypertension, and
CVD explained only a small portion of the observed effect [138].

To date, the main randomized control trial (RCT) addressing erectile outcomes with
GLP-1 RA therapy is an exploratory analysis of the REWIND (Researching Cardiovascular
Events With a Weekly INcretin in Diabetes) trial. Among 5312 men with T2D, 3725 com-
pleted baseline and follow-up IIEF assessments. Dulaglutide treatment was associated
with a modest but significant reduction in moderate-to-severe ED compared with placebo
(21.3 vs. 22.0 per 100 person-years; HR: 0.92, 95% CI: 0.85-0.99; p = 0.021). Dulaglutide also
attenuated erectile function decline over time, with a least squares (LS) mean difference in
erectile function subscore of 0.61 (95% CI: 0.18-1.05; p = 0.006) [139].

6.2. Evidence Suggesting a Potential Adverse Impact of GLP-1 Receptor Agonists on
Erectile Function

Despite increasing evidence supporting the beneficial effects of GLP-1 RAs on erectile
function, a limited number of studies have raised concerns regarding potential adverse
sexual outcomes. A retrospective cohort study using the TriNetX Research database evalu-
ated the incidence of ED in 3094 non-diabetic men with obesity (aged 18-50) prescribed
semaglutide for weight management, matched to an equal number of semaglutide-naive
men with obesity. After excluding patients with prior ED, T2D, or confounding phar-
macologic treatments, semaglutide use was associated with a higher incidence of newly
diagnosed ED or initiation of PDES5 inhibitor therapy (1.47% vs. 0.32%; RR: 4.5). Reported
rates of testosterone deficiency were also higher among semaglutide users (1.53% vs. 0.80%;
RR: 1.9). While ED and testosterone deficiency were uncommon in younger men, non-
diabetic men with obesity on semaglutide showed a higher risk. Thus, the authors empha-
sized the importance of informing patients, particularly those at elevated risk, about this
potential adverse effect, while also highlighting the need for further research to elucidate
underlying mechanisms and optimize therapeutic benefits [140].

Additional signals have emerged from a cross-sectional analysis of the FDA Adverse
Event Reporting System (FAERS) database (2003-2024). This pharmacovigilance study
detected 182 GLP-1 RA-related sexual adverse events, extending beyond ED, to include
reduced libido and orgasmic disorders. Most reports involved men aged 40-60 with T2D
being the main indication of use (43.9%). Exenatide (24.2%) and semaglutide (21.4%) were
the most frequently implicated agents, followed by liraglutide (20.9%) and dulaglutide
(18.7%). Among the different types of sexual dysfunction identified, ED accounted for
the majority, representing 71.4% of cases. Although the analysis revealed a statistically
significant association (p < 0.0001), the study had important limitations, including those
inherent to the FAERS database. Furthermore, the signal strength was weak, insufficient to
indicate a significant clinical risk, highlighting the need for cautious interpretation of the
study results [107]. Table 1 summarizes the main characteristics and findings of clinical
studies evaluating the impact of GLP-1 RAs on erectile function.
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7. The Influence of Other Antidiabetic Drugs on Erectile Function:
Comparative Evidence with GLP-1 Receptor Agonists

7.1. Erectile Effects of Other Antidiabetic Therapies: Mechanistic Insights and Clinical Evidence

Multiple studies have examined the effects of antidiabetic therapies on erectile func-
tion, but findings remain inconsistent and at times contradictory. Metformin, for example,
has demonstrated both beneficial and adverse effects. In a preclinical model of angiotensin
II-induced ED, metformin normalized corpus cavernosum contractility and enhanced
smooth muscle relaxation through increased eNOS phosphorylation [141]. When combined
with antioxidants, it improved intracavernosal pressure and eNOS activity, while reducing
mitochondrial autophagy, AGE generation, and the collagen-to-smooth muscle ratio in
erectile tissue [142]. Conversely, short-term metformin use has been linked to reduced
testosterone and libido, potentially blunting the testosterone rise typically associated with
improved glycemic control [143,144].

Pioglitazone, an insulin sensitizer that functions as a peroxisome proliferator-activated
receptor gamma (PPAR-y) agonist, may exert protective effects against ED [145,146].
PPAR-v is expressed in VSMCs, where its activation reduces oxidative stress and suppresses
pro-inflammatory signaling [147]. Pioglitazone also attenuated endothelin-1-induced vaso-
constriction by downregulating cyclooxygenase-2 (COX-2) via activator protein-1 (AP-1)
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B), while enhancing
NO bioavailability [148]. In a rat model of bilateral cavernous nerve injury, it restored erec-
tile function via insulin-like growth factor-1 (IGF-1) signaling activation [149]. Clinically,
pioglitazone has been shown to improve erectile response in men with sildenafil-resistant
ED [150].

Insulin therapy, particularly when combined with antioxidants, has been shown to
mitigate ED by inhibiting the AGEs-RAGE-oxidative stress axis [151]. It may also promote
recovery by modulating apoptotic protein expression and by restoring androgen receptor
expression in penile tissue [152,153]. Evidence on insulin secretagogues such as SUs in-
dicates mixed effects. Genetic studies suggest an increased ED risk with gliclazide [154],
possibly due to SU-mediated inhibition of ATP-sensitive potassium channels essential for
prostaglandin E1 (PGE1)- and cAMP-dependent vasodilation [155]. Conversely, SUs have
been associated with increased testosterone, enhanced libido, and improved erectile func-
tion [156]. Notably, adulterated sexual enhancement products containing glibenclamide or
glyburide have caused outbreaks of severe hypoglycemia [157,158].

The role of dipeptidyl peptidase-4 inhibitors (DPP-4is) in erectile performance
remains uncertain, although preliminary evidence suggests vascular benefits, in-
cluding endothelial repair via endothelial progenitor cells (EPCs) mobilization [159].
Saxagliptin has been demonstrated to improve ED by upregulating stromal cell-derived
factor 1 (SDF-1), which enhances EPC homing, and by activating phosphoinositide
3-kinase/protein kinase B (PI3K)/Akt signaling, thereby diminishing oxidative stress
and apoptosis [160]. Additional research has revealed that toleragliptin improved erec-
tile responses in a vincristine-induced ED model via increased nNOS expression and
endothelial signaling [161]. Conversely, the VILDA study reported a 22.8% incidence of
ED over two years with vildagliptin use [162].

Sodium-glucose cotransporter-2 inhibitors (SGLT-2is) are well recognized for their
CV benefits, including improved arterial stiffness and endothelial function [163]; however,
their effects on sexual health remain ambiguous. Dapagliflozin and empagliflozin have
been shown to restore NO availability under tumor necrosis factor-alpha (TNF-«)-induced
endothelial inflammation through ROS reduction. Interestingly, these effects appear inde-
pendent of eNOS activity or barrier integrity [164,165]. Data on canagliflozin are limited,
though one study suggested potential interaction with tadalafil metabolism via cytochrome
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P450 3A4 inhibition, warranting caution in coadministration [166]. Clinically, dapagliflozin
improved erectile function and enhanced tadalafil responsiveness in men with T2D [167].
In contrast, a large observational study reported increased incident ED risk with SGLT-2i
therapy (adjusted HR: 1.55; 95% CI: 1.40-1.72) [168].

7.2. Potential Comparative Advantage of GLP-1 Receptor Agonists in Erectile Function

Although limited, comparative evidence suggests that GLP-1 RAs may exert superior
effects on erectile function relative to other antidiabetic agents. In a trial comparing exe-
natide plus metformin with glimepiride plus metformin, TT increases over 3 months were
significantly greater with exenatide (121.72 & 56.73 ng/dL vs. 34.67 + 16.30 ng/dL) [169].
Another study reported higher IIEF-5 scores in men treated with GLP-1 RAs versus insulin
(16.7 £ 4.7 vs. 12.9 & 6.2; p = 0.02), a difference that remained significant after adjustment
for age and diabetes duration (p = 0.01). No differences in erectile function were observed
between metformin, SUs, DPP-4is, or SGLT-2is [170].

The comparative advantage of GLP-1 RAs has also been supported by recent system-
atic reviews and meta-analyses. A meta-analysis by Yang et al. demonstrated superiority
of GLP-1 RAs over metformin in improving erectile function (p = 0.02), with greater
benefits in men with BMI > 30 kg/ m? (p = 0.02) [171]. Similarly, a meta-analysis by
Rastrelli et al., including 4112 patients, showed that observational data supported im-
provements in erectile health with GLP-1 RAs, SGLT-2is, and metformin, though not
superior to lifestyle interventions. In contrast, RCTs demonstrated significant IIEF im-
provements with metformin, pioglitazone, and dulaglutide. The authors suggested
that GLP-1 RAs and SGLT-2is may be particularly effective in advanced metabolic dys-
function, whereas metformin may remain preferable for less complex cases [172]. The
same research group also found that GLP-1 RA therapy significantly increased TT, T,
SHBG, and gonadotropin levels, with concurrent improvements in erectile function.
Meta-regression analysis demonstrated a strong correlation between GLP-1 RA-induced
weight loss and TT elevation, implicating weight reduction as a principal mediator
(p < 0.0001) [173].

These findings are further supported by two additional systematic reviews and meta-
analyses, both highlighting the favorable impact of GLP-1 RAs on functional hypog-
onadism, largely attributable to weight loss [174,175]. Van Cauwenberghe et al. [174]
reported minimal or no hormonal effects from other antidiabetic agents. Notably, an indi-
vidual study within this review yielded insights such as the neutral impact of exenatide on
serum testosterone in men with T2D [176]. In contrast, Salvio et al. found that while andro-
genic effects of GLP-1 RAs were comparable to those of other antidiabetic therapies, they
offered superior benefits in terms of BMI reduction, increased gonadotropin levels, and im-
proved erectile function scores [175]. Table 2 presents the data, findings, and conclusions of
these meta-analyses.
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8. Research Gaps, Challenges, Future Perspectives, and Conclusions

8.1. Evaluating Mechanistic and Clinical Evidence Supporting GLP-1 Receptor
Agonists—Mediated Erectile Benefits

ED is recognized as an early and independent predictor of CVD, with evidence
indicating a 45% increased risk among individuals with ED [177]. The two conditions share
overlapping pathophysiological mechanisms, including systemic inflammation, endothelial
dysfunction, and atherosclerosis [178]. Current experimental data on the role of GLP-1 RAs
in ED remains limited, primarily focusing on exenatide and liraglutide, with an emphasis on
vascular outcomes [127-130]. On the other hand, understanding the mechanisms through
which GLP-1 RAs exert their beneficial effects on CVD provides a theoretical framework
for their potential effects on erectile function.

Potential benefits on erectile performance may arise from glycemic control-related
mechanisms, including inhibition of AGE generation and reduction of oxidative stress [179],
as well as preservation of mitochondrial integrity via modulation of programmed cell death
pathways, such as pyroptosis and ferroptosis [180,181]. Furthermore, GLP-1 RAs may
exert synergistic anti-inflammatory and antioxidant effects through reduced neutrophil
extracellular trap (NET) formation and inhibition of NLRP3 inflammasome activation [182].
In diabetic ED models, a transcriptomic analysis demonstrated downregulation of genes in-
volved in smooth muscle contractility and mitochondrial function, alongside upregulation
of Wnt signaling and extracellular matrix remodeling [183].

Additional mechanisms may involve the modulation of key signaling pathways. The
protein kinase A (PKA) pathway supports NO-mediated smooth muscle relaxation via
cAMP signaling [184], whereas the Hippo—-YAP1 axis regulates endothelial integrity, glu-
cose metabolism, and fibrosis [185]. GLP-1 RA-mediated modulation of these pathways
has shown benefits in other models and may potentially extent to erectile health [186,187].
Beyond endothelial dysfunction, pericyte impairment has been identified as a contributor
to diabetic ED [188]. Given that GLP-1 receptors are expressed on cerebral pericytes, where
they mediate vascular stabilization, similar effects in penile pericytes are plausible [189].
Moreover, the detection of GLP-1 receptors in testicular tissue raises the possibility of ef-
fects on gonadal function, mediated not only through hormonal pathways [190]. Although
preclinical models frequently employ dosing regimens that limit direct translational appli-
cability, they remain essential for delineating pharmacodynamic mechanisms, including
those underlying the well-established CV benefits of GLP-1 RAs, which could also have
implications for ED [191].

On the clinical front, an increasing number of studies in recent years have suggested
favorable effects of GLP-1 RAs on erectile and sexual function, as well as on reproductive
outcomes in both men and women [192]. However, these observations are subject to
significant methodological constraints. Clinical trials investigating the effects of GLP-
1 RAs on erectile function are typically limited by small sample sizes, short follow-up
durations, and lack of evaluation of dose-response and exposure-response relationships.
Furthermore, most available studies are observational in design and display considerable
heterogeneity. To date, no RCT has been conducted with erectile function as a predefined
primary endpoint [106,134-139].

These limitations also apply to comparative analyses of GLP-1 RAs versus other
antidiabetic agents, for which the impact on erectile function remains uncertain. A plausible
explanation for the apparent advantage of GLP-1 RAs may involve their superior weight-
loss efficacy relative to other antidiabetic drugs, particularly SGLT-2is, which themselves
confer substantial CV benefits. Few studies have specifically evaluated symptoms of
androgen deficiency, and reported changes in testosterone levels are generally modest
and subject to variability in study design [169-175]. Finally, the reliability and validity of
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instruments used to assess ED, such as the IIEF, remain debated, with evidence suggesting
important limitations [193].

8.2. Assessing Emerging Concerns and Theoretical Risks of GLP-1 Receptor Agonists on
Erectile Function

While the preponderance of available evidence suggests a beneficial effect of
GLP-1 RAs on erectile function, rare reports of potential harm warrant careful consid-
eration, even though the underlying studies face significant constraints, restricting causal
inference. For instance, Able et al. relied on claims-based International Classification of
Diseases, Tenth Revision (ICD-10), without verification of medication adherence. Lack of
confirmation of actual drug intake limits the ability to draw conclusions about long-term
effects on sexual health. Additional confounders included baseline BMI differences and the
inability to distinguish between specific forms of sexual dysfunction [140]. On the other
hand, although the FAERS analysis identified a statistically significant association between
GLP-1 RA use and sexual dysfunction, the signal was weak, and inherent database limita-
tions, including reporting bias and residual confounding, were present [107]. Combining
the results of these two studies suggests that, while the overall risk of ED appears low or
even uncertain, the increasing use of GLP-1 RAs highlights the need for ongoing clinical
vigilance [107,140,194]. Of note, a recent U.S. surveillance study of emergency department
visits for semaglutide-related adverse effects reported no cases of ED, though such visits
are inherently uncommon [195,196].

To date, no experimental studies have demonstrated a harmful effect of GLP-1 RAs on
erectile function. Consequently, the mechanisms through which GLP-1 RAs might nega-
tively influence sexual health remain uncertain. It has been proposed that GLP-1 receptors
in brain regions regulating appetite and reward may modulate neurotransmitters, such
as dopamine and serotonin, potentially influencing sexual arousal [107,197]. Additional
hypotheses include the rapid correction of glycemia following GLP-1 RA administration,
similar to the exacerbation of DR, as well as long-term effects of prior hyperglycemia
via persistent changes in endothelial gene expression, often referred to as “glucose mem-
ory” [198,199]. Other potential mechanisms involve altered testosterone pulsatility and
GLP-1-mediated smooth muscle relaxation in penile tissue [140,200]. The development
of ED may also be linked to the weight-lowering features of GLP-1 RAs, which can cause
significant lean body mass loss, occasionally progressing to sarcopenia, a factor associated
with ED [201,202]. On the other hand, in normal-weight individuals, caloric restriction
has been linked to reduced testosterone levels, suggesting that GLP-1 RA use in such T2D
patients may contribute to ED [203,204].

Overall, although caution is warranted, the aforementioned data should not dissuade
clinicians from prescribing GLP-1 RAs, as such an association is not firmly established,
and even in cases with semaglutide, the incidence was particularly low, approximately
1.4% [140,205]. In instances where ED develops following GLP-1 RA therapy, discontin-
uation is indicated, accompanied by a thorough urological evaluation. According to the
2025 European Association of Urology (EAU) guidelines, this evaluation should include a
comprehensive medical and sexual history as well as early-morning fasting TT measure-
ment. PDES5 inhibitors constitute the first-line treatment, while adjunctive TRT may be
considered for hypogonadal non-responders, with careful attention to potential side effects,
such as gastrointestinal symptoms, increased blood pressure, and thrombosis [206]. From a
diabetology perspective, a reasonable approach involves substituting GLP-1 RA therapy
with an alternative antidiabetic agent. If erectile function and testosterone levels improve
but GLP-1 RA therapy remains clinically necessary, re-initiation at a previously tolerated
lower dose or switching to a different GLP-1 RA may be considered, with close monitoring
and informed consent. Notably, the timeline for testosterone recovery remains uncertain
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and may be prolonged [207]. Among available GLP-1 RAs, dulaglutide may represent the
safest option, with even favorable effects [139], further supported by a recent RCT showing
that in eugonadal normal-weight men, dulaglutide did not adversely affect sexual desire,
the HPG axis, or sperm parameters compared with placebo. However, the study included a
small number of participants and had a limited follow-up of only one month [208]. Despite
these various hypotheses and therapeutic considerations, it is clear that well-designed,
long-term RCTs are needed to provide definitive answers.

8.3. Comparing GLP-1 Receptor Agonists with Other Weight Loss Interventions

Assessment of the impact of GLP-1 RAs on erectile function is further limited by the
lack of comparative data with other weight loss interventions. Theoretically, tirzepatide
may confer additional erectile health benefits through its GIP component. However, the
vascular effects of GIP remain poorly defined due to inconsistent GIP receptor (GIPR)
expression across different endothelial beds [209]. Furthermore, while both GIP and GLP-
1 exert protective effects on the vasculature under normal glucose levels, only GLP-1
enhances endothelial function in states of hyperglycemia. This occurs via increased eNOS
expression and subsequent NO production through cAMP signaling [210]. This divergence
may have implications for diabetes-associated ED, where NO bioavailability is essential.
Moreover, although GIPR is expressed in the testes in preclinical models, its role in human
reproductive physiology appears limited based on gene expression data [211]. On the other
hand, tirzepatide may offer superior benefits over GLP-1 RAs due to its greater efficacy
in weight loss. In a pilot study involving men with obesity and metabolic hypogonadism,
tirzepatide improved both erectile function and hormonal profiles (p < 0.05), outperforming
lifestyle modification and TRT [212]. It is worth noting that pharmacovigilance data,
which linked GLP-1 RA administration with ED development, reported tirzepatide in
14.3% of cases—a lower proportion compared to liraglutide, dulaglutide, and semaglutide.
Nevertheless, the annual distribution of adverse event reports revealed that tirzepatide
exceeded semaglutide in 2023 and early 2024, consistent with its rising clinical use [107].

Relevant insights also arise from non-pharmacological weight loss interventions,
such as metabolic bariatric surgery (MBS). Evidence suggests that MBS improves erectile
function through mechanisms related to weight loss and T2D remission. On the contrary,
although postoperative testosterone levels increase, they do not seem to independently
improve ED [213]. Notably, metabolomic studies indicate that GLP-1 RAs induce modest
metabolic changes primarily related to glycemic control and appetite, whereas MBS triggers
broader shifts in gut hormone signaling and nutrient sensing [214,215]. Despite emerging
evidence, comparative data evaluating the effects of GLP-1 RAs, tirzepatide, and MBS on
erectile function remain lacking.

In conclusion, ED represents a common yet frequently underrecognized microvas-
cular complication of diabetes, influenced by a broad spectrum of risk factors. Emerging
preclinical and clinical evidence suggests that GLP-1 RAs may exert beneficial effects on
erectile function, potentially exceeding those of other antidiabetic therapies. Nevertheless,
conclusions remain premature. Concurrently, recent reports have raised concerns regarding
possible ED development among GLP-1 RA users. However, these observations are limited
by methodological shortcomings, and the strength of the association appears weak. Further
mechanistic investigations are warranted to delineate the underlying biological pathways,
while rigorously designed, long-term RCTs with erectile function as a predefined primary
endpoint are essential. Until such data become available, clinicians should remain vigilant
for symptoms of ED following the initiation or dose titration of GLP-1 RAs and be prepared
to implement appropriate therapeutic strategies. Figure 5 summarizes the key features of
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diabetes-related ED and outlines the current evidence regarding the effects of GLP-1 RAs
on erectile function.

The Impact of GLP-1 RAs on Erectile Function

e ED is a common complication of diabetes, affecting
up to 75% of patients

» Potential risk factors include aging, diabetes type
and duration, poor glycemic control, glucose
variability, obesity, hypertension, and CVD

* Core mechanisms involve hyperglycemia, IR, and
hypogonadism, with AGEs and oxidative stress
playing key roles

¢ Experimental data suggest that GLP-1 RAs may
improve erectile function via specific signaling
pathways

Observational studies indicate a positive effect of
GLP-1 RAs on erectile function

» However, limited data-including pharmacovigilance
reports-raise safety concerns

* GLP-1 RAs may offer advantages over other
antidiabetic therapies, though current evidence is
limited and largely derived from observational
research

Conclusions:
7 Preliminary data are promising but not conclusive
v ED risk remains uncertain; however, it should be
considered
v High-quality RCTs are needed to confirm the exact
impact of GLP-1 RAs on erectile function
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Figure 5. Diabetes-associated erectile dysfunction and the role of GLP-1 receptor agonists: An
evidence-based snapshot. Abbreviations: AGEs: advanced glycation end products; CVD: cardiovas-
cular disease; ED: erectile dysfunction; GLP-1 RA: glucagon-like peptide-1 receptor agonist; RCT: ran-
domized controlled trial. Created in BioRender. Kounatidis, D. (2025) https:/ /BioRender.com/21i8b6j
(assessed on 27 August 2025).
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Abbreviations

3-NT: 3-nitrotyrosine; Ach: acetylcholine; AD: Alzheimer’s disease; AGEs: advanced glycation
end products; Akt: protein kinase B; AMPK: AMP-activated protein kinase; AP-1: activator
protein-1; AR: androgen receptor; BaTCG: barium titanate-based composite; BMI: body mass index;
cAMP: cyclic adenosine monophosphate; CGM: continuous glucose monitoring; cGMP: cyclic guano-
sine monophosphate; CI: 95% confidence interval; C-index: concordance index; CIMT: carotid
intima-media thickness; CKD: chronic kidney disease; COX-2: cyclooxygenase-2; CTGF: con-
nective tissue growth factor; CV: cardiovascular; CVD: cardiovascular disease; DPP-4i: dipep-
tidyl peptidase-4 inhibitor; EAU: European Association of Urology; ED: erectile dysfunction;
EDHF: endothelium-derived hyperpolarizing factor; eGFR: estimated glomerular filtration rate;
eNOS: endothelial nitric oxide synthase; EPC: endothelial progenitor cell; Exenatide LAR: exe-
natide long-acting release; FAERS: FDA Adverse Event Reporting System; FPG: fasting plasma
glucose; FSH: follicle-stimulating hormone; fT: free testosterone; GGT: gamma-glutamyl transferase;
GIP: gastric inhibitory polypeptide; GIPR: GIP receptor; GLP-1 RA: glucagon-like peptide-1 re-
ceptor agonist; GnRH: gonadotropin-releasing hormone; GTP: guanosine triphosphate; HbAlc:
glycated hemoglobin; hCG: human chorionic gonadotropin; HOMA-IR: homeostasis model assess-
ment of insulin resistance; HPG: hypothalamic-pituitary-gonadal; HR: hazard ratio; HUVEC: human
umbilical vein endothelial cell; ICD-10: International Classification of Diseases, Tenth Revision;
IGF-1: insulin-like growth factor-1; IIEF: International Index of Erectile Function; ION: ischemic optic
neuropathy; IR: insulin resistance; JNK: c-Jun N-terminal kinase; KCa: calcium-dependent potassium;
LDL-C: low-density lipoprotein cholesterol; LEADER: Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results; LH: luteinizing hormone; LIPA: low-intensity pulsed
ultrasound; LS: least squares; M3 receptor: muscarinic M3 receptor; MACE: major cardiovascular
events; mAR: membrane-bound androgen receptor; MASH: metabolic dysfunction-associated steato-
hepatitis; MBS: metabolic bariatric surgery; MetS: metabolic syndrome; METS-IR: metabolic score
for insulin resistance; MiR-155: microRNA-155; mTORC2: mammalian target of rapamycin complex
2; MTC: medullary thyroid carcinoma; mTOR: mammalian target of rapamycin; NADPH: nicoti-
namide adenine dinucleotide phosphate; NANC: non-adrenergic, non-cholinergic; NET: neutrophil
extracellular trap; NF-«B: nuclear factor kappa-light-chain-enhancer of activated B cells; NHANES:
National Health and Nutrition Examination Survey; NLRP3: NLR family pyrin domain containing 3;
nNOS: neuronal nitric oxide synthase; NO: nitric oxide; p38 MAPK: p38 mitogen-activated protein
kinase; PDE5: phosphodiesterase type 5; PGE1: prostaglandin E1; PI3K: phosphoinositide 3-kinase;
PKA: protein kinase A; PPAR-y: peroxisome proliferator-activated receptor gamma; PKG-1: protein
kinase G type 1; Q1: first quartile; QoL: quality of life; RAGE: receptor for advanced glycation end
products; RCT: randomized controlled trial; REWIND: Researching Cardiovascular Events With
a Weekly INcretin in Diabetes; RNS: reactive nitrogen species; ROCK2: Rho-associated kinase 2;
ROS: reactive oxygen species; sGC: soluble guanylyl cyclase; SDF-1: stromal cell-derived factor 1;
SGLT-2i: sodium-glucose cotransporter-2 inhibitor; SHBG: sex hormone-binding globulin; SIRT1:
sirtuin 1; Smad: SMAD family proteins; SPC: stromal progenitor cell; SSC: sacral spinal cord; SU:
sulfonylurea; T1D: type 1 diabetes; T2D: type 2 diabetes; TGF-31; transforming growth factor beta 1;
TNF«: tumor necrosis factor-alpha; TRT: testosterone replacement therapy; TT: total testosterone;
TyG: triglyceride-glucose; TZD: thiazolidinedione; VEGF: vascular endothelial growth factor; VSMC:

vascular smooth muscle cell; WC: waist circumference.
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Abstract: Cellular behavior is strongly influenced by mechanical signals in the surrounding
microenvironment, along with external factors such as temperature fluctuations, changes in
blood flow, and muscle activity, etc. These factors are key in shaping cellular states and can
contribute to the development of various diseases. In the realm of rehabilitation physical
therapies, therapeutic exercise and manual treatments, etc., are frequently employed, not
just for pain relief but also to support recovery from diverse health conditions. However,
the detailed molecular pathways through which these therapies interact with tissues and
influence gene expression are not yet fully understood. The identification of YAP has been
instrumental in closing this knowledge gap. YAP is known for its capacity to perceive
and translate mechanical signals into specific transcriptional programs within cells. This
insight has opened up new perspectives on how physical and rehabilitation medicine may
exert its beneficial effects. The review investigates the involvement of the Hippo/YAP
signaling pathway in various diseases and considers how different rehabilitation tech-
niques leverage this pathway to aid in healing. Additionally, it examines the therapeutic
potential of modulating the Hippo/YAP pathway within the context of rehabilitation, while
also addressing the challenges and controversies that surround its use in physical and
rehabilitation medicine.

Keywords: YAP; Hippo; TAZ; exercise; sport; rehabilitation; physical therapy; muscle;
bone; cartilage

1. Introduction

Physical and rehabilitation medicine, including physical therapies, exercise, ultra-
sound, vibration, cold therapy, hyperthermia, and manual therapy, etc., employs mechan-
ical and thermal stimuli to achieve therapeutic effects, but the underlying mechanism
of these interventions is incompletely understood. The Hippo/YAP signaling pathway
provides a new perspective on how physical therapies contribute to tissue repair and
regeneration. YAP, as a key effector of this pathway, acts as a sensor of mechanical cues
such as extracellular matrix stiffness, fascial stiffness, blood flow, and muscle contractions,
converting these inputs into cellular responses that affect proliferation, differentiation,
and migration. The Hippo/YAP signaling pathway was initially identified in Drosophila,
where it plays a fundamental role in controlling organ size by regulating cell proliferation
and apoptosis [1]. In mammals, this pathway has been shown to be highly conserved, with
Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ)
serving as the primary effectors that translocate to the nucleus in response to changes in
mechanical cues and promote the transcription of targeted genes [2]. The Hippo/YAP
pathway is regulated through a kinase cascade that includes mammalian STE20-like protein
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kinases 1 and 2 (MST1/2) and large tumor suppressor kinases 1 and 2 (LATS1/2), which
phosphorylate YAP/TAZ and prevent their nuclear localization [3].

The application of mechanical stimuli, such as those encountered during physical
therapy, is known to influence cellular fate and tissue homeostasis [4,5]. These stimuli,
including therapeutic exercise, ultrasound, manual therapy, physical therapies, and me-
chanical loading, have been shown to affect processes such as stem cell differentiation,
tissue remodeling, and inflammatory response [6]. For instance, mechanical forces gen-
erated during exercise or ultrasound therapy have been demonstrated to influence YAP
activity and promote tissue regeneration and repair [4,5,7]. Recent studies have further
demonstrated that mechanical stimuli, including vibration therapy and mechanical stretch-
ing, can enhance YAP-mediated signaling, thereby promoting angiogenesis and muscle
regeneration [8]. This mechano-transduction capability makes the Hippo/YAP pathway a
key player in rehabilitation medicine, where mechanical signals are harnessed to stimu-
late tissue repair and remodeling, reduce inflammation, and improve functional recovery.
Furthermore, physical therapies are particularly relevant in the context of musculoskeletal,
cardiovascular, and metabolic diseases, where tissue regeneration and remodeling are cru-
cial components of rehabilitation [4]. The integration of the Hippo/YAP pathway in these
therapies provides a molecular understanding of how mechanical and thermal signals are
translated into beneficial biological outcomes to enhance the effectiveness of rehabilitation
strategies. Understanding the specific role of YAP in different therapeutic modalities will
aid in optimizing treatment protocols and potentially combining various forms of physical
therapies, exercise, and manual therapy, etc., for enhanced outcomes [9].

The aim of this narrative review is to explore the role of the Hippo/YAP pathway in
physical and rehabilitation medicine, delving into how this mechanism can explain the ther-
apeutic effects of the different therapies of physical and rehabilitation medicine. Specifically,
we will focus on how the mechanical and thermal stimuli used in these therapies—such
as physical exercise, ultrasound, vibration, manual therapy, and cryotherapy—influence
YAP activation, and consequently the cellular processes involved in tissue repair and
regeneration. A deeper understanding of how YAP responds to mechanical stimuli will
allow for the identification of new strategies to optimize the effectiveness of rehabilitative
therapies, potentially combining different modalities to maximize regenerative effects and
reduce inflammation. This integrated approach could lead to significant improvements in
the management of musculoskeletal, cardiovascular, and metabolic conditions, enhancing
functional recovery and the patient’s quality of life.

2. Generality on Yes-Associated Protein (YAP)

Yes-associated protein (YAP) is a pivotal effector of the Hippo signaling pathway, a
highly conserved kinase cascade that plays a critical role in regulating fundamental cellular
processes such as proliferation, differentiation, and apoptosis [1]. YAP1 was first identified
and named by Sudol et al. in 1995, who discovered and cloned this novel 65 KD protein.
It was found to bind to the SH3 domain of the non-receptor tyrosine kinase YES [10].
The gene product of YAP1 has two main subtypes, YAP1-1 and YAP1-2, which differ by
an extra 38 amino acids that form the WW domain. The YAP1-1 variant, containing a
single proline, is also known as Yes-associated protein (YAP65) due to its binding to the
proto-oncogene YES. In mammals, the YAP1 ortholog has either one (YAP1-1) or two (YAP1-
2) WW domains. Structurally, YAP1 includes a transcription activator-binding protein
(TID), a WW domain, and a transcription activation domain (TAD). Some YAP1 variants
also feature an SH3-binding motif (SH3-BM) and a leucine zinc finger. At its N-terminal,
YAP1 has a proline-rich region, followed by the TAD and PDZ-binding motif (°PDZ-BM),
which are crucial for activating specific gene transcription. Due to regulatory variations in

67



Biomolecules 2025, 15, 96

transcription, translation, and modification levels, YAP1 functions differently across cell
types. The modular structure of the two YAP1s is illustrated in Figure 1.

YAP 1-1 N WW
SH3-BM PDZ-BM
YAP 1-2 N WW wWwW C

Figure 1. Modular structure of YAP.

The Hippo signaling pathway acts as a central regulator of organ size, tissue home-
ostasis, and regeneration, with YAP being one of the primary mediators through which
these effects are exerted. Together with its homolog, transcriptional coactivator with PDZ-
binding motif (TAZ), YAP functions as a mechanosensitive transcriptional regulator that
integrates a variety of extracellular signals—including mechanical forces, oxidative stress,
and biochemical cues—into specific cellular responses that determine cell fate [4,9]. The
Hippo pathway itself consists of a series of kinases, including MST1/2 and LATS1/2, which
phosphorylate and inactivate YAP/TAZ, thus retaining them in the cytoplasm [10]. When
the Hippo pathway is inactive, YAP and TAZ translocate to the nucleus, where they interact
with transcriptional enhancer activator domain (TEAD) family proteins, among others,
to drive the transcription of genes involved in cell growth, survival, and tissue regener-
ation [11]. The activity of YAP is tightly regulated by upstream signals, such as cell-cell
contact, cytoskeletal dynamics, and extracellular matrix (ECM) stiffness, allowing YAP to
act as a key sensor of the mechanical and biochemical state of the tissue environment [3].
Mechanical stress is one of the most critical regulators of YAP activity. Cells residing within
tissues are constantly exposed to mechanical forces, such as tension, compression, and
shear stress, which alter the physical properties of the ECM. YAP/TAZ serve as mechano-
transducers, responding to these forces by modulating gene expression programs that
control cell proliferation and differentiation [4]. When cells experience high mechanical
tension or increased ECM stiffness, YAP becomes activated and accumulates in the nucleus,
promoting the expression of genes that drive cell growth and survival [5]. Conversely,
under conditions of low mechanical tension, YAP is phosphorylated and sequestered in the
cytoplasm, leading to decreased cell proliferation and increased differentiation and apopto-
sis. This mechanosensitive function of YAP is important in maintaining tissue homeostasis
and orchestrating appropriate responses to injury and regeneration (Figure 2) [12].

YAP is also highly responsive to biochemical signals, including growth factors, hor-
mones, and oxidative stress. Growth factors such as the epidermal growth factor (EGF)
and transforming growth factor-p (TGF-f3) can activate YAP through various signaling
pathways, including the PI3K-Akt and Rho GTPase pathway, enhancing its nuclear local-
ization and transcriptional activity [10,13]. YAP’s interaction with these pathways allows
it to act as a central integrator of diverse signaling inputs, thereby playing a key role in
coordinating complex cellular responses, such as stem cell maintenance, tissue repair, and
immune modulation [14]. Oxidative stress, which often occurs during inflammation or
tissue damage, can also influence YAP activity, by altering its phosphorylation state or
its interactions with other proteins in the cell [15]. In the nucleus, YAP functions as a
transcriptional coactivator, lacking its own DNA-binding domain but instead partnering
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with TEAD transcription factors to regulate target gene expression [13]. The YAP-TEAD
complex controls the expression of numerous genes involved in cell proliferation, such
as CTGF (connective tissue growth factor) and CYR61 (cysteine-rich angiogenic inducer
61), which are crucial for tissue regeneration and wound healing [11]. Additionally, YAP
interacts with other transcription factors, including SMADs, p73, and RUNX, enabling it to
participate in multiple cellular pathways and processes. For example, YAP’s interaction
with SMADs allows it to modulate TGF-f signaling, which is essential for fibrosis, while its
interaction with RUNX2 is important for osteoblast differentiation and bone formation [16].
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Figure 2. Mechano-transduction pathways regulating YAP/TAZ activity. This schematic shows
how mechanical signals—such as ECM stiffness, mechanical stretch, and shear stress—modulate
YAP /TAZ activity via Hippo-dependent and independent pathways. The Hippo pathway’s core
kinases, MST1/2 and LATS1/2, respond to mechanical cues to regulate YAP/TAZ phosphorylation
and localization. Alternatively, these mechanical stimuli can bypass the kinase cascade, influencing
YAP/TAZ localization through cytoplasmic and nuclear actin dynamics.

The regulation of YAP is also influenced by cell polarity and cell density. In conditions
of high cell density, the Hippo pathway is activated, leading to YAP phosphorylation
and cytoplasmic retention and inhibiting cell proliferation [13]. This contact inhibition
mechanism prevents overgrowth and maintains tissue architecture. In contrast, in low-
density environments or when cell polarity is disrupted, Hippo signaling is suppressed,
allowing YAP to translocate to the nucleus and promote cell proliferation. This dynamic
regulation underscores YAP’s role in maintaining tissue homeostasis and its potential
contribution to pathological conditions when dysregulated [17]. In summary, YAP is a
versatile and dynamic effector of the Hippo signaling pathway, integrating mechanical,
biochemical, and environmental signals to regulate cell behavior. Its ability to modulate
gene expression in response to changes in the cellular microenvironment makes YAP a
critical regulator of tissue homeostasis, regeneration, and development. Given its role in
mediating key processes such as cell proliferation, differentiation and apoptosis, YAP has
emerged as a promising therapeutic target for various conditions, including cancer, fibrosis,
and degenerative diseases [9,18].
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3. YAP and Diseases

The Hippo/YAP signaling pathway is an essential mechano-transducer that mediates
cellular responses to mechanical cues, influencing disease progression across diverse
contexts, including cancer, tissue regeneration, musculoskeletal integrity, and vascular
health. In cancer, YAP responds to mechanical alterations in the tumor microenvironment,
increasing ECM stiffness, which has been identified as a key factor in promoting tumor
proliferation and invasiveness, notably in breast cancer [19,20]. YAP activation drives
the transcription of genes like Skp2, which are critical for cell cycle progression, thereby
enhancing tumorigenesis [19,20]. YAP inactivation leads to cell cycle arrest, effectively
curbing tumor growth [19,20]. Additionally, the accumulation of advanced glycation end-
products (AGEs) in the ECM can alter its viscoelasticity, promoting oncogenic 3-catenin
signaling in hepatocellular carcinoma (HCC). Mechanistically, AGEs increase ECM stiffness,
activating the integrin-B1-tensin-1-YAP pathway, which in turn stimulates HCC cell
proliferation and invasion, underscoring YAP’s central role in converting ECM mechanical
signals into tumor-promoting biochemical responses [21,22]. Beyond oncology, YAP is also
essential in tissue regeneration, particularly in organs with a high regenerative capacity,
like the liver. In response to mechanical cues such as shear stress, YAP facilitates hepatocyte
proliferation by enabling them to re-enter the cell cycle in a process that is further amplified
by integrin 31, a key shear sensor at the cell membrane [23,24]. Upon activation, YAP
translocates to the nucleus, initiating transcriptional programs crucial for cell proliferation
and tissue repair. Studies have shown that YAP activation following mechanical stress
also supports skin regeneration by activating Engrailed-1, a protein essential for wound
healing [25]. When YAP signaling is blocked, Engrailed-1 activation is inhibited, which
compromises the regenerative response, highlighting YAP’s critical function in tissue
repair [25]. In the musculoskeletal system, YAP mediates responses to mechanical stress
in cartilage and bone, which are highly responsive to mechanical signals due to their
load-bearing roles. In cartilage, YAP activation promotes chondrocyte proliferation by
upregulating cell cycle proteins like PCNA and cyclin D1 [26]. The nuclear translocation
of YAP also depends on the substrate stiffness; soft substrates promote the expression
of cartilage-specific markers like Col2u1, preserving the chondrocyte phenotype, while
stiffer substrates drive YAP nuclear localization, leading to dedifferentiation. In bone
tissue, YAP contributes to osteogenic differentiation in response to mechanical loading
via the Piezol pathway, which regulates glutaminolysis through GLS1 activity. This
pathway promotes bone cell differentiation and tissue integrity by enabling cells to adapt
to mechanical stress, with YAP’s role in skeletal development underscoring its importance
for musculoskeletal health [27]. In vascular homeostasis, YAP’s mechano-sensitivity also
impacts endothelial cell behavior, particularly in the regulation of atherosclerosis [28].
Endothelial cells are continually exposed to shear stress from blood flow, with a stable,
laminar flow inhibiting YAP’s nuclear translocation, thereby reducing inflammation and
oxidative stress. Disturbed or oscillatory flow, on the other hand, activates YAP, promoting
atherogenic processes [29]. Mechanistically, YAP activation under a disturbed flow is
regulated by integrin-Goa13 and JNK signaling pathways, while in vivo studies indicate
that YAP knockdown in endothelial cells reduces plaque formation, highlighting its role
in atherosclerosis progression [30]. Additionally, oscillatory shear stress induces YAP
nuclear translocation, leading to endothelial activation through pathways dependent on
integrin o531 and its downstream kinase c-Abl. Blocking these interactions reduces YAP
activation and subsequently decreases early atherosclerotic changes [31]. Overall, YAP has
an advanced mechanosensory function, converting physical stimuli into cellular responses
that impact cell fate, growth, and disease progression. These pathways’ ability to integrate
and transduce complex mechanical signals positions YAP as a critical target for innovative
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treatments aimed at altering mechanical dynamics within tissues to modulate disease
outcomes.

4. Hippo/YAP Signaling Pathway in Musculoskeletal Rehabilitation

In musculoskeletal rehabilitation, the mechanical stress generated during exercise has
been shown to regulate, for example, chondrocyte proliferation and differentiation via YAP
activation. Increased YAP expression promotes chondrocyte dedifferentiation under high
mechanical loads, while its inhibition preserves the differentiated chondrocyte phenotype,
which is essential for cartilage health. Additionally, mechanical loading through resistance
exercises has been shown to enhance osteogenic differentiation by activating YAP, which in
turn increases the expression of osteogenic markers such as RUNX2 and osteopontin [32].
This suggests that the Hippo/YAP pathway not only plays a crucial role in maintaining
cartilage health, but also contributes to bone regeneration and strengthening during rehabil-
itation. Similarly, low-intensity pulsed ultrasound (LIPUS), a common therapeutic modality,
enhances tissue regeneration by promoting YAP activation, which in turn regulates the
transcription of genes involved in cell proliferation and tissue repair. LIPUS has also been
reported to promote muscle regeneration by enhancing satellite cell activation through the
Hippo/YAP pathway [33]. This effect is beneficial for muscle recovery following injury,
where promoting the proliferation and differentiation of satellite cells is critical for restoring
muscle function. Moreover, vibration therapy, which delivers mechanical stimulation at
specific frequencies, has been demonstrated to enhance muscle hypertrophy and bone
density by regulating YAP/TAZ signaling [34]. The vibration-induced activation of YAP
leads to increased muscle protein synthesis and bone mineralization, which is essential
for improving musculoskeletal health, especially in older adults or individuals with re-
duced mobility [34,35]. Recent findings also indicate that mechanical stretching applied
to tendons and ligaments can modulate YAP activity, promoting tenocyte proliferation
and enhancing tendon repair [36]. The Hippo/YAP pathway also plays a role in reducing
inflammation during musculoskeletal rehabilitation. Mechanical loading has been shown
to inhibit pro-inflammatory cytokine production by modulating YAP activity, thereby re-
ducing tissue inflammation and promoting an environment conductive to healing [37]. This
anti-inflammatory effect of YAP-mediated signaling is important in conditions such as os-
teoarthritis, where chronic inflammation impairs tissue regeneration and function. Recent
research has also linked YAP to macrophage polarization, indicating that high YAP expres-
sion can promote macrophage polarization towards the pro-inflammatory M1 phenotype
while inhibiting the anti-inflammatory M2 phenotype. This interplay can influence inflam-
mation and tissue repair processes during musculoskeletal rehabilitation [37]. Overall, the
Hippo/YAP signaling pathway is emerging as a key regulator of musculoskeletal health,
responding to mechanical stimuli to drive tissue regeneration, reduce inflammation, and
promote functional recovery. By understanding the mechanisms by which YAP modulates
chondrocyte, muscle, bone and fascia cell behavior, rehabilitation protocols can be better
tailored to enhance patient outcomes, in particular in individuals with musculoskeletal
injuries or degenerative diseases (Figure 3 and Table 1).
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Figure 3. Hippo/YAP signaling pathway in physical and rehabilitation medicine. The Hippo/YAP
pathway responds to mechanical stimuli, promoting tissue repair and regeneration in cartilage,
bone, muscle, blood vessels, nerves, fascia, and tendons. YAP activation under different forms of
mechanical loading—such as exercise, LIPUS, vibration therapy, etc.—reduces inflammation and
supports cell proliferation and differentiation, as well as the regeneration and remodeling of various
tissues. This pathway modulates key cellular processes, making it essential for tailoring rehabilitation
protocols to enhance recovery in musculoskeletal injuries and degenerative conditions.

Table 1. The role of physical and rehabilitation medicine in modulating YAP. The table summarizes the
intervention, the mechanism of YAP activation, YAP-mediated effects, and rehabilitative implications.

Intervention MeChan.l sm.Of YAP YAP-Mediated Effects Rehatflht.a tive References
Activation Implications
Mechanical stress and ~ Enhances tissue repair IEE:;?}ZI?S f;;nctlsgsl
. . the ELABELA-APJ- by promoting cell Very, supp
Exercise (Including . . . . cardiovascular and
. Akt/YAP axis activate migration and [38-41]
aerobic) . . . . musculoskeletal health,
YAP through signaling angiogenesis and and prevents
pathway. reducing apoptosis. deconditioning.
Mechanical vibrations . . o
enhance YAP nuclear Stimulates tissue Optimizes recovery
translocation b regeneration, form fractures,
LIPUS (Low-Intensity o y accelerates fracture supports weight
stabilizing the . s [38,42-45]
Pulsed Ultrasound) vtoskeleton and healing, and inhibits management, and
y reducin adipocyte promotes healing in
& differentiation. soft tissue injuries.
phosphorylation.
Activates YAP via Promotes metabolic Rei?l?;;?tf: a;l;g;ﬁlon,
Cold therapy RBM3 or miR-429 adaptation, browning recovery, and aids in [38,46,46-51]

pathways in response
to low temperatures.

of white adipose tissue,
and neuroprotection.

metabolic rehabilitation
post injury or diseases.
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Table 1. Cont.
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4.1. LIPUS and YAP

Low-intensity pulse ultrasound (LIPUS) is an increasingly popular therapeutic modal-
ity in regenerative medicine due to its ability to deliver mechanical stimulation in a non-
invasive manner [42]. YAP is highly responsive to the mechanical cues generated by
LIPUS, which can influence cellular processes [43]. Recent studies have shown that LI-
PUS enhances YAP nuclear translocation, thereby promoting the transcription of genes
associated with cell proliferation and tissue regeneration, such as AREG, CYR61, and
cyclin D1 [38,44]. In endothelial cells, LIPUS facilitates vascular remodeling by increasing
YAP activity, leading to improved endothelial cell connections and angiogenesis, which
is crucial for wound healing and tissue repair [45]. Additionally, LIPUS has been shown
to inhibit adipocyte differentiation by enhancing YAP’s nuclear localization, resulting in
decreased expression of pro-adipogenic factors and promoting a phenotype conducive
to tissue regeneration [45]. These findings underscore the role of LIPUS as a promising
intervention that leverages YAP’s mechanosensitive properties to enhance tissue healing
and repair, making it a valuable tool in the field of regeneration medicine.

4.2. Vibration and YAP

Vibration therapy is another physical modality that exerts mechanical stimulation
to promote tissue regeneration, with YAP playing a crucial role as a mechanosensitive
regulator in this context. Vibration therapy applies cyclic mechanical forces to tissues, which
enhances cellular mechano-transduction pathways, including the Hippo/YAP signaling
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pathway. YAP activation in response to vibration therapy has been demonstrated to
promote muscle regeneration by stimulating satellite cell proliferation and differentiation,
which is essential for repairing muscle damage and improving muscle strength [35,52].
Moreover, vibration-induced mechanical cues enhance osteogenic differentiation through
YAP activation, promoting increased bone mineral density and bone strength, which is
beneficial for individuals suffering from osteoporosis or reduced mobility [39]. Furthermore,
studies have shown that vibration therapy also activates YAP/TAZ signaling in tenocytes,
promoting tendon repair and improving the biomechanical properties of tendons, which is
crucial for functional recovery after injury [53]. These findings highlight the potential of
vibration therapy as a non-invasive intervention that harnesses YAP’s mechanosensitive
properties to enhance musculoskeletal health, making it an effective therapeutic option for
improving tissue repair and functional outcomes in rehabilitation.

4.3. Electroacupuncture and YAP

Electroacupuncture (EA), a modality combining traditional acupuncture with electrical
stimulation, has emerged as a promising technique in promoting tissue repair, partly by
modulating the Hippo/YAP signaling pathway. Recent studies have demonstrated that EA
promotes YAP activation and nuclear translocation, thereby enhancing the expression of
genes related to tissue regeneration, including CTGF and ANKRD1 [37]. In musculoskeletal
injuries, EA-induced YAP activation has been found to promote the proliferation and
differentiation of mesenchymal stem cells (MSCs), thereby accelerating muscle repair
and bone regeneration [57]. Additionally, EA has been shown to improve the repair of
peripheral nerve injuries by activating YAP/TAZ signaling, which enhances Schwann cell
proliferation and supports axon regrowth [58]. In ischemic stroke models, EA has been
found to upregulate YAP expression in the penumbra area—the region surrounding the
infarct. This upregulation of YAP reduces apoptosis and neuroinflammation, contributing
to enhanced neurological recovery. By influencing the translocation of YAP into the nucleus,
EA can modulate gene expression profiles that promote cell survival, reduce oxidative
stress, and improve tissue repair mechanisms [59-61]. Specifically, EA treatment resulted
in the increased expression of mitochondrial fusion proteins such as OPA1, MFN2, and
MENT1, which played critical roles in maintaining mitochondrial integrity and reducing
cortical damage and apoptosis in rat models of cerebral ischemia—reperfusion injury [59—
61]. Moreover, YAP appears to function as a key regulatory hub in this process, acting
through mechano-transduction pathways to mediate cellular responses to EA-induced
mechanical stimuli. The interaction between connexin 43 and YAP has also been shown
to promote the nuclear translocation of YAP, leading to the activation of astrocytes and
mitigating the damage caused by ischemic brain injury [59-61]. These findings suggest
that YAP not only aids in tissue recovery by reducing apoptosis, but also modulates
the inflammatory response, thereby contributing to the overall neuroprotective effects
of EA. The ability of EA to stimulate the Hippo/YAP pathway highlights its potential
as a therapeutic intervention for enhancing neuroplasticity and promoting recovery in
neurological diseases. By targeting key molecular players involved in cell survival and
regeneration, EA offers a promising approach to improving clinical outcomes in patients
suffering from ischemic stroke and potentially other neurodegenerative conditions [38].

4.4. Hyperthermia/Cold Therapy and YAP

Hyperthermia and cold therapy are common physical therapies used to treat various
rehabilitative conditions, including musculoskeletal and neurological disorders. Recent
research has highlighted the involvement of Hippo/YAP signaling pathways in mediating
the effects of these thermal interventions on cellular processes [46,46]. Hyperthermia, which
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involves the application of heat to tissues, has been shown to activate YAP by promoting
its nuclear translocation. During heat stress, YAP desphosphorylates and migrates to the
nucleus, where it regulates the expression of genes involved in cell survival and tissue repair.
This activation of YAP enhances the heat shock response, aiding in the recovery of damaged
tissue and promoting cellular regeneration [38,46,46,47]. For instance, the heat-induced
activation of YAP contributes to osteogenic differentiation in ectomesenchymal stem cells,
enhancing bone regeneration and repair [38,48]. Cold therapy, on the other hand, has been
found to modulate YAP activity in a different manner. Exposure to cold stress increases YAP
expression in certain tissues, such as the brain and adipose tissue, where it plays a crucial
role in maintaining cellular homeostasis. In the context of neural development, YAP has
been implicated in the cold shock response by stabilizing its expression through interactions
with RNA-binding proteins like RBM3 [49]. This upregulation promotes the proliferation
and differentiation of neural stem cells [50], which is essential for maintaining brain health
during cold stress. Furthermore, YAP collaborates with TEAD to regulate thermogenic
activity in brown adipose tissue, contributing to adaptive responses to cold exposure
by promoting the expression of thermogenic genes like UCP1 [38,50,51]. These findings
illustrate the dual role of YAP in the Hippo/YAP signaling pathway in response to thermal
therapies, highlighting its versatility in regulating cellular adaptations to environmental
changes and its potential as a target for therapeutic interventions.

4.5. Shock Waves and YAP

Shock wave therapy, in particular low-intensity extracorporeal shock wave therapy
(LIESWT), is an emerging physical therapy that has demonstrated potential in promoting
tissue repair and regeneration. The mechanical stimuli generated by shock waves have been
found to impact the Hippo/YAP signaling pathway. LIESWT induces mechanical stress in
targeted tissues, which subsequently activates YAP by promoting its nuclear translocation
and increasing its transcriptional activity [54]. This activation of YAP plays a key role in
regulating cell proliferation, differentiation, and tissue repair mechanisms [54]. In models
of sciatic nerve injury, LIESWT has been shown to upregulate YAP expression and en-
hance its nuclear translocation, thereby promoting Schwann cell activation and facilitating
nerve regeneration. The activation of YAP by LIESWT acts as an integrated transcriptional
complex that modifies gene expression to support cellular repair and regeneration. Addi-
tionally, YAP has been implicated in the enhancement of angiogenesis and the recovery of
injured peripheral nerves, highlighting its importance in the context of neuro-regenerative
therapy. The modulation of YAP activity through shock wave-induced mechanical stimuli
can provide a promising approach for enhancing tissue repair and functional recovery
in various clinical applications [33,54,55]. A recent study by Pirri et al. [56] has provided
further insights into the mechanobiology of YAP in response to shock wave therapy. They
investigated the presence and activation of YAP in deep fascia and demonstrated that YAP
activation in fascial fibroblasts increased after focal extracorporeal shock waves (fESW)
treatment. This activation was associated with an upregulation of ECM components, such
as type I collagen (COL1A1) and hyaluronan-binding protein 2 (HABP2), indicating that
YAP is integral to the remodeling and regenerative processes of the deep/muscular fas-
cia [56]. These findings suggest that YAP activation through mechanical cues, such as shock
wave therapy, can contribute to the repair and regeneration of musculoskeletal tissues by
regulating ECM composition and fascial fibroblast activity [56].

4.6. Exercise and YAP

Therapeutic exercise is a cornerstone of rehabilitation, involving a range of activities
designed to enhance muscle strength, flexibility, endurance, and overall functional capacity.
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Recent research has demonstrated that during resistance training and aerobic exercises,
mechanical signals generated by muscle contraction and stretching activate YAP, which
translocates to the nucleus and promotes the expression of genes related to muscle growth,
repair, and metabolism [40]. This process is essential for muscle hypertrophy, as well as
for maintaining muscle mass during prolonged physical activity. YAP activation has also
been implicated in improving mitochondrial function and metabolic regulation during
endurance exercises. By enhancing mitochondrial biogenesis and promoting oxidative
metabolism, YAP helps to improve muscular endurance and energy efficiency, which is
beneficial in patients undergoing cardiovascular rehabilitation [41]. Moreover, studies
suggest that therapeutic exercise that applies moderate to high levels of mechanical loading
can enhance bone density by activating YAP in osteoblasts, promoting osteogenic differ-
entiation and increasing bone mineral content [39]. In addition, therapeutic exercise has
been shown to mitigate muscle wasting and sarcopenia through YAP-mediated pathways.
In aging populations, resistance training increases YAP activity, which is associated with
the activation of satellite cells and the prevention of muscle atrophy [38]. This highlights
the importance of incorporating strength training exercises into rehabilitation programs
for older adults, to maintain muscle mass and function [38,41]. Overall, the YAP signaling
pathway is an important mediator of the adaptive responses to therapeutic exercise. By
understanding how YAP contributes to muscle and bone health, as well as metabolic im-
provements, physiatrists can design more effective exercise programs that are tailored to
the specific needs of patients, in order to optimize their recovery and functional outcomes.

4.7. Manual Therapy and YAP

Manual therapy, including joint mobilization, myofascial release, and spinal manip-
ulation, etc., engages the Hippo/YAP signaling pathway to promote tissue healing and
functional improvement. The mechanical forces applied during manual therapy activate
YAP in a variety of cell types, including fibroblasts, chondrocytes, and intervertebral disc
cells. This activation leads to several beneficial responses, such as enhanced ECM pro-
duction, fibroblast proliferation, reduced apoptosis, and improved cellular resilience [40].
In particular, YAP activation has been shown to stimulate the production of key ECM
components like collagen and hyaluronan, which are critical for maintaining the structural
integrity of connective tissues and supporting tissue regeneration [38,40].

In intervertebral disc cells, manual therapy-induced YAP activation has been linked to
reduced cell death and enhanced disc matrix synthesis, suggesting its role in mitigating
degenerative disc disease. Moreover, YAP activation enhances the expression of fibrosis-
related genes, including COL1A1 and HABP2 [40]. Furthermore, YAP signaling contributes
to the modulation of inflammation by reducing pro-inflammatory cytokine production,
thereby facilitating an environment conducive to tissue repair and pain reduction. This
modulation occurs through pathways involving RhoA and ROCK, which are downstream
effectors of YAP that influence cytoskeletal dynamics and cellular migration [38]. The
role of YAP in mechano-transduction highlights how manual therapy can optimize tissue
remodeling processes, enhance musculoskeletal function, and improve overall mobility.
Understanding the molecular basis of these interventions provides valuable insight into
how manual therapies can be tailored to maximize regenerative outcomes, offering a
mechanistic foundation for the development of more targeted rehabilitation protocols.

5. Discussion

The Hippo/YAP signaling pathway plays a central role in mediating the effects of
various rehabilitation interventions, spanning musculoskeletal, neurological, cardiovascu-
lar, and metabolic health. By understanding how YAP functions in response to different
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stimuli—including mechanical stress, thermal change, therapeutic exercise, and manual
therapy, etc.—researchers and clinicians can create more targeted and effective rehabil-
itation protocols to promote tissue repair and functional recovery. In musculoskeletal
rehabilitation, mechanical stimuli such as those generated through resistance exercise,
ultrasound, vibration, and manual therapy, etc., activate YAP to regulate cell proliferation,
differentiation, and tissue remodeling. The activation of YAP in chondrocytes, osteoblasts,
fascial fibroblasts, and satellite cells has significant implications for cartilage health, bone
regeneration, and muscle repair. For instance, YAP-mediated osteogenic differentiation in
response to mechanical loading has the potential to accelerate bone healing, which is critical
in patients recovering from fractures or osteoporosis. Similarly, the role of YAP in muscle
hypertrophy and regeneration, in particular through satellite cell activation, underscores
its importance in the rehabilitation of musculoskeletal injuries and preventing age-related
sarcopenia [32-39,42-45,52,53].

Therapeutic exercise has emerged as a cornerstone of rehabilitation due to its ability
to activate YAP and promote beneficial adaptations in muscle and bone tissues. By en-
hancing mitochondrial function, improving metabolic regulation, and driving anabolic
processes, YAP activation supports the overall health and resilience of the musculoskeletal
system [38,40,41]. These benefits are pronounced in older adults, where resistance training
can mitigate muscle atrophy and improve functional capacity. The evidence suggests that
tailoring exercise programs to optimize YAP activation can significantly enhance outcomes
in patients undergoing rehabilitation for musculoskeletal disorders [38,40,41].

The role of YAP in vascular homeostasis further highlights its importance beyond
musculoskeletal rehabilitation. YAP’s response to shear stress and its involvement in
endothelial cell proliferation, nitric oxide production, and angiogenesis is crucial in main-
taining vascular health and promoting recovery form cardiovascular conditions. YAP’s
ability to regulate endothelial-to-mesenchymal transition (EndMT) also plays a pivotal role
in preventing pathological fibrosis and maintaining vascular elasticity, which is essential for
reducing cardiovascular risk factors and improving blood flow [38]. By modulating EndMT,
YAP helps maintain endothelial cell integrity and prevents an excessive fibrotic response
that can lead to vascular stiffening and reduced elasticity. Rehabilitation interventions
that enhance YAP activity in endothelial cells may therefore have therapeutic potential in
conditions such as atherosclerosis and peripheral artery disease. Moreover, YAP plays a
role in promoting angiogenesis, which is essential for forming new blood vessels during
tissue repair and in response to exercise [38]. Angiogenesis is a critical process, not only in
wound healing but also in improving blood flow to ischemic tissue, which is relevant for
patients with peripheral artery disease or other vascular impairments. YAP activation has
been linked to the upregulation of vascular endothelial growth factor (VEGF) [38].

Thermal therapies, including hyperthermia and cold treatments, provide additional
avenues for modulating YAP activity. The heat-induced activation of YAP can enhance
tissue repair by promoting stem cell differentiation towards osteogenesis, while cold
therapy’s ability to reduce inflammation through YAP modulation highlights its role in
creating a favorable environment for healing [46,46-51]. The dynamic application of heat
and cold therapies, tailored to the specific needs of the patient, can provide synergistic
benefits by leveraging the YAP pathway to optimize tissue repair, reduce pain, and improve
overall recovery [46,46-51].

Manual therapy, including joint mobilization, fascial manipulation, spinal manipu-
lation, and myofascial release, etc., also engages the Hippo/YAP signaling pathway to
promote tissue healing and functional improvement. Mechanical forces applied during
manual therapy can activate YAP in various cell types, leading to enhanced extracellular
matrix production, reduced apoptosis, and tissue remodeling. Understanding the molecu-

77



Biomolecules 2025, 15, 96

lar basis of manual therapy provides valuable insights into how these interventions can be
optimized to promote tissue regeneration, reduce pain, and improve mobility [40].

Finally, YAP’s role in inflammation is complex, as it can act as both a pro- and anti-
inflammatory mediator depending on the context [37]. In musculoskeletal rehabilitation,
YAP’s influence on macrophage polarization suggests that targeting YAP could help bal-
ance inflammation and tissue regeneration, providing new opportunities for improving
rehabilitation outcomes [37]. Similarly, in vascular rehabilitation, YAP’s interaction with
NEF-kb signaling may be leveraged to prevent vascular inflammation and enhance tissue
repair in conditions such as atherosclerosis. Understanding these dual roles of YAP will
be crucial for developing targeted interventions that can maximize its therapeutic benefits
while minimizing potential adverse effects.

Future Perspectives in Rehabilitation

The rehabilitative potential of YAP-mediated mechanisms represents an exciting
frontier in the field of rehabilitation. While existing research has laid a strong foundation,
there remain several critical areas for investigation that could significantly enhance the
rehabilitative applicability of these mechanisms: (1) personalized rehabilitation protocols;
(2) the integration of innovative technologies; (3) rehabilitative validation and long-term
safety; (4) collaborative and interdisciplinary research; and (5) exploring synergistic effects
with other rehabilitation approaches.

1.  Personalized rehabilitation protocols: rehabilitation outcomes often vary widely
among individuals due to a range of factors, including age, underlying comorbidities,
genetic predispositions, and even the biomechanical environment of the affected tis-
sue. Developing personalized protocols that leverage YAP activation could transform
rehabilitation practices by optimizing interventions for specific patient populations.
For example, the mechanical parameters of LIPUS or vibration therapy—such as
intensity, frequency, and duration—could be fine-tuned based on individual biologi-
cal responses. Furthermore, understanding how systemic conditions (e.g., diabetes
or osteoporosis, etc.) influence YAP activation may allow for the customization of
therapeutic approaches, particularly for populations with impaired healing capabili-
ties. This personalized approach could enhance efficacy, reduce recovery times, and
minimize the risk of adverse effects.

2. Integration of innovative technologies: advances in wearable technology, machine
learning, and bioengineering present unparalleled opportunities to enhance the moni-
toring and optimization of rehabilitation strategies. Wearable devices equipped with
biomechanical sensors could track real-time data in the mechanical stimuli applied
during therapy and correlate these with patient-specific YAP-related outcomes. Ma-
chine learning algorithms could analyze large datasets to identify the most effective
rehabilitation strategies, offering predictive insights and enabling the continuous
optimization of therapy. Additionally, technologies such as 3D bioprinting and tissue-
engineered scaffolds could be designed to mimic the specific mechanical properties
known to activate YAP, providing new avenues for tissue regeneration and repair in
challenging cases, such as chronic injuries or post-surgical recovery.

3. Clinical validation and long-term safety: while preclinical studies have demonstrated
the potential of YAP-targeted interventions, translating these findings into routine
clinical practice remains a challenge. Future research should prioritize well-designed,
multicenter clinical trials to validate the safety, efficacy, and scalability of therapies
such as LIPUS, vibration therapy, and manual therapy, etc. Special attention should
be paid to identifying optimal dosing regimens and understanding the limitation of
these techniques in various patient populations. Additionally, longitudinal studies
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are essential to investigate the long-term effects of sustained YAP activation. Ques-
tions regarding potential risks, such as fibrosis, hypertrophy, or other maladaptive
responses must be addressed to ensure that these interventions are both effective and
safe over extended periods.

4. Collaborative and interdisciplinary research: given the complexity of YAP-mediated
mechanisms, interdisciplinary collaboration between researchers in biomechanics,
molecular biology, bioengineering, and clinical rehabilitation is crucial. Such collabo-
rations could drive the development of integrative models that account for the diverse
roles of YAP in cellular adaptation, tissue repair, and functional recovery. Moreover,
fostering partnerships between academia, industry, and healthcare providers may
accelerate the translation of laboratory findings into practical, accessible solutions
for patients.

5. Exploring the synergistic effects between different rehabilitation approaches: an excit-
ing area of future research lies in investigating the potential synergy between YAP-
targeted therapies and other established rehabilitation approaches, such as exercise-
based therapy, pharmacological targets, or regenerative medicine techniques. For
instance, combining mechanical therapies like LIPUS with growth factor delivery or
stem cell therapies may enhance YAP activation and its downstream effects, leading to
improved outcomes in tissue repair and regeneration. Similarly, understanding how
YAP-mediated mechano-transduction interacts with systemic therapies for inflamma-
tion or oxidative stress could reveal new avenues for integrative treatment strategies.

By addressing these future directions, the field of rehabilitation stands poised to unlock
the full potential of YAP-mediated mechanisms. The integration of personalized protocols,
cutting-edge technologies, and rigorous clinical validation could not only improve patient
outcomes, but also establish a new paradigm for evidence-based rehabilitation strategies.

6. Conclusions

YAP, with its signaling pathways, in particular Hippo/YAP, represents a pivotal mech-
anism through which various interventions used in physical and rehabilitation medicine
exert their therapeutic effects. By acting as a mediator of mechanical stimuli, YAP plays a
fundamental role in regulating tissue regeneration, reducing inflammation, and promoting
functional recovery across different rehabilitation modalities. The insights gained from
understanding YAP’s role in musculoskeletal health, neurological health, and vascular
homeostasis offer significant opportunities for enhancing rehabilitation outcomes. Fu-
ture research should continue to explore how the targeted activation or inhibition of YAP
can be leveraged to maximize the benefits of physical and rehabilitation medicine, lead-
ing to more effective and personalized rehabilitation strategies for patients with diverse
medical conditions.
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Abstract: One aspect of reproducibility in preclinical research that is frequently overlooked is the
physical condition in which physiological, pharmacological, or behavioural recordings are conducted.
In this study, the physical conditions of mice were altered through the attachments of wireless electro-
physiological recording devices (Neural Activity Tracker-1, NAT-1). NAT-1 devices are miniaturised
multichannel devices with onboard memory for direct high-resolution recording of brain activity
for >48 h. Such devices may limit the mobility of animals and affect their behavioural performance
due to the added weight (total weight of approximately 3.4 g). The mice were additionally treated
with saline (control), N-methyl-D-aspartate (NMDA) receptor antagonist MK801 (0.85 mg/kg), or
the muscarinic acetylcholine receptor blocker scopolamine (0.65 mg/kg) to allow exploration of the
effect of NAT-1 attachments in pharmacologically treated mice. We found only minimal differences in
behavioural outcomes with NAT-1 attachments in standard parameters of locomotor activity widely
reported for the open field test between the drug treatments. Hypoactivity was globally observed as
a consistent outcome in the MK801-treated mice and hyperactivity in scopolamine groups regardless
of NAT-1 attachments. These data collectively confirm the reproducibility for combined behavioural,
pharmacological, and physiological endpoints even in the presence of lightweight wireless data
loggers. The NAT-1 therefore constitutes a pertinent tool for investigating brain activity in, e.g., drug
discovery and models of neuropsychiatric and/or neurodegenerative diseases with minimal effects
on pharmacological and behavioural outcomes.

Keywords: reproducibility; open field test; electroencephalography; wireless; MK801; scopolamine

1. Introduction

With advancements made in preclinical research, laboratories often align the mechanis-
tic and functional aspects of animal behavioural outcomes with those of dynamic neuronal
events. This is often performed with tethered or, more recently, wireless miniature record-
ing systems [1-8] to allow recording of electroencephalography (EEG) in freely moving
animals with minimal discomfort. Other devices and their properties have been reviewed
recently [9]; there are a limited number of data logging devices with onboard memory
(Deuteron mouse-logl6 and TSE Neurologger) that are similar in weight to the NAT-1
(~3 g) but differ for applications and sampling rates. Most devices are battery-powered
high-weight transmitters (Neuralynx, Pinnacle; up to 23 g) with continuous data download
but limited battery life. Most of these devices are not applicable to mice and are used for the
recording of single units or single cells. In our laboratory, the use of an EEG wireless device
includes the bilateral implantation of gold electrodes into the skull and the attachment of
a lightweight neural activity tracker (NAT-1; Cybula, York, UK) device to this head stage
prior to behavioural testing. These devices have been employed for sleep-staging and
global activity analysis during home cage recordings [7,8]. However, the surgical proce-
dure and additional weight a mouse must tolerate amounts to about 3 g (multifunctional
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NAT-1 device including batteries), in addition to a small head stage modelled from dental
cement and screw recording electrodes. The impact on the animal’s head could therefore
conceivably limit locomotor skills and the mobility of the animal and affect its natural
explorative behaviour, and consequently the outcomes of behavioural findings, thereby
altering the apparent effects of pharmacological agents.

Compounds commonly used in preclinical in vivo research such as N-methyl-D-
aspartate receptor (NMDAR) antagonist (dizocilpine; [+]-MK801) and muscarinic an-
tagonist, scopolamine, were inoculated in mice in this study. Both compounds induce
schizophrenia- [10-13] or Alzheimer-related [14,15] cognitive decline respectively and are
known to induce well measurable and robust behavioural outcomes in mice including
dose-dependent hyperactivity /hypoactivity [13-19]. Inclusion of prespecified doses of
MKS801 and scopolamine (unpublished preliminary data) in this study will allow opposing
nonsystematic movements in mice to accurately represent the effects of wireless recording
device attachments in animals.

This exploratory study aims to: (1) evaluate potential differences in behavioural out-
comes in the open field test in mice with and without surgically implanted head stages/EEG
recording devices (NAT-1); and (2) explore the behavioural effects of such attachments in phar-
macologically treated mice. Here, the open field test was the selected behavioural paradigm
as it produces sufficiently reliable and repeatable measures under standardised conditions.
All exploratory behaviour obtainable from video-observed tests are presented to avoid bias;
EEG recordings obtained in this study were not deemed relevant to changes in behavioural
outcomes in mice and are therefore omitted. Generally, analyses of activity in the open field
test confirm that despite very similar performance with or without EEG devices in vehicle-
treated control mice, subtle differences appeared in the drug groups that may inform of some
behavioural alterations that affect outcomes other than activity.

2. Methods
2.1. Experimental Design

The study design, analysis, and reporting methods in this study were conducted in
line with recommendations stated in the ARRIVE 2.0 guidelines [20] and are detailed in the
relevant segments below. The study design comprised of two independent experiments
conducted on separate occasions. The testing days of the week, number of animals tested
per day, and testing seasons were, however, similar between the studies. To ensure that
any differences between Experiments 1 (no NAT-1) and 2 (with NAT-1) were the result of
the attachment of wireless data logging devices but not that of variations in procedural
protocols or testing environment, special care was taken to ensure that the laboratory
conditions, husbandry, avoidance of bias, and study designs were maintained between
both experiments (detailed in Table 1). Variables which differed between Experiments 1
and 2 are marked with asterisks in Table 1 and mainly pertained to the surgical procedures
and NAT-1-related handling requirements performed in Experiment 2.

Table 1. Details pertaining to the study designs, experimental conditions, and husbandry in Experi-
ments 1 and 2.

Experiment 1 Experiment 2
Studv Outcome Pharmacological studies without EEG Pharmacological studies in animals with
y attachments EEG attachments
Persons involved (Blinder and 2 3
experimenter)
Animals
. . ) _ C57BL/6] (Wildtype; total n = 37; lost 10,
Strain C57BL/6] (Wildtype; total n = 29) see Section 2.3)
Supplier/ Breeder Charles River Laboratories, Kent, UK Charles River Laboratories, Kent, UK
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Table 1. Cont.

Experiment 1

Experiment 2

Transport

By road

By road

Specific pathogen free conditions

Yes

Yes

Age at arrival and acclimatisation to
facility

10 weeks; 2 weeks of acclimatisation

9 weeks; 2 weeks of acclimatisation

Housing/ husbandry; test room
conditions

Conventional shoe box cages with wire

Conventional shoe box cages with wire

Cage type top feeders: sinele housin top feeders (only 1 was moved to IVC
P 7 SIg J cage); single housing
Enrichment; bedding Cardboard rolls in all cages; corncob and ~ No enrichment; corncob and aspen

aspen shavings (ratio 3:1)

shavings (ratio 3:1)

Temperature, humidity

21 +2°C; 50 £ 5%

21 +2°C;50 £ 5%

Exposure of animal to handling

Two/three times a day by facility staff

Two/three times a day by facility staff

Noise/background noise

Background noise (music) during light
phase

Background noise (music) during light
phase

12:12 h; start of light phase at 07:00, no

12:12 h; start of light phase at 07:00, no

Darldlight cycle red light during dark phase red light during dark phase
. Normal chow pellets (SDS CRM) and Normal chow pellets (SDS CRM) and
Diet s s
room-temperature water ad libitum room-temperature water ad libitum
Handling of cages Cleaning once every 2 weeks; water and  Cleaning once every 2 weeks; water and

food changed/topped up twice a week.

food changed/topped up twice a week.

Experimental: animals

Age of animal at start to experiment

12-13 weeks (at the start of testing)

10-11 weeks (at surgery) and
12-13 weeks (at the start of testing)

Transport of animals in facility

Silent trolley type; cages were not
blacked out or covered during transport

Silent trolley type; cages were not
blacked out or covered during transport

Time of testing, day of week

Commencement at 10:00; testing was
conducted from Monday to Thursday on
the first week, and Monday to
Wednesday on the second week.

Commencement at 10:00; testing was
conducted from Monday to Thursday on
the first week, and Monday to
Wednesday on the second week.

Total duration of test phase per day

Approx. 5 h (4 animals tested am,
3 tested pm)

Approx. 5 h (3 animals tested am,
3 tested pm)

Animal under diet restrictions during
experimental phase

No, except during NAT-1 application and
drug administration: water bottles were

removed, and cage lids were overturned
to prevent NAT devices from accidentally
wedging onto cage-lids and food-hoppers

* Naivety to experimental paradigm and
drugs

Naive to both experimental procedures
and drugs

Home cage EEG recording and check,
24 h prior to open field test; naive
to drugs

Experimental: surgical protocols

* Time period between surgeries and

start of experiment N-A. 2 weeks
Approx. 7 h/day (commencement at
* Total duration of surgery per day N.A. 08.00; surgeries performed only on

Mondays and Tuesdays
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Table 1. Cont.

Experiment 1

Experiment 2

* Anaesthetic

N.A.

Gas anaesthesia (isoflurane) 1.0 mL saline
(intraperitoneal) and 0.2 mL of 0.1 mg/kg
buprenorphine (subcutaneous;
Vetergesic®, Cera Animal Health Ltd.,
High Wycombe, UK).

* Analgesia

N.A.

Drinking water was supplemented with
Rimadyl® (Zoetis UK Ltd., Surrey, UK)
for 2 days before and after the surgery

* Surgical procedure

N.A.

1 surgeon; 2 assistants

Experimental: design and methods/data analysis

Drug, and concentration

0.9% saline; 0.65 mg/kg MK801;
0.85 mg/kg scopolamine. Intra-peritoneal
administration of 10 mg/kg of treatment.

0.9% saline; 0.65 mg/kg MK801;
0.85 mg/kg scopolamine. Intra-peritoneal
administration of 10 mg/kg of treatment.

* Experimenter

1 female

2 females and 1 male

* Frequency of handling

Handling during drug injections,
immediately before and after test.

Handling during NAT-1 applications,
drug injections, immediately before and
after test.

Randomisation method for allocation of
animals to test groups

random.org

(https:/ /www.random.org/sequences/,
accessed 29 October 2018; Williams
square design.

random.org

(https:/ /www.random.org/sequences/,
accessed 19 February 2018); Williams
square design.

Blinding of experimenter to group
allocation

Yes.

Yes.

Standardisation of animal handling
across experimenters (protocol and
training)

Yes (1 in randomisation and blinding, 1 in
drug administration and experiment)

Yes (2 involved in NAT-1 device
application and drug administration and
randomisation, 1 in experiment)

Software used in recording and data
extraction

Automatic tracking software,
ANY-Maze (v.5.1)

Automatic tracking software,
ANY-Maze (v.5.1)

Inclusion and exclusion criteria

No inclusion criteria. Exclusion criteria
based on analysis using Grubb’s method
before re-evaluation of animal
behaviour (video).

No inclusion criteria. Exclusion criteria
based on analysis using Grubb’s method
before re-evaluation of animal
behaviour (video).

Statistical analysis

Bootstrapped one-way ANOVA and ¢-test
for conventional analysis; repeated
measures ANOVA for binned analysis;
and estimation statistics to determine the
magnitude of differences.

Bootstrapped one-way ANOVA and t-test
for conventional analysis; repeated
measures ANOVA for binned analysis;
and estimation statistics to determine the
magnitude of differences.

Experimental: complexity of test arena

Test arena

Square; 50 x 50 x 50 cm; white Perspex

Square; 50 x 50 x 50 cm; white Perspex

Average light intensity in test arena

320 lux

320 lux

Environment in test room (temperature,
humidity and decibels relative to the
carrier)

20 + 2 °C; 48 + 5%; 30 + 5 dBc; dedicted
sound-attenuated room

20 £+ 2 °C; 48 £ 5%; 30 + 5 dBc; dedicted
sound-attenuated room

Number of test arenas used at any given
time

1

1

Cleaning agents

Non-fragrant and alcohol-free wet wipes

Non-fragrant and alcohol-free wet wipes

* Inconsistent experimental factors which differed between experiments.
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2.2. Animals

Twenty-nine C57BL/6] (10-11-week-old male mice) from Charles River Laboratories
(Kent, England) were obtained for Experiment 1 and 37 for Experiment 2. The mice were
housed individually in standard Macrolon shoebox cages (Techniplast 1145) measuring at
369 x 165 x 132 mm, under a 12-h light/12-h dark cycle (lights on at 7 am). Temperature
and humidity were set at 20 & 5 °C and 48 &+ 5% in both the housing and experimental
rooms. The animals had free access to standard rodent food chow (SDS 801190 RM3, Special
Diet Services (SDS)/ Augy/France) and water ad libitum. All the animals were acclimatized
to the facility environment and extensively handled for 2 weeks prior to the start of the
surgeries and/or open field testing. The mice were tail-handled to avoid detachment of the
head stages and management of severe stereotypic responses during transfer. All housing
and handling of the animals were in accordance with the international standards on animal
welfare (EU/63/2010) and Home Office (UK) regulations. At the end of the study, all the
animals were euthanised and the brain tissue harvested.

2.3. Stereotactic Surgery and Home-Cage Recordings (Experiment 2 Only)

The animals had free access to water supplemented with carprofen Rimadyl®
(5 mg/kg; Zoetis, UK) and were acclimatised to soft diet (Transbreed (E), SDS 801222,
England; and Solid Drink® SDST-75, 3at-bio, Tiel, The Netherlands) 48 h prior to and after
surgery. Stereotaxic surgeries were conducted as described previously [3,7,8,21]. Briefly,
anaesthesia was induced with 3% isoflurane (IsoFlo®, Zoetis) in medical-grade oxygen
and maintained on 1.5% isoflurane during surgery. The mice were held in a stereotaxic
frame (Stoelting, Wood Dale, IL, USA). Epidural gold-plated screw electrodes were placed
at the following stereotaxic locations [22] on exposed skulls from the prefrontal cortex
(2 mm anterior to bregma/close to midline), left and right hippocampus (2 mm posterior
to bregma, 1.5 mm lateral to midline). Reference and ground electrodes were placed in a
neutral location above the occipital plate. The electrodes were soldered and assembled into
a 6-pin adaptor and fixed on to the skull by a mixture of Durelon® dental cement and tissue
adhesive. The pins measured 0.40 mm (square) with a spacing pitch of 1.27 mm. Once the
dental cement dried, the animal was removed from the stereotaxic instrument and injected
with 1.0 mL saline (intraperitoneal) and 0.2 mL of 0.1 mg/kg buprenorphine (subcutaneous;
Vetergesic®, Cera Animal Health Ltd., High Wycombe, UK). The animals were placed on
heating pads immediately after the procedure, and further analgesic treatment continued
for 2-3 days as appropriate. Following surgery, the animals were weighed daily to monitor
their recovery and were provided with a soft diet. A minimum of 7 days was allowed
for recovery before the start of testing. Ten animals were not entered into this study due
to dislodged head caps and were euthanised. From these, 6 head caps were lost during
restraining for drug administration or NAT-1 attachment/removal, while an additional
4 lost their head stages in their home cages presumably while getting stuck in the wire tops.
We have since then modified this procedure and hold animals in individually ventilated
cages now. After the open field testing, all the operated mice went on to be tested for home
cage activity and were finally euthanised to confirm electrode placement (not relevant here).

2.4. Drugs and Drug Formulation

The drug and dose selection were in line with the EQIPD project (see funding state-
ment), in which between-laboratory robustness of the data was proposed and both drugs
were utilized for drug comparison [23], but also for EEG recordings between laborato-
ries [24].

(+)-MK801 maleate (CAS: 77086-22-7) and scopolamine hydrobromide (CAS: 114-49-8)
were obtained from Tocris Bioscience (Bristol, UK) and diluted to 0.65 mg/kg MK801
and 0.85 mg/kg scopolamine (salt-corrected for both drugs) in 0.9% saline 24 h prior to
intraperitoneal injections. Saline was administered as vehicle control. Reagents were
administered (10 mL/kg) as a single dose, with a sterile injection needle, 30 min prior to
the behavourial testing. The assignment of all the mice to different drugs was randomised
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(Experiment 1: n = 10 for saline, n = 9 for MK801, and n = 10 for scopolamine; Experiment
2: n =9 per drug group) using a Williams Square design [25].

2.5. Apparatus and Testing Protocols

Upon behavioural testing in the open field arena, the mice were aged 12-13 weeks
old and weighed approximately 26.8 & 2.0 g. Intraperitoneal administration of drugs and
testing sequence were conducted in a blinded manner. Common to both experiments,
the mice were habituated to the test room for 30 min, following drug inoculations. In
Experiment 2, the mice were drug-treated immediately before the attachment of the NAT-1
devices. NAT-1 measures 18 x 22.2 x 10.3 mm and weighs approximately 2.2 g including
a zinc battery (as). The total weight of the NAT-1 and head stage (ranging between 1.1
and 1.5 g) equals approximately 3.4 g (Figure S1). The attachment of the wireless NAT-1
device to the head stage involved temporarily restraining the mice between two pieces of
faux fur fabric. This restraint is necessary to minimise movement and to ensure the secure
placement of the device with minimal discomfort imposed on the mouse. The restraint
was performed by the same trained experimenter throughout the study. A second trained
experimenter carefully removed the pin protection and slid the NAT-1 onto the head stage.
The entirety of the process generally took about 20 s.

To quantify the behavioural outcomes of using the NAT-1, we tested the activity of all
the mice in the open field test [26-28]. The open field tests were conducted in a dedicated
sound-attenuated room and in a square box (made up of white reflective Perspex) of
50 x 50 x 40 cm (length x width x height). Two white LED lights facing upwards from
the arena and the main fluorescent room lights were switched on, giving rise to an average
illumination of 320 lux. Temperature and humidity were maintained at 20 & 5 °C and
48 + 5%, respectively. An overhead camera (Imaging Source, DMK22AUCQO3, Bremen,
Germany), 125 cm from the floor of the arena, was connected to an automated recording
system (ANY-Maze v. 5.1, Stoelting) for online tracking of the animal’s centre of mass.
Each mouse was placed into the centre of the open field and allowed to freely explore for
30 min, and the apparatus was thoroughly cleaned with odourless wet wipes between each
mouse. The automatic tracking option was defaulted in ANY-Maze to allow the software
to adjust tracking parameters by contrasting the apparatus background, illumination, and
animal coat colour. Sampling rates were maintained at the programme’s recommended
15 frames per second (fps) for small animals. All the analyses were conducted offline with
the same software (ANY-Maze v. 6.1). Parameters which were widely recorded by different
laboratories (see [29] for review) were explored. These included the following:

total distance travelled in the arena;
line-crossings in a 16-grid overlay;
meandering (a measurement of an animal’s absolute turn angle over the total distance
travelled, which refers to the winding movement of animal);
frequency of rotations (total of 360 degree turns to the left and 360 degree turns to the right);
degree of thigmotaxis (a ratio of distance travelled in the periphery zone against the
total distance travelled);

e  querage distance from the centre point (to provide meaningful indications of the general
location of the mice without utilizing zonal outlines).

Thigmotaxis zone was defined as the zone 5 cm from the arena walls.

2.6. Exploratory Data Analyses

Representative track plots of the animals in each drug group of Experiments 1 and
2 were generated by extracting pixel values of the animal’s centre point from ANY-Maze
and converting them to millimetres using a MATLAB script. The track plots were further
divided into two-time intervals (0-15 min and 15-30 min) for clarity and plotted using
MATLAB (R2019a, Mathworks, Natick, MA, USA).

Additional exploratory analyses of all the outcomes obtainable from ANY-Maze were
conducted to minimise and avoid hypothesis-driven selection of parameters in the open
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field test [30] by means of heat mapping [31,32]. A total of 68 analysis parameters were
extracted by ANY-Maze and were listed for comparison. Heat maps were created to
show all data points for the comparison of effects of NAT-1 on each drug condition. The
heat maps were generated with p-values obtained from independent two-tailed ¢-tests
with Satterthwaite correction for heteroscedasticity and bootstrapped 1000 times with
replacement (seed set at 123456). The intensities of colours on the heat map were scaled
according to the p-value threshold set at 95% confidence level. Parameters in the heat maps
were clustered for clarity. Apparatus measures (#1-20) concerning total distance and other
additional information regarding activity for the entirety of the test were categorized at
the top of the map. 16-grid crossings (#21), centre-point measures (#22-29), and thigmotaxic
zone measures (#30-68) which are generally used as standard parameters were clustered
next (Table 1). Heat maps represent global readouts over 30 min, so time-dependent
differences and scoring by segment of test were not considered. Immobility and freezing
parameters were defaulted in ANY-Maze as 2000 milliseconds (sensitivity level set at 65%)
and 1000 milliseconds (threshold levels on at 30 and off at 40) as the minimum immobility
and freeze durations, respectively, and no changes were made to either of the criteria.
Parameters from head and tail tracking were not recorded.

2.7. Statistical Analysis

Parameters of interest obtained from the tracking software and calculated parameters
of interest (e.g., total rotations, meandering, and thigmotaxis) were first tested for normality
using the Lilliefors Kolmogorov-Smirnov test. The observed unpaired mean differences
were reported and derived from the expected sampling error to illustrate the magnitude
of differences using estimation analysis [33]. f-tests or analysis of variance (ANOVA;
for total responses parameters) with post hoc Bonferroni’s corrections were performed
for all the conventional p-value analyses and bootstrapped 1000 times with replacement
(seed set at 123456) to accommodate non-normally distributed outcomes [34]. Group
differences were also considered negligible if the effect sizes (np?) were less than 0.1.
Only data for distance moved for the entirety of the test were further collapsed into
5 min bins; statistical differences were evaluated using two-way ANOVA for repeated
measures, with experimental groups as between-subject factors and time as within-subject
factors. Statistical significance was set at 95% confidence level for the conventional statistics.
Outliers (with residuals more than two standard deviations away from the mean) were re-
investigated for extreme experimental issues or recording errors. No convincing reasons to
remove any data on this basis were found. All conventional analysis, analysis of estimates,
and visualisation of outcomes were performed in R (v.4.3.0; [35]).

3. Results

The experimental and housing conditions for both independent experiments are de-
tailed in Table 1; the surgical procedures and NAT-1 attachments were the only inconsistent
variables between both experiments. Comparisons for each drug treatment were initially
visualised in a heat map (Figure 1); significant differences where p < 0.05 thresholded
are represented in blue. Head stage/NAT-1 attachments led to significant differences in
32 parameters for the saline-treated groups, 12 parameters for the MK801-treated groups,
and 14 parameters for the scopolamine-treated groups. No parameter showed a statistical
significance in all the comparisons between experiments for all the treatments (Figure 1
and Table S1).

The explorative strategies were visualised by track plots of representative animals in
Experiments 1 and 2 (Figure 2a). Locomotor activity and spatial distribution in the open
field were maintained between animals with or without NAT-1 of the same drug treatment
in both the first and second 15 min interval of the experiment. For both experiments, the
scopolamine-treated animals remained in the periphery whilst the MK801-treated animals
remained in a section of the arena, generally localised away from the arena walls. The
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saline-treated animals traversed across the centre with a greater frequency than the two
drug groups and hence did not show a clear preference for an exploration zone.

0.01 0.03 0.05 Saline MK801 Scopolamine
p-value
Apparatus measures
|

16-grid measure

Centre-point measures

—

Thigmotaxis measures

TN

Figure 1. Heat map comparing experiment 1 (no head stage/NAT-1) and 2 (with head stage + NAT-1)
for each drug treatment. Parameters are clustered into apparatus measures (#1-20; commonly used
in the analysis of standard parameters); 16-grid measure (#21); centre-point measures (#22-29); and
thigmotaxis measures (#30-68). The intensity of colours on the heat map was scaled accordingly with
the head stage/treatment cohorts, and the parameter presenting the greatest differences of p-values
between head stage/treatment cohorts were isolated and analysed. Data presented in blue in the
heat map represent a p-value with the threshold of 0.05 in the between-experiment comparisons. The
heat map was visualized in R (v4.3.0).
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Figure 2. Behavioural responses for locomotor activity between Experiments 1 (E1) and 2 (E2).
(a) Representative exploration paths of animals (with and without head stage + NAT-1) administered
with vehicle, MK801 or scopolamine recorded in the open field test and visualised by track plots
divided into time bins, 0-15 min and 15-30 min. The periphery (thigmotaxis zone) of the open field
arena is demarcated by a red border, 5 cm away from the walls of the arena. Representative paths
were illustrated using an in-house MATLAB (R2018a, Mathworks, USA) script. (b) Analysis of
locomotor activity by cumulative distance travelled and (c) total distance travelled over 30 min of testing
in the open field was visualised in 5 min time bins. Individuals are represented by single data
points with their respective means (gap) + standard deviation (vertical lines) in the top axis. The
shaded curve and the error in the bottom axis demonstrate the distribution of sampling error and its
respective 95% confidence interval for the difference between the means. Performance of animals
in E1 is represented by the 0 line in the bottom axis. Conventional statistics (independent sample
t-tests) revealing a significance set at 95% (p < 0.05) are annotated as text on (b). All analyses were
bootstrapped at 1000 resamples, with seed set at 123456 and visualized in R (v.4.3.0). E1, with no
head-stage/NAT-1; and E2with head-stage and NAT-1.
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The head-stage/NAT-1 attachments decreased total distance travelled by 30.6 m
and 26.9 m [95% CI —52.3, —10.4 m] in the MK801-and scopolamine- treated animals,
respectively. The means of total distance travelled were outside of the interval estimate but
were minimally increased by 8.37 m [95% CI —8.09, 24.6 m] in the saline-treated group
(Figure 2b). The Total distance travelled analysed in 5 min time intervals are visualised
in Figure 2c. No main effect of head stages was observed for the saline treatments, but
significant reductions were yielded for the MK801- (F(1,16) = 6.98, p = 0.018, np? = 0.304)
and scopolamine- (F(1,17) = 6.26, p = 0.023, np2 =0.269) treated cohorts.

Comparisons of animals with and without NAT-1 are statistically summarised in Table 2
and visualised in Figure 3. No notable differences due to the NAT-1 attachments were discerned
in the average distance from the centre-point (m [95% CIJ: saline, —0.020 [—0.026, —0.012]; MK801,
0.006 [—0.041, 0.036]; and scopolamine, —0.080 [—0.018, 0.030]); Figure 3a). Line-crossings differed
between experimental groups for all treatments (Figure 3b). NAT-1 attachments induced the
largest reductions in line-crossing counts in the MK801- (—409 counts [95% CI, —600, —158
counts]) and the scopolamine- (—362 counts [95% CI, —541, —242 counts]) treated animals, but
minimally affected the saline-treated mice (—28.6 counts [95% CI, —148, 86.7 counts]).

Table 2. Summary of between-experiment comparisons for each drug treatment in pre-selected parame-
ters. Data were obtained by bootstrapped independent t-tests (two-tailed), and mean difference was
obtained using estimation analysis. All analyses were resampled 1000 times (seed starting at 123456)

and obtained in R (v.4.3.0), and significance was considered where p < 0.05 (highlighted in red).

Between-Experiment Comparisons

E2 minus E1

El E2 Mean Difference
p-Value
Parameters Drug Mean + SD Mean + SD [95% CI]
Saline 131.6 £ 20.2 139.9 £ 19.2 0.347 8.4 [—8.1; 24.6]
Distance moved (m) MKS801 70.0 + 25.6 39.3 +23.5 0.028 —30.6 [—48.6; —6.0]
Scopolamine 182.2 +£20.0 155.2 + 26.7 0.048 —26.9[-52.3; —10.4]
Average distance from Saline 0.218 4 0.007 0.199 4 0.010 0.001 —0.020 [—0.026; —0.012]
centre-point (cm) MKS801 0.155 £ 0.030 0.161 £ 0.050 0.782 0.006 [—0.041; 0.036]
Scopolamine 0.237 +0.013 0.230 4+ 0.012 0.275 —0.008 [—0.018; 0.003]
Saline 0.532 £ 0.052 0.463 £ 0.049 0.020 —0.068 [—0.11; —0.021]
Thigmotaxis (ratio) MKS801 0.223 4+ 0.157 0.285 4+ 0.189 0.471 0.061 [—0.1; 0.207]
Scopolamine 0.807 £ 0.147 0.777 +0.128 0.667 —0.030 [—0.131; 0.115]
Saline 1266.1 +96.3 1050.0 4+ 105.7 0.002 —216 [—295; —123]
Thigmotaxis (s) MKS801 545.1 +379.3 699.2 4 445.6 0.435 154 [—199; 527]
Scopolamine 1539.8 4+ 184.5 1475.8 + 163.8 0.437 —64 [—192; 107]
Saline 1060.6 4= 145.3 1030.0 4= 132.49 0.442 —28.6 [—148; 86.7]
Line-crossings MKS801 866.9 + 265.1 458.3 + 238.5 0.014 —409 [—600; —158]
Scopolamine 1374.2 4+ 154.3 1012.0 4+ 196.9 0.003 —362 [—541; —242]
Meandering Saline 9125 4+ 89.5 932.0 £ 1074 0.668 19.5 [—63.6; 102]
(degrees/s) MKS801 2716.4 + 1008.4 3077 + 1813.4 0.603 361 [—663.0; 2100]
Scopolamine 705.6 £73.5 750.4 £ 89.2 0.325 44.7 [-25.6; 117]
Saline 76.5 +10.5 98.8 +12.5 0.006 16.3 [5.6; 26]
Rotation MKS801 180.1 £ 142.7 158.2 + 138.3 0.758 —21.9 [—156.0; 87.5]
Scopolamine 99.8 + 10.6 96.1 + 18.2 0.623 —3.7[—18.9;7.16]

Thigmotaxis ratio was calculated by thigmotaxis distance divided by total distance moved; SD, standard deviation;
ClI, confidence intervals (upper, lower bounds); E1, Experiment 1 with no head-stage/NAT-1; and E2, Experiment
2 with head-stage/NAT-1.
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Figure 3. Comparison of behavioural responses for parameters of distance between Experiments 1
(E1) and 2 (E2). (a) average distance from the centre-point; (b) line-crossings; (c) thigmotaxic ratio (d) time;
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spent in the thigmotaxic zone; (e) total number of rotations; and (f) meandering. Individuals are represented
by single data points with their respective means (gap) + standard deviation (vertical lines) in the
top axis. The shaded curve and the error in the bottom axis demonstrate the distribution of sampling
error and its respective 95% confidence interval for the difference between the means. Performance
of animals in E1 is represented by the 0 line in the bottom axis. Conventional statistics (independent
sample t-tests) revealing significance set at 95% (p < 0.05) are annotated as text on the graphs. All
analyses were bootstrapped at 1000 resamples, with seed set at 123456, and visualized in R (v.4.3.0).
E1 with no head-stage/NAT-1; and E2 with head-stage and NAT-1.

In parameters of localization, head-stage/NAT-1 attachment in animals was estimated
to decrease thigmotaxis ratio and thigmotaxis time in saline-treated animals (—0.068 [95% CI,
—0.11, —0.021] and —216 s [95% CI, —295, —123 s] respectively), but not under exposure
to MK801 or scopolamine (Figure 3c,d). Comparisons between Experiments 1 and 2 also
confirmed minimal differences in rotations (counts [95% CI]: saline, 16.3 [5.6, 26]; MK801,
—21.9 [-156.0, 87.5]; and scopolamine, —3.7 [-18.9, 7.16]) or meandering (degrees/m [95%
CI]: saline, 19.5 [-63.6, 102]; MK801, 361 [—663, 2100]; and scopolamine, 44.7 [—-25.6, 117])
with NAT-1 attachments in all mice (Figure 3f).

The trend of activity in the MK801- and scopolamine-treated animals (relative to the
saline-treated mice) is robust for both experimental groups. Within-experiment analyses
also showed that the MK801-treated animals had decreased global activity in the open field
(relative to the saline-treated animals; Table S2), independent of NAT-1 attachments. The
contrary was observed for the scopolamine-treated animals.

4. Discussion

The primary objective of this study was to evaluate the robustness of behavioural
findings between animals with and without head stage/NAT-1 attachments in the open
field. This device differs in many respects from other implantable miniaturised telemetric
EEG recording systems for mice [36-39] and is considered an advancement over many
tethered recording devices (see [8] for discussion). While many of these systems are
widely used, a comparison between unoperated and surgically operated and animals is
not commonplace but important to define the robustness of behaviours under scrutiny.
For the open field, the behavioural repertoire in saline-treated animals was shown to
be generally maintained across experimental groups with minimal implications of the
surgery, head-stage moulding, and NAT-1 attachments. Animals treated with MK801 or
scopolamine on the other hand responded to these modifications with an overall lowering
of locomotor activity, with less wall hugging and more frequent visits to the centre of
the arena. This suggests that despite considerable weight, NAT-1 per se does not induce
behavioural changes, but these can be visualised in the presence of drugs. Such behavioural
anomalies may include stereotypy, but most obviously were reflected in hypoactivity in this
study. Despite wider confidence intervals in the NAT-1 cohorts treated with either MK801
or scopolamine treatment, the magnitudes of the differences between the drug groups
and the controls were in the same direction and numerically very similar, supporting the
robustness of the data and the resilience of the mice against neurosurgical intervention and
weight-bearing head-attached devices. We note that these experiments were performed
with a single dose of each drug, and behavioural anomalies may differ if higher or lower
doses are administered. Nevertheless, the current results provide confidence that the utility
of different doses would also lead to identical outcomes in non-operated and operated
animals alike.

We therefore confirm that lightweight untethered head-stage/NAT-1 attachments do
not impose serious limitations on locomotor activity—the primary outcome commonly
assessed in the open field. However, there were variations pertaining to parameters
of movement types and location-specific proxies, particularly in the thigmotaxic zone.
Differences in location-specific proxies can potentially be explained by the animals” so-
matosensory perception of the device on their head (‘object permanence’; [40,41]. The

94



Biomolecules 2024, 14, 1008

device may present a steric hindrance for the mobility of the animals as indicated by re-
ductions in thigmotaxis measures in the wall zone of the arena. Other non-prespecified
endpoints in this study showed variable NAT-1 attachment-dependent differences and
included parameters of ethological values such as freezing or heading error, the zone which
was first entered, path efficiency to zone, and corrected integrated path length. Intriguingly,
drug-dependent changes in these proxies were not influenced by NAT-1 attachments. A
more high-resolution analysis looking at shorter fragments of behavioural bouts [42] may
return some differences, and their behavioural meaning requires determination.

Surgical intervention in Experiment 2 is arguably the biggest differential that may
contribute to irreproducibility in behavioural outcomes between groups. It is imperative to
consider possible side effects of the implanted electrodes or surgical process which may
provoke changes in sleep pattern [24]; induce meningeal lymphangiogenesis and affect
brain homeostasis [43]; or increase microglial activation and seizure susceptibility [21].
Weight bearing and drug treatment may further exacerbate such side effects (see [44]
for discussion). What appears crucial is that a direct comparison between unoperated
and surgically operated specimens with telemetric devices should be performed for each
behavioural test before animals with EEG recording devices can be classed as ‘normal’
controls. There is still abundant room for further assessments to determine if responses
remain robust in more complex behavioural paradigms or in, e.g., other mouse lines or
genetically modified strains. An aspect that may be addressed in the future is the effect
of head-stage/NAT-1 attachments on more fine-grained behavioural fractionations using
unsupervised, data-driven approaches [42,45] which require considerable hardware and
software upgrades. This may be relevant to studies exploring severe behavioural anomalies
in different etiological responses as indications of anxiety [46—48] or epilepsy [49].

Overall, our data provide compelling evidence for by and large undisturbed behaviour
in terms of spatial exploration, as all the changes induced by the drugs in the reported pa-
rameters were similarly observed with and without NAT-1 attachment. This study confirms
the robustness of behavioural responses in the context of using wireless recording devices
in the open field. Data robustness per se is important, as many laboratories provide EEG
findings aligned with behavioural responses, such as ours [3,7,50]. Normative behaviour is
critical if EEG recordings are interpreted as representative for a ‘normal” animal.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom14081008/s1, Figure S1: NAT-1 devise detailing dimensions
of the microchip and positioning on a surgically operated animal. Table S1: List of obtainable
parameters in ANY-Maze with their associated p-values from one-way analysis of variance and
post-hoc analysis with Bonferroni’s corrections (between-drug comparisons in each experiment) and
independent T-test analysis (between-experiment comparisons; corresponding heat-map found in
Figure 1). Significant associations were p < 0.005 are highlighted in red and significant associations
common to both experiments are highlighted in red and bolded. Statistical analyses were obtained in
R (v.4.3.0). Table S2: Statistical summary of comparisons between treatment groups in Experiments 1
and 2 in pre-selected parameters. Conventional statistical comparisons against saline which differ
between experimental groups are highlighted in red- significance is considered where p < 0.05. All
statistical analysis for comparisons to saline in each experimental group were resampled 1000 (seed
starting at 123456) in R (v.4.3.0).
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Abstract: Periradicular tissues have a rich supply of peripheral afferent neurons, also known as
nociceptive neurons, originating from the trigeminal nerve. While their primary function is to relay
pain signals to the brain, these are known to be involved in modulating innate and adaptive immunity
by initiating neurogenic inflammation (NI). Studies have investigated neuroanatomy and measured
the levels of biomolecules such as cytokines and neuropeptides in human saliva, gingival crevicular
fluid, or blood /serum samples in apical periodontitis (AP) to validate the possible role of trigeminal
nociceptors in inflammation and tissue regeneration. However, the contributions of nociceptors and
the mechanisms involved in the neuro-immune interactions in AP are not fully understood. This
narrative review addresses the complex biomolecular interactions of trigeminal nociceptors with
macrophages, the effector cells of the innate immune system, in the clinical manifestations of AP.

Keywords: nociceptors; macrophages; neuropeptides; substance P; Calcitonin Gene-Related Peptide;
pain; neurogenic inflammation; apical periodontitis

1. Introduction

Apical periodontitis (AP) is an inflammatory disease of periradicular tissue caused
by oral opportunistic bacteria and their toxins retained in the apical regions of the peri-
odontium [1,2]. Rich in blood vessels and nerve fibers, the periradicular tissue is com-
posed of fibroblasts, epithelial cells, odontoblasts, cementoblasts, osteoblasts, osteoclasts,
macrophages, and undifferentiated stem cells that form the periodontal ligament (PDL)
and alveolar bone [3,4]. An infected root canal system in the apical periodontium causes all
these immune cells and precursor cells to interact with one another, thereby eliciting an im-
mune response against pathogens and pathogen-associated molecular patterns (PAMPs) [5].
However, AP can persist asymptomatically, without common clinical symptoms such as
pain and swelling, while afferent sensory neurons that typically relay pain continue to
engage in immune responses at the molecular level [6,7].

Neurogenic inflammation (NI) is set in motion when neuropeptides such as Substance P
(SP) and Calcitonin Gene-Related Peptide (CGRP), among others, released by activated noci-
ceptors act on resident immune cells and endothelial cells, causing vascular changes resulting
in an influx of migrating immune cells to an inflamed tissue. To facilitate their function in
NI, endothelial cells (vascular cells), mast cells, dendritic cells, T and B lymphocytes, and
macrophages express cell-surface receptors for neuropeptides released by nociceptors [8,9].
Neuropeptides activate immune cells which release proinflammatory cytokines such as
tumor necrosis factor (TNF)-«, interleukin (IL)-1§3, IL-6, nerve growth factor (NGF), and
prostaglandin E2 (PGE2) that are in turn known to activate sensory neurons [10,11]. Neu-
ropeptides also play a role in regulating anti-inflammatory roles of immune cells. For example,
CGRP has been shown to inhibit the production of pro-inflammatory cytokines and enhance
the expression of a regulatory phenotype in activated macrophages [12]. This reflects on the
pleiotropic nature of neuropeptides that are capable of modulating immune response.
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It is important to note that neurogenic inflammation is caused by the activation of
peripheral nociceptors, resulting in inflammatory events in tissues that involve host innate
and adaptive immune systems. Neuroinflammation, however, describes a localized host
immune response to inflammation specifically in the brain and spinal cord [13,14].

Of the myriad cellular interactions in periradicular tissues, the cross-talk between
macrophages and sensory neurons stands out because macrophages constitute up to 46% of
inflammatory cells in AP [7]. This review aims to provide a comprehensive understanding
of the temporal interactions between sensory neurons and macrophages while highlighting
the role of nociceptors in different clinical manifestations of chronic AP.

2. Overview of Macrophages in Apical Periodontitis

Inflammation is the physiological response to injury, stress, or infection. In terms of
the immune cells involved, inflammation is the state in which innate and adaptive cells are
activated, undergo differentiation, and migrate to resolve inflammation while restoring tis-
sue homeostasis. A rapid host immune response is capable of resolving acute inflammation.
On the other hand, prolonged exposure to triggers such as damage-associated molecular
patterns (DAMPs), PAMPS, and pathogens results in a state of chronic inflammation that
sees different immune and non-immune cells in action [15].

Acute AP is marked by the presence of periapical abscesses, while periapical gran-
ulomas are typically a sign of chronic AP, typically diagnosed via the radiographic vi-
sualization of rarefying osteitis in periapical tissues. AP is dynamic in nature because
of the different immune cell types participating in different stages of AP. This dynamic
nature can be observed via the progressive change in the distribution of immune cells in
the periapical inflammatory infiltrate [16,17]. Immune cells can also undergo polariza-
tion to different phenotypes in order to facilitate the host immune response in disease or
wound-healing [18,19].

Physiologically, the PDL has a key role in responding to microbes located within the pulp
space. The PDL is a highly vascularized tissue, with up to ten times higher vascular volume
than other fibrous connective tissues [20]. The blood vessels in PDL primarily participate in
tooth support and shock absorption [21]. The activation of immune cells such as macrophages
leads to the release of proinflammatory cytokines that increase the expression of cellular
adhesion molecule (CAM-1) in endothelial cells, thereby promoting the local adhesion of
monocytes and leukocytes [18,22]. This local response, combined with vasodilation caused
by initial inflammation response, leads to the active infiltration of monocytes to the site of
inflammation, where growth factors, pro-inflammatory cytokines, and microbial products
induce cellular differentiation [23,24]. Once at the site of inflammation, these circulatory
monocytes can be differentiated into macrophages or dendritic cells [25].

Toll-like receptor-4 (TLR4) is a sensory receptor predominantly expressed by human
myeloid cells (monocytes and granulocytes) that recognize PAMPs such as lipopolysac-
charides (LPS) expressed by Gram-negative bacteria [26]. Activated TLR4 recruits adaptor
proteins that undergo phosphorylation. Myeloid differentiation primary response 88
(MyD88), Interleukin-1 receptor-associated kinase (IRAK), and tumor necrosis factor
receptor-associated factor-6 (TRAF-6) are examples of such adaptor proteins. Phospho-
rylated adaptor proteins activate Nuclear Factor kappa B (NFkB) and mitogen-activated
protein kinase (MAPK) signaling pathways, resulting in the expression of pro-inflammatory
cytokines [27]. Accessory molecules such as myeloid differentiation 2 (MD2), cluster of
differentiation (CD)36, and CD14 can expedite TLR4 signaling [28]. Macrophages are
also antigen-presenting cells that activate members of the adaptive immunity, effectively
mounting an adaptive immune response.

Macrophages are known to play an active role in resolving inflammation [29]. Acti-
vated macrophages can polarize into functional phenotypes of classically activated M1, or
alternatively activated M2, to bring about pro- and anti-inflammatory effects, respectively.
M1 macrophages produce pro-inflammatory cytokines TNF-«, IL-13, and IL-6, which
stimulate the production of tissue-damaging proteases and prostaglandins while medi-
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ating bone resorption. M1 macrophages also produce chemokines such as C-X-C motif
chemokine ligand (CXCL)9 and CXCL10 that attract members of the adaptive immunity to
the site of inflammation [30,31]. M2 macrophages are known to produce anti-inflammatory
cytokines Transforming Growth Factor (TGF)-f3 and IL-10, which downregulate inflamma-
tion and immune response [32,33]. Their phagocytic capabilities help clear apoptotic cells
and debris in healing tissues [5,34].

3. Role of Macrophages in Alveolar Bone Resorption

Resident macrophages in periodontal tissues secrete inflammatory cytokines and
chemokines in response to pathogens. Qualitative and quantitative analyses have identified
macrophages as the major constituent immune cell type in periapical granulomas [35]. This
can be partly attributed to the vasodilation caused by the initial immune response, which
in turn leads to the active infiltration of monocytes to the site of inflammation, wherein
the growth factors, pro-inflammatory cytokines, and microbial products would induce
differentiation to macrophages [24,36].

Alveolar bone resorption (loss) is a notable radiographic indication of chronic AP. The
alveolar bone functions to hold teeth in the socket while absorbing any force applied to
the teeth during biting and chewing. Subject to varying degrees of mechanical forces, the
alveolar bone undergoes repeating cycles of bone formation and resorption. In a state of
proinflammation, this equilibrium tends towards bone resorption, resulting in the loss
of both mineral and organic components of the alveolar bone. The close association of
macrophages with different stages of AP implicates these cells in the development of
alveolar bone resorption. Macrophages were observed near osteoblasts in rat models of
AP during the initial stages of bone resorption, while no macrophages were seen near the
surfaces undergoing bone formation [19]. However, a study comparing data from immuno-
histochemical analyses of human specimens with clinical and radiological data reported
no significant difference in the presence of macrophages between periapical granulomas
and cysts [16]. Previous studies have highlighted disparities in the clinical presentation of
AP [16,37]. Thus, a better understanding of the mechanisms underlying bone modeling and
remodeling will help in identifying molecular pathways linking macrophages to alveolar
bone resorption.

Osteoclastogenesis, or the development of mature osteoclasts (bone resorptive cells)
from precursor cells, is mediated by receptor activator of nuclear factor kappa-f3 ligand
(RANKTL) [38]. RANKL is a cytokine produced by osteoblasts (which synthesize bone matrix
and differentiate into osteocytes [39]) and stromal cells that binds to its receptor, RANK, to
initiate the differentiation of osteoclast precursor cells [40]. This process is regulated by Osteo-
protegerin (OPG), a decoy receptor of RANKL that is primarily produced by osteoblasts [41].
Hence, the RANKL-RANK-OPG trio are the main players in bone modeling and remodeling
pathways [42]. GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor) is a cytokine
that induces proliferation and maturation in macrophages, and it has been found to promote
fusion of prefusion osteoclasts in the presence of RANKL, enabling bone resorption under
pathologic and inflammatory conditions [43,44]. Besides GM-CSE, macrophages produce an
array of inflammatory mediators in response to pathogens or microbial toxins that have been
linked to bone resorption in AP [45]. IL-1 is one such proinflammatory cytokine that is pro-
duced by activated macrophages, which promote bone loss by enhancing RANKL expression
by stimulating the synthesis of PGE2 in osteoblasts [46,47]. In addition, IL-1 is involved in
the survival of osteoclasts and is known to induce multinucleation of osteoclasts, which is a
hallmark of cell maturation [48]. Macrophages produce TNF-«, a proinflammatory cytokine
that inhibits the differentiation and production of matrix proteins in osteoblasts [49,50]. TNF-«
was found to play a role in osteoclastogenesis when increased RANKL mRNA expression was
observed in osteocytes (which modulate bone remodeling [45]) that were cultured in vitro
with exogenous TNF-«. This study observed an increased percentage of RANKL-positive
osteocytes in mice injected with TNF-oc [51].
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4. Sensory Neuronal Activation in Apical Periodontitis

Periradicular tissues have an abundant supply of neurons that originate in the trigeminal
ganglion (TG) [52]. Research groups in the 1970s identified nociceptive afferents with different
activation thresholds and conduction velocities in the PDL [53]. Immunocytochemical analysis
identified NGF-positive sensory nerves in periodontal tissues from rats [54], while ultrastruc-
tural analyses of the human PDL using electron microscopy identified Ruffini nerve endings,
free nerve endings, and lamellated corpuscles [55]. Electrophysiological studies performed
on cat models helped characterize trigeminal nerve endings in the PDL into low-threshold
mechanoreceptors sensitive to mechanical load and vibration (A-f3 fibers) and nociceptors
sensitive to pressure, temperature, and chemical irritants (A-9, C-fibers) [56,57]. A-f3 fibers
have large cell bodies, and these are myelinated [58,59]. A-6 fibers have medium-sized cell
bodies, and C-fibers are considered the smallest [58-60]. Myelinated A-5 fibers have higher
conduction velocities, resulting in a sharp pain sensation compared to the unmyelinated, slow
C-fibers, which relay a delayed and dull, ache-like pain [58,61].

Studies implicating sensory neurons in inflammation have come a long way since the
classic studies that concluded that neurogenic inflammation is based on axon reflexes [62,63].
While this theory did not pan out, some of the earlier works were successfully able to link
activated sensory neurons to inflammatory phenomena such as vasodilation, setting stage for
further studies [64,65]. As with the classical inflammatory response, neurogenic inflammation
has also been associated with tissue regeneration [66]. It was reported that sensory denervation
in rats, with pulp exposure to oral environment, showed the loss of pulpal tissue, while
innervated teeth showed extensive neural sprouting and formation of reparative dentin
and osteodentin [66].

Specialized surface receptors expressed by nociceptors play a crucial role in the cas-
cade of events that led to NI (Figure 1). Transient receptor potential (TRP) channels are a
class of integral membrane proteins that function as signal transducers in sensory neurons.
These are polymodal in nature and can be activated by intracellular and/or extracellular
mechanical, thermal, chemical, and osmotic pressure gradients. Based on sequence similar-
ity, several classes of TRP channels exist. The TRPV subfamily (vanilloid subtype) has six
members, of which TRPV1 has garnered attention for its role in the detection of noxious
physical and chemical stimuli [67,68]. TRPA1 is the sole member of the TRPA subfamily
(ankyrin subtype) [69,70]. The detailed 3D structure of the TRPA1 receptor was previously
characterized by Cao et al. and Liao et al. [71,72]. Such studies made it possible to study
the conformational changes that occur when TRPA1/TRPV1 receptors are activated. Their
activation results in an active influx of extracellular calcium ions, which mediate action
potentials in neurons and trigger exocytosis of CGRP and SP from large dense core vesicles
(LDCVs) that involve members of the SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) family of proteins [73,74]. Biologically active neuropeptides
are derived from their precursor peptides that are cleaved in the endoplasmic reticulum,
after which these pro-peptides undergo post-translational modifications to form active
versions that are stored in LDCVs prior to release from the sensory nerve endings [75,76].
A-b and C fibers express TRPV1 and TRPA1 channels, and hence, these channels are associ-
ated with chemical and thermal nociception [77]. Knockout models of TRPV1 and TRPA1
highlight the role of these receptors in eliciting host immune response besides nociception.
Non-neuronal cells such as endothelial cells, fibroblast, odontoblasts, and immune cells,
including mast cells, monocytes, macrophages, and dendritic cells, also express TRPV1 and
TRPA1 [77-79]. In these cells too, TRPV1 and TRPA1 exhibit functional responses to similar
triggers as seen in neurons; however, it is not clear yet if the sensitivity thresholds of these
receptors in non-neuronal cells are similar to those in neurons [77,80].
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Figure 1. Nociceptor neurons express receptor molecules that recognize PAMPs, DAMPs, cytokines,
and neuropeptides. This results in the activation of downstream signaling pathways that can
contribute to neurogenic inflammation. Initialisms are listed in Appendix A.

Toll-like receptors (TLRs) are another class of surface receptors that have been iden-
tified on nociceptors. The nociceptor expression of TLR4 highlights its role in the host
immune response to bacterial infections [81,82]. Peripheral sensory neurons showed the
colocalized expression of TLR4 and CD14, indicating the capability of the direct detection
of PAMPs [82]. Besides immunological implications, the LPS binding of TLR4 on trigeminal
neurons was shown to increase sensitization of TRPV1 channels, leading to increased ex-
pression of CGRP, which suggests a possible mechanism for pain associated with bacterial
infections [83-85]. Similar findings were reported in an independent study that demon-
strated a concentration-dependent effect of LPS on TRPV1 in trigeminal neurons [83].

Different bacterial strains have been shown to evoke different degrees of nociceptor
response [86]. Gram-positive bacteria operate through mechanisms that are distinct from
those triggered by Gram-negative bacteria [87]. S. aureus utilize N-formylated peptides
and pore-forming toxin a-hemolysin to instigate pain in mice [87]. This study also showed
a strong correlation between the bacterial load of live S. aureus and pain expressed by
mice. Such studies provide insight into the different mechanisms that may be involved in
eliciting pain in bacteria-mediated diseases such as AP, where both Gram-negative and
Gram-positive strains play active roles in disease pathogenesis [2,88].

5. Role of Sensory Neuropeptides in Pain and Inflammation

Neuropeptides are considered the primary mediators of neurogenic inflammation.
A-5 and C-fibers are peptidergic in nature, meaning these release neuropeptides mediating
NIin AP [89,90] (Table 1). CGRP and SP are the principal neuropeptides involved in AP.
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Table 1. Neuropeptides (NPs) identified in apical periodontitis (AP), cells known to release NPs, cells
shown to express receptors for NPs, and known functional effects of NPs in AP.

Neurop;l;tldes m Cells Releasing NPs

Cells Expressing NP Receptors

Functional Effects in AP

Sensory neurons [9,75]

L T cells [91]
Calcitonin Monocytes [91]
Gene-Related Peptide 4 SO R L
(CGRP)

Fibroblasts [92,93]
Adipocytes [75]

Sensory neurons [90]

Arterial vessels, Mononuclear immune cells,

Schwann cells [91]
Th1 cells [94]

Langerhans cells [94]
Monocytes [94]
Macrophages [94]

Dendritic cells [94]

CD34* hematopoietic progenitor cells [94]
B & T lymphocytes [94]
Epithelial cells [95]

Extensive degradation, resulting in reduced
levels of CGRP observed in the GCF of
diseased periodontal tissues [96,97]
Vasodilation [98]

Activation of innate and
adaptive immune cells [99,100]
Increase in blood flow [101]
Prevention of monocyte/macrophage
activation [102,103]
Stimulation of osteogenesis [104,105]
Endothelial cell proliferation [101]

Neurons [106,107]
Astrocytes [108]
Microglia [107,108]
Epithelial cells [108]
Endothelial cells [108]
T cells [108]
Macrophages [108]
Dendritic cells [106,108]
Eosinophils [108]
Mesenchymal
stem cells [108]
Leukocytes [106]
Natural killer cells [106]
Mast cells [106]
Neutrophils [106]

Substance P

(SP)

Epithelial cells [108]
Endothelial cells [106,108,109]
White blood cells [109]
Fibroblasts [108,109]
Neurons [90,108,109]
Smooth muscle cells [106,108]
B & T lymphocytes [106,108]
Natural killer cells [108]
Dendritic cells [108,110]
Monocytes [106,108]
Macrophages [106,108]
Microglia [106,108]
Astrocytes [106,108]
Eosinophils [106,108]
Mast cells [106,108]

Neutrophils [106]

Increased levels observed in GCF of

diseased periodontal tissues [96,111]

Desensitization of nociceptors [108]
Neuronal activation [112]

Onset of pain and inflammation [113]
Inhibition of osteoblast differentiation [114]
Induction of osteoclastogenesis [115]
Increase in blood flow [113,116]
Reduction in pro-inflammatory response of
neutrophil, epithelial cells [117]

Neurons [118]

Epithelial cells [118]

T cells [118]
Macrophages [118]
Dendritic cells [118]

Mast cells [118]
Neutrophils [118]
Smooth muscle cells [118]
Endothelial cells [118]
Pancreatic B cells [118]

Found in increased levels in GCF of
periodontitis patients; reduced levels as
inflammation reduced [119]

VIP reactivity observed in gingival biopsy,
but no discernible difference compared to
clinically healthy sites [120]
Promotion of bone regeneration [105]

Neurons [121]
Monocytes [123]
Macrophages [122,123]
Lymphocytes [123]
Dendritic Cells [123]
Neutrophils [123]

B & T Lymphocytes [123]
Leukocytes [123]
Microglia [123]
Osteoblasts [122]
Endothelial Cells [122]
PDL Stem Cells [105]

Proposed to be involved in initiation and
regulation of periodontitis [105]
Reduced levels observed in diseased sites of
periodontitis patients [96]

High levels observed in the saliva of
periodontitis patients [124]
Promotion of osteogenesis [105]
Increase in PDL stem cells’ osteogenic
capacity in vitro [125]

Vasoactive Intestinal T cells [118]
Polypeptide B cells [118]
(VIP) Mast cells [118]
Eosinophils [118]
Neurons [121]
Pancreatic (3 cells [122]
Vascular smooth
muscle cells [123]
. Monocytes [123]
Neur(ﬁ;snde Y Macrop}}:ages [123]
( ) Enterocytes [123]
Endothelial cells [121]
Langerhans cells [123]
Microglia [123]
B & T lymphocytes [123]
Pituitary Adenylate
Cyclase-Activating Mast cells [126]
Peptide Schwann cells [127]
(PACAP)

Pancreatic cells [128]
Sensory nerve terminals [128,129]
Pituitary cells [127]
Schwann cells [127]
Satellite glial cells [129]
Hepatocytes [129]
Osteoblasts [129]

Promotion of bone regeneration [105]
Dose-dependent inhibition of IL-12 in
LPS-activated macrophages [130]

Neurokinin A

(NKA) Sensory neurons [131]

Sensory neurons [132]
B & T cells [133]
Dendritic cells [133]
Macrophages [133]

Co-released with SP [131]
Increased levels observed in the GCF of
diseased periodontal tissues [134]
Decreased levels of NK-A observed in
diseased periodontal tissue [96]
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CGRP was discovered in 1982 by Amara et al. [135]. This 37-residue peptide was
found to be expressed in the central and peripheral nervous systems, promoting sensory,
motor, and autonomic functions in the brain [136]. CGRP has two isoforms, «-CGRP and
-CGRP, which have over 90% similar homology and share similar biological effects in
humans [75]. CALC I gene undergoes alternate splicing to generate x-CGRP, while 3-CGRP
is a product of CALC II gene transcription. While x-CGRP is predominant in the central and
peripheral nervous systems, 3-CGRP is found mainly in the enteric nervous system [75].
Vasodilatory effects of human and rat CGRP were discovered in 1985, effectively linking
CGRP to hyperemia [137]. The development of CGRP antagonists helped understand the
role of CGRP in migraines, linking neuropeptides with pain pathways in the orofacial
region and in other tissues [138]. Recognizing the ability of sensory nerves to produce
and release CGRP led to the discovery of different stimuli that can activate neural cells
to release this neuropeptide and the pathways that lead to the production and release
post-activation [139].

The CGRP receptor molecule is a G protein-coupled receptor and is composed of three
components: receptor activity modifying protein 1 (RAMP1), Calcitonin-like receptor (CLR),
and receptor component protein (RCP). All three components are required to form a fully
functional CGRP receptor (CGRP-R). Upon activation by binding with CGRP, CGRP-R may
couple with G protein o subunit, increasing the cyclical adenosine monophosphate (cAMP)
levels, which activate protein kinase A (PKA). This can result in the phosphorylation
of cAMP response-element-binding (CREB) protein leading to gene transcription or the
activation of extracellular signal-regulated kinases (ERK) pathway within a neural cell [139].
This signaling pathway can also result in the opening of ATP-sensitive K* channels, which
can lead to vasodilation [98].

Substance P (SP) is an undecapeptide that was first discovered in 1931 by Von Euler
and Gaddum [140]. SP, neurokinin A (NKA), neuropeptide K (NPK), and neuropeptide
v (NPy) are tachykinin neuropeptides encoded by the TAC1 gene; alternate RNA splicing
and differential post-translational processing result in the expression of specific tachykinin
peptides [141]. SP is best known for its role as a modulator of pain perception by altering
cellular signaling pathways using G protein-coupled receptors called neurokinin 1 receptor
(NK-1R) that can act through the cAMP secondary messenger system or inositol triphosphate
(IP3)-diacylglycerol (DAG) system [108]. These downstream signaling pathways result in the
expression of pro-inflammatory cytokines. SP can also exhibit autocrine effects on neural cells
expressing NK-1R in a desensitizing process that results in the internal phosphorylation of
NK-1R and recycling via endocytosis and acidification in endosomes [108].

CGRP and SP are known to colocalize, and these have been studied to assess the
degree of pain experienced by patients with symptomatic AP [142]. Affirming their role in
oral diseases, several studies have reported increased levels of CGRP and SP in the sites of
inflammation in the dental pulp [143,144], periodontal ligament [145,146], and saliva and
gingival crevicular fluid [111,147,148]. The levels of neuropeptides in these environments
are correlated with the degrees of inflammation, confirming their role in inflammatory
mechanisms [111,113,144].

CGRP and SP play vital roles in modulating bone resorption. In murine AP models,
TRPV1-positive sensory neurons were shown to regulate osteoclastogenesis via CGRP
signaling [104]. On the other hand, SP was found to up-regulate RANKL/OPG ratio in a
rat model of periodontitis, promoting RANKL-induced osteoclast differentiation [115].

SP and CGRP have also been shown to mediate tissue repair. The sprouting of CGRP-
positive fibers in odontoblast layers after injury induced in the cervical dentin of rats
resulted in the formation of reparative dentin [149]. SP released by stimulated peripheral
nerves increased blood flow to the dental pulp, thereby enabling tissue healing [113,116].
Hence, SP and CGRP can be considered immunomodulators that can have pro- and anti-
inflammatory effects depending on molecular cues present in the tissue microenvironment.
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6. Neuro-Immune Interactions Modulate Inflammation and Healing in AP

Evidence of a functional link between sensory neurons and immune cells comes from the
proximity of sensory nerve endings and immune cells. This is corroborated by the expression of
neuropeptide-specific receptors on immune cells and cytokine receptors and receptors capable
of recognizing microbial pathogens on trigeminal nociceptor neurons [8,150] (Figures 1 and 2).

IL-4R

TGFB-R Q,@ W
\ NK-1R
CGRP-R
Figure 2. In addition to releasing neuropeptides, macrophages have been shown to express
neuropeptide-specific receptors, indicating a significant role in neuro-immune cross-talk. Initialisms

are listed in Appendix A.

In vitro studies have confirmed the expression of CGRP-R and NK-1R in murine and
human macrophages, implying that neuropeptides CGRP and SP influence the activities
of these immune cells [99,151]. Pro-inflammatory cytokines IL-1, IL-4, and interferon
(IEN)-y were also shown to induce NK-1R expression in macrophages [152,153]. Gold-
man et al. were among the first to conduct in vitro studies on peritoneal macrophages,
showing enhanced phagocytosis when exogenous SP was applied to these cells [154]. The
SP-mediated activation of macrophages was discovered when exposure to SP increased
levels of eicosanoids in macrophages [155]. SP also acts as a chemoattractant for monocytes
and macrophages, first demonstrated in vitro using human monocytes and peritoneal
macrophages from guinea pigs [156,157]. Evidence of TNF-«, IL-1, and IL-6 release in
macrophages in response to SP was also previously recorded [158]. In contrast, CGRP was
found to actively prevent the activation of monocytes and macrophages [102,103]. Exoge-
nous CGRP reduced proliferation in peripheral blood mononuclear cells and inhibited
macrophage production of hydrogen peroxide, which is considered a classic response to
inflammation [102,103].

Early identification of CGRP immunoreactive (CGRP-IR) nerve fibers in the PDL led
to increased interest in studying their response to different stimuli. Dynamic changes
were observed in CGRP-IR nerve densities surrounding blood vessels in PDL during
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tooth movement in rat molars [159]. Wakisaka et al. were among the first to study the
distribution of SP-positive nerve fibers in rat PDL [160]. However, when immunoreactions
for CGRP, SP, and neuropeptide Y (NPY) were evaluated in dental pulp, periodontal
ligament, and gingiva in cats, denser innervation in the pulp was reported, and these
nerves were found to be more immunoreactive to CGRP than to SP [161]. A similar
trend was observed by the same group in a ferret model, affirming a similar abundance
in sensory nerve innervation across different species [162]. Hence, several subsequent
studies focused on studying CGRP-positive neurons. Kimberly and Byers induced pulpitis
that led to periapical lesions in rat models and monitored changes in CGRP-IR nerves to
inflammation for 35 days [163]. They observed that while inflammation initially caused
nerve damage, increased neural sprouting was seen along the wound border. Even as
inflammation advanced in severity and transitioned from the pulp to the periapical regions,
CGRP-IR nerves sprouted extensively in both tissues. Independent studies reported similar
patterns of neural sprouting in rat models, linking the response of pulpal innervation to
inflammation and the induction of periapical lesions [164].

Dynamic changes in the distribution of sensory nerves during acute and chronic AP
have drawn attention to understanding how these specialized neurons may modulate
disease progression. Several studies measured increased levels of neuropeptides in saliva
and gingival crevicular fluid (GCF) in animal models and in patients diagnosed with
AP [165,166]. Similarly, investigations on the distribution patterns of neuropeptides in
periodontitis suggested the potential of using neuropeptides as biomarkers for the early
detection of periodontitis [167,168]. A significant increase in SP-like immunoreactivity
was measured in GCF collected from periodontitis sites of volunteers [169]. Studies also
found a significant correlation between SP and proinflammatory IL-13, TNF-«, IL-8, and
chemoattractant MCP-1 (monocyte chemoattractant protein-1) in GCF from patients with
periodontitis [170]. CGRP exhibited a different profile in comparison; reduced CGRP im-
munoreactivity was observed in periodontitis sites compared to healthy periodontium [97].
Further analysis showed that carboxypeptidase activity in GCF resulted in a rapid break-
down of CGRP; however, this did not affect the levels of SP in GCF [171].

Macrophages express functional CGRP-R, i.e., receptors of CGRP. CGRP activation
led to the proliferation and differentiation of murine macrophages into osteoclast-like
cells via a cAMP /PKA-dependent signaling pathway [172]. Murine bone-marrow-derived
macrophages (BMDMs) showed increased IL-6 expression as a response to CGRP activation,
which led to speculations about the role of BMDMs in the negative inhibition of B cell devel-
opment [173]. Similar findings were reported in rat models that demonstrated reduced IL-6
expression in invading macrophages upon perineural injection of a CGRP antagonist [100].
In vitro studies have shown that LPS-induced expression of pro-inflammatory cytokines,
including IL-1§3, IL-6, contributes to CGRP expression in macrophages [99].

Primarily produced by sensory neurons in the periodontal tissues, NGF is a neu-
rotrophic factor that plays a critical role in neurogenesis, promoting the growth, differentia-
tion, and survival of neurons [174,175]. Nerve Growth Factor-Tropomyosin receptor kinase
A (NGF/TrkA) signaling suppresses CGRP production in monocytes as well as RAW264.7
macrophages [99]. In periodontal tissues that have a rich sensory nerve supply, NGF can
induce increased neural sprouting and innervation under inflammation. NGF also controls
the expression and release of neuropeptides in sensory neurons. NGF-mediated neural
responses have direct implications on the host tissue response to inflammation [176,177].
NGF has been shown to induce monocyte differentiation in macrophages, thereby enhanc-
ing inflammatory effects [178]. Non-neural cells such as fibroblasts and osteoblasts can
produce NGF in periodontal tissues, and several non-neural cell types express TrkA, which
is a high-affinity NGF receptor molecule [179,180]. Hematopoietic stem cells express TrkA
and produce their own NGF to support differentiation in these cells. This expression is
maintained so that neutrophils, mast cells, and monocytes that arise from these stem cells
also express TrkA. An interesting finding was that the expression of TrkA in monocytes and
macrophages had functional implications that increased when these cells were stimulated
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with bacterial toxins [178,181]. For example, TrkA-stimulated human monocytes showed
an upregulation of anti-apoptotic genes [182]. Another study showed that monocytes
production of CGRP was reduced in response to LPS when NGF was neutralized [183].
TrkA-dependent ruffling of human-monocyte-derived macrophage cell membrane, induced
by NGF, was found to increase phagocytic activity [184]. NGF also induced increased the
macrophage expression of matrix metalloproteinase (MMP)-9 in this study. Although the
functions and release mechanisms of neurotrophins in immune cells remain elusive, current
knowledge substantiates the role of sensory-neuron-derived NGF in macrophage functions
under inflammation.

SP was found to bind NK-1R receptors on murine macrophages and activate protein
kinase C (PKC) or phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), which
triggers nuclear factor kappa-light-chain-enhancer of activated B cells transactivation and
chemokine response via ERK1/2 and p38 MAPK signaling pathways [185,186]. Both re-
sulted in the expression of the chemokines macrophage inflammatory protein-2 (MIP-2) and
MCP-1. MIP-2 is a potent chemoattractant for neutrophils, and MCP-1 regulates monocyte
migration and infiltration [187,188]. Macrophages produce SP in response to NF-«B activa-
tion, linking this phenomenon with the pro-inflammatory M1 macrophage phenotype. The
administration of exogenous SP has been found to increase IL-10 expression in rat models,
creating conducive environment for the activation of anti-inflammatory M2 macrophages,
which can also produce SP [189,190]. SP was found to induce hemeoxygenase-1 (HO-1), an
antioxidant, in LPS-stimulated murine macrophages in a dose-dependent manner [191].
HO-1 is expressed in response to oxidative stress and functions to suppress inflammation
by inducing macrophage polarization in favor of an M2 anti-inflammatory phenotype [192].
SP also induced M2-like macrophages by activating PI3K/ Akt in murine macrophages [193].
Hence, there is evidence of both pro- and anti-inflammatory effects of SP, which warrants
detailed studies in AP.

7. Association of Pain with Nociceptor-Macrophage Cross-talk in AP

Pain is a natural response to tissue damage, and current investigations highlight a close
association of this sensation with nociceptor-immune-cell interactions [194]. Several aspects
can contribute to the presentation of pain in endodontic infections, including the volume of
root canal space, the presence of pathogen diversity, the virulence of pathogenic load, the state
of the immune system in an individual, and lesion dynamics, among others [195]. Despite
standardized systems such as Numeric Rating Scale (NRS-11) and periapical index (PAI),
which can correlate pain with clinical presentations in AP, these cannot be used to predict
when and why pain is not experienced by patients with chronic AP [196,197]. Understanding
pain perception from the perspectives of periapical inflammation on a molecular level may
help improve diagnosis and develop better treatment plans and strategies.

Immune cells modulate nociceptor activity using cytokines and chemokines, and
nociceptors in turn modulate functions of immune cells by expressing neuropeptides,
resulting in a dynamic, bi-directional cross-talk between these two cell entities during tissue
injury and inflammation [198] (Figure 3). Nociceptors express receptor molecules that are
activated by PAMPs, DAMPs, and mediators released by immune cells. Neutrophils, mast
cells, and macrophages have close encounters with nociceptive nerve terminals, and hence,
mediators produced by these immune cells can induce pain sensitization and influence
chronicity of pain. Macrophages produce TNF-«, IL-1f3, IL-6, PGE2, and Leukotriene
B4 (LTB4), covering a range of cytokines, growth factors, and lipids that bind to specific
receptors on nociceptor neurons and result in direct pain sensitization or engage ion
channels to increase neuronal cell excitation which then causes pain sensitization [194].
Such pain sensitization translates to hyperalgesia or allodynia in AP.
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Figure 3. Bi-directional cross-talk between nociceptor neurons and macrophages has been implicated
in inflammation, resulting in pain and bone resorption in apical periodontitis. Initialisms are listed
in Appendix A.

Hyperalgesia and allodynia refer to increased nociceptive sensitivity in peripheral
nerves. While both are caused by the reduced activation threshold of nociceptor neurons,
hyperalgesia is caused by repeated or intense exposure to noxious mechanical or thermal
stimuli, and allodynia is associated with non-toxic mechanical or thermal stimulation. A
comparison of maximal bite force in contralateral, non-inflamed teeth in patients with acute
periradicular periodontitis against teeth from healthy individuals reported allodynia in the
contralateral teeth of acute AP patients. This was attributed to central sensitization, which
refers to an increase in sensitivity in neurons in the central nervous system (CNS) [199,200].
Owatz et al. proposed that central sensitization may evoke mechanical allodynia in pulpal
nociceptors independently of the local activation of the nociceptors in pulpal tissue [201];
this is yet to be confirmed. Studies have found correlations between nociceptive pain
and neuropeptide CGRP [138,202]. Mechanical allodynia was reported when CGRP was
injected into the hind paw skin of mice [203]. The intradermal injection of CGRP antagonist
after 1 h of capsaicin injection resulted in a partially reversed hyperalgesia and mechanical
allodynia in rats, confirming the role of CGRP in maintaining nociceptive sensitivity [204].

De Franga et al. evaluated M1 and M2 macrophage populations in human radicular
cysts and periapical granulomas the presence of both are classic markers of apical periodon-
titis [205]. The authors also correlated pain with macrophage subpopulations in samples
tested; a higher prevalence of macrophages was observed in areas with higher densities of
microorganisms [205]. Based on sample collection, more cases with radicular cysts were
symptomatic compared to periapical granulomas, meaning this trend could be attributed
to the pro-inflammatory profile of cysts that were assumed to have increased levels of
IL-1, IL-6, and PGE2, all of which are released by macrophages in response to microbial
infection and have been identified in causing painful symptoms. However, periapical
granulomas were characterized by pulsating pain in this study, and this was linked to
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higher inflammatory infiltrate that also had higher amounts of CD68" cell populations. A
correlation between macrophages and CGRP, known to initiate and maintain pain, was
reported when the increased presence of CGRP-immunoreactive fibers was observed along
with an increased number of resident macrophages in rat models of AP [206]. These studies
have directly or indirectly highlighted an important link between macrophages and pain
sensations in AP. There is, however, a lack of consensus that successfully links macrophages
and pain in AP progression from radicular cysts to periapical granulomas [205].

A recent study found correlations between the immunoexpression of MMPs and the
presence of pain in patients with AP; periapical granulomas and periapical cysts in teeth
extracted from patients who were evaluated for the presence of pain showed high expression
levels of MMP-2 [207]. MMPs are a class of enzymes that participate in the degradation of
matrix proteins and bone, contributing to the processes of tissue degradation and remodel-
ing. Categorized into different classes such as collagenases, gelatinases, stromelysins, and
others, MMPs are also capable of cleaving cytokines and chemokines, thereby modulating
immune response. MMP-1, produced by activated macrophages, has been found in increased
concentrations in rat and mouse models of periapical lesions [208,209]. MMP-2, MMP-3,
MMP-8, MMP-9, and MMP-13 have also been identified in human periapical lesions; of
these, macrophages have been shown to express all of these in AP [210-212]. Although
their mechanism of action is not fully understood, it is known that, in response to different
cues, MMPs are secreted by different cell types into the extracellular matrix, where they are
activated proteolytically and their actions are regulated by endogenous inhibitors called tissue
inhibitors of metalloproteinases (TIMPs) [213,214]. In the context of AP, pro-inflammatory
cytokines TNF-oc and IL-1f3 are known to activate MMP-1 and MMP-2; macrophages are a
major source of these cytokines [213,214]. Stimulating pain in the upper central incisor of
human volunteers resulted in elevated levels of MMP-8 in the gingival crevicular fluid [112].
This study observed an increase in SP levels in the GCF of stimulated teeth, thereby correlating
neuronal activation associated with pain with immune activation.

8. Conclusions

The discovery of neurogenic inflammation highlighted the role of nociceptors in the
immune response. The dental pulp and periapical tissues are rich in sensory nerves, and
nociceptors are now known to activate key elements of the innate immune system besides
sending pain signals to indicate infection. Neuropeptides and inflammatory mediators
released by both nociceptors and immune cells regulate neuro-immune cross-talk. An-
imal models and in vitro studies have led to a deeper understanding of neuro-immune
cross-talk; however, we are yet to understand how microbial pathogens, immune cells, and
nociceptors interact with each other resulting in the modulation of pain and inflammation
in AP. Chronic AP is especially challenging to treat or manage because it is usually asymp-
tomatic, persisting in a state of continued inflammation with varying presenting symptoms.
Macrophages play a critical role in sensitizing and desensitizing nociceptors, leading to
hyperalgesia, allodynia, and central sensitization in patients with AP. A comprehensive
insight into the molecular mechanisms that connect neuro-immune interactions, inflam-
mation, and pain is essential to understand periapical host response in symptomatic and
asymptomatic AP while offering significant translational potential.
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Appendix A. List of Acronyms

AP Apical periodontitis

BMDMs Bone-marrow-derived macrophages

CAM-1 Cellular adhesion molecule 1

cAMP Cyclical adenosine monophosphate

CD Cluster of differentiation

CGRP Calcitonin Gene-Related Peptide

CGRP-IR CGRP immunoreactive

CLR Calcitonin-like receptor

CNS Central nervous system

CREB cAMP response element binding

CXC-L Chemokine C-X-C motif chemokine ligand
DAG Diacylglycerol

DAMPs Damage-associated molecular patterns
ERKs Extracellular signal-regulated kinases

GCF Gingival crevicular fluid

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
HO-1 Hemeoxygenase-1

IFN-y Interferon-y

IL-1 Interleukin-1

IP3 Inositol triphosphate

IRAK Interleukin-1 receptor-associated kinase
LDCVs Large dense core vesicles

LPS Lipopolysaccharides

LTB4 Leukotriene B4

M1 Classically activated macrophages

M2 Alternatively activated macrophages
MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein-1

MD2 Myeloid differentiation 2

MIP-2 Macrophage Inflammatory Protein-2

MMPs Matrix metalloproteinases

MQ Macrophage

MyD88 Myeloid differentiation primary response 88
NF«B Nuclear Factor Kappa B

NGF Nerve Growth Factor

NI Neurogenic Inflammation

NKA Neurokinin A

NPs Neuropeptides

NPy Neuropeptide y

NPK Neuropeptide K

NPY Neuropeptide Y

NRS-11 Numeric Rating Scale

OPG Osteoprotegerin

PACAP Pituitary adenylate cyclase-activating peptide
PAI Periapical index

PAMPs Pathogen-associated molecular patterns
PDL Periodontal ligament

PGE2 Prostaglandin E2

PIBK/ Akt Phosphatidylinositol 3-kinase/protein kinase B
PKC Protein Kinase C

RANKL Receptor activator of nuclear factor kappa-f ligand
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
sP Substance P

TG Trigeminal ganglion

TGF-p Transforming growth factor-

TIMPs Tissue inhibitors of metalloproteinases

TLR Toll-like receptor

TNF-oc Tumor necrosis factor-«

TRAF-6 Tumor necrosis factor Receptor Associated Factor-6
TrkA Tropomyosin receptor kinase A

TRP Transient receptor potential

viP Vasoactive intestinal peptide
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Abstract: HIV-1 infection leads to a gradual loss of T helper cells, chronic immune activation, and
eventual immune system breakdown. HIV-1 causes deregulation of the expression of IL-2, a cytokine
important for T helper cell growth and survival, which is downregulated in HIV-1 patients. The
present study addresses the regulation of IL2 expression via HIV-1 Tat transcriptional activator. We
used J-LAT cells, a T cell line that serves as a latency model for studies of HIV-1 expression in T cells,
and as controls a T cell line lacking HIV-1 elements and a T cell line with a stably integrated copy
of the HIV-1-LTR promoter. We show that endogenously expressed Tat inhibits IL2 transcription in
J-Lat cells via its presence in the ARRE-1/2 elements of the IL2 promoter and that the inhibition of
IL2 expression is mediated by Tat inhibiting Pol II activity at the IL2 promoter, which is mediated
by preventing the presence of Pol II at the ARRE-1/2 elements. Overall, Tat is present at the IL2
promoter, apart from its cognate HIV-1 LTR target. This supports our current knowledge of how HIV-
1 affects the host transcriptional machinery and reflects the potential of Tat to disrupt transcriptional
regulation of host genes to manipulate cell responses.

Keywords: HIV-1; IL2; Tat; Pol II; NFAT?2; J-LAT; transcription factors

1. Introduction

HIV infection is characterized by chronic activation of the immune system, uncon-
trolled viral replication, and a gradual decline in CD4* T helper (Th) cells. The introduction
of highly active antiretroviral therapy (HAART) immediately after diagnosis has resulted
in chronic rather than fatal infection. Although the life expectancy of HIV-1-infected in-
dividuals who respond well to the drugs has improved dramatically with the long-term
use of HAART [1], studies show that the virus is not completely eliminated in the plasma
of patients and viremia is observed [2]. This inability to eliminate the virus is attributed
to cells that serve as viral reservoirs and are responsible for the latency of infection [3,4].
The exact molecular mechanisms underlying viral latency are still unknown [5-7]. The
viral reservoir consists of cells harboring transcriptionally integrated silent proviruses
capable of producing infectious virions after treatment interruption. Once HIV is inte-
grated into the host genome, its transcription is regulated by a complex of cis and trans
factors [8]. Many studies suggest that repressive chromatin states, DNA methylation, and
post-transcriptional changes in histones and non-histone proteins, as well as host transcrip-
tion factors and the HIV-1 Tat protein, determine the transition to stable latency [7,8]. The
presence of this latent reservoir is associated with chronic immune activation and persistent
inflammation [9].

One of the most important effects of chronic HIV-1 infection is the dysregulation of
the expression of a number of cytokines such as IL-2, IL-17, IFN-y, and others [10]. The
expression of IL-2 plays a critical role in infection, as it is the first cytokine secreted by naive
Th cells after their activation by antigens [11], and it has been found to be downregulated
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in HIV-1 patients [12,13]. This was confirmed by in vitro studies using Jurkat T cells, which
can express the stably integrated HIV-1 Tat [14,15] or the entire stably integrated virus [16]
in their genome and, in this respect, behave exactly like CD4*CD25" primary Th cells
latently infected with HIV-1. Production of IL-2 is a measure of immunological activation
of T cells via the downstream T cell receptor (TCR) pathway. Therefore, impaired IL-2
expression is associated with deficient development and proliferation of lymphocytes,
monocytes, and macrophages, as well as inefficient viral replication and spread. For this
reason, IL-2 is also important for latency. Its expression in acutely or latently infected
T cells is impaired after in vitro stimulation with mitogens at the transcriptional level,
albeit in a completely opposite manner. IL2 mRNA levels are increased in acutely infected
stimulated cells, whereas they are decreased in latently infected stimulated cells compared
with stimulated uninfected cells [16]. Exogenous addition of IL-2 to patient T cells promotes
their proliferation and protects them from apoptosis [17]. In addition, immunotherapy
with IL-2 has been shown to increase Th cell numbers [18], reduce the pool of latently
infected resting Th cells [19], and elicit HIV-1-specific T cell responses [20]. For these
reasons, production of IL-2 by patients’ T cells is essential for proper immune function.

IL2 gene activation occurs after binding of specific transcription factors to its pro-
moter [21,22]. The transcription factors NF-kB and NFAT recognize purine-rich binding
sites in the IL2 promoter and play a central role in the signaling pathway that regulates
IL2 expression [21,23]. HIV-1 Tat protein is another transcription factor that affects IL2
transcription [14,15,24].

The promoter region of IL2, which spans nucleotides —292 to —273 (ARRE-2 se-
quence) [22], is similar to the region of HIV-1-LTR, which spans nucleotides —279 to —250
(RATS sequence) [25]. The elements ARRE-2 and RATS are involved in suppressing the
expression of the IL2 gene and HIV-1, respectively [25-27]. Several transcription factors
associated with IL2 expression, including NF-«B and NFAT, are also involved in transcrip-
tional activation of the HIV-1 genome via binding to the LTR viral sequence [24,28,29].
Binding of NF-kB to the LTR of HIV-1 stimulates its transcription, whereas NFAT appears
to bind to the same NF-«B core element and not to the putative NFAT site (—255 to —217)
in the LTR [28,29]. Many studies suggest that there is an interplay between host factors and
the HIV-1 Tat protein in the regulation of HIV-1 [8,24,29,30].

Tat, a small RNA-binding protein, is the first protein expressed after HIV-1 infection
and is required for efficient transcription and viral replication [24]. It is involved in
apoptotic and survival mechanisms, alteration of T-cell proliferation, and expression of
various cytokine genes [24]. The mechanism by which Tat regulates most cellular genes
remains to be elucidated. Since Tat does not have a DNA-binding domain, many studies
suggest that its activity is exerted on the expression of host genes either by modulating
transcription through binding to TAR-like sequences in the 5'-untranslated region of nascent
RNA in the promoter regions of genes or by interacting with transcription-regulating host
proteins that form a Tat complex [24,31]. Tat has been reported to interact with various
host proteins such as transcription factor Sp1, cyclin T, nuclear RNA polymerase II, and
others [29,32,33]. The transcription factor NFAT1 also interacts with the HIV-1 Tat protein,
and the two factors modulate each other’s activity [34]. Tat also activates NF-«kB through
its interaction with IkB-« and p65 [35].

Previous studies have shown that transient expression of HIV-1 Tat acts mainly by
enhancing IL2 promoter activity [36-38]. However, cells stably expressing Tat show a
decrease in IL2 expression [14-16]. From this point of view, transiently expressed Tat
behaves analogously to cells acutely or transiently infected with the whole HIV-1 genome,
whereas stably expressed Tat behaves similarly to a stably integrated virus [14-16]. These
contrasting results in the regulation of IL2 may reflect differences in gene regulation
between acutely HIV-1 infected and latently infected cells [16].

The present study focuses on the impairment of IL2 expression by HIV-1 Tat tran-
scriptional activator expressed in J-Lat cells, a CD4*CD25~ Th cell line that serves as a
latency model for studies of HIV-1 expression in Th cells. Because HIV-1 Nef protein has
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also been reported to affect IL2 expression, J-Lat cells, which have the complete HIV-1 virus
integrated into their genome but without the Nef gene, are an ideal model to study the
effect of Tat on IL2 expression in the absence of Nef [39] and avoid the artificial results
caused by transient overexpression of Tat. We show that endogenously expressed Tat in
induced latently infected J-Lat cells exerts its inhibitory effect on IL2 transcription through
its presence in the ARRE-1 and ARRE-2 elements of the IL2 promoter and by preventing
the presence of Pol Il in the same elements.

2. Materials and Methods
2.1. Cells and Cultures

Jurkat (American type Culture Collection), Jurkat-Lat 6.3 (J-Lat) (NIH AIDS Reagent
Program catalog number #9849), and Jurkat-LTRG (J-LTRG) (NIH AIDS Reagent Program
catalog number #11587) T cell lines were used. Jurkat cells are derived from human T-cell
acute lymphoblastic leukemia. J-Lat cells are Jurkat-derived cells latently infected with the
packaged retroviral construct HIV-R7/E-/GFP. This is a full-length HIV-1 genome with a
non-functional Env gene due to a frame shift and the green fluorescent protein GFP gene
in place of the Nef gene [40]. ]-LTRG cells, also derived from Jurkat cells, contain a stably
integrated copy of the HIV-1 LTR promoter linked to the GFP reporter as a reporter for
HIV-1 LTR expression [41,42]. In the absence of HIV-1 Tat expression, the cells exhibit
extremely low eGFP expression.

All cell lines were cultured in RPMI-1640 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/mL), and 50 uM
2-mercaptoethanol (CM) at a concentration of 10° cells/mL in a humidified incubator at
37 °C and 5% CO,. When required, cells were stimulated with the mitogens ionomycin
(2 uM) and phorbol myristate acetate (20 ng/mL) (P/I) for 6 h (peak IL2 expression [26]).

2.2. Quantitative Real Time PCR (qPCR)

Total RNA was isolated using the standard method of Trizol according to the man-
ufacturer’s instructions (Gibco). RNA yield and purity were determined by measuring
absorbance at 260/280 nm on a Quawell microvolume spectrophotometer Q3000 (Quawell
Technology). Total RNA (100 ng per reaction) was used for cDNA synthesis using M-MLV
reverse transcriptase (200 U/pL) (Sigma-Aldrich, St. Louis, MI, USA) in 10x M-MLV
reverse transcriptase buffer, 40 U/pL RNase inhibitor (Thermo Fisher Scientific-Invitrogen),
1 mM each dNTPs (Sigma-Aldrich), and 2.5 pM random hexanucleotide primers (Sigma-
Aldrich). qPCR mRNA analysis was performed on an Mx3000PTy; Quantitative PCR
System Thermocycler (Stratagene, San Diego, MA, USA) using SYBR-green fluorescence
quantification technology (KAPA SYBR FAST qPCR Kit, Kapa Biosystems, Wilmington,
MA, USA). PCR conditions were 95 °C for 15 min, followed by 36 cycles of 95 °C for 30 s to
denature cDNA, 58 °C for 30 s for annealing, and 72 °C for 30 s for extension. The results
were analyzed using MxPro™ software (Stratagene). Expression of the 3-actin gene served
as a normalizer. All measurements were performed in triplicate. The primers used for
qPCR (Eurofins Genomics/Oligo Analysis Tool) were:

Tat—5'-AGGAAGTCAGCCTAAAACTGC-3" and 5'-GCTCTTCGTCGCTGTCTCC-3/,
yielding a PCR product of 132 bp;

GFP—5'-GGTGATACCCTTGTTAATAG-3' and 5'-AGGTAATGGTTGTCTGGTAAA-3,
yielding a product of 176 bp;

IL2—5'-TCACCAGGATGCTCACATTTAAGT-3' and 5'-GAGGTTTGAGTTCTTCTTC
TTCTACAC-3/, yielding a PCR product of 127 bp;

B-actin—5"-TTGGCAATGAGCGGTTCC-3" and 5-AGCACTGTGTTGGCGTAC-3,
yielding a PCR product of 137 bp.

2.3. HIV-1 Tat siRNA Transfection

J-Lat cells were transfected with siRNA oligonucleotides using Lipofectamine LTX
DNA transfection reagents (Invitrogen, Life Technologies) according to the manufacturer’s
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instructions. Cells were cultured in CM for 24 h (10° cells per experimental point). The
culture medium was changed 30 min before addition of the transfection reagent. Cells were
incubated for 18-24 h in the presence of 10 nM of:

RNA oligo A [5'-GGAGCCAGUAGAUCCUAGA)TT-3'] or

RNA oligo B [5'-GCUUGUACCAAUUGCUAUU)TT-3'] (Eurofins Genomics/siRNA
Design Tool).

After 24 h, the culture medium was changed, and 6 h later, the cells were cultured
with P/I for an additional 6 h. They were then subjected to qPCR analysis and Western
immunoblotting, as indicated in the results.

2.4. Western Immunoblotting

Whole-cell extracts (10° cells per experimental point) were prepared using RIPA buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, and 1 mM EDTA) supplemented with protease inhibitors (Sigma-Aldrich). Proteins
were separated using SDS-PAGE and electrophoretically transferred to nitrocellulose mem-
branes. Membranes were incubated with a rabbit polyclonal antibody to HIV-1 Tat (ab43014,
Abcam, Cambridge, UK) and a rabbit monoclonal antibody to (3-actin (Cell Signaling Tech-
nology #4970, Danvers, MA, USA), which served as a loading control. HRP-conjugated goat
anti-rabbit IgG (sc-2004, Santa Cruz, CA, USA) was used as a secondary antibody. Protein
levels were visualized using the ECL LumiGLO detection kit (Upstate, Biotechnology UBI).

2.5. Co-Immunoprecipitation

J-Lat cells were cultured in the presence (P/I) or absence (CM) of mitogens for 6 h.
Whole protein extracts were then digested with RIPA buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 1 mM EDTA) sup-
plemented with protease inhibitors (Sigma-Aldrich). Extracts before immunoprecipitation
were used as controls to ensure that all samples contained the same starting material (input).
Extracts were subjected to immunoprecipitation with a rabbit polyclonal anti-Tat antibody
(ab43014, Abcam) (0.1 pg/mL) using magnetic protein G beads (Dynabeads, Invitrogen).
Protein—protein interactions between the transcription factors NFAT2 and Tip60 and HIV-1
Tat were examined using Western immunoblotting with a mouse monoclonal antibody to
NFAT2 (sc-7294, Santa Cruz) and a mouse monoclonal antibody to Tip60 (sc-166323, Santa
Cruz). An extract of J-Lat cells expressing NFAT and Tip60 without antibody (-Ab) was
used as a negative control. A goat anti-rabbit IgG HRP-conjugated antibody (sc-2004, Santa
Cruz) and a goat anti-mouse IgG HRP-conjugated antibody (sc-2005, Santa Cruz) were
used as secondary antibodies.

2.6. Chromatin Immunoprecipitation (ChIP) Assays

For ChIP assays, Jurkat, Jurkat-Lat, and Jurkat-LTRG cells (107 cells per experimental
point) were cultured in CM or P/I for 6 h. Cells were fixed in 1.1% formaldehyde for 10 min
and then quenched with 125 mM glycine for 5 min. They were then lysed and sonicated
to generate 200-500 bp DNA fragments. ChIP assays were performed as described [26].
All reactions were performed in 1 mL sample tubes using 10 pg of isolated chromatin with
40 pL of protein G beads (Dynabeads, Invitrogen) and 5 ug of the corresponding antibody
for each ChIP reaction. The antibodies used were anti-HIV-1 Tat (ab43014, Abcam) and
mouse monoclonal anti-Pol II (sc-9001, Santa Cruz). Immunoprecipitated DNA from each
cell line was analyzed for detection of specific sites with gqPCR using the KAPA SYBR FAST
qPCR kit (Kapa Biosystems) and the Mx3000PTy; Quantitative PCR System Thermocycler
(Stratagene). The sequences of the ChIP primers used for the different genomic regions in
qPCR (Eurofins Genomics/Oligo Analysis Tool) were:

ARRE-1/TATA—5'-TCTTTGGGGGTTTAAAGAAATTC-3' and 5'-AGGAGTTGAGGT
TACTGTGAG-3/, yielding a PCR product of 217 bp;

ARRE-2—5'-CTTGCTGTTGTCCACCAC-3" and 5-TGGATGTAGGTGAAATCCC-3/,
yielding a PCR product of 201 bp;
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RATS region of HIV-1-LTR—5'-CCTTTGGATGGTGCTACAAGC-3’ and 5'-GATGCAG
CTCTCGGGCCA-3/, yielding a PCR product of 137 bp;

TATA region of the 32m promoter—5'-CGCCGATGTACAGACAGCAAA-3 and 5'-
TGCTGTCAGCTTCAGGAATG-3/, yielding a PCR product of 230 bp;

TATA region of the -actin gene promoter—5-CGGCGAAGCCGGTGAG-3' and 5'-
CTGGCGGGGGCTACGC-3, yielding a PCR product of 175 bp.

The optimized PCR conditions were 95 °C for 10 min, followed by 40 cycles of 95 °C
for 30 s and 60 °C for 30 s. The results represent the ChIP signal as a fold increase in signal
compared with the background signal. In this normalization method, the fold enrichment
is calculated (2~PPCY) and divided by the non-specific adjustment (Ct IP)—(Ct mock). Ct is
the cycle at which the threshold line is crossed.

2.7. Statistical Analysis

Data are given as means (SD or SE) of three independent experiments. Statistical
probabilities were evaluated using Student’s f test. The statistical significance level was set
at p < 0.05. Data analysis and graphical representation were performed using GraphPad
Prism v.9.0 software.

3. Results
3.1. Decreased IL2 mRNA Expression in Induced J-Lat Cells Due to Tat Inhibition

To investigate the role of Tat-HIV-1 in IL2 transcription and to decipher the underlying
mechanism, we determined IL2 mRNA levels in J-Lat cells using qPCR. J-Lat cells were
cultured under non-induced conditions (CM) and then induced with P/I for 6 h. The
genetic background of J-Lat cells allowed us to avoid the effects of exogenous expression of
Tat protein [36-38] (Supplementary Figure S1) and the effects of Nef protein on IL2 mRNA
expression [39].

Jurkat and J-LTRG cells were cultured under the same conditions (CM and P/I) as
controls. The mRNA levels of IL2, GFP, and Tat were measured using qPCR in all cell
lines under both conditions. As expected, IL2 mRNA was upregulated in all cell lines
after induction (Figure 1A). Consistent with our current knowledge of the function of
Tat [24] and LTR-HIV-1 expression controlled by host transcription factors such as Sp1
and NF-«kB [43] in the presence of mitogens, induction of J-Lat and J-LTRG cells with P/I
resulted in GFP mRNA production in both cell lines (Figure 1B) and increased levels of
endogenously produced Tat mRNA in induced J-Lat cells compared with non-induced cells
(Figure 1C) [40,44,45]. The presence of Tat protein in J-Lat cells was detected using Western
immunoblotting (Figure 1D,E). The discrepancy between the increased mRNA levels of
Tat and the lower protein levels in induced J-Lat cells could be due to an asymmetry
between the viral mRNAs produced and the actual functional viral mRNAs leading to
the production of Tat protein [45], and/or to the repressive effect that Rev [46] and Gag
gene products of HIV-1 [47] exert on the expression of Tat protein without affecting its
mRNA expression.

When we compared the IL2 mRNA levels produced after induction between cell lines,
we found that they were significantly lower in induced J-Lat cells than in induced Jurkat
or J-LTRG cells (Figure 1A). The difference between J-Lat, J-LTRG, and Jurkat cells under
induced conditions is the complete expression of the integrated HIV-1 genome in J-Lat cells
without the Nef and Env genes, suggesting that the Tat protein is likely a repressor of IL2
expression. This observation is consistent with previous studies showing the same effect
on IL2 mRNA levels in cells with HIV-1 Tat or the entire HIV-1 virus integrated into their
genome [14-16] and with the known role of Tat as a transcriptional repressor [15,48].
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Figure 1. Induced J-Lat cells express lower levels of IL2 mRNA compared with induced Jurkat
and J-LTRG cells. (A) Relative IL2 mRNA levels measured using qPCR in the T cell lines Jurkat,
J-LTRG (carries HIV-1 LTR), and J-Lat (carries a noninfectious copy of HIV-1) cultured in CM or after
induction with P/I for 6 h. (B) Relative mRNA synthesis of the GFP reporter gene. (C) Relative
mRNA expression of the HIV-1 Tat gene. (D) Relative HIV-1 Tat protein expression in Jurkat, J]-LTRG,
and J-Lat cells measured using Western immunoblotting with specific antibodies to HIV-1 Tat. (E) Tat
expression in Jurkat, J-LTRG, and J-Lat cells using Western immunoblotting with specific anti-Tat
antibodies. Results are shown as means of three independent experiments; error bars represent SE
(* p < 0.05; Student’s t test). Actin was used as a protein loading control.

To investigate whether the HIV-1 Tat transcription factor per se was responsible for the
low IL2 mRNA levels in stimulated J-Lat cells, we silenced its endogenous expression with
two different Tat-specific siRNA oligonucleotides, oligo A and B (Figure 2, see also M&M).
After transfection, the cells were cultured P /I for 6 h. Tat protein reduction was detected
using qPCR (Figure 2A) and Western blot analysis (Figure 2C,D). IL2 mRNA expression
was determined using qPCR. The results show that when Tat expression was inhibited
in stimulated J-Lat cells, the expression of IL-2 mRNA was higher than that in induced
J-Lat cells in which Tat was not silenced (Figure 2B), confirming that Tat can inhibit IL2
expression independently of the presence of other viral genes. IL2 mRNA in induced J-Lat
cells in which Tat was silenced did not reach the level of mRNA expressed in induced
Jurkat cells, because Tat was not completely silenced in these cells. Overall, these results
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demonstrate that endogenous expression of the HIV-1 Tat transcriptional activator in the
context of a nearly intact viral genome, but in the absence of Nef and Env genes, does not
allow complete transcriptional expression of the IL2 gene after cell induction in T cells
stably expressing Tat.
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Figure 2. Silencing of endogenous HIV-1 Tat results in the relief of IL2 mRNA expression in
induced J-Lat cells. J-Lat cells were transfected with siRNA A and siRNA B and cultured in CM
or with P/I for 6 h. Relative HIV-1 Tat (A) and IL2 (B) mRNA levels in J-Lat cells. Additionally,
shown in (B) for comparison are relative IL2 mRNA levels in Jurkat cells cultured under the same
conditions. (C) Relative HIV-1 Tat protein expression measured using Western immunoblotting with
specific antibodies against HIV-1 Tat in J-Lat cells. (D) Representative Western blots of HIV-1 Tat
protein expression in J-Lat cells. Results are presented as the result of the comparative quantification
algorithm AACt. Results are presented as means of three independent experiments; error bars
represent SE (* p < 0.05, ** p < 0.01, *** p < 0.001; Student’s ¢ test). Actin was used as a protein
loading control.

3.2. Tat Inhibits IL2 Expression by Preventing the Presence of Pol Il on the IL2 Promoter

Although it has been proposed that the impairment of IL2 mRNA levels in HIV-
l-infected cells is due to the impairment of the TCR pathway [16], we hypothesized
that endogenously expressed Tat may play a more direct role in IL2 transcription. IL2
transcriptional activation is known to be under the control of several host transcription
factors that either enhance or repress it. The ARRE-2 DNA element of the IL2 promoter,
which is also an NFAT2 binding site, plays a central role in the pro-inductive repression
of IL2 transcription in naive CD4*CD25~ Th cells and the Jurkat cell line [26]. Since Tat
has been described elsewhere as a transcriptional repressor [15,48] and is present in a
complex that can bind to the ARRE-2 element [34], we investigated whether the lower IL.2
transcription in induced J-Lat cells compared to IL2 mRNA levels in induced Jurkat and
J-LTRG cells was consistent with the presence of the Tat protein in the IL2 promoter in
J-Lat cells. To investigate the physiological interactions between Tat and the IL2 promoter
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Fold enrichment

Fold enrichment

in vivo, we performed ChIP analysis using chromatin from untransfected Jurkat, ]-LTRG,
and J-Lat cells cultured in the presence or absence of P/I. Cross-linked chromatin was
subjected to immunoprecipitation with antibodies to Tat and human Pol II or a negative
control antibody to IgG. The association of Tat and Pol II with the IL2 promoter and HIV-1
LTR was detected with qPCR using specific primer sets (Figure 3A). We examined the
presence of Tat at ARRE-2 and ARRE-1, the region of the IL2 core promoter that includes
the TATA box (which also contains an NFAT-binding sequence) and the RATS element of
LTR (Figure 3B). The relative positions of ARRE-2 and ARRE-1 are shown in Figure 3A. The
chromatin regions encompassing the promoters of the human 32m and actin genes and
containing the TATA element were selected as negative controls for Tat binding (Figure 3B).

Figure 3. Binding affinity of endogenously expressed Tat to IL2 loci. ChIP assays in Jurkat, J-
LTRG, and J-Lat cells. (A) Schematic representation of the human IL2 promoter showing the relative
position of the ARRE-2 and ARRE-1/TATA box regulatory elements. The arrows represent the
primer pairs used for each PCR amplification. (B,C) ChIP analysis in Jurkat, ]-LTRG, and J-Lat cells
cultured in CM or after induction with P/I for 6 h with qPCR. Binding to the IL2 promoter regions
ARRE-1/TATA and ARRE-2 and the RATS sequence of HIV-1 LTR. The binding affinity of the 32m
TATA promoter region was used as a negative control. The (3-actin TATA promoter was used as a
control to check the specificity of the results. ChIP assays were performed with antibodies against Tat
(B) and Pol II (C). Results represent ChIP signal as a fold increase in signal relative to background
signal. Results are presented as means of three independent experiments; error bars represent SE
(*p <0.05,** p <0.01, ** p < 0.001; Student’s t test).
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Because Tat is not expressed in Jurkat and J-LTRG cells and Jurkat cells also do
not have HIV-1 LTR in their genome, we were unable to detect Tat in ARRE-2, ARRE-
1, and RATS in either cell line under either CM or P/I conditions (Figure 3B). In J-Lat
cells expressing Tat under both CM and P/I conditions (Figure 1C,D), Tat protein was
detected in ARRE-2, ARRE-1, and RATS, but at unequal levels. More specifically, Tat
levels decreased from ARRE-2 to ARRE-1 to RATS under both CM and P /I conditions.
At the same time, compared with CM, Tat binding increased three-fold after induction
(P/I) in ARRE-2 and ARRE-1 elements and two-fold in RATS (Figure 3B Ab-Tat). The
above results indicate that Tat shows a higher preference for the ARRE-2 and ARRE-1
elements of the IL2 promoter than for the RATS element of HIV-1 LTR in latent J-Lat
cells under both CM and P/I conditions, which may also mark its interference with IL2
transcription. This preference and its three-fold higher presence in ARRE-2 and ARRE-1
after cell induction is accompanied by a shorter IL2 mRNA induction compared with the
other two cell lines that do not express Tat (Figure 1A). It is interesting to note that when
we performed the same ChIP assays in previously transfected Jurkat and J-LTRG cells with
a pcDNA3-based plasmid overexpressing Tat (1-101 a.a.), we failed to detect the presence of
exogenously added Tat on the IL2 promoter (Supplementary Figure 52), which may explain
the discrepancy in IL2 mRNA expression between endogenous and exogenously added
Tat in the literature [14,15,36-38], (Supplementary Figure S1). Control ChIP assays with
the Tat antibody showed no presence of Tat at the 32m or actin gene promoters under all
conditions tested and in all cell types, a result confirming the specificity of our experiments.

Since the ARRE-2 element is known to be involved in the transcriptional repression of
IL2 [26], we examined the effects of endogenous Tat expression on the presence of Pol II in
the IL2 promoter before and after induction in all cell lines. In Jurkat and J-LTRG cells, Pol
II was found to interact with the ARRE-2 element in CM and P/I to an almost similar extent
between cell lines. In both cell lines, Pol II also interacted with ARRE-1 in CM, although
to a lesser extent than with ARRE-2 under the same conditions. In both cell types, the
presence of Pol Il in ARRE-1 increased at P/I, consistent with transcriptional activation of
the IL2 gene after induction, and nearly reached the level of presence in ARRE-2 under the
same conditions (Figure 3C). In contrast, the presence of Pol Il in J-Lat cells was lower than
in the other two cell lines in both ARRE-2 and ARRE-1 at CM. These differences between
Jurkat, ]-LTRG, and J-Lat cells in the presence of Pol I in ARRE-2 and ARRE-1 at CM may
be attributed to the simultaneous presence of Tat in both elements at CM in J-Lat cells,
leading to the exclusion of Pol II from the ARRE-2 and ARRE-1. The presence of Pol I
at the ARRE-2 and ARRE-1 elements under CM conditions in all cell lines may reflect its
association with one or more factors that bind to these elements in a ready-to-use state [26].
After induction (P/I) of ]-Lat cells, the presence of Pol Il in ARRE-2 reached almost the same
levels as in the other two cell lines. This was not the case in ARRE-1, where the presence of
Pol Il in P/I was ~60% of that in Jurkat cells and ~75% of that in J-LTRG cells. This may
be analogous to the exclusion of Pol II from Tat in ARRE-1 at CM in J-Lat, because the
concomitant presence of Tat in ARRE-1 under P/I conditions results in impairment of IL2
transcription during transcriptional activation, possibly by impeding the function of Pol IL

Because of the absence of an HIV-LTR sequence in Jurkat cells, we could not detect
binding of Pol II with the specific primer set for the RATS element under both CM and
P/I conditions (Figure 3C). In J-LTRG cells, the binding of Pol II to the RATS element was
almost identical under CM and P/I conditions, suggesting that the underlying transcription
of the HIV-1 LTR region in the absence of transcriptionally active virus, and particularly in
the absence of Tat is due to the leakiness of the LTR in CM and during induction (P/I) to the
action of host transcription factors such as NF-«B and NFAT [28,29] (Figure 3C). This result
is consistent with GFP expression in J-LTRG cells grown under CM and/or P/I conditions
(Figure 1B).

Similarly, Pol I is present in the genomic region surrounding the TATA box of the
32m promoter under both CM and P/I conditions in Jurkat and J-LTRG cells. In contrast,
the presence of Pol Il in the 32m TATA was reduced by almost half in induced J-Lat cells
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compared with induced Jurkat and J-LTRG cells, consistent with the fact that the previously
reported [49] transcriptional repression of 32m mRNA expression in cells latently infected
with HIV-1 is a completely different effect from that observed for IL2 mRNA expression
because there is no concomitant presence of Tat in the 32m promoter. In contrast, binding of
Pol II to the TATA element of the 3-actin promoter (where Tat is also absent) is not affected
under either non-induced or induced conditions in all cell lines. Taken together, our results
confirm that the suppressive effect of Tat on IL2 mRNA expression in cells latently infected
HIV-1 is Tat-specific and is related to its presence at the IL2 promoter and, in particular, at
ARRE1 by completely preventing the concomitant presence of Pol II.

Since Tat has no DNA-binding domain and its action on HIV-1 LTR requires the TAR el-
ement [24], its presence at the IL2 promoter and subsequent hindrance of IL2 transcriptional
activation must be attributed to interactions of Tat with host transcription factors. Tat is
known to interact with NFAT1 [34] and the p65 subunit of NF-«kB [34], two factors involved
in IL2 transcriptional activation [21,22]. Since the interaction of Tat in both cases leads to an
increase in the transcriptional activities of NFAT1 and NF-kB at many genes [34,35], we
performed co-immunoprecipitation experiments to investigate whether Tat interacts with
another NFAT member, NFAT?2, to find a possible interaction to which we could attribute
the inhibitory effect of endogenously expressed Tat on induced IL2 transcription. We found
that Tat did not interact with NFAT2 under either CM or P/I conditions. As a control for
the accuracy of our assay, we demonstrated the known interaction between Tat and Tip60
protein [50] (Figure 4).

INPUT IPs

Tat
s S

Tip60
(60 KDa)

NFAT2
(101 KDa)

Figure 4. Tat and NFAT2 do not physically interact in J-Lat cells. J-Lat cells were cultured £P/I for
6 h. Extracts before immunoprecipitation were used as controls to ensure that all samples contained
the same starting material (input). Extracts were subjected to immunoprecipitation with an anti-Tat
antibody. Inmunoprecipitates were analyzed using Western immunoblotting with an anti-NFAT2
monoclonal antibody. An extract from J-Lat cells with IgG antibodies was used as a negative control.
As a positive control, extracts from the same cells were immunoprecipitated with a human anti-Tat
antibody to detect the interaction of Tat with Tip60. The bands shown in the gel represent the Tip60
isoforms. Tip60 isoforms were detected between 60 and 53 kDa.
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4. Discussion

Overall, our results show that Tat, when endogenously expressed in J-Lat cells, has a
high presence at the IL2 promoter, apart from its cognate HIV-1-LTR target. This not only
supports our current knowledge of HIV-1 hijacking the host transcriptional machinery, but
also reflects the potential of the Tat activator to exert its multiple functions by disrupting
transcriptional regulation of many genes, such as cytokine genes, to manipulate cell re-
sponses (Figure 5). Since Tat lacks a DNA binding domain, its presence in the IL2 promoter
in the two distinct elements ARRE-1 and ARRE-2, which are several base pairs apart, must
be due to its interactions with host transcription factors involved in IL2 transcriptional
regulation. Because the inhibitory effect on IL2 transcription in latently infected J-Lat cells
occurs during cell induction, these interactions could involve NF-«B and/or NFAT1 and
other transcription factors, but not NFAT2, as shown here. Future studies will elucidate the
nature, type, and exact number of these Tat interactions.

IL-2 gene promoter
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Tat | RNA pol Il
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Figure 5. Model of Tat activity on the IL2 promoter. Schematic representation of transcription
factors binding to the regulatory elements of the IL2 promoter ARRE-1/TATA and ARRE-2 and the
RATS sequence of HIV-1 LTR.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13060881/s1, Figure S1: Effects of exogenously added
Tat on mRNA expression of IL-2 in Jurkat, ]-LTRG, and J-Lat cells; Figure S2: Binding affinity
of exogenously expressed Tat to the IL-2 promoter in transfected Jurkat, J-LTRG, and J-Lat cells.
Reference [51] is cited in the supplementary materials.
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Abstract: Most naturally occurring nucleotides and nucleosides are N-glycosyl derivatives of (3-D-
ribose. These N-ribosides are involved in most metabolic processes that occur in cells. They are
essential components of nucleic acids, forming the basis for genetic information storage and flow.
Moreover, these compounds are involved in numerous catalytic processes, including chemical energy
production and storage, in which they serve as cofactors or coribozymes. From a chemical point
of view, the overall structure of nucleotides and nucleosides is very similar and simple. However,
their unique chemical and structural features render these compounds versatile building blocks
that are crucial for life processes in all known organisms. Notably, the universal function of these
compounds in encoding genetic information and cellular catalysis strongly suggests their essential
role in the origins of life. In this review, we summarize major issues related to the role of N-ribosides
in biological systems, especially in the context of the origin of life and its further evolution, through
the RNA-based World(s), toward the life we observe today. We also discuss possible reasons why life
has arisen from derivatives of 3-D-ribofuranose instead of compounds based on other sugar moieties.

Keywords: cofactor; coenzyme; enzyme; N-glycosidic bond; nucleic acid; nucleoside; nucleotide;
origin of life; ribozyme; Rossmann fold

1. Introduction

It is a challenge to define life based on the Natural Sciences in a simple yet exhaustive
way [1,2]. Among the numerous attempts to describe life as a process, a definition coined
by the US National Aeronautics and Space Administration (NASA), which refers to life
as “a self-sustaining chemical system capable of Darwinian evolution,” seems the most
popular and the least controversial [2,3]. One of its many advantages is that it does not
specify the chemical basis on which life would be based, which is essential, for example,
from the perspective of questions regarding the origin of life on the Earth and whether it
was based on the same molecular basis then as it is today.

The processes occurring in living organisms are highly complex and diverse. On the
other hand, all currently known organisms function based on the central dogma of molecu-
lar biology, which determines the direction of information flow from the DNA through the
RNA to proteins (excluding cases in which genetic information is encoded within an RNA
molecule, e.g., an RNA template bound to active telomerase [4] or RNA virus genomes [5]).
For this reason, the molecular basis of life is now the same in all living organisms and
encompasses several basic aspects, that is: (i) genetic information carriers in the form
of inherited DNA transcribed onto the RNA; (ii) catalytic processes mediated mainly by
enzymes, and less often ribozymes, often supported by low-molecular cofactors; (iii) ions
interacting with both nucleic acids and proteins; and (iv) lipids and (v) sugars performing
a range of metabolic and structural functions, such as ensuring an intact environment for
specific intracellular chemical processes. A careful look at these individual aspects can
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lead to two interesting observations. First of all, both DNA and RNA, alongside a number
of low-molecular cofactors, are based on only a few structurally very similar building
blocks, namely, N-glycosidic derivatives of 3-D-ribofuranose. Secondly, elements based
on these N-glycosides provide genetic information as well as enable catalytic processes
to occur. Indeed, a number of those processes based on, among others, the N-ribosides
are a driving force for the self-sustainability of living chemical systems. Additionally, the
genetic information is not copied and transcribed perfectly, especially that encoded in RNA
carriers, and, thus, is capable of Darwinian evolution. Interestingly, a hypothesis proposed
by Yarus [6,7] suggests that the origin of Darwinian behavior at the molecular level in
a primordial environment could be facilitated by small oligonucleotides. In particular,
complementary 5'-5'-cofactor-like dimeric ribonucleotides could be involved in establish-
ing an Initial Darwinian Ancestor through synthesizing and enriching molecules with
eligible chemical properties. The above observations indicate that these compounds are
crucial for life processes. Furthermore, the second observation provokes questions about
the molecular basis of the origins of life and about the role of N-glycosidic derivatives of
(-D-ribofuranoses in the origin of primary metabolic processes.

2. N-Glycosyl Derivatives of 3-D-Ribofuranose: Toward the RNA-Based World(s) and
Its Evolution

The Earth itself is estimated to be just over 4.5 billion years old [8], whereas the
abiogenesis, i.e., the origin of life from inanimate matter, commenced about four billion
years ago [9-11]. Due to the significant lapse of time, biogenesis theories are based on
geochemistry-, geophysics-, geology- and biochemistry-based premises. Furthermore,
bioinformatics analysis of the increasingly more available complete genomes of contempo-
rary living organisms is an exceptionally useful tool for studying the history of life on Earth.
Combining the results of these seemingly distant studies yields a coherent picture that can
logically reflect the origins and subsequent evolution of life on Earth. It is now believed
that the hydrothermal vents or geothermal fields on the sea or ocean floor provided an
adequate environment for life on Earth to start, due to the availability of chemicals that
would have been necessary to sustain the metabolic processes of the time [12-20]. Were
these primary forms of life based on the transfer of information via the DNA —> RNA —>
protein pathway, as life forms are today? It does not seem so.

2.1. Why Has Life Arisen from N-Glycosyl Derivatives of B-D-Ribofuranose?

Widely accepted hypotheses to explain that the origin of life includes the stage of the
“RNA-based World” [21-27] that was based (entirely or partially) on (3-D-ribonucleotides
and sustained due to the ability of self-replication. However, the question that should be
asked is why nature chose 3-D-ribonucleotides as building blocks at the initial steps of
abiogenesis. This question especially relates to their components: purine and pyrimidine
bases, sugar moiety (and its chirality) and phosphate groups. An essential determinant
was the presence of particular synthetic routes, which ensured access to specific chem-
ical compounds in a prebiotic environment. However, conditions present on the Earth
about four billion years ago presumably promoted numerous chemical reactions; thus,
an environment contained various organic and inorganic compounds [28]. Therefore, the
emergence of the chemical self-replication required a selection mechanism(s) of building
blocks [29-33]. Nature chose four 3-D-ribonucleotides based on adenine, cytosine, guanine
and uracil, which ensured the success of the “RNA-based World”. An interesting point is
the homochirality of the sugar moiety in the “RNA-based World” [34], which contradicts
the chemical paradigm of symmetry between a pair of enantiomers. It is of note that the ge-
ometry of synthetic nucleic acids that are based on 3-L-ribofuranose derivatives agrees well
with the stereochemistry of experimental models of naturally occurring nucleic acids [35].
Moreover, chirally inverted macromolecules are capable of performing their function in the
mirror-image world (proteins and RNA built from D-amino acids and -L-ribonucleotides,
respectively), as revealed recently for T7 transcription [36]. It is unclear why biological
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molecules contain homochiral components, when this asymmetry appeared and, finally,
why RNA is composed of 3-D-ribonucleotides instead of their L-enantiomers. However,
some structural studies of RNA enantiomers have revealed differences on the RNA-solvent
interfaces [37,38]. However, the reason for such differences is not fully explained [38,39].
A definitive answer to why nature chose no other sugar moiety (aldose or ketose,
tetrose or hexose, another pentose) but ribose as building blocks in the initial steps of
abiogenesis and the origin of live is elusive. Herein, a severe obstacle is a lack of knowl-
edge of the exact chemistry and physics in a prebiotic environment, which surely defined
and promoted particular synthetic pathways as well as their stereoselectivity. However,
some structural, chemical and biological premises suggest why N-glycosyl derivatives of
-D-ribofuranose could be preferred over other derivatives. In a water solution at stan-
dard conditions, D-ribose exists in an equilibrium of four cyclic (five- or six-membered)
hemiacetal forms, namely, «- and (3-D-ribofuranose and x- and f3-D-ribopyranose, and the
latter forms are more stable (a relative abundance of six-membered forms is approximately
80% and only approximately 13% for (3-D-ribofuranose) [40]. On the other hand, at high
temperatures, at a steady temperature gradient, the equilibrium is shifted, and the abun-
dance of the ribofuranose ring that is present in N-ribosides is elevated [41]. Importantly,
in this form, the sugar ring is relatively compact and very flexible, as the structure of
oligonucleotides can be defined by its seven torsion angles, as well as the pseudorotation
of the ring [42]. A polynucleotide based on a smaller, four-membered sugar ring (e.g.,
a tetrofuranose) would have a decreased structural flexibility due to a lower number of
variable torsion angles. Furthermore, introducing a larger, six-membered sugar ring (e.g.,
hexofuranose) would have a similar effect due to the increased steric hindrances. The
above observations indicate the necessity of a five-membered sugar moiety as a building
block of flexible oligo- and polynucleotides. Analogously, the choice of ribose over the
arabinose, xylose or lyxose may result from decreased structural flexibility, as the presence
of C2'- and/or C3'-hydroxyl group(s) above the furanose ring in the latter three sugars may
lead to steric clashes with the bulky moieties attached to the C1’ and C5’ positions [43,44].
Moreover, studies on non-enzymatic template-directed primer extension reactions with
nucleotide substrates based on ribo-, threo-, arabino- and 2’-deoxynucleotides indicated
significant preferences for ribonucleotides [32,33]. In particular, reactions conducted with
mixtures of the nucleotides favored the incorporation of ribonucleotides. In turn, numer-
ous cycles of replication enriched descendant strands in ribonucleotides and finally led
to homogenous RNA strands. Thus, these results also revealed a possible mechanism
for selecting ribonucleotides from a primordial soup. In addition, studies on enzymatic
primer extension on DNA templates as well as thermal denaturation analysis also indicated
preferences for (3-D-ribonucleotides over nucleotides based on glycerol [29,30].

2.2. Origin of the RNA-Based World(s)

The “RNA World”, the hypothesis formulated by Gilbert [26], which assumes that life
evolved from self-replication and catalysis based mainly on RNA machinery, has been of
great interest for many decades. Recently, this concept has been significantly modified,
and new theories present the origin of life as RNA catalysis facilitated by amino acid-
or peptide-based cofactors or the “RNA-peptide World”. Nevertheless, each scenario
had to be based on the prebiotic synthesis of activated nucleotides and RNA molecules,
including ribozymes [45-55]. Following this remark, the very origin of any RNA-based
World(s) from inanimate matter appears particularly interesting. There are two main
theories which attempt to provide the answer. In line with them, the RNA developed either
(i) through the chemical evolution of pre-RNA polymers (based, for example, on other
sugar/amino acid residues and nitrogenous bases) [56], or (ii) it was directly synthesized
from 3-D-ribonucleotides that were available as a result of the geochemical processes of
that time [57-62]. The second theory, which assumes that RNA is a direct “invention”
of nature, based on the availability of 3-D-ribonucleotides containing four nucleobases,
namely, cytosine, uracil, adenine and guanine, which are able to combine and form single
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RNA chains under appropriate conditions, is definitely more common nowadays [63-65].
Its widespread popularity was undoubtedly influenced by research on the possibility of
-D-ribonucleotide synthesis under the prebiotic conditions of the time [59,62,66]. These
works solved two problems related to the origin of the “RNA World”, namely, the so-
called “prebiotic chemist’s nightmare” [64] and the “problem of prebiotic 3-D-nucleoside
synthesis” [67]. The first problem relates to a situation in which a large number of products
of prebiotic chemical reactions are synthesized at very low yields. Consequently, the molar
concentration of these compounds was probably very low in a water environment. Thus,
the formation of an RNA polymer composed of only four nucleotides that additionally
occur at low concentrations in a complex mixture of other compounds was unlikely. The
second issue relates to synthetic pathways of 3-D-nucleotides in the prebiotic world. With
the emergence of the “RNA World” theory, it was assumed the N-glycosidic bond was
formed between the D-ribose and nitrogenous base molecules during the synthesis of
-D-ribonucleotides. However, this chemical pathway seems unlikely. The primary reason
for that is the fact that, even if the D-ribose was produced in large quantities under prebiotic
conditions, the chemical synthesis of (3-D-nucleotides by using D-ribose and nitrogen
heterocyclic bases as substrates is either very inefficient [67] (for purine bases) or does
not occur at all or is strongly shifted toward hydrolysis to D-ribose and a free base [68]
(for pyrimidine bases). Instead, Powner et al. [59,66] and Stairs et al. [62] have suggested
different possible routes of synthesis of these N-glycosidic derivatives, in which both the
sugar residue and the base are formed simultaneously on an activated precursor molecule
containing a C-N bond of the emerging N-glycoside. This pathway of the synthesis
of activated ribonucleotides, which are necessary for RNA synthesis, has another two
advantages. The phosphate ions participating in the reaction are not only a substrate and
a buffer but also serve as a catalyst. Additionally, such a pathway limits the variety of
products at the initial stages of the reaction. A point of weakness of those chemical routes
in the context of the “prebiotic chemist’s nightmare” problem is that syntheses are not
selective, and products are derived from four aldopentose isomers. Moreover, the synthesis
efficiency of D-ribosides is lower than that of other pentosides. The above limitations were
overcome by Kim and Benner [69], who described the stereoselective synthesis of purine
and pyrimidine nucleotides by using phosphorylated carbohydrates and nucleobases as
substrates, giving only the (3-anomer of the nucleotides. Additionally, for adenine-based
nucleotides, the reaction is N9-regioselective. Finally, Becker et al. [70] reported a unified
synthesis of all four pyrimidine- and purine-based RNA nucleotides from ribose and small-
molecule compounds that could potentially be present in the prebiotic environment. Herein,
these reactions are driven by wet—dry cycles and occur in the presence of phosphate anions.

The fusion of the “RNA-based World” and the “lipid world”, including the encap-
sulation of self-replicating RNA (ribozymes) into cellular-type lipid systems (e.g., lipo-
somes), which took place either simultaneously or sometime later, could have marked
the occurrence of primary life on Earth [15-17,71-73]. The compartmentalization of a
so-called autocatalytic set containing catalytically active RNAs, possibly with other organic
compounds (e.g., peptides, cofactors, etc.) ensured the self-replication process(es) to be
sustainable and capable of evolution [17,74]. The diffusion processes, as well as micromolar
concentrations of organic compounds in an oceanic environment, would otherwise prevent
the self-replication of the system [15,28].

2.3. Evolution of the RNA-Based World toward More Complex Metabolism
2.3.1. Ribozyme-Based Catalysis

The success of the “RNA-based World(s)” most likely relied on an ability to self-
replicate. Although a self-replicating single RNA molecule remains undiscovered [75],
other resembling systems based on the recombination and ligation of RNA fragments,
which could provide a basis for the simplest form of Gilbert’s “RNA World”, have been
described [76]. These include an RNA polymerase ribozyme that catalyzes its own evolu-
tionary ancestor, an RNA ligase ribozyme [77], or an autocatalytic set of two RNA ligase
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ribozymes that catalyze the synthesis of each other [78]. However, the latter system can
utilize only RNA fragments, for example, trinucleotide triphosphates [79], instead of in-
dividual nucleotides. This requirement could be fulfilled by another catalytic feature of
ribozymes, namely, the partial cleaving of RNA molecules. Indeed, numerous natural self-
cleaving and cleaving ribozymes have been identified to date [24,80,81]. Recently, another
self-replication system based on promoter recognition has been described [82], by which
selective promotor-based replication could prevent the synthesis of others, e.g., parasitic
RNA molecules. A phenomenon of self- or non-self-replication of the primordial encoding
RNA seems to be a more complex problem and generates numerous questions. Repli-
cated RNA strands must be long enough to encode a particular function but sufficiently
short for efficient copying. Moreover, the synthesis of a descendant strand is inefficient
with mononucleotides used as substrates. Additionally, a mechanism for separating both
strands from the duplex product is unknown. The above issues were solved by works
on non-enzymatic primer extension and ligation [83-85]. These works revealed that short
fragments of RNAs could serve as a good template for replication and facilitate this process
through their polymerization or ligation. Furthermore, short RNA molecules could interact
with each other to form functional assemblies that are activated by other polymerization
reactions [83,85]. Moreover, during the non-enzymatic primer extension process, syn-
thetized duplex RNA could be unwound during so-called strand displacement replication,
which facilitates the primer extension on templates that were previously occupied by a
complementary strand [84].

It is of note that the aminoacylated RNA primer significantly enhances non-enzymatic
primer extension and ligation reactions [51]. Moreover, descendant RNA strands could
be linked with various amino acids with chemically diverse properties enabling new
catalytic functions for amino acid-facilitated ribozyme catalysis. The above observation is
simply an example of numerous discoveries that have significantly modified the simple
“RNA World” theory. Indeed, new hypotheses assume the integration of RNA and amino
acid/peptide chemistries at the initial stages of the origin of life. The inclusion of amino
acids in metabolism may have been possible due to their common availability in the
environment [86]. It had two very important consequences: (i) the development of a
genetic code, as a result of which, information encoding in the RNA and its transcription
into proteins became possible, and (ii) the shift to protein-mediated catalysis [87]. The
origin of genetic code could evolve through molecular recognition between pairs: primitive
tRNA-specific amino acids, giving the chemical basis for a selective formation of aminoacyl-
tRNA sets [54]. Although a simple peptide bond formation between two amino acids can
be catalyzed by the RNA only [88], the formation of the ribosome, a large peptide-RNA
assembly that forms the peptide bond between two specific amino acids based on the
information encoded in RNA, appeared to be an evolutionary milestone [89].

As the RNA molecules evolved over time, new features began to emerge, which enabled
increasingly complex metabolism controlled by a ribozyme-based catalysis [1,17,90-93]. Ow-
ing to their capacity for the selective binding of nucleotide-derived cofactors (coribozymes),
amino acids and peptides, substrates and environmental cations, in particular, metal
cations such as Mg2+, Mn?2*, Co%* or Fe?* [94-96], the range of reactions catalyzed by RNA
molecules was broadened to include redox processes, as well as the transfer of electrons
and simple functional groups. Interestingly, the vast majority of these primary substrates
and coribozymes, such as adenosine-5'-triphosphate (ATP), oxidized /reduced forms of
universal redox cofactors, including nicotinamide adenine dinucleotide (NAD*/NADH
and NADP*/NADPH) and flavin adenine dinucleotide (FAD/FADH,), adenosylcobal-
amin (AdoCbl), coenzyme A (CoA) or S-adenosyl-L-methionine (SAM), are C5'-substituted
adenosine derivatives (Figure 1) [91,97-100].
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Figure 1. Common coribozymes and substrates in the “RNA-based World” were C5'-substituted
adenosine derivatives: (a,b) nicotinamide adenine dinucleotide in its oxidized (NAD") and reduced
(NADH) form, respectively, (c,d) and flavin adenine dinucleotide in its oxidized (FAD) and reduced
(FADH,) form; (e) adenosylcobalamin (AdoCbl); (f) coenzyme A (CoA); (g) S-adenosyl-L-methionine
(SAM) and (h) adenosine-5'-triphosphate (ATP); C5’-substituted adenosine moiety is shown in blue.

It was probably due to the formation of aptamer, an RNA motif enabling selective
binding of adenosine-based cofactors (recognition via adenosine or adenine moiety of a
cofactor), so that the functional groups directly involved in the catalyzed reaction could
be exposed on the surface of ribozymes [91,98,99]. Of note, the recognition of the cofac-
tors mentioned above by an aptamer is not limited to an adenosine/adenine moiety of
nucleotides. Recently, an RNA aptamer, which recognizes a redox-active compound, flavin
(a part of the FAD cofactor), has been described [101]. Interestingly, the binding of flavin by
aptamer shifts the reduction potential of this cofactor. This discovery may indicate that
ribozymes could bind and utilize various cofactors and fine-tune their redox properties for
particular chemical reactions.

2.3.2. Stabilization of Genetic Information

The increasing complexity of metabolism required more and more information to
be encoded in RNA molecules, which, as genetic material, pose two important problems.
The first of them is the speed and accuracy of ribozyme-catalyzed replication [102,103].
The second problem is the low stability of RNA molecules, which is linked mainly to the
presence of the 2’-hydroxyl ribose group, which is essential for the ribozyme-catalyzed
processes. The aforementioned group promotes the intramolecular hydrolysis of the 3',5'-
phosphodiester bond and, consequently, RNA molecule fragmentation (Figure 2a).
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Figure 2. Stabilization of genetic information: (a) schematic of RNA degradation catalyzed in
the presence of alkaline anions, (b) a methylation of 2’-OH group of ribose moiety abolishes its
nucleophilic character and prevents the alkaline hydrolysis of RNA, (c) removal of 2’-OH group
contributed to the change in genetic information carrier from less stable RNA to DNA.

Over time, increased functionality and stability of genetic material were achieved via
Darwinian evolution. The changes were based on two different chemical modifications of
genetic material, which require common adenosine-based coribozymes or cofactors from
the “RINA-based World”. Both modifications utilize SAM; however, their mechanisms
are different and are based on methyl group transfer (SAM serves as a donor during
the 2’-O-methylation of the D-ribose moiety within an RNA molecule) or potent radical
chemistry (part of ribonucleotide reductases utilize SAM to generate deoxyribonucleotides;
SAM is reductively cleaved to generate a radical). The first modification is based on the
2/-O-methylation of the ribose moieties in RNA molecules [104]. It is of note that all four
canonical, as well as noncanonical, nucleotides can be modified in that manner [104]. This
simple, usually local modification significantly changes the chemical properties of the
methylated RNA. In particular, the nucleophilic character of the hydroxyl oxygen atom
2’-O is eradicated via methylation. Consequently, 2’-O-methylated ribonucleotide polymers
are stable and resistant to alkaline or enzymatic hydrolysis (Figure 2b) [105,106]. Addi-
tionally, interactions between methylated RNA and other macromolecules are impaired,
as the lack of a 2’-hydroxyl proton in the methylated nucleoside limits the formation of
an intermolecular hydrogen-bond network [107-109]. Notably, 2’-O methylated RNA
forms an A-type RNA double helix with base-pairing observed in non-modified RNA he-
lices [110,111]. It remains unclear when this mechanism was adapted to modify RNA and
how this reaction was initially catalyzed (by ribozymes or enzymes). However, numerous
methyltransferase ribozymes that utilize SAM as a methyl group donor are well known
and characterized [100,112-114]. Thus, it is probable that 2’-O-methylation modification of
RNA arose before the existence of methyltransferase enzymes. Moreover, nowadays, obser-
vations that such a chemical modification stabilizes various RNA molecules such as tRNA
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and rRNA, especially at higher temperatures [115-120], may indicate that 2’-O-methylation
was acquired at the initial steps of biogenesis, before the appearance and evolution of
protein-mediated catalysis, to ensure the stabilization of RNA molecules under extreme
conditions [104]. It is of note that SAM-dependent methylations are very common chemical
modifications of RNA molecules and are not only restricted to 2’-O-methylation of the
sugar moiety. Indeed, methylations of nucleobases are also abundant, and nowadays, the
number of known such modifications is constantly increasing [121,122].

The significant Darwinian evolution toward increasing the stability of the coding
material was based on the transition from the RNA to DNA. The change was based
on the removal of the 2’-hydroxyl group of the ribose moiety in each ribonucleotide
(Figure 2¢) [123-127]. These reactions were and still are catalyzed by ribonucleotide reduc-
tases. Interestingly, many of these enzymes are AdoCbl- or SAM-dependent reductases;
that is their activity depends on cofactors that are already present in the “RNA-based
World”. Enzymatic reduction of ribonucleotides to 2’-deoxyribonucleotides contributed
to the change in the genetic information carrier from less stable RNA to DNA, and the
very same reactions are still used by all living organisms. Furthermore, the replacement
of uracil (a product of spontaneous cytosine deamination) with thymine in DNA enabled
the development of repair mechanisms applicable to DNA-stored genetic material. There-
fore, the change in the carrier of genetic information increased and enabled more accurate
replication, which, in turn, significantly improved the accuracy of transmitted and stored
genetic data.

A glimpse of the above two chemical modifications of nucleotides indicates the bi-
ological success of the latter in the formation of stable genetic material. Although the
methylation ensures a higher stability of the modified RNA molecules, its character is
local, as it is limited to certain nucleotide(s) of previously synthesized non-modified RNA
oligonucleotides. Thus, the modification of all 2’-hydroxyl groups within an RNA molecule
would require a high number of transmethylation catalysts (methyltransferase ribozyme
or/and enzymes), as they are specific to particular elements of the modified RNA molecule.
Moreover, the RNA double helix containing methylated 2'-O-methylated nucleotides is
more stable than its non-methylated counterpart, which may affect its replication. On the
other hand, the removal of the 2’-hydroxyl group of the sugar moiety in each ribonucleotide
occurs prior to the synthesis of the DNA chain. Consequently, only a few ribonucleotide
reductases are needed to synthesize deoxynucleotide polymers. Notably, the formation
of a chimeric DNA-methylated RNA duplex is not favored [128], which may suggest that
these two mechanisms of stabilization of the genetic material evolved separately and did
not interfere with each other during their evolution. This conclusion may be supported by
the fact that the reduction of ribonucleotides requires potent radical chemistry powered
by redox-active transition metal cations, which could disturb an RNA structure and func-
tion [127,129]. Thus, such catalytic function probably did not evolve in the “RNA-based
World” but arose with enzyme catalysis. Indeed, no ribonucleotide reductase ribozymes
have been identified so far.

2.4. The Evolution of Metabolism toward the Last Universal Common Ancestor (LUCA)

The evolution of metabolism from catalytic, self-replicating RN A molecules to simple,
single-cell organisms that are capable of information transfer from DNA through RNA to
proteins took 200-500 million years. This period was determined based on the analysis of
sedimentary rocks containing traces of cellular life fossils, the age of which was estimated
to be about 3.5-3.8 billion years [11,130-132]. These organisms (whether it was a single
organism or a group of organisms [133-135]) constitute a hypothetical link between the
“RNA-based World” and all contemporary cells [136]. They are referred to as “the last
universal common ancestor” (LUCA) of all currently living organisms [135,137]. It should
be noted that most authors consider LUCA to be a living organism(s). However, defining
LUCA is not so obvious [135], and according to some authors, LUCA existed before life
began [138], e.g., as a chemical reaction-based system forming a part of inanimate matter or
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was a unique entity, which was different from any life form we observe today [139]). Bioin-
formatics reconstruction of the LUCA genome enabled identification of several hundred
proteins involved in potential physiological processes occurring in the LUCA cell [136,140].
Considering the hot environment containing CO;, H»S Hj, N, and a variety of transition
metal cations [136,141] that were prevalent at the time, the LUCA was likely a thermophilic,
anaerobic autotroph [142-145]. Its metabolism was based on numerous reactions, which
required the involvement of specific cofactors. Interestingly, most of them had already been
present in the “RNA-based World”, acting as coribozymes. However, a significant differ-
ence is that despite the involvement of the same cofactors in identical chemical reactions in
the LUCA, the reactions were mainly enzyme-catalyzed, as is the case today. The analysis
of the LUCA metabolism demonstrates the key role of cofactors, especially adenosine
cofactors [136,146-149], in numerous physiological processes, including but not limited to
CO, assimilation and fatty acid synthesis (CoA, ATP and NAD"/NADH); N, assimilation
(ATP, NAD*/NADH, NADP*/NADPH, FAD/FADH,); numerous redox reactions that are
unrelated to gas assimilation (NAD*/NADH, NADP*/NADPH, FAD/FADH, and free
radical reactions based on FeS-SAM system) or chemical RNA base modification through
SAM-dependent methylation. Interestingly, about 30% of several hundred potential LUCA
proteins were S-adenosyl-L-methionine-dependent (SAM-dependent methyltransferases
and reductases). The cofactors present in the “RNA-based World” and LUCA are present
in all living organisms, regardless of their habitat [97].

3. Biological Success of N-Glycosyl Derivatives of 3-D-Ribofuranose
3.1. N-Glycosyl-B-D-Ribosides Have a Unique Structure That Renders Them Biologically Effective

Studies on biogenesis indicate that N-glycosidic derivatives of 3-D-ribofuranose sig-
nificantly contributed to the formation and development of life on Earth. Furthermore,
they are present in the cells of all known organisms as a key element of their metabolism,
that is, both catalytic processes and the encoding of genetic information. What contributed
to their biological success? Their chemical structure very likely did, from the early stages of
metabolic development [56]. The nucleic acid make-up consists of three covalently bonded
structures: (i) the nitrogenous base involved in molecular recognition processes through
the formation of canonical or noncanonical Watson—Crick base pairs, (ii) the D-aldopentose
residue serving as a bi-(D-deoxyribose) or trifunctional (D-ribose) conformationally flex-
ible connector on which each nucleotide is formed, and (iii) ionized phosphate residue
linking subsequent nucleotides. Some conformational flexibility of the sugar residue
enables nucleic acid molecules to take different forms, depending on the nucleotide se-
quence or environmental conditions, without interfering with the nucleotide base pair
geometry. This is particularly noticeable in the case of DNA molecules, for which many
different structural forms have been identified [150], with the right-handed double helix
(A-DNA or B-DNA) and left-handed double helix (Z-DNA) reported most commonly in
the literature. The presence of numerous polar groups and phosphate anions enables
non-covalent bonding with additional structures, such as water molecules or cations. A
similar structural pattern can be observed in nucleotide (ATP, CoA) and dinucleotide
(NAD*/NADH, NADP*/NADPH or FAD/FADH;) adenosine-based cofactors. In the
“RNA-based World”, nucleic acid molecules have created motifs that enable selective bind-
ing of free nucleosides or nucleotides, e.g., adenosine-based cofactors or coribozymes. The
shift to enzyme-mediated catalysis did not significantly affect the range of cofactors used,
especially adenosine cofactors, which may prove their perfect adaptation to metabolic
processes. What changed, though, was only the cofactor and macromolecular interaction
type. Unlike coribozymes present on the RNA surface or grooves that are easily accessible
from the solvent access region (Figure 3a) [112-114,151,152], coenzymes are commonly
bound in deep catalytic cavities (Figure 3b) or within cavities formed within the protein
surface region (Figure 3c) [153,154].
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(b)

Figure 3. Illustration of small molecule binding area in selected macromolecules (cyan): (a) methyl-
transferase ribozyme complexed with SAM (PDB code 7DWH, [112]), (b) methyltransferase from
Bradyrhizobium japonicum complexed with SAH (PDB code 30FK, chain A, [155]), (c) glutamate dehy-
drogenase from Thermococcus profundus in complex with NADP (PDB code 8HHO, unpublished).

Not surprisingly, in proteins, there are numerous interactions (hydrogen and ionic
bonds, as well as hydrophobic, van der Waals or dipole interactions) between a macromolec-
ular environment and coenzyme molecule within the ligand-binding area. The involvement
of multiple interactions in the binding cofactors somehow follows their structure, enabling
their strong bonding to an active site of an enzyme. It should be noted that during evolution,
numerous enzymes that utilize adenosine-based cofactors or substrates have evolutionarily
developed the ability to coordinate metal ions, most often in the active site region or in
its close proximity. The bond may affect alkaline metal ions [156], mainly Na* and K*
or a number of transition metal cations, such as Zn%Z*, Mn%*, Fe?* and others [157-159].
Moreover, activities of these enzymes can be regulated by using the coordination of both
alkaline and transition metal cations in the active site area, as observed for pyruvate
kinases [160], S-adenosyl-L-methionine synthetases [161] or S-adenosyl-L-homocysteine
hydrolases [157,162,163]. As a result, not only was the range of catalyzed reactions broad-
ened, but additional mechanisms were also created to positively or negatively regulate
enzymatic activity, e.g., through the effect of cation on substrate bonding [156].

3.2. N-Glycosyl Derivatives of B-D-Ribofuranose Are Ubiquitously Utilized in a Cellular
Metabolism

The biological success of ribose-based nucleotides and nucleosides is not limited to en-
coding genetic information and cellular catalysis nowadays. In addition, these compounds
play numerous other roles in metabolic processes that occur in prokaryotic and eukaryotic
cells. Some of them are very common, are present in all three domains of life, and are
described abundantly in the literature. Briefly, ATP, NADH and FADH), serve as chemical
energy storage molecules. Cyclic adenosine monophosphate (cAMP) is a second messenger
molecule that is involved in intracellular signal transduction [164]. Furthermore, cAMP
controls sugar catabolism in prokaryotic cells, regulating gene expression on appropriate
operons [165]. Biological methylation within the cell is controlled by the concentrations of
SAM and S-adenosyl-L-homocysteine (SAH, a by-product of SAM-dependent methylation
reactions) in a cell. The SAM:SAH ratio is perceived as an indicator of the transmethylation
activities of the cell [166] and plays a crucial role in numerous metabolic processes [167],
including the regulation of biological rhythms [168,169].
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An interesting function of nucleotides and nucleosides is regulating expression that is
facilitated through non-covalent or covalent interactions with mRNA molecules. In bacte-
rial cells, a riboswitch, a 5-UTR region of mRNA molecule, could control the translation
process. The riboswitch can bind non-covalently and specifically to appropriate ligands,
which induces conformational changes within this 5'-UTR region and, consequently, can
modulate transcription termination signals or the availability of ribosome binding sites
in these mRNAs [170-173]. Among numerous small-molecule ligands that are sensed by
riboswitches, N-glycosyl derivatives of 3-D-ribofuranose, such as SAM, SAH, cAMP and
NAD", are the most abundant [174-178]. Moreover, it was revealed that some adenosine-
based nucleotides, such as CoA, NAD*/NADH and FAD, might be covalently attached
to prokaryotic and eukaryotic mRNA to form noncanonical 5'-cap structures [179]. Their
biological significance is unclear nowadays. However, it has been revealed that these
noncanonical modifications may stabilize the capped mRNA and influence the translation
process in prokaryotic and eukaryotic cells [179-183].

3.3. Nucleotides and Nucleosides as Cofactors and Substrates in the Protein World
3.3.1. The Rossmann Fold Is Responsible for Binding Various Adenosine-Based
Nucleosides and Nucleotides

The capacity for selective protein-ligand interactions is closely related to the presence
of characteristic structural motifs that are responsible for binding individual low-molecular-
weight compounds or macromolecules. As it was with the coribozyme-binding aptamers,
characteristic motifs/domains selectively binding individual adenine-based nucleotides or
nucleosides have evolved as a result of cofactor involvement in enzymatic catalysis [184]. A
recent study on an evolutionary chronology of networks of domain organization suggests
that these motifs/domains are the oldest evolutionary units of proteins [185]. Currently,
the Rossmann fold is the most common protein motif responsible for binding these cofac-
tors [186-192]. Depending on the enzyme group, it can be either canonical [186] (a sheet
formed by six parallel 3 chains surrounded by four x-helices) or noncanonical (containing
modifications within the § sheet, altered helical environment, etc.). The Rossmann fold can
be found in numerous groups of enzymes that are involved in catalyzing more than three
hundred chemical reactions (Figure 4a—h) [193].
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Figure 4. Selected members of enzymes with Rossmann fold, which utilize adenosine-based cofactors
and substrates: (a) ADP-dependent glucokinase from Pyrococcus horikoshii complexed with AMP
derivative (PDB code 500], [194]), (b) S-adenosyl-L-homocysteine hydrolase from Pseudomonas
aeruginosa complexed with NAD* and Ado (PDB code 6F3M, chain A, [157]), (c) coenzyme A synthase
from Mus musculus complexed with acetyl CoA (PDB code 2F6R, unpublished), (d) methyltransferase
from Bradyrhizobium japonicum complexed with SAH (PDB code 30FK, chain A, [155]), (e) purine
nucleotide hydrolase from Crithidia fasciculata complexed with a nucleoside inhibitor (PDB code
2MAS, chain A [195]), (f) FAD synthetase form Saccharomyces cerevisiae complexed with FAD (PDB
code 2WSI, [196]), (g) glycosyltransferase SpsA from Bacillus subtilis complexed with UDP (PDB
code 1QGS, [197]), and (h) Fucosyltransferase NodZ from Bradyrhizobium sp. WM9 complexed
with GDP (PDB code 3SIX, [198]). The color code indicates the secondary structure elements as
follows: red—helical regions; yellow—f@-strands and the central 3-sheet of the Rossmann fold;
green—Iloop regions.

For instance, in SAM-dependent methyltransferases, numerous oxidoreductases uti-
lizing nicotinamide cofactor, some ligases, N-ribohydrolyses and transferases utilizing
adenosine phosphates are present [199,200]. The Rossmann fold is also present in en-
zymes, which bind adenine-based substrate reaction products, for example, in S-adenosyl-
L-homocysteine (SAH) hydrolysis enzymes that regulate SAM-dependent cellular methy-
lation reactions [153]. In all organisms, SAH hydrolysis is mediated by one or two
methylation-regulating enzymes. The first is bifunctional methylthioadenosine/S-adenosyl-
L-homocysteine (MTA /SAH) nucleosidase, which is a single-domain protein hydrolyzing
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the MTA (Figure 5a) to S-methyl-5-thio-D-ribose and adenine or decompose the SAH
(Figure 5b) to adenine and S-ribosyl-L-homocysteine. The second enzyme is S-adenosyl-L-
homocysteinase (SAHase), which converts SAH to adenosine and homocysteine. It contains
two Rossmann folds, one located in the substrate/product (SAH or adenosine)-binding
domain and the other in the key cofactor (NAD*)-binding domain (Figure 4b).
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Figure 5. Other than the primordial C5'-substituted adenosine derivatives from the “RNA-based
World”, substrates commonly utilized by Rossmann-fold-based enzymes include the following:
(a) methylthioadenosine (MTA), (b) S-adenosyl-L-homocysteine (SAH), (¢) ADP-x-D-Glu, (d) UDP-f3-
L-arabinose, (e) GDP-a-D-Man, (f) GDP-3-L-Fuc, (g) CMP-sialic acid and (h) dTDP-(3-L-rhamnose;
C5'-substituted nucleoside moiety is shown in blue.

3.3.2. Proteins Can Utilize the Rossmann Fold to Bind a Variety of Purine- and
Pyrimidine-Based Nucleotides and Nucleosides

During evolution, groups of enzymes have emerged that use nucleotide-based, yet
not adenine-based, cofactors or co-substrates while preserving the functional (canonical or
noncanonical) Rossmann fold. Examples of those are glycosyltransferases (GT, Figure 4g,h),
a numerous group of enzymes catalyzing the transfer of the sugar residue from the donor
molecule to a series of macromolecular or low-molecular-weight acceptors. Among gly-
cosyltransferases, more than a hundred families have been identified so far [201], which
typically use donor molecules consisting of sugar that is usually combined with mono-
(rarely) or diphosphate (commonly) of the appropriate 3-D-ribonucleoside (commonly)
or 3-D-deoxyribonucleotide (rarely), which are shown in Figure 5¢c-h [202-205]. Interest-
ingly, only a few glycosyltransferases use adenosine-5'-diphosphate (ADP)-based donor
molecules, and these catalyze only the transfer of glucose (Glu) moiety from ADP-«-D-Glu.
The enzymes using guanosine-5'-diphosphate (GDP)-based donor molecules involved in
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the transfer of the mannose (Man) residue from GDP-«-D-Man, the fucose (Fuc) residue
from GDP-{3-L-Fuc and occasionally glucose (Glu) from GDP-«-D-Glu are slightly more
common. However, the vast majority of glycosyltransferases utilize pyrimidine nucleoside
phosphate-based donors, predominantly uridine-5'-diphosphate (UDP) derivatives, for
transferring numbering sugar residues (e.g., glucose, glucuronic acid, galactose, rham-
nose, arabinose and others). The formation of cofactors containing uracil to replace ade-
nine probably occurred at the LUCA stage [136]. Glycosyltransferases sporadically use
donors based on other pyrimidine nucleotides, namely, cytidine-5'-monophosphate (CMP,
e.g., CMP-sialic acid) or deoxythymidine-5'-diphosphate (dTDP, e.g., dTDP-a-D-glucose,
dTDP-p-L-thamnose and dTDP-6-deoxy-4-keto-«-D-glucose). Glycosyltransferases are an
extremely diverse group of enzymes, both in terms of sugar residue donors and amino
acid sequences that are used. Furthermore, the transfer of the sugar residue can follow two
different mechanisms, encompassing either inversion or maintained configuration at the
anomeric carbon in the sugar ring. Despite their wide variety, glycosyltransferases utilizing
sugar derivatives of nucleoside mono- and diphosphates as donors usually adopttwo
structural forms: (i) GT-A containing a single domain (Figure 4g) or (ii) GT-B containing
two domains (Figure 4h) [201,206]. Interestingly, there is no correlation between donor
type, reaction mechanism and glycosyltransferase structure. The Rossmann fold is the only
structural element present in each glycosyltransferase domain, which indicates that both
structural forms must have evolved from a common ancestor [205]. It should also be noted
that the Rossmann motif, initially responsible for binding adenine nucleotides, is used in
glycosyltransferases for binding nucleotide derivatives containing other, both purine and
pyrimidine, bases.

Other examples of Rossmann-fold-based enzymes with diverse nucleoside specificity
are prokaryotic and eukaryotic single-domain N-ribohydrolases (Figure 4e) [200]. They are
involved in the N-glycosidic bond hydrolysis of numerous nucleosides such as adenosine,
SAM and MTA with the release of adenine. However, they can also metabolize a variety of
other non-adenosine-based purine/pyrimidine nucleosides/deoxynucleosides, including
cytidine, inosine, uridine and xanthosine [200,207,208], as well as NAD* dinucleotide [209].
Similarly to glycosyltransferases, the fold of N-ribohydrolases is highly conserved; however,
a wide substrate selection results from some substitutions and insertions.

4. Conclusions

Nucleotides and nucleosides derived from (3-D-ribofuranose have unique chemical
and structural features that probably facilitated their selection as building blocks in the
initial stages of the origins of life. These compounds are involved in numerous essential
metabolic processes, including encoding genetic information, cellular catalysis, energy
production and storage and many others. Looking into the past, the presence of N-ribosides
in an environment was probably crucial to initiate primary catalytic processes that were
initially based on RNA, peptides, ions and small molecule cofactors, which are based mostly
on adenosine moiety. During evolution, the enzyme-driven metabolic pathways replaced
RNA-based catalysis. However, numerous enzymes still require the same primordial
cofactors from the “RNA-based World(s).” With time, the complexity of the metabolism
reaction forced the enzymes to utilize nucleotide cofactors other than adenosine-based
derivatives of 3-D-ribose.
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Abstract: (1) Background: Chronic wounds represent a major burden to patients and healthcare
systems and identifying new therapeutic targets to encourage wound healing is a significant challenge.
This study evaluated nWASP as a new therapeutic target in human wound healing and determined
how this can be regulated. (2) Methods: Clinical cohorts from patients with chronic wounds were
tested for the expression of nWASP and cell models were employed to evaluate the influence of
nWASP on cellular functions that are key to the healing process following knockdown and/or
the use of nWASP-specific inhibitors. (3) Results: nWASP was significantly elevated at transcript
levels in human non-healing chronic wounds versus healing tissues. nWASP inhibitors, wiskostatin
and 187-1, along with the knockdown of nWASP, modified both HaCaT and HECV cell behaviour.
We then identified two signalling pathways affected by nWASP inhibition: TrkB signalling and
downstream PLCy1 phosphorylation were impaired by nWASP inhibition in HaCaT cells. The healing
of wounds in a diabetic murine model was significantly improved with an nWASP inhibitor treatment.
(4) Conclusions: This study showed that nWASP activity was related to the non-healing behaviour of
chronic wounds and together with the findings in the in vivo models, it strongly suggested nWASP
as a therapeutic target in non-healing wounds that are regulated via TrkB and PLCy1 signalling.

Keywords: wound healing; nWASP; therapy; chronic wounds; motility

1. Introduction

Wound healing can be described as the process of the repair of cutaneous tissue
damage or breakdown. It consists of a complex cascade of events that can be summarised
into several overlapping stages, each requiring coordination of a variety of signals and
cell types [1-6]. Wound remodelling involves many cells and signalling pathways and
consists of the critical re-epithelialisation of the wound by keratinocytes as they proliferate
and migrate in order to close the wound. This is achieved through cell polarisation in
the direction of movement according to numerous signals, such as cytokines and growth
factors, and the extension of actin-rich membrane structures [7]. Furthermore, adhesion
dynamics, where a coordinated balance in the formation of adhesions at the leading edge
of the cell and disassembly at the rear, allows cells to gain traction by connecting the actin
cytoskeleton to the surrounding matrix, subsequently enabling the cell to move. An optimal
level of adhesion is key in allowing the motility of migrating cells [6,8-10].

In most cases, acute cutaneous wounds, which typically occur suddenly or following
surgery, close within a reasonable period. However, underlying pathological complications
or other factors that impair the normal healing process can cause chronic or non-healing
wounds to form. Many factors, such as vascular compromise, repetitive insult to the
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tissue or chronic inflammation, can lead to chronic wound formation. This makes aged
individuals or patients with diabetes, vascular diseases and auto-immune diseases more
vulnerable to developing chronic wounds, the majority of which are classified as leg,
pressure or diabetic foot ulcers [11-16]. Chronic non-healing wounds present a substantial
economic burden to the healthcare system; significant reductions in quality of life for those
affected; and often precede serious events, such as limb amputations or even premature
deaths [17,18]. In addition to the significant costs associated with these wounds, they also
have a large impact on the quality of life of patients. Physical symptoms from chronic
wounds include leakage, odour and pain, as well as impairments to daily living [19-21].
The lack of appropriate investigation and classification of chronic wounds was identified
by several studies and healthcare professionals currently often rely on limited, traditional
wound care approaches, such as dressings, debridement and compression treatment [22-24].
There is a clear need for effective diagnosis and identification of new therapeutic approaches
to treat chronic wounds. The complex and diverse underlying genetic and molecular
processes involved in the wound healing process and chronic wound development make
identifying the cause of a particular chronic wound a difficult task. However, these genetic
and protein expression deficiencies in chronic wounds also represent potential diagnostic
and therapeutic opportunities. Several studies explored these molecular changes and, as
a result, highlighted many novel proteins that could potentially be used to explain the
development of chronic wounds, offer prognoses and even influence wound repair [25-27].
In one study, nWASP, amongst other molecular markers, was shown to have differential
expression in acute, chronic healing and chronic non-healing wound tissues [27].

nWASP (neural Wiskott—-Aldrich syndrome protein) belongs to the WASP/WAVE
(WASP family verprolin-homologous protein) family. Mutations in the first WASP family
member to be identified, namely, WASP itself, were found to be the cause of WAS, which is
a recessive disorder that was initially described as a triad of symptoms, namely, thrombo-
cytopenia, eczema and immunodeficiency [28-30]; furthermore, they disrupt the activity
of important functional domains, leading to more severe phenotypes [31,32]. nWASP
was the second protein to be classified as a WASP family member due to the detection
of several functional motifs shared with WASP. This 65 kDa protein was named neural
WASP due to its shared homology with WASP and abundance in the brain, although it is
widely expressed in different tissues throughout the body [33]. Under resting conditions,
nWASP exists in an inactive, auto-inhibited confirmation whereby the main catalytic do-
main is shielded by the N-terminus regions. The WASP/WAVE family mediates the signals
between the Rho GTPase family members, such as Rho, Rac and Cdc42, and the factors
that modulate the actin cytoskeleton, in particular the actin-related protein 2/3 (Arp2/3)
complex. Cdc42 can bind to the GBD domain, destabilising the folded confirmation of
nWASP and exposing its catalytic domain [34,35]. Arp2/3 becomes activated when bound
to the C-terminus CA region on WASP family proteins, allowing actin polymerisation to be
initiated if an actin monomer is bound in conjunction with the V region [36-39].

Through its role as an organiser of the actin cytoskeleton, nNWASP was also shown to be
involved in the formation of membrane protrusions that are important for cell movement
and its expression was shown to correlate with certain cancer phenotypes [34,40-43].
Consequently, "\WASP has been recognised as a potential therapeutic target in a range of
contexts, including wound healing.

The aims of this study were to validate nWASP as a novel therapeutic target for the
treatment of chronic wounds by examining expression levels in human wound tissues. The
therapeutic potential of targeting nWASP was then explored by examining the effect of
inhibiting nWASP using the agents 187-1 and wiskostatin, which act to maintain nWASP in
its inactive, auto-inhibited state (small-molecule inhibitors of nWASP, namely, wiskostatin
and 187-1, bind to nWASP and allosterically block its activity by stabilising the closed,
auto-inhibited conformation of nWASP. Both inhibitors act in the same way to stabilise
the autoinhibited state of nWASP, blocking activation and hence actin polymerisation,
but wiskostatin was used more extensively in research to examine the effects of nWASP
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activity. Wiskostatin is a cell-permeable N-alkylated carbazole that interacts with a cleft in
the regulatory GBD of nWASP in the solution structure of the complex [44], as well as on
human skin cell behaviour in vitro and in vivo on the closure of wounds in mouse models
with impaired healing abilities. We also investigated the potential effects of these treatments
on downstream signalling changes in skin cells in order to elucidate mechanistic effects.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

Human keratinocyte cells (HaCaT cells) from the German Cancer Institute/Cell Ser-
vice, Germany, human vascular endothelial cells (HECV cells) from Interlab, Italy, and TE
354.T cells (LCG Standards, Bury, UK) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma-Aldrich, Dorset, UK) supplemented with 10% foetal bovine serum (FBS;
Sigma-Aldrich, Dorset, UK), 100 units/mL penicillin and 100 png/mL streptomycin (Sigma-
Aldrich, Dorset, UK). The cells were incubated at 37 °C, 5% CO; and 95% humidity.

2.2. Tissue Collection

Fresh tissues from chronic wounds (n = 14), acute wounds (1 = 10) and normal skin
from healthy volunteers (1 = 10) were collected under the approval of the local ethical
committee (ethical approval ID: 04/WSE03/92). Chronic wound tissues were obtained
from patients with chronic leg ulcers that had been present for a minimum of 6 months
prior to their biopsy with no evidence of healing 6 weeks before the biopsy. Acute wound
tissues were obtained from patients with acute surgical wounds following the excision of
pilonidal disease and normal tissues were from healthy, unwounded skin. A second cohort
of chronic wound tissues was collected from chronic venous leg ulcer patients following
ethical approval from a local committee (South East Wales Ethics Committee reference
number 09/WSE02/51). Wound size was recorded at the time of the initial biopsy and
again after 3 months, during which wounds were treated as per best medical practise (1-77).
Wounds that reduced in size over this period were described as ‘healing/healed” and
those that grew or did not reduce in size were described as ‘non-healing’. All tissues were
snap-frozen following collection and stored at —80 °C until processing. Written informed
consent was obtained from each patient who agreed for a biopsy to be taken. Wound
cohorts were previously described [45-47].

2.3. Tissue Processing for the RNA Extraction and Reverse Transcription

Tissues were sectioned on a cryostat (Leica, Microsystems Ltd., Milton Keynes, UK)
with either a 7 pm thickness for immune-histochemical analysis or at 20 um thickness for
the extraction of RNA. Approximately 20 sections from the same patient sample biopsy
were pooled and homogenised in an ice-cold TRI reagent (Sigma-Aldrich, Poole, UK) using
a hand-held homogeniser (Cole Palmer, London, UK). RNA was extracted from the tissues
following the manufacturer’s instructions, and the same protocol was also used to extract
RNA from cultured cell lines. Samples were standardised and cDNA was subsequently
generated (BioRad, Hemel Hempstead, UK).

2.4. Tissue Processing for the Ex Vivo Model

The ex vivo effects of the nWASP inhibitor 187-1 in chronic human wound tissues were
examined using a method previously established [48]. Briefly, fresh biopsies from human
chronic wounds were immediately placed in a buffer that mimics physiological fluid and
contains a mixture of antibiotics. The tissues were finely minced using a sterile scalpel to
sizes less than 1 mm in diameter. After extensive washing in the buffer, the living tissues
were immediately embedded in an extracellular matrix gel. The gels and the topping
solution included the treatments (n"WASP inhibitor). The tissues were photographed daily.
The degree of expansion from the implanted tissues was calculated using the imager, as
previously reported [48].
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2.5. Quantitative, Real-Time Polymerase Chain Reaction (gPCR) and Conventional PCR

Analysis of gene transcript expression was carried out using qPCR with cDNA pro-
duced from a human wound and skin tissues and conventional PCR using cDNA produced
from RNA extracted from cell lines. This study adopted Ampliflor quantitation technol-
ogy in which one set of gene-specific primers (designed using Beacon Design software,
PREMIER Biosoft, Palo Alto, CA, USA) and Uniprimer probes (Intergen Inc., New York,
NY, USA) were used. The reaction was carried out using the ICyclelQ (BioRad, UK). The
real-time qPCR conditions were 95 °C for 15 min, followed by 60 cycles of 95 °C for 20 s,
55 °Cfor30sand 72 °C for 20 s. In all the assays, GAPDH and actin were amplified and used
as housekeeping controls, and an internal standard was also employed for quantitation pur-
poses. The nWASP primers were as follows: BNDF (F8: TTCATACTTTGGTTGCATGA, R8:
TTCAGTTGGCCTTTTGATAC), GAPDH (F8: GGCTGCTTTTAACTCTGGTA, R8: GACT-
GTGGTCATGAGTCCTT), nWASP (F8: AGTCCCTCTTCACTTTCCTC, R8: GCTTTTCC-
CTTCTTCTTTTC), TrkB (F2a: CCCACTCACATGAACAATGG, R2a: TCAGTGACGTCT-
GTGGAAGGQG), Actin (F8: GGACCTGACTGACTACCTCA, zR8: ACTGAACCTGACCGTA-
CAAGCTTCTCCTTAATGTCACG), BDNF (F8: TTCATACTTTGGTTGCATGA, Rz8: ACT-
GAACCTGACCGTACACTCTTGAACCTGCCTTGG), GAPDH (F: CTAGTACGTCGTG-
GAGTC, zR: ACTGAACCTGACCGTACACAGAGATGATGATGACCCTTTTG), PDPL (F:
GAATCATCGTTGTGGTTATG, zR: ACTGAACCTGACCGTACACTTTCATTTGCCTAT-
CACAT) and nWASPKD (F8: AGTCCCTCTTCACTTTCCTC, zR8a: ACTGAACCTGAC-
CGTACAAGATCTCTGTGGATTGTCCT).

2.6. Reagents and Treatments

nWASP inhibitors, wiskostatin (Merck Pharmaceuticals, Watford, UK) and 187-1
(TOCRIS, Bristol, UK) were used. For the in vitro studies, wiskostatin was dissolved in
30% dimethyl sulfoxide (DMSO, Sigma-Aldrich, Dorset, UK) in normal cell culture medium
to a stock concentration of 300 UM, whereas 187-1 was diluted in BSS. For the in vivo stud-
ies, n(WASP inhibitor compounds, 187-1 and wiskostatin were formulated for systemic
and topical application. For systemic application, 187-1 was dissolved and diluted in BSS
to the required concentration. Wiskostatin was first dissolved in DMSO (Sigma-Aldrich,
Gillingham, UK) at a concentration of 5 mg/mL. The DMSO solution was then gradu-
ally diluted in BSS in order to avoid precipitation. The solutions were prepared so that
each 100 pL contained the correct amount of compounds and was stored at —20 °C until
used. The primary antibodies used were as follows: actin (sc-16515, Insight Biotechnology,
Middlesex, UK), Erk1/2 (v114A, Promega, Southampton, UK), GAPDH (sc32233, Insight
Biotechnology, Middlesex, UK), PLCy1 (sc81, Insight Biotechnology, Middlesex, UK), p-
PLCy1 (sc22141, Insight Biotechnology, Middlesex, UK), nWASP (NBP1-82512, Novus
Biologicals, Abingdon, UK), TrkB Y816 (ABN1381, EMD-Millipore, Watford, UK), TrkB
pan (07-225, EMD-Millipore, Watford, UK) and TrkB pan (sc-136990, Insight Biotechnology,
Middlesex, UK). The secondary antibodies were as follows: goat anti-mouse IgG (A4416,
Sigma-Aldrich, Dorset, UK), goat anti-rabbit IgG (A6154, Sigma-Aldrich, Dorset, UK),
rabbit anti-goat IgG (A5420, Sigma-Aldrich, Dorset, UK), DAPI (D1306, Life Technolo-
gies, Warrington, UK), anti-rabbit AlexaFluor 488 (A21206, Life Technologies, Warrington,
UK), anti-mouse AlexaFluor 488 (A21202, Life Technologies, Warrington, UK), anti-rabbit
AlexaFluor 594 (A21207, Life Technologies, Warrington, UK), anti-mouse AlexaFluor 594
(A21203, Life Technologies, Oxford, UK) and anti-goat AlexaFluor 594 (A11058, Life Tech-
nologies, Warrington, UK).

2.7. Functional Assays
2.7.1. Electric Cell-Substrate Impedance Sensing (ECIS)

ECIS instruments (Applied Biophysics Inc., New York, NJ, USA) were used to elec-
trically monitor the coverage of gold electrodes by cells by measuring the resistance and
impedance at a frequency of 4 kHz unless otherwise specified. Cells were seeded in a
culture medium containing treatments. Cells were then constantly monitored following
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seeding and electrical wounds were applied where described. Wound settings were a time
of 30 s, current of 2400 pA and frequency of 60,000 Hz. Increased resistance and impedance
illustrate a greater number of cells present on the electrode. This can therefore be used to
assess attachment and motility.

2.7.2. In Vitro Cell Viability Test

Briefly, cells were seeded in a 96-well plate in varying treatment concentrations/controls
and incubated for 92 h. After a further 4 h incubation in 1:10 MTT (Thiazolyl Blue
Tetrazolium Bromide, Sigma-Aldrich, Gillingham, UK) solution (5 mg/mL in phosphate
buffered solution (PBS)), acidified isopropanol (Sigma-Aldrich, Dorset, UK) was applied
and the optical density (OD) was determined using an absorbance reader (Biotek ELx800,
Swindon, UK) at 540 nm and used to calculate relative cell viability at each treatment
concentration [49].

2.7.3. In Vitro Growth Assay

Cells were seeded into a 96-well plate with appropriate treatments and fixed after
1/2/4 day incubation periods using 4% formalin (Sigma-Aldrich, Dorset, UK). Plates
were stained with 1% crystal violet (Sigma-Aldrich, Gillingham, UK), which was then
extracted from cells using 10% acetic acid (Sigma-Aldrich, Dorset, UK) in distilled water
(v/v). Absorbance was determined at a 540 nm wavelength on an absorbance plate reader
(Biotek ELx800, Swindon, UK).

2.7.4. In Vitro Carrier Bead Assay

A total of 100 pL of Cytodex-2 carrier beads (Sigma-Aldrich Ltd., Gillingham, UK)
were added to 10 mL of 1 x 10* cells/mL and gently mixed. The cells were then left at 37
°C for 2 h. Following a wash with medium, cells were allowed to settle until aliquoted
into a 96-well plate and treated with inhibitors. After incubation overnight, the beads
were washed off in PBS and the cells that had migrated onto the culture vessel floor were
counted after visualisation with crystal violet.

2.7.5. In Vitro Scratch Assay

Cells were seeded in appropriate treatments into each well on a 24-well plate. Upon
reaching confluence, the monolayer was scratched to create a linear wound. The plate
was placed in an EVOS® FL Auto Imaging System (Life Technologies, Oxford, UK), which
maintained the plate in normal culture conditions throughout the experiment. Images were
captured of the wound every 30 min for up to 24 h.

2.7.6. In Vitro Adhesion Assay

Wells were pre-coated with Matrigel basement membrane matrix (BD Biosciences,
Oxford, UK) at 50 pg/mL in a normal culture medium. Cells were then seeded into each
well onto the Matrigel membrane in treatments and incubated for 25 min. Adherent cells
were fixed, stained and quantified as above.

2.7.7. Tubule Formation Assay

A Matrigel matrix (10 mg/mL) was gently pipetted into the bottom of each well of a
96-well plate. The plate was placed at 37 °C for 40 min whilst the Matrigel polymerised.
Then, 4 x 10* cells (and treatments/control reagents where appropriate) were plated on top
of the Matrigel in each well in triplicate and incubated at 37 °C, 5% CO, and 95% humidity.
Images of each well were captured at X5 magnification and intervals ranging from 30 to
1170 min using a Leica DMil microscope equipped with an MC120 HD camera and Leica
Application Suite version 3.0.0 software (Leica Microsystems, Milton Keynes, UK). Analysis
of the images was carried out using Image], where the lengths of cell structures that form
part of a tubule structure were measured to track the progress of tubule formation.
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2.8. In Vivo Tolerance Test

The main tolerance tests were conducted using CD-1 athymic mice (Charles River
Laboratories, Oxford, UK), owing to their slow and steady rate of growth and the ease of
observing changes in the skin (hairless) and other possible side effects. Briefly, CD-1 mice
that were 4-6 weeks old and 20 g in weight were housed in filter-topped cages. 187-1 (MW
1784, dissolved in BSS buffer) and wiskostatin (MW 426, dissolved in DMSO and diluted
in BSS) were injected via the intraperitoneal route on a daily basis. Dosages administered
were 1 and 10 pM in 100 pL volumes for each compound, equivalent to 1.8 g/kg/day and
17.8 g/kg/day for 187-1 and 0.43 g/kg/day and 4.3 g/kg/day for wiskostatin. CD-1 mice
were observed daily and weighed twice weekly based on the previous in vitro experiments.
An additional tolerance and efficacy test was carried out using the diabetic db/db strain
obtained from Harlan Laboratories (Cambridge, UK), which exhibited impaired wound
healing abilities. These mice were 46 weeks old and when their body weight reached 20 g
they were used for tolerance and efficacy tests.

2.9. In Vivo Efficacy Test and Wound Healing

An ear punch method previously described [50] was used to create wounds in the mice
that were 1 mm in diameter. Treatment was given systemically or topically. For topical
application, two carrier gels that are currently used in wound care were used. The inhibitors
were diluted from the master stock in the gel at a concentration of 1 mg/g followed by
low-speed homogenisation using a hand-held homogeniser. For use, small amounts (150 pL)
of the gel were rubbed into the wound area. Both treatments were given every other day. For
systemic application, 187-1 was applied at 0.5 and 5 uM (equivalent to 0.89 g/kg/day and
8.9 g/kg/day) and wiskostatin was applied at 1 and 10 uM (equivalent to 0.43 g/kg/day
and 4.3 g/kg/day). Images were obtained weekly. The sizes of the wounds were determined
using image analysis software. Data are presented in two ways: as the area of the wounds in
pixels, where two sample Student t-tests were used for statistical analysis, or as the change in
the size of the wound from the starting point calculated using the following formula: (area at
a given point—area at the starting point)/(area of the starting point) x 100, in which case,
the Bonferroni model was used for data analysis.

2.10. Microarray Analysis

This study used the Kinexus™ KAMBS880 protein array service provided by Kinexus
Bioinformatics Ltd. (Vancouver, BC, Canada). Signal quantification was performed with
ImaGene 8.0 by Kinexus Bioinformatics Ltd., which has predetermined settings for spot
segmentation and background correction. The background-corrected raw intensity data
were then globally normalised by summing the intensities of all the net signal median
values for a sample to obtain the globally normalised signal intensities for each protein.
The percentage change of the treated samples from the control was calculated based
on the globally normalised intensity for each protein using the following calculation:
%CFC = (globally normalised treated — globally normalised control)/globally normalised
control) x 100. The percentage error range was also calculated to examine how tightly the
globally normalised net signal intensity varied for duplicate spots of the same protein in the
sample. The z-scores were also calculated by subtracting the overall average intensity of all
replicate spots from the raw intensity for each spot and then dividing it by the standard
deviation of all the measured intensities within each sample. The z-ratio was calculated by
dividing the differences between the observed z-scores by the standard deviation of all the
differences for that comparison. Several factors were used to determine the most important
changes in protein expression and phosphorylation including %CFC, error ranges, value
for the globally normalised intensity of one of the samples of >1500 and significance based
on z-ratios of <—1.64 or >1.64.
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2.11. Immunofluorescence

Cells were cultured in Millicell EZ 8-well chamber slides (Merck Millipore, Watford,
UK). To fix the cells, the culture medium was removed and the cells were washed with PBS
and then fixed in 100% ice-cold ethanol. To proceed with immunofluorescence staining,
the cells were washed 3 times in PBS and then permeabilised using 0.1% Triton X-100
(Sigma-Aldrich, Dorset, UK). Blocking buffer (5-10% donkey serum (D9663, Sigma-Aldrich,
Dorset, UK)) in PBS was added to each well. The slide was left for 3 h at room temperature
in a blocking buffer. The chamber slide was then incubated with primary antibodies for
an hour on the bench or at 4 °C overnight. Secondary antibodies were (1:500) with the
addition of DAPI (1:100), and each primary antibody was incubated with the corresponding
secondary for a further hour. Following three washes in PBS, the slides were mounted in
FluorSave™ (Calbiochem, Nottingham, UK) and allowed to dry before being visualised
using an Olympus BX51 microscope with a Hamamatsu Orca ER digital camera at x40.
Images were analysed using Image].

2.12. Immunohistochemistry (IHC)

Immunohistological analysis using an avidin-biotin peroxidase technique was per-
formed on human tissue samples collected from cohort 2. The frozen sections were fixed
in dried acetone (10162180, Fisher Scientific, Loughborough, UK), air-dried and washed
in PBS. Sections were then incubated in 0.1% BSA/10% horse serum in PBS (referred
to as blocking solution) in a humidified box at room temperature, followed by primary
antibody solutions (diluted in blocking buffer to a final concentration of 2 pg/mL). Fol-
lowing washing with PBS, biotinylated horse anti-mouse/rabbit IgG secondary antibody
(Vector Laboratories, Oxford, UK) was applied for 30 min, followed by ABC reagent for
30 min, both of which were provided in the VECTASTAIN® Elite ABC Kit (Vector Labo-
ratories, Peterborough, UK). 3,3’-Diaminobenzidine (DAB)(Sigma-Aldrich, Gillingham,
UK) substrate (5 mg/mL) was used to develop the final reaction and the sections were
counterstained with Gill’s haematoxylin (Vector Laboratories, Oxford, UK). Following
dehydration and clearing in xylene, sections were mounted in Distyrene Plasticizer Xylene
(DPX, Merck Pharmaceuticals, Gillingham, UK). Staining was visualised using a Leica
DM1000LED microscope with an MC120 HD camera and Leica Application Suite (version
3.0.0) software (Leica Microsystems, Milton Keynes, UK). The localisation and intensity of
staining were judged blindly by two people independently. Positive staining was seen as a
brown/black deposit, whilst negatively stained cells could be clearly distinguished using a
blue nucleated stain.

2.13. Protein Extraction, SDS-PAGE and Western Blotting

A lysis buffer was used to extract protein from cells, which was then used for SDS-
PAGE. Proteins were transferred onto Immobilon® PVDF membranes (Merck Millipore,
Watford, UK), which were blocked and probed with primary antibodies and then incu-
bated with the corresponding peroxidase-conjugated secondary antibodies. Proteins were
visualised using an EZ-ECL Kit (Biological Industries, Beit Haemk, Israel).

2.14. siRNA Silencing of nWASP

nWASP siRNA (sc36006) was obtained from Insight Biotechnology (UK) and non-
targeting siRNA (NT) was obtained from Dharmacon (D001810; Layfayette, CO, USA).
Cells were transfected with nWASP siRNA (sc360006; Insight Biotechnology, UK) at varying
concentrations or NT control siRNA at the same concentration, as described. siRNA, which
was diluted according to the desired end concentration in SFM, was combined with equal
volumes of Lipofectamine 3000 reagent (ThermoFisher Scientific, Boston, MA, USA). This
siRNA /Lipofectamine 3000 mix in SEM (with no antibiotics) was allowed to stand at room
temperature for 30—40 min. Antibiotic-free DMEM supplemented with 5% FBS was then
added to the siRNA /Lipofectamine 3000 solution to achieve the desired end concentration
of reagents and make up the required volume for application to cells; then, the final solution
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was gently applied to each well. Cells were incubated under normal culture conditions
and a normal culture medium was used 24 h after transfection for any further culturing or
assays unless stated otherwise.

2.15. Statistical Analysis

Statistical analysis was conducted using Minitab, SPSS, GraphPad 6.0 Prism (PRISM,
Boston, MA, USA) and an online chi-square service tool. Transcript levels from qPCR
experiments are reported as median = SEM and the Mann-Whitney test was used to
analyse qPCR data. Representative data are presented. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. nWASP Expression in the Human Chronic Wound Tissues and Cell Lines

gPCR analysis of human chronic wound tissues demonstrated that nWASP transcript
expression was significantly increased in the non-healing chronic wounds compared with
those defined as healing in the 12 weeks following biopsy collection. In cohort 1, nWASP
expression normalised with actin in healing /healed wounds (n = 20) was significantly lower
than in non-healing wounds (1 = 49) (p = 0.0028) (Figure 1A). Likewise, cohort 2 showed a
similar trend where the nWASP transcript levels were significantly lower (p = 0.0001) in the
healing chronic wounds (1 = 77) than in the non-healing chronic wounds (1 = 32) (Figure 1B).
nWASP protein expression was examined in two human cell lines, representative of typical
skin cells, HaCaT keratinocyte cells and HECV vascular endothelial cells (Figure 1C).
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Figure 1. Analysis of nWASP in tissues and cells with the effect of the inhibitor treatment on the
cell attachment. gPCR analysis of wound tissues from cohort 1 (A) and cohort 2 (B). Immunofluores-
cence staining for nWASP in keratinocyte and endothelial cell lines; the scale bar is 100 um (C). The
effect of wiskostatin on HaCaT attachment and spreading, as measured using ECIS (D-G). The effect
of 187-1 treatment on HaCaT attachment and spreading, as measured using ECIS (H,I). * indicates
statistical difference (p < 0.05).
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3.2. The Effect of nWASP Inhibition on the HaCaT Cell Attachment and Spreading

Initial ECIS experiments were carried out over a range of inhibitor concentrations. At
0.01 uM, no change was observed (Figure 1D). However, at 0.1 uM levels, significantly
higher resistances were detected in the wiskostatin-treated cells compared with the control
(Figure 1E). This increase in resistance did not continue with increased inhibitor treatments
(Figure 1EG). At high levels of wiskostatin, the opposite effect was found (Figure 1G). The
ECIS analysis of HaCaT cells treated with a range of concentrations of 187-1 demonstrated
that the resistance at 4 kHz was significantly increased with the inhibitor between concen-
trations of 0.01-10 uM 187-1 (Figure 1H). The increase in resistance compared with the
control in the 15 h following seeding was not found with a higher level of 187-1 at 25 uM
(Figure 1I).

3.3. ECIS Analysis of nWASP Knockdown in HaCaT Cells

nWASP was knocked down using siRNA, with a successful knockdown shown in
Figure 2A. There was no difference in the resistance or capacitance in cells treated with the
lower concentration of siRNA (0.5 ng/mL) (Figure 2B,D). A significant difference in the
resistance and capacitance was found between the cells treated with 1.0 pg/mL siRNA and
the NT cells from the point where the measurements reached a plateau, at approximately
30 h from seeding, and the cells were assumed to have reached confluency (Figure 2C,E).
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Figure 2. nWASP knockdown in the HaCaT cells. qPCR and PCR analysis of nWASP transcript
expression (A). ECIS analysis of n(WASP knockdown HaCaT cells. HaCaT cells treated with nWASP
siRNA (B-E). * indicates statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001 **** p < 0.0001).

3.4. Inhibition of Growth following the nWASP Inhibitor Treatment

No significant inhibition in growth was found following treatment with the full range
of 187-1 tested and hence no ICsy value was calculated (Figure 3A,B). There was also little
difference in the control and inhibitor-treated cells treated with 0.1 uM wiskostatin and
10 pM 187-1 (Figure 3C-E, respectively).
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Figure 3. The effect of nWASP inhibition on the HaCaT cell behaviour. Dose-response curves
(A,B). HaCaT cells treated with 0.1 uM wiskostatin (C) or 10 uM 187-1 (D). Average absorbance
+ SD is presented, representative data are shown and 7 = 5 replicates were in each independent
repeat. Representative images of crystal-violet-stained cells (E). HaCaT cells following an electrical
wounding treated with 0.1 uM wiskostatin (F) or 10 uM 187-1 (G). The effect of wiskostatin and 187-1
on the rate of migration of HaCaT cells: 0.1 uM wiskostatin (H) and 10 uM 187-1 (I). Normalised rate
of migration + SD is presented. Representative images of the scratch wound at 0 and 6 h are also
shown (J). The 0.1 uM wiskostatin (K) and 10 pM 187-1 (L) treatment results are shown. The change
from the control is presented with the mean + SD shown. The effects of 0.1 uM wiskostatin (M) and
10 uM 187-1 (N) on the normalised absorbance, and the effects of 0.1 uM wiskostatin (O) and 10 uM
187-1 (P) on the spread of HaCaT cells. * indicates statistical significance from 0 h to each subsequent
time point (* p < 0.05, ** p < 0.01, ns: not significant).
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3.5. The Effect of nWASP Inhibition on the Keratinocyte Cell Migration and Adhesion

Several methods were utilised to examine the effect of nWASP inhibitors on cell
motility /migration. Where HaCaT cells were treated with 0.1 uM wiskostatin, the rate of
migration assessed using ECIS was found to be, on average, 90% of the control when treated
with wiskostatin (p = 0.0572; Figure 3F-H). In 187-1 treated cells, the rate of migration
was found to be significantly decreased (p = 0.0234) at 85% of the control migration rate
(Figure 3L]J). When using a micro-carrier bead assay, there were no observable differences
after the treatment (Figure 3K,L). The effect on the ability of HaCaT cells to initially
adhere to a Matrigel matrix in response to the nWASP inhibitor treatment showed no
significant difference in the number of cells adhered to the matrix following either the
0.1 pM wiskostatin treatment or the 10 uM 187-1 treatment (Figure 3M,N). An alternative
measure of cell adhesion through measuring the spread of HaCaT cells several hours after
seeding in nWASP inhibitor treatments was used. The spread according to the perimeter of
cells 6 h after seeding was found to be significantly increased in the cells treated with 0.1
uM wiskostatin compared with the controls (p = 0.0137, Figure 30). The cell perimeter was
also found to be increased in cells treated with 10 uM 187-1 compared with the controls,
but this increase was very small (p = 0.01, Figure 3P).

3.6. The Effect of n€WASP Inhibition on the HECV Cell Behaviour

The effect of the wiskostatin treatment was initially examined using ECIS (Figure 4A-C).
The 10 uM wiskostatin treatments significantly delayed the formation of a HECV monolayer,
as shown by the decrease in the resistance in the 10 uM wiskostatin treated cells (Figure 4D).
Wiskostatin caused a significant reduction in the resistance of the HECV cells compared
with the control during the initial attachment and spreading phase following seeding
as the resistance increased prior to reaching a plateau. This significant reduction in the
resistance was also found in the HECV cells treated with higher levels of the inhibitor
(1 and 10 pM). Low levels of the inhibitor did not have a significant effect on the electric
wounding (Figure 4E-G). However, at 10 uM wiskostatin, the capacitance was consistently
significantly increased, suggesting a delay in the healing of the electrically wounded
inhibitor-treated cells (Figure 4H). The 187-1 treatment at 0.1, 1 and 10 M concentrations
caused the capacitance at 32 kHz to consistently decrease (Figure 41,]). The inhibitors did
not appear to affect the growth of the HECV cells, as no change in the growth of more
than 12% was observed (Figure 4K,L). The lengths of the cell structures that formed part
of microtubules in the tubule formation assay were measured following seeding and the
mean total length for each image was calculated (Figure 4M). The wiskostatin treatment
significantly inhibited the formation of tubule structures immediately following seeding
but did not prevent the formation of tubule structures, which typically developed after
about 8 h. Following the maturity of these tubule formations, the HECV cells treated with
the control medium began to cluster and tubule formations were lost. However, in the
wiskostatin-treated cells, although the tubules became thicker and some clustering was also
evident, tubule formation was still evident after 20 h (Figure 4N). There was a significant
decrease in the tubule structures in the wiskostatin-treated cells following seeding with a
subsequent significant increase in tubule structures after 8 h, where the tubule structures
were maintained in wiskostatin treatment and lost in the control cells as the HECV cells
formed clusters (Figure 40).
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Figure 4. The effect of wiskostatin on the HECV cell behaviour. HECV cells were treated with
wiskostatin at 0.01, 0.1, 1 and 10 pM concentrations (A-D). HECV cells were treated with wiskostatin
at0.01, 0.1, 1 and 10 uM concentrations (E-H). HECV cells were treated with 187-1 at 0, 0.1, 1 and
10 uM concentrations and monitored for 6 h following an electrical wounding event (I). The mean
changes in capacity in the 187-1-treated wells are also shown (J). Following 48 h with wiskostatin and
187-1 (K,L). Mean lengths of the tubule structures of 10 tM wiskostatin-treated and control HECV
cells (M). Tubule structure lengths at time points of 150-1170 min (N,O) in terms of the number of

pixels. * indicates statistical significance (* p < 0.05, *** p < 0.001).

3.7. The 187-1 and Wiskostatin In Vivo Effects

The 187-1 and wiskostatin were delivered systemically on a daily basis as part of a
tolerance assay for two weeks in athymic CD-1 and db/db mouse strains. Two concentrations,
namely, 0.5 and 5 uM of 187-1, were given systemically (interperitoneal injections daily in a
volume of 0.5 mL; mice ears were photographed twice weekly and weighed to assess health,
together with general health and appearance). Following this, 5 mm hole punches were made
in each ear and treated twice weekly, either with a topical injection (ears massaged twice
weekly or interperitoneal injections as per tolerance testing). Healing of the wounds was
significantly increased after the systemic and topical administration of 187-1 (Figure 5A,B).
After 24 days, the wounds treated with 0.5 and 5 uM 187-1 were significantly smaller than the
control group (p < 0.0001; Figure 5C). The topical application of 187-1 in both carrier gels A and
B also showed a significant effect after 24 days (p < 0.0001). The 187-1 in topical carrier gel B
appeared to encourage wound healing at a faster rate compared with the other treatments, as
the wound size was significantly smaller than the control group after only 7 days, whereas the
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other treatments saw a significant difference after 15 days. Two concentrations of wiskostatin
(1 and 10 uM) were also given systemically. Healing of the wounds was increased following
both methods of administration of wiskostatin after 24 days (Figure 5D,E). After 24 days, the
wounds treated with 1 and 10 uM wiskostatin were significantly smaller than the control
group (p < 0.0001; Figure 5F). The topical application of wiskostatin in both carrier gels A
and B also showed a significant effect after 24 days (p < 0.0001). The wiskostatin treatment
appeared to encourage healing at a faster rate than the 187-1, as a significant reduction in the
wound size compared with the control wounds was observed in all the treatment methods after
only 7 days from wounding.

3.8. Protein Signalling Changed following the Wiskostatin Treatment

A protein array analysis was carried out to examine the protein signalling changes
that took place in HaCaT cells in response to the nWASP inhibitor treatment. The most
significantly decreased protein signals based on the z-ratio are presented in Figure 6A.
A full description of the changes in protein expression or phosphorylation of the most
significantly increased or decreased signals (i.e., —1.64 < z-ratio < 1.64) can be found in
Table 1. Amongst the most significantly increased or decreased proteins, several membrane-
bound proteins and receptors were identified and are highlighted in grey. Through further
experiments to examine the protein signalling changes following the 0.1 tM wiskostatin
treatment, TrkB signalling was found to be significantly affected by inhibitor treatment, as
described in the following sections.

Table 1. Significant changes in protein expression and phosphorylation following the
wiskostatin treatment.

Protein Name Phospho Site %CFC Protein Name Phospho Site %CFC
Decreased Increased
PKCI Pan-specific -95 RSK1 Pan-specific 248
RSK1/2/3 T573 -92 HSF4 Pan-specific 228
Rb 5795 —91 Fos T232 227
Trail Pan-specific -89 alF2a 552 225
Tyrosine hydrolase 540 -89 Mnk2 Pan-specific 239
Progesterone receptor 5294 -85 Integrin o4 5988 325
PTEN Pan-specific —81 P70 S6K T421/5424 337
Smac/DIABLO Pan-specific —78 Yes Pan-specific 327
TYK2 Pan-specific —81 Akt2 (PkBb) Pan-specific 386
VEGFR2 Y1214 —74 PTP-PEST Pan-specific 669
GSK3a T19+pS21 -71
SPHK2 Pan-specific —76
TTK Pan-specific -75
VGFR3 Pan-specific —76
Src Pan-specific —74
Rad17 5645-72 —72
p38a MAPK T180/Y182 —65
Smad2/3 Pan-specific —67
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Table 1. Cont.

Protein Name Phospho Site %CFC Protein Name Phospho Site %CFC
Decreased Increased

MEK®6 Pan-specific —66
Sik2 Pan-specific —68
WNK3 Pan-specific —67
Smad1 5465 —59
ERK2 Pan-specific —68
RONa Pan-specific —62
Tau 5422 —62
ZIPK Pan-specific —65
SHIP2 Pan-specific —64
PLC R(PLCYy2) Pan-specific —61
STAT3 Pan-specific —61
EGFR Pan-specific —63
SG2NA Pan-specific —61
DUSP3 Pan-specific —60
Tau 5199/202 -57
Jun 5243 —53
Rb T821 —57

Matched Western blot analysis using protein extracts from HaCaT cells highlighted
that TrkB phosphorylation at tyrosine 816 (Y816) was significantly downregulated in the
wiskostatin-treated samples (p = 0.0011, n = 3; Figure 6B). This signal was lost in the
samples treated with CIP, a reagent which removes phosphorylation from protein samples,
whereas no effect on total protein expression was seen in the actin-positive control bands.
This demonstrated that this signal, which was detected using the ABN1381 TrkB Y816
antibody, was a phosphorylation signal, as intended. Furthermore, no significant difference
between the TrkB Y816 expression in samples from wiskostatin and control-treated cells that
were exposed to hydrogen peroxide and sodium orthovanadate was detected (Figure 6C).
This suggested that the differential expression of TrkB Y816 that was detected between
wiskostatin and control-treated samples was due to a change in the phosphorylation of
TrkB at tyrosine 816 rather than a change in total protein. The TrkB total protein was found
to have a 23% CFC with a z-ratio of 0.27, which was not deemed significant (Figure 6E). The
change in TrkB Y816 expression in the wiskostatin-treated cells from the controls shown
in Figure 6D demonstrates that the tyrosine 816 phosphorylation of TrkB was affected by
wiskostatin treatment.
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3.9. TrkB Was Expressed in the HaCaT Cells and Was Glycosylated

In order to explain the larger-than-expected band observed in the Western blot results,
experiments were carried out to validate whether TrkB was expressed in the HaCaT cell
line and then to explore whether the TrkB protein may have existed in a glycosylated
state. TrkB was found to be expressed in HaCaT cells at the transcript level, as shown in
Figure 6F. Further experiments were carried out to determine why the observed band size
for TrkB Y816 was at 180 kDa, higher than expected based on the literature, and why no
corresponding band size could be seen using TrkB-pan antibodies. HaCaT protein samples
were treated with deglycosylation reagents for 0—4 h and then Western blotting using
TrkB-pan antibodies was carried out (Figure 6G). After 1 h of deglycosylation treatment,
TrkB expression could be detected at 140 kDa using a TrkB-pan antibody, whereas no
signal could be detected without deglycosylation treatment. This signal was not detectable
using the usual, previously described protein extraction and denaturation techniques,
which did not include a deglycosylation step. This experiment showed that TrkB was in
fact expressed in HaCaT cells but was not previously detected using the ABN6180 TrkB
antibody due to glycosylation, which may have blocked access of the antibody to the
target site. Having shown that TrkB was present in HaCaT cells with a size of 140 kDa
following deglycosylation, it was hypothesised that the TrkB Y816 signal should shift size
from 180 kDa to 140 kDa after deglycosylation. Protein samples collected from HaCaT
cells treated with 0.1 uM wiskostatin/vehicle control were denatured and treated with
deglycosylation reagents for 1 h and then probed for TrkB-Y816 and actin as a positive
control. Following the deglycosylation treatments, there was an obvious shift in the size of
the protein detected using the TrkB-Y816 antibody from 180 kDa to 140 kDa (Figure 6H).
No significant change in the level of phosphorylation of Y816 was observed following
deglycosylation but the reduced phosphorylation at Y816 in the wiskostatin-treated cells
compared with the control was still apparent, demonstrating that TrkB was glycosylated in
the HaCaT cells’ larger protein band.

3.10. The TrkB Signalling Pathway Was Affected by Confluency, Serum Availability and nWASP
Inhibitor Treatment in the HaCaT Cells

Having identified that wiskostatin treatment can alter the phosphorylation of TrkB
at tyrosine 816 in HaCaT cells, an investigation into other protein signals that are related
to the TrkB pathway was carried out. The effect of the additional n"(WASP inhibitor 187-1
over a range of concentrations (0, 0.1, 1 and 10 uM) on TrkB phosphorylation and signalling
was also examined (Figure 6I). The effect on PLCy1 phosphorylation at tyrosine 1253 and
Erk1/2 following 1 h of 0.1 uM wiskostatin or a range of 187-1 treatments after 4 h serum
starvation mirrored those observed at the TrkBY816 site in that the nWASP inhibitor treatment
significantly decreased the expressions of TrkB Y816, PLCy1 Y1253 and Erk1/2 (Figure 6H).
This effect on TrkB Y816 signalling was only observed at the 10 pM 187-1 concentration.
No effect on nWASP expression was found. PLCy1 Y1253 and Erk1/2 expressions were
significantly decreased in the wiskostatin-treated cells (Figure 6]). No significant difference in
the PLCy1 Y1253 expression between the wiskostatin and control cells was seen (Figure 6]).
This suggested that the differential expression of PLCy1 Y1253 that was detected between
the wiskostatin-treated and control samples was due to a change in the phosphorylation
status rather than a change in the total protein. Immunofluorescence studies confirmed the
effect of nNWASP inhibitors (Figure 6K).

3.11. BDNF Was Linked to TrkB Signalling and Functional Changes in the HaCaT Cells

BDNEF, as a putative ligand for TrkB and TrkB transcript expression, was examined
using PCR in HaCaT cells under 0, 2 and 4 h serum starvation with/without 0.1 pM
wiskostatin treatments for 1 h (Figure 7A). Analysis using conventional PCR revealed
that the BDNF expression decreased according to the serum starvation in the HaCaT cells
(n =2, Figure 7A). The qPCR analysis results were normalised to the 0 h serum starvation
(Figure 7B) and to the controls to compare with the 0.1 pM wiskostatin-treated samples
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(Figure 7C). BDNF was expressed in the HaCaT cells under normal, serum-supplemented
culture conditions but following serum withdrawal, the expression of the BDNF transcript
was significantly reduced. The treatment with 0.1 uM wiskostatin appeared to have a
slight effect on reducing the BDNF transcript expression during normal culture conditions
and on increasing the BDNF expression following serum starvation in the qPCR analysis
(Figure 7C). The TrkB transcript expression was found to increase following the serum
withdrawal—significantly so after 4 h (Figure 7D). The 0.1 uM wiskostatin treatment had no
effect on the TrkB transcript under normal culture conditions, but after 2 h, TrkB expression
was found to increase when cells were treated with wiskostatin (Figure 7E). Under normal
serum conditions, TrkB Y816 phosphorylation was found to be relatively low. The addition of
BDNF to HaCaT cells growing at low confluency under these conditions induced TrkB Y816
signalling (Figure 7F). After serum starvation, where TrkB Y816 phosphorylation increased,
the addition of BDNF reduced the TrkB Y816 signalling in a similar fashion to the nWASP
inhibitor application (Figure 7F). The addition of BDNF between 50 and 150 ng/mL concen-
trations increased the resistance measured at 4 kHz following cell seeding (Figure 7G,H). The
effect of dual treatments with 0.1 uM wiskostatin and 50 ng/mL or 100 ng/mL BDNF was
also observed (Figure 7] K, respectively).

3.12. nWASP Inhibitor Treatment May Have Affected the TrkB Signalling through Grb2

In an attempt to explore how nWASP inhibitors may be able to alter the phosphoryla-
tion status of TrkB, the effect of SOS1, which is a small-molecule inhibitor that acts to inhibit
the activity of Grb2, on TrkB Y816 was examined. The SOS1 treatment at 0.1 and 1 pM
concentrations inhibited TrkB Y816 phosphorylation in the HaCaT cells at low confluency
and under serum starvation (Figure 7L); the MSOS1 treatments appeared to increase the
attachment and spreading of HaCaT cells (Figure 7N).

3.13. nWASP Knockdown and TrkB Signalling

The effect of nWASP knockdown on TrkB signalling in HaCaT cells was examined.
The cells were serum starved for 4 h and the effect on TrkB Y816 and PLCy1 Y1253 phos-
phorylation was then examined using Western blotting (Figure 70). nWASP knockdown
was found to increase TrkB signalling through tyrosine 816 under serum-starved and low
confluency conditions. TrkB Y816 activity was examined following prolonged nWASP
inhibitor and serum starvation treatment for 4 h. These results demonstrated that the
nWASP inhibitor treatment had the same effect of inhibiting TrkB Y816 phosphorylation
even when applied from the beginning of the serum withdrawal period (Figure 7).

3.14. TrkB Expression in Human Chronic Wound Tissues

Following the discovery of a link between nWASP and TrkB and that nWASP is over-
expressed in non-healing chronic wounds, the expression of TrkB and BDNF in chronic
wounds was examined using IHC on human chronic wound samples. Overall, BDNF
showed increased expression in healing (distal) compared with non-healing wounds (Fig-
ure 8A,B). TrkB was found to be expressed at higher levels in the basal epidermal cells
at sites distal from the wound edge in samples taken from non-healing wound tissues
compared with healing tissues (Figure 8C,D).
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Figure 7. BDNF and TrkB transcript expression in the HaCaT cells and the effects of the BDNF,
SOS1 and knockdown models. PCR/qPCR results for BDNF and TrkB expression in HaCaT cells
treated with 0.1 pM wiskostatin (A,B); wiskostatin-treated samples at each serum starvation time
point (C). gPCR analysis results of the TrkB transcript expression (D) and controls (E). Western
blot analysis of TrkB Y816 (F). HaCaT cells were treated with thBDNF at 50 and 100 ng/mL (G)
and 150 ng/mL (H). Cells treated with 50 or 100 ng/mL BDNF and 0.1 uM wiskostatin (I,J). TrkB
phosphorylation and SOS1 (K) and the integrated density (L). HaCaT cells treated with SOS1 (M).
The effect of nWASP inhibition on TrkB Y816 phosphorylation (N). The effect of 0.1 uM wiskostatin
and 10 uM 187-1 on TrkB Y816 phosphorylation (O). * indicates statistical significance (p < 0.05). ns:
not significant.
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Figure 8. BDNF and TrkB expression in human chronic wound tissues. IHC of BDNF
protein expression in healing and non-healing chronic wound tissues at distal (A) and
wound-edge (B) locations. IHC of TrkB at distal (C) and wound-edge (D) locations. Arrows in-
dicate areas of high-intensity staining. Two representative images of each group are shown; x20
magnification was used.

4. Discussion

This study identified nWASP as a molecule that is important in human wound healing
and recognises nWASP as a new molecular target to encourage healing in human chronic
wounds. Non-healing chronic wounds showed higher expression of n(WASP than healing
chronic wounds. This quantitative transcript analysis suggests that a balance of nWASP
activity in human wounds may be key for healthy wound healing behaviour with over-
expression above a certain level indicative of impaired wound healing. Hence, this study
proposes that targeting nWASP in a clinical setting may provide a means to encourage
healing behaviour in chronic wounds.
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In vitro work carried out in this study supported the idea that altering nWASP ac-
tivity through inhibitor treatment and at a transcript expression level can affect human
keratinocyte and endothelial behaviour. The reduction of n"WASP activity through nWASP
inhibition and transcript expression knockdown affected the cell spreading and attachment
properties of cells. Decreased nWASP activity from wild-type keratinocyte levels through
transcript knockdown or inhibition appeared to increase the adherent properties of cells;
furthermore, the knockdown of nWASP in endothelial cells caused the opposite effect in
that attachment and spreading appeared to be impaired. This suggests that n\WASP may
have a role in the attachment properties of cells to a surface. This could explain how a
balance of nWASP expression is important for correct wound healing behaviour, as the
optimal level of adhesion and attachment of cells were shown to be a key factor in their
migratory properties [9,10]. The implication that nWASP may be involved in affecting
these properties of cells may explain how this molecule is involved in wound healing in
humans. The molecular mechanisms involved in nWASP activity affecting the attachment
properties of keratinocytes in this context are currently unknown but the diverse roles of
nWASP and the effects of the actin polymerisation that can result from its activation offer
many potential explanations for how nWASP may influence cell attachment and motility.

Using ex vivo and in vivo models, this study also demonstrated how nWASP inhibition
can encourage wound healing behaviour in tissues with impaired healing abilities and
thus provides a new management model for chronic wounds. Using mouse models to
study the effect of nWASP inhibitor treatment on wound healing has not only supported
previous findings that nWASP has potential as a target in wound healing but highlights a
very simple but possibly life-changing therapy option that has potential in human cases.
The fact that commercially available nWASP inhibitors can be applied so simply using
carrier gels that are already used to treat chronic wounds in the clinic but with such a
dramatic effect on encouraging healing in wounds in mice that naturally exhibit impaired
wound healing abilities is very promising.

To begin to understand how nWASP inhibitors affect cell behaviour and may act in
the context of a chronic wound, an investigation into the effect of altering nWASP activity
on the signalling mechanisms in cell models that represent the skin and wound environ-
ment was carried out. Initially, a protein array highlighted changes in the expression and
phosphorylation of hundreds of kinases and other common signalling proteins following
treatment with wiskostatin in HaCaT cells. Of the most significantly altered proteins,
several proteins belonging to very common signalling pathways were highlighted, includ-
ing members of the Ras—Raf-Mek-Erk, Akt-mTOR and Jak-STAT pathways. Numerous
receptors and membrane-bound proteins were also identified as being significantly altered
by wiskostatin treatment, including VEGFR2 and -3, EGFR and the progesterone receptor,
which have been shown to be upstream of these common signalling cascades. TrkB sig-
nalling was found to be significantly altered by nWASP inhibitor treatments in HaCaT cells
and, as such, the effect of n"WASP activity on TrkB signalling became the focus. The findings
that were reported here appeared to demonstrate that the TrkB activity in HaCaT cells
was extremely sensitive to confluency, serum starvation, BDNF application and nWASP
inhibition. Furthermore, the TrkB activity is found to be increased in basal keratinocytes
in chronic wound tissues. How TrkB, BDNF and nWASP activity may be linked in the
context of chronic wounds requires significant further investigation, especially considering
the sensitivity to factors such as confluency and serum availability of the TrkB pathway.
The novel relationship between nWASP and TrkB and the downstream PLCy1 signalling
pathway that is affected by changes in signalling may have implications in terms of cell
differentiation. As such, further investigation into the factors that affect this signalling and
how this may translate into the wound environment needs to be explored.

It is clear that nWASP and TrkB signalling are linked in HaCaT cells and possibly in
the chronic wound environment. How nWASP activity alters TrkB signalling and why
this pathway is sensitive to factors such as confluency and serum starvation are yet to
be answered. The established role of nWASP in endocytosis and receptor trafficking
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could represent one such potential link. nWASP and TrkB were shown to share numerous
interaction partners that may facilitate this activity, for instance, Grb2, pacsin and Nck. A
link between nWASP and TrkB through the common binding partner Grb2 has begun to be
explored through the use of SOS1. This is an inhibitor of Grb2 activity that acts via blocking
the SH3 binding domain of the guanine nucleotide exchange factor SOS, which is the ligand
for the adaptor protein Grb2. This blocks the SOS/Grb2 interaction and prevents Ras
activation via receptor tyrosine kinases, such as TrkB. SOS1 was found to act in the same
way as nWASP inhibition in that TrkB Y816 phosphorylation was significantly reduced at
low confluency and after 4 h serum starvation in HaCaT cells. Similarly, Grb2 inhibition
was found to increase the resistance of HaCaT cells using ECIS, similar to nWASP inhibitors.
This is only the first step in exploring the link between TrkB and nWASP, but this work
identified an avenue for further study.

In summary, this study demonstrated that nWASP activity in human wounds can
be indicative of its ability to heal effectively and, as a result, using nWASP inhibitors can
influence the healing behaviour of wounds. Functional assays indicated that the mechanism
through which nWASP may influence wound healing behaviour is potentially via affecting
the attachment properties of cells and that this can be mediated through the BDNf/TrkB
pathway. This study recognised nWASP as an important therapeutic target in human
chronic wounds and proposes the use of n(WASP inhibitors as a simple and effective means
to encourage wound healing in difficult wounds.
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Abstract: Plasmodiophora brassicae is an obligate biotrophic pathogen causing clubroot disease in
cruciferous plants. Infected plant organs are subject to profound morphological changes, the roots
form characteristic galls, and the leaves are chlorotic and abscise. The process of gall formation
is governed by timely changes in the levels of endogenous plant hormones that occur throughout
the entire life cycle of the clubroot pathogen. The homeostasis of two plant hormones, cytokinin
and auxin, appears to be crucial for club development. To investigate the role of cytokinin and
auxin in gall formation, we used metabolomic and transcriptomic profiling of Arabidopsis thaliana
infected with clubroot, focusing on the late stages of the disease, where symptoms were more
pronounced. Loss-of-function mutants of three cytokinin receptors, AHK2, AHK3, and CRE1/AHK4,
were employed to further study the homeostasis of cytokinin in response to disease progression; ahk
double mutants developed characteristic symptoms of the disease, albeit with varying intensity. The
most susceptible to clubroot disease was the ahk3 ahk4 double mutant, as revealed by measuring its
photosynthetic performance. Quantification of phytohormone levels and pharmacological treatment
with the cytokinin antagonist PI-55 showed significant changes in the levels of endogenous cytokinin
and auxin, which was manifested by both enhanced and reduced development of disease symptoms
in different genotypes.

Keywords: clubroot; Plasmodiophora brassicae; cytokinin; auxin; PI-55; photosynthesis

1. Introduction

Plasmodiophora brassicae is an obligate biotrophic protist that is the causal agent of
clubroot disease, one of the most devastating diseases in the Brassicaceae family. The
clubroot disease is spread worldwide, probably as a result of the transport of diseased
plant material by early colonists [1]. To date, considerable progress has been made in
understanding the biology of this pathogen [2-5], but the complex mechanisms used by
the pathogen during the infection process are still not fully understood [6]. It is becoming
clear that the clubroot pathogen modulates host immunity responses, as suggested by the
identification of a P. brassicae methyltransferase responsible for the methylation of salicylic
acid (SA) and subsequent production of methyl salicylate (MeSA), leading to the control of
free SA levels in infected galls [7].

As a biotrophic parasite, the clubroot pathogen requires a plant host to reproduce, and
the infection process can be divided into two main phases: (I) the primary infection and (II)
the secondary infection of the root cortex [8]. While the primary infection is restricted to
the root hairs of the plant host, the secondary phase is primarily targeted to the cortex of
hypocotyl and roots [9]. Infection by clubroot leads to profound changes in meristematic
activity that imply changes in plant anatomy, and disease symptoms appear mostly at
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later stages, including increasing hypertrophy and hyperplasia of infected roots; the roots
become swollen and form characteristic galls [10].

The clubroot pathogen and Brassicaceae crops establish a specific relationship where
plant hormones are involved in triggering immune responses and orchestrating disease-
phase-dependent transcriptomic changes [11]. In addition to SA, other groups of plant
hormones are involved in different stages of disease progression, especially cytokinin (CK)
and auxin, two key players in plant organ development [12,13]. By manipulating CK and
auxin levels, the pathogen promotes hypertrophy and cell division by reprogramming
meristematic activity in infected roots, leading to the formation of root galls [13-15]. In-
creased CK levels promoting cell division were observed in the early stage of clubroot
disease in Arabidopsis. Conversely, reduced CK levels and concomitant downregulation
in the expression of host plant CK sensing and metabolism-related genes were observed
in the late stage of infection [12,13,16]. Shifts in CK and auxin homeostasis in developing
galls can potentially influence the progression of the clubroot disease; it was reported by
Siemens et al. that plants constitutively overexpressing cytokinin oxidase/dehydrogenase
show reduced disease symptoms [13].

The plant hormone cytokinin plays a crucial role in various processes of plant growth
and development [17]. In addition, in close cooperation with other plant hormones, CKs
also play a role in plant defense, affecting many biotic and abiotic stress responses [18,19].
Their homeostasis is controlled by an interplay of multiple processes—the biosynthesis,
irreversible degradation, formation, and breakdown of CK conjugates, and CK trans-
port [20,21]. CK catabolism is primarily controlled by cytokinin oxidase/dehydrogenase
(CKX; EC 1.5.99.12; [22]), a key enzyme in CK irreversible degradation. On the other hand,
isoprenoid CK biosynthesis is catalyzed by adenosine phosphate isopentenyl transferase
(IPT; EC 2.5.1.27; [23]), and this reaction represents the rate-limiting step in CK biosynthesis.

The perception of CKs in Arabidopsis thaliana is associated with three membrane-bound
sensor histidine kinases (HKs), AHK2, AHK3, CRE1/AHK4, based on a two-component
phosphorelay signal transduction system [24-28]. The signal perception in Arabidopsis is
redundant; individual receptors contribute to different developmental and other processes,
and double mutant combinations of ahk mutant alleles are viable, but show changes to root
morphology or chlorophyll content [29]. AHK2/AHKS3 combination in particular appears
to play a dominant role in controlling root vs. shoot growth. The rosette of the ahk2 ahk3
double mutant was reduced approximately to half the size of the wild type; this mutant
line also formed fewer cells in the shoot and showed reduced chlorophyll content and
faster primary root growth. While CRE1/AHK4 is predominantly expressed in the root and
can be found in the vascular cylinder, AHK2 and AHK3 show much broader expression
patterns among different plant organs, especially in aerial parts.

Another approach to studying CK perception in plants is the use of CK agonists or
antagonists, i.e., compounds that activate HK receptors or prevent agonist binding to the
receptor, respectively, leading to the occupancy and blocking of the receptor’s active site.
PI-55, 6-(2-hydroxy-3-methylbenzylamino)purine, is closely related to naturally occurring
6-benzylaminopurine (BAP), an aromatic CK commonly used in laboratory practice and
plant micropropagation techniques. PI-55 is the first example of an anticytokinin compound
that specifically interacts with the CRE1/AHK4 receptor and antagonizes the function of
natural CKs [30]. In this study, PI-55 was used together with ahk double mutant lines to
assess whether changes in CK homeostasis may affect the process of clubroot development.

2. Materials and Methods
2.1. Biological Material and Growth Conditions

The Columbia (Col-0) ecotype of Arabidopsis thaliana (L.) Heynh was used. ahk2-2
ahk3-3, ahk2-5 crel-2, and ahk3-7 crel-2 mutant lines were kindly provided by Thomas
Schmdilling [29]. The studied plants were grown in a cultivation chamber on soil (mixture
with perlite 1:1) at 22 °C under long-day conditions (16 h light/8 h dark). Clubroot-infected
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roots of the Chinese cabbage variety “Granaat” were kindly provided by Pavel Kopecky
(Crop Research Institute, Olomouc, Czechia).

2.2. Preparation of the Cytokinin Antagonist PI-55

Synthesis of the PI-55 compound and its biological testing was performed as previously
described [30]. Details of the chemical synthesis are provided in the Supplementary
Information.

2.3. Inoculation of A. thaliana Plants and Pharmacological Treatment

The clubroot galls were stored at —20 °C. Resting spores were extracted by homoge-
nizing mature clubroot galls in distilled water. The suspension was filtrated through gauze
(25 um pore width) and subsequently centrifuged three times (1000x g, 7 min). Then,
14-day-old Arabidopsis plants were inoculated with 0.5 mL of the prepared inoculum of
Plasmodiophora brassicae (107 spores mL~1). Subsequently, non-infected or infected Ara-
bidopsis plants were treated with PI-55 three days after inoculation (dai) for the first time,
or the control group was mock-treated with DMSO (0.1%). Treatments with the cytokinin
antagonist (or the mock treatments) were performed 9 times over the period of 3 weeks by
injecting the soil around each plant with 5 mL of either 1 or 10 uM solution of PI-55.

2.4. Quantification of Plant Hormones

Fresh plant material (roots + hypocotyls) was homogenized under liquid nitrogen and
divided into CK and auxin parts with weights of approximately 10 mg per biological sample.
CK samples were extracted in 1 mL of modified Bieleski buffer (methanol/water/formic
acid, 15/4/ 1, v/v/v; [31]) using an internal standard of stable isotopically labeled CKs
(0.4 pmol per sample of CK bases, ribosides, 9-glucoside, and 7-glucoside, and 1 pmol
per sample of O-glucosides and nucleotides) to check the recovery of the purification step
and to validate the determination. Samples were analyzed by ultraperformance liquid
chromatography (Acquity UPLC® I-class system; Waters, Milford, MA, USA) coupled
to a triple quadrupole mass spectrometer equipped with an electrospray interface (Xevo
TQ-S, Waters, Manchester, UK), via the method described previously [32]. Quantification
was performed by multiple reaction monitoring of [M + H]* and the appropriate product
ion [32,33]; Masslynx software was used using a standard isotope dilution method. Auxin
samples were extracted using 0.8 mL of 50 mM Na-phosphate buffer (pH 7.0; 4 °C) contain-
ing 0.1% diethyldithiocarbamic acid salt, using an internal standard of stable isotopically
labeled auxins (5 pmol per sample; as previously described [34]). Samples were dissolved
in 30 uL of 10% MeOH, injected onto a reversed-phase column (Kinetex 1.7 um C18 100 A,
50 x 2.1 mm; Phenomenex), and analyzed using an Acquity UPLC® I-class system (Waters,
Milford, MA, USA) coupled to XevoTM TQ-S (Waters, Manchester, UK) equipped with an
electrospray interface (ESI), via the method described previously [34].

2.5. Quantitative Real-Time PCR

The Spectrum Plant Total RNA Kit (Merck, Darmstadt, Germany) was used for the
isolation of total RNA from 100 mg (fresh weight) of the biological material (hypocotyls +
leaves of 28 dai plants), according to the manufacturer’s instructions. To minimize contam-
ination with genomic DNA, total RNA was treated with 1.5 uL. TURBO DNase (Thermo
Fisher Scientific, Waltham, MA, USA) with 1 uL of the enzyme for 30 min. Subsequently,
1.5 ug of extracted RNA was used for first-strand cDNA synthesis by RevertAid H Minus
M-MuLV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA), according
to the manufacturer’s instructions, and diluted to a final volume of 200 pL. qPCR analyses
were performed in the StepOnePlus Real-Time PCR System (Applied Biosystem, Waltham,
MA, USA). The reaction mixture consisted of 5 uL of gb SG PCR Master Mix (Generi
Biotech, Hradec Kralové, Czechia), 1 pL of gb Passive Reference Dye (Generi Biotech,
Hradec Kralové, Czechia), 0.6 pL forward primer (5 uM), 0.6 pL reverse primer (5 uM), and
diluted cDNA (2 pL) in a final volume of 10 pL. PCR was performed according to standard
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procedures using the following amplification program: 95 °C for 10 min, followed by 40
cycles of 95 °C for 10's, 65 °C for 15 s, and 72 °C for 25 s. Ct values were normalized to
actin 7 and final values were calculated using 2-AACt[35].

2.6. Measurement of Photosynthetic Activity

Control and clubroot-infected plants at 28 dai, 33 dai, and 41 dai were used for the
maximum quantum yield of photosystem II photochemistry measurements (Fy/Fy1 = (Fy
— Fy)/Fp) using FluorCamFC 800 (PSI, Drasov, Czechia). Prior to the measurement, plants
were dark-adapted for 20 min. The minimal fluorescence of the dark-adapted sample
(Fo) was determined by applying several p-seconds-long measuring flashes (red light,
0.1 umol photons m~2 s~!). The maximal fluorescence of the dark-adapted sample (Fy;)
was measured using the 800 ms saturating pulse (white light, 2700 pmol photons m~2 s~ 1).

3. Results and Discussion
3.1. Phenotypic Characterization of Clubroot-Infected Cytokinin Receptor Mutant Lines

To better understand how modulations of cytokinin sensing and metabolism may
contribute to the control of the proliferation of clubroot disease in the model organism A.
thaliana, we took advantage of available ahk double mutant lines that exhibit homeostatic
control of endogenous cytokinin levels that differ between genotypes [29]. In addition,
we further modulated endogenous hormone levels by repeated application of a cytokinin
antagonist, PI-55, during the infection phase of Arabidopsis growth. PI-55 represents
a powerful tool for modulating cytokinin sensing, and its effects in controlling the root
architecture through the manipulation of cytokinin status in affected plants have been
demonstrated [30].

In this study, 14-day-old Arabidopsis wild-type plants and double mutant lines ahk2
ahk3, ahk2 ahk4, and ahk3 ahk4 were inoculated with P. brassicae and disease progression was
monitored at selected time points: 28, 33, or 41 days after inoculation (dai). In primary
infection, the so-called root hair infection, there are visible subtle changes in the lower part
of the root system. At 41 dai, we could observe prominent symptoms associated with later
stages—the ground leaf rosette was deformed and the leaves were chlorotic, with already
forming necrotic parts (Figure 1). The application of the cytokinin antagonist in the higher
concentration used (10 uM) alleviated some of the symptoms of the disease. Both the
wild type and the ahk2 ahk4 mutant line appeared to be more vital, whereas the ahk3 akh4
double mutant was less responsive to PI-55 treatment (Figure 1). To obtain more convincing
evidence of the observed effects, we further measured the photosynthetic performance of
control and clubroot-infected shoots, as described in the following section.

ahk2ahk3 ahk2ahk4 ahk3ahk4

PIS5

10 pmol.I

Figure 1. Comparison of clubroot disease symptoms in wild-type (Col-0) and ahk2 ahk3, ahk2 ahk4, and
ahk3 ahk4 double mutant lines. The 14-day-old plants were infected with P. brassicae and mock-treated
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with 0.1% DMSO or the cytokinin antagonist PI-55 at a concentration of 10 pmol L1 Images of
representative plants 41 days after inoculation (dai) are shown.

3.2. Photosynthetic Performance in Infected Plants and Effects of PI-55 Treatment

Infection with the clubroot disease in Col-0 and mutant genotypes progressively led
to a decrease in photosystem II (PSII) function represented by a reduction in the maximum
quantum yield of PSII photochemistry (Fy/Fj;) in all Arabidopsis plants (Figure 2). Accord-
ingly, the downregulation of photosynthetic genes, including genes of the Calvin cycle,
chlorophyll biosynthesis, and genes of photosynthesis light reactions, was observed in
the shoots of clubroot-infected plants in a transcriptomic study that also showed specific
subsets of DEGs in the infected roots and shoots from 17 to 24 dai [3].
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Figure 2. The maximum quantum yield of PSII photochemistry (Fy/Fps) in non-infected control wild-
type (Col-0) or mutant Arabidopsis plants (C) and in respective plants infected with Plasmodiophora
brassicae (I) 28, 33, and 41 days after infection (dai). Infected Col-0 and double mutant lines are
indicated by diagonal hatching. Plants were mock-treated with (A) 0.1% DMSO or compound PI-55
at a concentration (B) 1 umol L~ or (C) 10 umol L~!. Medians and quartiles are presented (n = 3-5).
Different letters indicate a statistically significant difference (Tukey’s test; p < 0.05) between individual
genotypes treated with DMSO or PI-55 (1 or 10 umol L™!) within dai. n.d., not detected.

Representative images of Fy/Fy; imaging in individual genotypes revealed that among
cytokinin receptor double mutants, the ahk2 ahk4 mutant plants showed the highest resis-
tance to fungal pathogen proliferation. Similar to WT plants, in the ahk2 ahk4 double mutant,
we observed only mild disease symptoms in plants at 28 and 33 dai, indicating relatively
slow disease progression under our experimental conditions (Figure 3). In stark contrast,
in the case of ahk3 ahk4 mutants, the impairment of PSII function was severe (Figures 2
and 3). At 41 dai, photosynthetic activity in the ahk3 ahk4 mutant plants expressed as Fy/Fp
was below the limit of detection, and already at 28 dai, plants showed severe stunting, leaf
curling, and chlorosis together with PSII impairment (Figure 3). In the ahk2 ahk3 mutant
plants, disease symptoms caused by P. brassicae infection were similar, but the decline in
Fy/Fpr was not as pronounced (Figures 2 and 3).

Application of the cytokinin antagonist PI-55 at both concentrations (1 and 10 umol L)
alleviated the decrease in Fy/Fj values in both WT and alhk2 ahk3 double mutants (Figures 2B,C
and 3C), while there was no positive effect of PI-55 treatment in ahk3 ahk4 double mutants,
as Fy/Fj ratios were comparable to those of mock-treated (DMSQO) plants (Figures 2B,C
and 3C).

Collectively, these results indicate that P. brassicae infection generates disease symp-
toms and affects PSII function and photosynthetic parameters primarily in plants where
CRE1/AHK4 and AHK?2 cytokinin receptors are present. This means that these receptors
may represent primary targets that P. brassicae uses to modulate host responses via the
cytokinin signaling pathway. It was previously reported by Siemens et al. that CREI/AHK4
is significantly upregulated in the early stage of infection, which was consistent with the in-
creased level of the cytokinin response gene ARRS [13]. Interestingly, the CRE1/AHK4 and
AHK?2 receptors share a similar ligand binding spectrum and appear to be at least partially
functionally redundant and significantly distinct from the AHK3 receptor. Compared with
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infected Col-0 plants, the ahk3 ah4 double mutant line showed more pronounced disease
symptoms and, importantly, did not respond to PI-55 treatment. Since PI-55 primarily
targets the CRE1/AHK4 receptor [30], it can be assumed that the effect of the compound
on the possible modulation of disease progression can be observed preferentially in WT
and ahk2 ahk3 double mutants treated with PI-55.
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Figure 3. Imaging of maximum quantum yield of PSII photochemistry (Fy/Fy) in representative
Arabidopsis wild-type (WT) or mutant plants at (A) 28, (B) 33, and (C) 41 days after infection (dai)
with Plasmodiophora brassicae. Plants were mock-treated with 0.1% DMSO or the cytokinin antagonist
PI-55 at a concentration of 1 or 10 pmol L~1. n.d., not detected.
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3.3. The Hormonal Content in Infected Galls and Effects of PI-55 Treatment

We have previously successfully developed a procedure for the highly reproducible
detection of a complex pool of CK metabolites in milligram amounts of tissue (root +
hypocotyl) in clubroot-infected plant material. As expected, trans-zeatin (tZ) and isopen-
tenyladenine (iP) were confirmed as the most abundant active CKs in 28 dai plants, with
tZ being slightly more abundant in both uninfected and infected tissues in all genotypes
used in our study (Figure 4). This was in line with our previous observations, where these
two CK free bases comprised the majority of the active CK forms, and the abundance of
other free bases, cis-zeatin (cZ) and dihydrozeatin (DHZ), was ~100 fold lower [16]. The
overall pattern in CK free base abundance at 28 dai was evidently decreasing compared to
uninfected plants of the same age, corresponding to the strong downregulation of cytokinin
homeostasis genes, as previously reported [13,16]. Similar trends were seen with other CK
forms, although not with the same impact among the studied genotypes (Figure 4). While
the concentrations of both CK ribosides and CK nucleotides only showed small changes
after infection in Col-0 plants, all other genotypes, and ahk2 ahk4 in particular, showed
significant reductions. In contrast, the most abundant inactive CKs, CK N-glucosides, were
reduced to a similar extent in all genotypes. Consistent with our previous observations,
we could observe a small increase in CK O-glucoside conjugates, which was evident in the
ahk2 ahk3 double mutant (Figure 4).

All receptor double mutants showed significantly higher CK content (both before
and after infection) compared to Col-0 plants, consistent with previous observations [29].
However, unlike the aforementioned study of Riefler et al., where younger Arabidopsis
seedlings were used for CK quantification, we could observe highly elevated levels of both
CK free bases, tZ and iP, primarily in the ahk3 ahk4 double mutant (Figure 4). Similar trends
were observed for CK precursors (ribosides and nucleotides), where CK levels in the ahk3
ahk4 mutant plants were followed by the ahk2 ahk3 genotype. Interestingly, the application
of the cytokinin antagonist PI-55 led to different effects among the studied genotypes.
Importantly, we observed significant changes in the content of CK free bases, tZ and iP—
whereas, in clubroot-infected Col-0 and the ahk2 ahk3 double mutant, the application of
PI-55 led to a significant decrease in active CK levels, in the ahk3 ahk4 mutant, the trend was
opposite (Figure 4). In the case of the ahk2 ahk4 mutant line, the concentrations of active
bases were generally low in infected tissues compared to other mutant genotypes and
similar to infected Col-0 plants. Notably, the ahk3 ahk4 mutant showed a similar pattern to
most other forms of CK—both 1 umol L~! and 10 pmol L' PI-55 treatment induced an
increase in hormonal content in infected tissues compared to DMSO-treated plants.

Next, we evaluated the profiles of auxin, another plant hormone that may play an
important role in gall formation (Figure 5). Auxin and cytokinin concentrations have
previously been shown to change rapidly in developing root galls following P. brassicae
infection [36]. Many genes of auxin homeostasis were upregulated in club development;
it appears that the balance of auxins and cytokinins may play a regulatory role during
disease proliferation [13]. The previous results suggested that free IAA levels do not
change dramatically in infected tissues at later stages of infection [16]. Consistent with this,
the IAA content of wild-type tissues was not significantly affected by clubroot infection
(Figure 5). Similarly, ahk double mutants showed relatively little change, except for ahk3
ahk4, where approximately a 25% increase in IAA levels was observed. Treatment with
PI-55 (10 umol L) in infected tissues resulted in a relatively high, approximately 2.5-
fold increase in auxin content in the ahk2 ahk3 and ahk2 ahk4 double mutant lines and
approximately a two-fold increase in wild-type plants.
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Figure 4. The cytokinin content of control and clubroot-infected wild type (Col-0) and the ahk2 ahk3,
ahk2 ahk4, and ahk3 ahk4 double mutant lines. Active (tZ, iP, cZ, and DHZ), precursor (ribosides
and nucleotides), and conjugated (O-glucosides and N-glucosides) cytokinin content of control (C)
and infected (I) root + hypocotyl tissue in 28 days after infection (dai) plants are shown. Plants
were mock-treated with 0.1% DMSO or the cytokinin antagonist PI-55 at a concentration of 1 or
10 pmol L1, Infected Col-0 and double mutant lines are indicated by diagonal hatching. Results
are means (£SD) of 3 independent replicates expressed as pmol g ! fresh weight. Different letters
indicate a statistically significant difference (Tukey’s test; p < 0.05) within individual genotypes

(lowercase letters) or between treatments with DMSO or 1 or 10 umol L~ PI-55 (uppercase letters).
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Figure 5. IAA and IAA-Glu profiles in wild type (Col-0) and the ahk2 ahk3, ahk2 ahk4, and ahk3 ahk4
double mutant lines. Content of active and conjugated forms of IAA of control (C) and infected (I)
root + hypocotyl tissue in 28 days after infection (dai) plants are shown. Plants were mock-treated
with 0.1% DMSO or the cytokinin antagonist PI-55 at a concentration of 1 or 10 umol L~!. Infected
Col-0 and double mutant lines are indicated by diagonal hatching. Results are means (+SD) of 3
independent replicates expressed as pmol g ! fresh weight. Different letters indicate a statistically
significant difference (Tukey’s test; p < 0.05) within individual genotypes (lowercase letters) or
between treatments with DMSO or 1 or 10 umol L™! PI-55 (uppercase letters).

Taken together, our results indicate that the balance of cytokinin and, somewhat
unexpectedly, also auxin, is affected in response to the cytokinin antagonist treatment and
that these changes may be related to the cytokinin status of infected plants. In general,
compared to Col-0 plants, our results show higher overall CK content, especially tZ and
iP free bases, in all CK receptor double mutants. This was particularly evident in the ahk3
ahk4 double mutant, where the free base content was relatively high regardless of whether
PI-55 treatment was applied. Unexpectedly, photosynthetic parameters and plant fitness
were relatively worse in this receptor mutant (Figures 2 and 3), and PI-55 treatment could
not rescue the photosynthetic performance. Conversely, the relatively low content of CK
free bases (especially after PI-55 treatment) in the ahk2 ahk4 double mutant correlated with
better plant fitness and preservation of photosynthetic performance in treated shoots. This
leads us to believe that the content of cytokinins, especially the most abundant active forms,
tZ and iP, but also reflected in inactive CK forms (ribosides, nucleotides, and glucosides),
is directly correlated with the progression of this disease, which further confirms the
positive role of CK in the process. With the exception of the ahk3 ahk4 double mutant,
treatment with PI-55 mostly resulted in further reductions in free base content, although
some variability was observed between the concentrations used. However, the effect of
concentration did not seem to affect photosynthetic parameters, as both 1 and 10 pmol L~!
PI-55 treatments produced similar results (Figure 2). Unlike cytokinin, the exact function of
auxin in later stages of infection is still not clear, but it has been hypothesized that elevated
auxin may stimulate cell growth and promote cell wall extensibility, associated with cell
expansion [37]. In our experiments, the levels of free IAA were only mildly affected in
response to the infection process, but treatments with 10 umol L~! PI-55 seemed to produce
more significant effects. This suggests that auxin homeostasis may also be affected by CK
antagonist treatment, but further experiments will be needed to understand the hormone’s
role in the process, as IAA levels change quite dynamically from early to later stages of
infection [12].

3.4. Expression Analysis of Cytokinin-Related Genes in Clubroot-Infected Plants

In our experiments, the wild type and the ahk2 ahk3 double mutant appeared to re-
spond to PI-55 treatment, as reflected in the evaluation of their photosynthetic parameters
(Figures 2 and 3). While the treatment with PI-55 had no positive effect on disease pro-
gression in the ahk3 ahk4 mutant line, in the case of ahk2 ahk3 and Col-0 lines, 10 uM PI-55
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treatment partially prevented chlorosis and increased the chlorophyll content in infected
shoots (Figure 1). Furthermore, the wild type and the ahk2 ahk4 double mutant appear
to share similar phenotypes and photosynthetic parameters, as well as similar profiles
of active CK forms. Therefore, to further evaluate the possible role of the cytokinin an-
tagonist in the later stages of clubroot development, we used the wild type and the ahk2
ahk3 double mutant line to determine the transcript levels of selected CK pathway-related
genes previously associated with disease progression (Figure 6). At 28 dai, quantitative
real-time PCR of infected and uninfected plant samples revealed that the general expression
pattern clearly showed signs of overall downregulation of the cytokinin pathway. Although
some ARR genes in wild-type infected plants were slightly upregulated, the changes in the
expression levels of these genes were rather low and close to the detection limit (Figure 6
and Supplemental Table S2). Notably, the expression of ARRS5 was slightly upregulated in
Col-0 infected plants, in agreement with previous transcriptomic analysis where higher
expression was observed for CRE1/AHK4, ARRS5, and ARR10 [13]. By contrast, the ahk2 ahk3
double mutant showed an approximately twofold reduction in ARR5 expression levels in
the infected tissues. Additionally, in the ahk2 ahk3 double mutant, we could observe the
downregulation of most cytokinin pathway genes, in agreement with previously published
data [13,16]. PI-55 treatment in wild-type infected plants showed further downregulation of
the expression levels of cytokinin oxidase/dehydrogenase gene CKX1 and two cytokinin de
novo biosynthesis genes, IPT3 and IPT5 (Figure 6). Interestingly, CKX4 appeared to be rela-
tively strongly upregulated by around fivefold in the wild type after PI-55 treatment; slight
upregulation of CKX4 at a later stage of infection was also reported in a transcriptomic
study by Siemens et al. [13].

These results are in general agreement with previous studies that conclusively demon-
strated that cytokinin homeostasis begins to be downregulated already at early stages
of infection [13], and the expression of genes associated with cytokinin metabolism and
signaling was strongly suppressed [16]. Differential analysis of genes in clubroot-infected
resistant vs. susceptible lines of Brassica rapa L. and subsequent metabolomic analyses
further explored the function of different classes of plant hormones in infection and high-
lighted their importance in triggering immune responses in the plant host [11]. Interestingly,
regarding active CKs, the authors report high variability, especially in tZ levels during gall
formation, which is consistent with tZ acropetal transport through the xylem [11]. It is
therefore possible that an imbalance in tZ levels can significantly affect cambium activity
and development.

Taken together, the relatively strong repression of genes related to cytokinin metabolism
and sensing both in the wild type and the ahk2 ahk3 double mutant line appears to be con-
sistent with our metabolomic data, where we could observe a strong reduction in CK
content after infection that was further promoted by PI-55 treatment. In particular, IPT3
and IPT5, together with IPT7, are the major players in root growth and lateral root organo-
genesis [38,39]. Temporal regulation of isopentenyl transferase genes in clubs of B. rapa has
been described, which is associated with disease development [40]. Importantly, although
the quadruple ipt1,3;5;,7 mutant was able to develop some symptoms of clubroot disease,
club formation was severely compromised [16]. Thus, it has been speculated that CKs may
directly regulate plasmodial development, and reduced CK levels may interfere with the
development of the vascular cambium, which is essential for gall formation [16].
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Figure 6. Expression profile of selected genes related to CK metabolism and sensing in the wild
type (Col-0) and the ahk2 ahk3 double mutant. The 28 days after infection (dai) control (ctrl) or
clubroot-infected (inf) plants were mock-treated with 0.1% DMSO (mock) or the cytokinin antagonist
PI-55 at a concentration of 10 pmol L=1. A heat map showing the relative expression of up- (red) and
downregulated (blue) genes is color-coded according to the scheme shown in the figure. Expression
changes are presented relative to either uninfected Col-0 or ahk2 ahk3 plants that were mock-treated
with 0.1% DMSO.

4. Conclusions

Our data from ahk double mutants infected with P. brassicae and PI-55 treatments
strongly support a role of the plant hormone cytokinin in the development of clubroot
disease. Higher cytokinin content in infected roots, as observed in the ahk3 ahk4 double
mutant, coincided with better disease progression. PI-55 treatment led to changes in the
internal pools of cytokinin and auxin, which further affected disease symptoms. Thus, it
seems that cytokinin antagonist treatment may lead to a further decrease in endogenous
CK content and a temporarily increased auxin status in infected plants, and the disrupted
balance of these two phytohormones in developing clubs may modulate the growth of
the biotrophic pathogen at later stages of infection. Our results demonstrate that changes
in cytokinin perception through genetic or pharmacological approaches are a promising
strategy to alter endogenous cytokinin (and possibly also auxin) levels, potentially allowing
increased resistance to the infection and delayed progression of clubroot disease symptoms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13020299 /51, Supplementary Methods S1: Chemical synthesis
and testing of PI-55; Table S1: Primers for qRT-PCR; Table S2: Expression profiles of genes related to
cytokinin signaling and metabolism.
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Abstract: Vascular endothelial growth factor-A (VEGF-A), a secreted homodimeric glycoprotein, is a
critical regulator of angiogenesis in normal and pathological states. The binding of heparin (HE) to
VEGF;45 (the major form of VEGF-A) modulates the angiogenesis-related cascade, but the mechanism
of the observed changes at the structural level is still insufficiently explored. In the present study,
we examined the effect of HE on the structural and physicochemical properties of recombinant
human VEGF45 (thVEGF45). The HE binding results in an increase of hydrophobic surface expo-
sure in thVEGF45 without changes in its secondary structure. Differential scanning calorimetry
measurements for intact and HE-bound rhVEGF¢45 reveals the absence of any pronounced thermally
induced transitions in the protein in the temperature range from 20 to 100 °C. The apolar area increase
during the heparin binding explains the pronounced HE-induced oligomerization/aggregation of
rhVEGFyg5, as studied by chemical glutaraldehyde cross-linking and dynamic light scattering. Molec-
ular modeling and docking techniques were used to model the full structure of dimeric VEGF¢5
and to reveal putative molecular mechanisms underlying the function of the VEGF;45/HE system.
In general, the results obtained can be a basis for explaining the modulating effect of HE on the
biological activity of VEGF-A.

Keywords: vascular endothelial growth factor; heparin; protein aggregation; differential scanning calorimetry

1. Introduction

Vascular endothelial growth factors (VEGFs) are a family of secreted signaling proteins
playing a critical role in vasculo- and angiogenesis. Both processes are essential for physio-
logic homeostasis and the pathogenesis of tumor growth, metastasis and ophthalmic dis-
eases [1-3]. The VEGF levels in the plasma and serum of healthy people are 19-47 pg-mL~!
and 119-238 pg-mL~!, respectively, while a marked increased concentration have been
observed in various types of cancer (rev in [4]). The VEGF gene family includes VEGF-A,
VEGE-B, VEGF-C, VEGF-D, virally encoded VEGF-E, and placenta growth factor, differing
in their expression pattern, biological functions and receptor specificity [5].

VEGEF proteins, belonging to the large PDGF (platelet-derived growth factor) family
(SCOP ID 4003427), are members of the cystine knot growth factor superfamily (SCOP ID:
3000846). VEGF-A plays a dominant role in the regulation of angiogenesis. It binds to two
tyrosine kinase receptors: vascular endothelial growth factor receptor 1 (VEGFR1) and 2
(VEGFR2) [6-8]. VEGF binding to VEGFRs promotes a dimerization of the intracellular
domain of VEGFRs, which subsequently leads to the activation of a cascade of downstream
signaling molecules [9]. For efficient signal transduction, VEGF requires the binding of
co-receptors, neuropilin-1 [10,11] and heparin (HE) or heparan sulfate (HS) [12]. HE and
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HS are glycosaminoglycans (GAGs), which are anionic linear periodic polysaccharides
composed of repetitive disaccharide units containing an uronic acid and an amino sugar
ring. GAGs are located on cell surfaces and in the extracellular matrix and participate in
diverse signaling processes via interactions with their protein targets [13,14]. The range of
plasma HE concentration in clinically normal individuals is 1-2.4 mg~L_1 [15].

The alternative splicing of VEGF-A gives rise to peptides of 121 (VEGFip1), 165
(VEGF¢5), 189 (VEGF;g9), and 206 (VEGF,ps) amino acids. These variants share a common
N-terminal receptor-binding domain (RBD) of 115 residues and have a similar affinity for
VEGEFR?2 [16]. X-ray crystallography of the RBD (residues 8-109) has shown that VEGF
forms an antiparallel homodimer covalently linked by two disulfide bridges between
Cys-51 and Cys-60 with a central four-stranded 3-sheet and cystine knot motif within the
monomer [17,18]. The key difference between spliced variants of VEGEF is their ability to
bind HE and HS proteoglycans [19]. The affinity of the VEGF forms to HE is increased
in the following order: VEGF;¢5, VEGF1g9, and VEGF;g6, whereas VEGFj5; does not bind
heparin [19].

VEGEF-A forms capable of binding HE contain the same C-terminal heparin-binding do-
main (HBD). Nuclear magnetic resonance (NMR) spectroscopy of VEGF;s; HBD
(PDB:1VGH, NMR, 55 residues) revealed two subdomains, each containing two disulfide
bridges and a short two-stranded antiparallel 3-sheet; the carboxy-terminal subdomain
also contains a short o helix [20]. The loss of the carboxyl-terminal domain, whether due to
proteolysis or alternative splicing, correlates with a substantial decrease in endothelial cell
mitogenic activity of VEGF [21]. The isolated HBD was shown to have high affinity towards
HE, comparable to that observed for the full VEGF;¢5 [20-22]. Surface electrostatic potential
calculations revealed that positively charged residues on one side of the HBD surface could
make up a potential binding site for the negatively charged HE. The GAGs binding site in
the HBD is mapped out by Lys and Arg residues located towards the C-terminus of the
domain [11,20], but an experimental structure for HBD in complex with HE is not available.
Additionally, three-dimensional structure that includes both RBD and HBD has not yet
been obtained either due to the challenges of the crystallization procedure or to the highly
flexible linker that connects them. Several models were proposed for the full VEGF: some
of them are able to bind VEGFR?, for others, such binding is sterically hindered. In some
models, HE binds to VEGF through its HBD and is able to redistribute the conformational
ensemble of the protein, whereas the binding of HE to RBD is not favorable. It is also
assumed that HE binding could induce the formation of a sandwich structure, where one
HE molecule is symmetrically bound by two HBDs [11,23,24].

The apparent dissociation constant (Kp) value for the HE-VEGF-A complex is
11-80 nM [25,26]. HE binding is relevant to VEGF activity within endothelial cells. The cell
surface-associated heparin-like molecules were shown to be required for the interaction of
VEGEF with its cell surface receptors [12]. The amount of VEGF;¢5 bound to VEGFR?2 in the
presence of HE increases more than three-fold, while the apparent affinity of protein for
the receptor does not change [21]. At the same time, the affinity of VEGF45 to VEGFR1
decreases in the presence of heparin, but the remaining binding results in more efficient
kinase activation [27]. The difference between HE-modulating actions on VEGFRs may
be explained by the presence of heparin-binding peptides in the extracellular domain of
VEGFR2 but not VEGFR1 [28]. Notably, VEGF;1 (the form of VEGF;¢5, which lacks HBD)
maintains the ability of the native protein to bind to the VEGF receptors, but the endothelial
cell mitogenic potency of homodimeric VEGFy1g is decreased more than 100-fold compared
to that of VEGFq45 [21].

VEGF binding to Avastin (commercial name of bevacizumab), the first humanized
anti-VEGF monoclonal antibody approved by the US Food and Drug Administration for
the first-line treatment of metastatic colorectal cancer [29], is significantly enhanced in
the presence of HE, with a maximal effect (>2-fold) being observed in the presence of
0.1 ug-mL’1 HE [30]. Moreover, the reduced Avastin-VEGF binding at an acidic pH is
rescued by HE [30]. Ko et al. have showed that VEGFg9 exhibits a high affinity to HE,
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and is preferentially localized in cancer cell-derived small extracellular vesicles (sEVs)
via heparin-binding. sEV-associated VEGF is highly stable and is not neutralized by the
therapeutic VEGF antibody bevacizumab, raising the possibility that elevated levels of
sEV-VEGEF contribute in part to the resistance of tumors to bevacizumab [31].

Despite the plethora of works devoted to the effect of HE/HS on the biological activity
of VEGE, the mechanism of the observed changes at the structural level is still insufficiently
explored. In the present study, we examined the effect of HE on the structural and physico-
chemical properties of human VEGFg45, the most abundant and biologically active form
of VEGE. In this work, a modeling approach in combination with circular dichroism (CD)
spectroscopy, dynamic light scattering (DLS) and differential scanning calorimetry (DSC)
was applied to characterize the putative full-length VEGF¢5 structure and to reveal the
impact of HE binding on it.

2. Materials and Methods
2.1. Materials

Recombinant human VEGF;¢5 produced in E. coli was obtained from the Institute of
Bioorganic Chemistry of the Russian Academy of Sciences. Recombinant human VEGF45
produced in Chinese Hamster Ovary (CHO) cells (#PSG010-10) was purchased from SCI-
store (Moscow, Russia). Unfractioned sodium heparin from the intestinal mucosae of
pig (HE) 5000 IU/mL was from Velpharm (Kurgan, Russia). Sodium chloride, sodium
di-hydrogen phosphate 2-hydrate and sodium dodecyl sulfate (SDS) were from Panreac
Applichem (Darmstadt, Germany). Ultra-grade Tris was purchased from VWR Life Science
AMRESCO (Vienna, Austria). Bis-ANS (4,4’-dianilino-1,1’-binaphthyl-5,5'-disulfonic acid),
grade II glutaraldehyde, and Coomassie R-250 were from Merck (Darmstadt, Germany).
All buffers and other solutions were prepared using ultrapure water.

The freeze-dried recombinant human VEGF;¢5 (thVEGF45) and HE were dialyzed
exhaustively against a suitable buffer (cutoff 12-14 kDa and 1 kDa were used for rhVEGEF-
165 and HE, respectively) before measurements. Protein concentrations were measured
spectrophotometrically using molar extinction coefficients at 280 nm of 13,920 M~ !'em !
calculated according to previous work [32]. The concentration of water stock solution of bis-
ANS was evaluated using the molar extinction coefficient at 385 nm of 16,790 M~lem~1[33].
The mass concentration of the HE stock solution after dialysis was calculated from the
freeze-dried mass of HE. The average molar concentration was estimated using the average
molecular mass of HE 13.8 kDa; the molar concentration of disaccharide residues was
calculated using their molecular mass. The average molecular mass of HE was estimated
using the average hydrodynamic diameter measured by DLS method, using a set of linear
polymers of different molar masses (from 8 to 400 kDa) as a reference. The evaluated
diameter value agreed with the literature data for similar pharmaceutical HEs of the
same origin [34].

2.2. Circular Dichroism Studies

Far-UV CD measurements were performed using a J-810 spectropolarimeter (JASCO,
Inc., Tokyo, Japan) equipped with a Peltier-controlled cell holder. A quartz cell with
pathlength of 1 mm was used. Protein concentration was 1.8-1.9 uM. HE was added up to
an equimolar ratio to the protein. The contribution of buffer (pH 7.4, 10 mM Na-phosphate,
50 mM NaCl) in the absence/presence of HE was subtracted from the experimental spectra.
Estimations of the content of the secondary structure elements were made using the CDPro
software package with SDP48 and SMP56 reference protein sets [35].
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2.3. Scanning Calorimetry Measurements

The scanning microcalorimetry studies were carried out on a Nano DSC microcalorime-
ter (TA Intruments Inc., New Castle, DE, USA) at a 1 K-min~! heating rate and excess
pressure of 4 bars (pH 7.4, 10 mM Na-phosphate, 50 mM NaCl) in the presence/absence of
3.8 uM of HE (88.2 uM of disaccharide units). Protein concentrations were 1.0-1.4 uM. The
protein specific heat capacity (c;) was calculated as described by Privalov and Potekhin [36].
The partial molar volume and specific heat capacity of a fully unfolded protein were
estimated according to Hackel et al. [37,38] and Makhatadze and Privalov [39,40].

2.4. Fluorescence Studies

Fluorescence spectra were measured using a Cary Eclipse spectrofluorometer (Varian
Inc., Palo Alto, CA, USA), equipped with a Peltier-controlled cell holder, using quartz cells
at 25 °C. Buffer conditions were the following: pH 7.4, 10 mM Na—phosphate, 50 mM
NaCl. The rhVEGF;45 and HE concentration was 25 uM (or 580 uM of disaccharide units).
Fluorescence of bis-ANS (2.5 uM) was excited at 385 nm. The emission band width was
5nm. All spectra were fitted to log-normal curves [41] using LogNormal software (IBI RAS,
Pushchino, Russia). Fluorescence emission maximum positions and quantum yields were
obtained from these fits.

2.5. Dynamic Light Scattering Studies

DLS measurements were carried out using a Zetasizer Nano ZS (Malvern Instruments
Ltd., Malvern, UK) system. The backscattered light from a 4 mW He-Ne laser 632.8 m was
collected at an angle of 173°. The VEGF concentration was 11 uM (256 uM of disaccharide
units). Buffer conditions were the following: pH 7.4, 10 mM Na—-phosphate, 50 mM NaCl.
Sample temperature was 25 °C. The acquisition time for the single autocorrelation function
was 150 s. The resulting autocorrelation functions are averaged values from three mea-
surements. The volume-weighted size distributions were calculated using the following
parameters for the sodium phosphate buffer: refractive index of 1.333 measured with RL3
refractometer (PZO, Warszawa, Poland); the viscosity value for sodium phosphate buffer
7 = 0.882 mPa-s measured using micro-rheology method with a water suspension of stan-
dard latex nanoparticles. The hydrodynamic diameter for natively unfolded protein was
calculated from the correlation equation for hydrodynamic volume V), log(V}) = f(log(N)),
where N = 330 is the number of amino acid residues of dimeric VEGF45 [42].

2.6. Chemical Crosslinking of Proteins

Crosslinking of thVEGFj45 (25 pM) with 0.02% glutaraldehyde was performed at
a pH of 7.4, with 10 mM Na-phosphate and 50 mM NaCl, in the absence/presence of
25 uM HE (or 580 pM of disaccharide units) as mainly described in [43]. The samples
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
under non-reducing conditions (5% concentrating and 12% resolving gels).

2.7. Modeling the Full Structure of Human VEGF145 and Its Complex with HE

The tertiary structures of the RBD and HBD domains of VEGF;¢5 were taken as the
basis for modeling (PDB entries 2VPF and 1VGH, respectively). The homodimeric form
of the VEGF 45 protein was predicted by the AlphaFold server (https://alphafold.ebi.ac.
uk/, accessed on 1 November 2022) in the multimer model option based on the VEGF;45
sequence (UniProt ID: P15692-4). The signal peptide was excluded from the protein amino
acid sequence for the prediction. I-TASSER server (https://zhanggroup.org/I-TASSER/,
accessed on 1 November 2022) predicted the monomeric subunits of VEGF;45 (HBD, linker,
HBD). The alignment, refinement and visualization of 3D structures were performed
using the Pairwise Structure Alignment RCSB PDB online service (https://www.rcsb.org/
alignment, accessed on 1 November 2022), Stride server (http://webclu.bio.wzw.tum.
de/cgi-bin/stride/stridecgi.py, accessed on 1 November 2022) and PyMOL v. 2.5 (https:
/ /pymol.org, accessed on 1 November 2022). The calculation of the content of secondary
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structure elements in the VEGF45 model, calculation of the surface areas (solvent-accessible
surface area, polar and apolar surface area) and the measurement of linear parameters were
carried out using scripts in PyYMOL v. 1.6 (https://pymol.org, accessed on 1 November
2022).

A total of 25 models of the VEGF;45—HE complex were generated using ClusPro
docking server [44] in the heparin-binding mode [45]. The contact residues in the docking
models of VEGF;¢5-HE complex were calculated using Python 3.5 programming lan-
guage (implemented in PyCharm Community Edition 2020 development environment),
Matplotlib Python plotting library and NumPy numerical mathematics extension. The
numbering of the contact residues is according to the protein data bank (PDB) entries. The
tertiary structure models were drawn with the molecular visualization system PyMOL v. 1.6.

3. Results and Discussion
3.1. The Effect of Heparin on the Secondary and Tertiary Structure of VEGF145

It has been previously shown that the secondary structure of VEGF¢5 consists predom-
inantly of unordered (43%) and {3-sheet (32%) parts [26]. Since the functional properties of
VEGF45 expressed in pro- and eukaryotes are identical, we have compared the secondary
structure of the proteins derived from various sources. An analysis of far-UV CD spectra
for intact thVEGF;45, expressed in eukaryotic (CHO) and prokaryotic (E. coli) cells, reveals
a similar content of these elements in the secondary structure (Table 1). An addition of
equimolar amount of HE does not change the secondary structure of rhVEGF;¢5 (Table 1).
Notably, the two-fold increase of HE concentrations also does not change the distribution
of the secondary structure fractions. Early, Wijelath et al. showed for VEGF;45 that HE
induces a partial transition of 3-sheets to a-helices, but the source and preparation method
of the protein, as well as buffer conditions of the measurements were not specified [26],
which makes it difficult to compare the results.

Table 1. The secondary structure fractions estimated from the CD data using CDPro software
package [35] for thVEGF¢5 expressed in CHO or E. coli at 25 °C (pH 7.4, 10 mM Na-phosphate, 50 mM
NaCl). Protein concentration was 1.8-1.9 uM. HE was added up to an equimolar ratio to the protein.

Protein o-Helices, % B-Sheets, % Turns, % Unordered Structure, %
rhVEGF;45-CHO 8.8 £3.5 302+ 45 227+ 2.8 384 +48
rhVEGF;45-CHO + HE 81+24 3194+29 223+ 21 37.7 +£3.2
rhVEGF45-E. coli 8.7+£27 294 +28 223 +27 39.6 £5.3
rhVEGF¢5-E. coli + HE 70+ 1.7 30.0 £22 227 +22 402 + 4.6

To assess the heparin-induced alterations in thVEGF¢5 tertiary structure, we used DSC
and hydrophobic probe bis-ANS fluorescence methods. The thermogram for rhVEGF¢5
in the absence of heparin has no cooperative peaks characteristic of the protein thermal
denaturation (Figure 1A) in the temperature range from 20 to 100 °C. The decrease in the
thermogram at temperatures above 100 °C seems to be caused by a protein aggregation.
The high level of specific heat capacity for VEGF-Ag5 and the absence of cooperative
transitions in the wide temperature region suggest the absence of a rigid tertiary structure
in this protein. The addition of a two-fold amount of HE has practically no effect on the
thermal behavior of the protein, but the increase of absolute heat capacity up to the heat
capacity of fully unfolded VEGF evidences an increase of relative proportion of solvent
accessible apolar areas.
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Figure 1. (A) Temperature dependencies of specific heat capacity for thVEGFy45 (1 uM) in the absence
(blue line) and the presence of 3.8 pM HE (black line). Grey dashed line corresponds to unfolded
VEGFy45, calculated according to [38]; (B) Fluorescence spectra of bis-ANS (2.5 uM) in the absence
(black line) and in the presence of heparin (blue line) in the solution containing 2.5 uM rhVEGF¢5,
monitored by fluorescence emission spectrum of the dye at 25 °C. Thin solid and dashed lines
correspond to spectra of bis-ANS in buffer in the presence (grey line) or absence (dashed line) of HE.
Buffer conditions: 10 mM Na-phosphate, 50 mM NaCl, pH 7 .4.

Since the methods used hereinafter in our work (spectrofluorimetry, DLS, chemical
crosslinking) require a large amount of protein, in some experiments we used rhVEGF;45
expressed in E. coli. The bacterial expression systems are well-suited to produce significant
amounts of thVEGF45 with secondary structures identical to that of the protein expressed
in eukaryotic cells (Table 1). Moreover, N-linked glycosylation of rhVEGF;¢5 was shown
not to affect its functional properties [21,46,47].

The results of spectrofluorimetric monitoring of hydrophobic probe bis-ANS interac-
tions with thVEGF¢s5 in the absence/presence of HE are shown in Figure 1B. Interactions
with nonpolar solvent-exposed cavities of proteins result in an increase of fluorescence
quantum yield and a blue shift of the bis-ANS fluorescence spectrum maximum [48].
Heparin binding to thVEGF¢5 is accompanied by a 28% increase of bis-ANS quantum
yield with a slight (2 nm) red shift of the spectrum, apparently reflecting heparin-induced
exposure of the hydrophobic surface of thVEGF;45. Similar effect was found early for ANS
binding to bovine serum albumin in the presence of heparin and was explained by the
formation of protein aggregates [49]. It can be assumed that the process of HE binding by
two HBDs domains may promote a VEGF rearrangement with the opening of the cavity
leading to an increase in the area of hydrophobic surfaces. The slight red shift in probe
fluorescence may suggest that HE-binding to rhVEGF;¢45 induces the filling of additional
sites for bis-ANS, in which the polarity of the probe environment is increased.

3.2. HE-Dependent Changes in the Quaternary Structure of thVEGF45

Since the observed HE-induced structural alteration of rhVEGF¢; may partly be
a consequence of changes in oligomeric state of the proteins, we have examined this
possibility using chemical crosslinking of the protein with 0.02% glutaraldehyde (37 °C
for 1 h). We did not use reducing agents in the following SDS-PAGE analysis since all
SH groups in the VEGF;s; homodimer are included into the intermolecular disulfide
bridges. About a third of intact thVEGF¢5 exists as dimers and third of the protein could
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not penetrate the 12% resolving gels (high-molecular weight forms) (Figure 2A). Heparin
binding to thVEGF¢5 leads to approximately a two-fold increase of high-molecular-weight
forms and an almost complete disappearance of dimers.
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Figure 2. HE-dependent changes in quaternary structure of thVEGF;¢5 (10 mM Na-phosphate,
50 mM NaCl, pH 7.4). (A) Effects of HE (25 uM) on distribution of rhVEGF;¢5 (25 tM) multimeric
forms at 37 °C, as judged from glutaraldehyde crosslinking experiments at 37 °C; (B) DLS data on
size distribution (hydrodynamic diameter Dj,) of thVEGF45 (10 uM) in solutions in the absence
(black line) and presence of 11 uM HE (blue line) at 25 °C.

DLS spectroscopy confirmed HE-induced oligomerization of thVEGF¢5 at 25 °C,
which is clearly seen in the increase in its hydrodynamic diameter, Dj, (Figure 2B). Reference
rhVEGF;¢5 exhibits a size distribution of Dj, = (6.5 &= 1.3) nm, which is satisfactory with
that calculated for such a protein in the natively unfolded state [42], and the addition of
equimolar quantity of HE causes a shift of the main scattered peak towards higher D;,
values: (12.8 £ 1.4) nm together with aggregates formation detected at nearly 1 um.

Heparin-induced aggregation of various proteins has been shown earlier (reviewed
in [49]). Study of this process using bovine serum albumin as a model protein has revealed
the downhill polymerization mechanism of the HE-induced protein aggregation [49].
Moreover, HS presents in most, if not all, intra- and extracellular protein aggregates
that accumulate in neurodegenerative diseases, including those made of A, tau, and
a-synuclein (reviewed in [50]).

3.3. Model of VEGF145—HE Complex

Since the three-dimensional structure of full VEGF;¢5 is still not clear, we used Al-
phaFold server for modeling the structure of homodimeric VEGFj¢5, Figure 3A. Two
structural domains (RBD and HBD) are clearly seen in the figure. Moreover, the spatial
arrangement of monomeric subunits during the dimerization contributes to the formation
of a structural cavity in the center of the molecule. The linear parameters of the VEGF45
homodimer model 65 x 73 x 81 A agree with the Dj, value. The secondary structure content
calculated from the model using PyMOL (8.5%, 36.5% and 55 % for «-helices, (3-sheets, and
unordered structure, respectively) is consistent with the experimental data (Table 1). Taken
together, these data indicate that our model adequately reflects the structure of VEGF¢s5.
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Figure 3. (A) The model of homodimeric VEGF;45. RBD and HBD domains are highlighted by green
and cyan, respectively; (B) Overlay of the 25 representative models of the VEGF;¢;—HE complexes
calculated using ClusPro docking server [44]. HE is shown in the stick representation.

In accordance with the literature data, the HBD of homodimeric VEGF would be
preferred for HE binding, whereas a negative electrostatic potential of RBD is not prone to
HE interactions [20]. This finding is partially confirmed by the docking results obtained
for VEGF-HE models generated using the ClusPro docking server [44]: 25 top ranked
solutions indicate that HE binds predominantly to HBD (Figure 3B). It should be noted
that the model proposed in our work differs from the one proposed in [23] by a more
compact arrangement of the HBDs. However, for some models, the binding sites include
residues from RBD. Notably, our proposed model allows binding both by one HBD and
by two HBDs (Figure 3B). Out of 25 models, only in 6 models HE interacts with only one
chain of the homodimer VEGFj¢5. The following VEGF45 residues contribute most to
the HE binding: Lys48, Asn62, Glu64, Glu67, Gly65, and His86 from RBD, and Argl56,
Argl59, Lys162, and Argl64 from HBD. Some of these residues (Lys48, His86) are part of the
receptor-binding sites (PDB IDs 1FLT and 3V2A for VEGFR1 and VEGFR2, respectively).
Notably, the bevacizumab-binding site in VEGF45(PDB ID 6BFT) overlaps with some
model VEGF45-HE sites (His86, GIn87, Gly88, GIn89). In several models, contacts of HE
with both linkers (between RBD and HBD) belonging to two chains were found.

The PyMOL program allows us to evaluate the solvent-accessible and buried areas
in VEGF45 and its complex with HE. SAS (solvent-accessible surface) polar and apolar
areas are equivalent to the contact area between polar or non-polar amino acid residues
and a solvent, while the buried surface area corresponds to the amino acid area excluded
from the solvent interaction [51]. Since the exterior amino acids participate in protein—
protein and protein—solvent interactions, a change in SASap (solvent-accessible apolar
area) and SASpol (solvent accessible polar area) together with BSA (area buried from the
solvent) correlates with driving forces in protein folding and conformational rearrangement
upon binding [52]. It was shown that for intrinsically disordered proteins the higher the
flexibility of the protein when compared to a folded protein of the same molecular mass, the
deeper the conformational changes upon binding [52-54]. SAS of homodimeric VEGF45
is composed predominantly of polar amino acids, forming SASpol. Notably, the SASpol
is almost three times more than SASap while normal area ratio is about 55% of SASap
and 45% of SASpol [55]. Upon HE binding, a part of polar positively charged amino acid
residues becomes shielded, so SASpol’s relative contribution to SAS decreases (Figure 3B
and Table 2), which is qualitatively agreed with calorimetric and bis-ANS fluorescence data
(Figure 1).
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Table 2. Solvent-accessible area parameters calculated from the full structure models of VEGF; 45 and
VEGF;¢5 + HE using PyMOL v. 1.6.

Total Area, A2 BSA, A2 SAS, A? SASap, A2 SASpol, A2
VEGF g5 39,586 17,422 22,166 5713 16,453
VEGF45 + HE 41,094 20,154 20,940 4856 11,254

SAS—solvent-accessible surface area; BSA—area buried from the solvent; SASap—solvent-accessible apolar area;
SASpol—solvent-accessible polar area.

4. Conclusions

The effect of HE and its derivatives on the biological activity of VEGF may be partly
explained by the HE-induced structural changes of VEGF revealed in our work. The
experimental and modeling results obtained in our study allow us to consider VEGFj¢5 as
an intrinsically disordered protein with abnormally large solvent-accessible surface areas.
The interaction with HE does not affect the secondary structure of VEGF;45, but increases
its hydrophobic areas exposed to the solvent and changes its quaternary structure. The
aggregation of rhVEGF;¢5 can partly explain the increase of VEGFR2-bound VEGFj45 in
the presence of HE [21]. Moreover, the predicted HE-binding site of VEGF shares several
amino acids with bevacizumab and receptor-binding sites, which may explain the HE
modulation of VEGFj¢5's interaction with antibodies/VEGFRs [30]. In particular, the HE-
shielding of positively charged residues of VEGF;¢5 in the VEGFR1 binding site could
result in a decrease in protein—receptor binding efficiency, found earlier [27]. The presented
modeling data allow us to propose a molecular mechanism for the participation of HE in
the VEGF binding processes. In the absence of HE, VEGF;¢5 apparently can take on several
conformations, which differ in the mutual orientation of HBDs due to flexible linkers. This
flexibility allows the binding of VEGFg45 to the receptor and thus the activation of the
signaling pathway [6]. Further investigations of these HE-mediated mechanisms could
be of practical use for the production of novel biomaterials with well-understood and
controlled properties for their implementation in tissue regeneration therapies.
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Abstract: The development of new tuberculosis vaccines remains a global priority, and recombinant
vaccines are a frequently investigated option. These vaccines follow a molecular strategy that
may enhance protective efficacy. However, their functional differences, particularly with respect to
glycosylation, remain unknown. Recent studies have shown that glycosylation plays a key role in
the host-pathogen interactions during immune recognition. The aim of this study was to determine
the differences in the glycosylation profiles of two recombinant strains of Mycobacterium microti,
overexpressing Ag85B (Rv1886¢) and PstS-1 (Rv0934) antigens of M. tuberculosis. For each strain,
the glycosylation profile was determined by Western blotting with lectins. The results showed the
presence of mannosylated proteins and evidence of linked sialic acid proteins. Interestingly, different
proteome and glycoproteome profiles were observed between the two recombinant strains and the
wild-type strain. We have shown here that the construction of the recombinant strains of M. microti
has altered the proteome and glycosylation profiles of these strains, leading us to ask what impact
these changes might have on the immune response.

Keywords: vaccine; antigen; glycosylation; Mycobacterium microti; Mycobacterium tuberculosis; BCG;
proteome profile

1. Introduction

Tuberculosis (TB) has been officially recognized as a global emergency since 1993 [1,2]
and is caused by airborne intracellular bacilli of the Mycobacterium tuberculosis (Mtb) com-
plex [3]. According to the Global Tuberculosis Report 2019, TB remains one of the top
ten causes of death worldwide [4] and is the leading cause of death associated with an
infectious disease in adults [1], particularly in low-income countries [2]. Every day, nearly
4000 people die due to TB [4,5], and part of this high number is due the lack of effective
vaccines and diagnostic tools [6,7].

The bacillus Calmette-Guerin (BCG) of Mycobacterium bovis is currently the only
vaccine available worldwide for the prevention of tuberculosis, with a protective efficacy
of up to 80% against severe forms of TB (i.e., miliary and meningeal) [8,9]. However,
against pulmonary TB, the most common form of the disease, this vaccine is only 50-80%
effective [10]. These variations in the protective efficacy have inspired efforts to develop
new vaccines, including subunit vaccines [11-13], live vaccines against bacteria within the
same complex [14] and recombinant vaccines consisting of immunogenic antigens [15,16].
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So far, none of these vaccines has successfully elicited a better immune response than the
BCG vaccine [17,18].

Other attempts to achieve better results than the BCG vaccine have been investigated,
in particular live bacterial vaccines, with Mycobacterium vaccae or Mycobacterium microti,
which belong to the Mycobacterium tuberculosis complex (MTBC) [19,20]. M. microti causes
pulmonary TB in voles but is naturally attenuated in humans [19]. Between 1950 and 1969,
this strain was used as a TB vaccine, and showed approximately a 77% protective efficacy
with the same immunogenicity against TB [21]. However, about 3-17% of patients that
were vaccinated with M. microti developed skin reactions with a more lupoid aspect and
a greater severity than those vaccinated with BCG, which led to discontinuation of the
M. microti vaccine [22]. This effect was attributed to the administration of the M. microti
vaccine with multiple pricks. M. microti has been used as a vaccine in animal models and
for alternative routes of administration, such as intraperitoneal, orogastric and intravenous
administration. These studies demonstrated that M. microti conferred similar protection
levels as the post-infection BCG vaccine when tested against the M. tuberculosis strain
CDC1551 in mice [19,23].

The increase in multi-drug resistance of Mtb compared to classical treatments such as
rifampicin and isoniazid [24,25], estimated to cost USD 13 billion annually worldwide [4],
has made the development of more effective vaccines and diagnostics more urgent. In this
sense, the research into Mtb virulence factors such as immunogenic antigens are attractive,
as they have shown promising results when used for these purposes [18].

Mtb produces several antigenic proteins, some of which are post-translationally mod-
ified, notably by mannose type glycan attachments [26-29] which contribute to disease
persistence by allowing bacteria to colonize and invade the host cell [28,30-32]. These
secreted Mtb proteins, including PstS-1 and Ag85B, trigger antigen-specific host immune
responses [33]. Korycka-M et al., postulated that the PPE51 protein participates in the
uptake of disaccharides from M. fuberculosis [34].

PstS-1 (Rv0934) is a 38 kDa cell wall glycol lipoprotein with attached mannoses.
This antigen has been described as an adhesin that induces the proliferation of CD4+ T
cells and induces the expression of high levels of interferon (IFN)-y and immunoglobulin
(Ig)G2a [35]. In addition, PstS-1 induces the upregulated production of interleukin (IL)-12
by macrophages and stimulates the CD8+ cytotoxic T-cells [36-39].

Ag85B (Rv1886c¢) is a 30 kDa mycolil transferase that plays a role in the synthesis
of the cell wall components. It is one of the main components of the culture filtrates in
both the M. tuberculosis and M. bovis BCG vaccine [40]. Ag85B also belongs to a group of
three proteins known as complex 85, which is a component of the cell wall in all species
of mycobacteria [41]. This antigen has been extensively studied and tested during the
production of DNA, protein and recombinant subunit vaccines [42-45].

Glycosylation is a post-translational modification (PTM) and refers to the covalent
linkage between carbohydrates and a polypeptide, lipid, polynucleotide or organic com-
pound [46—49]. In Mtb, this PTM is involved in various cellular mechanisms, including
pathogenesis, virulence and antigenic properties such as the stimulation of the immune
response against various pathogens [31,39,50].

The use of mycobacterial glycoproteins is an option for the development of a TB
vaccine. Studies have shown that glycosylation plays a key role in the T-cell antigenicity,
suggesting that the use of glycosylated proteins in vaccines could enhance the induction of
a protective immune response [51]. This effect has been associated, for example, with the
native glycosylation pattern of APA (Rv1860), also known as 45/47 kDa. When the pattern
is altered, a lower stimulation of T-lymphocyte responses is observed [52,53]. However,
there is little research about the role of glycosylation on recombinant antigens and its
importance in the immunological response against TB.

The first glycosylated proteins in M. tuberculosis were described in the 1970s and
1980s, and recent quantitative glycoproteomic analyses have revealed 101 differentially
glycosylated sites in 67 proteins in four M. tuberculosis strains [54]. Most proteins that have
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been described for Mtb are O-mannosylated proteins. However, the presence of other types
of glycosylation, glycan types, glycan occupancy and glycan length are poorly understood.

Most of the identified glycosylated proteins/lipids in mycobacteria are located in the
cell wall or are secreted. These glycoproteins are involved in several biological mechanisms,
such as cell adhesion, invasion, cellular signaling, intracellular bacterial survival, antigenic-
ity, pathogenicity and virulence, among others [50,54]. Nandakumar et al. (2013) have
shown that mannosylation of the adhesin APA in M. tuberculosis is essential for the human
T-cell activation in a murine model of subcutaneous infection. In addition, the differences
in cytokine production, including IFN-y, the tumor necrosis factor (TNF)-« and IL-2, have
been demonstrated following the immunization with the APA protein, independent of
the mannosylated state [27]. The importance of glycosylation for various M. tuberculosis
proteins and the effects of glycosylation on the interactions with the immune response need
to be further explored to understand their implications for vaccine development [51].

Recently, our research group studied the M. microti strain ATCC 11,152 in a murine
model of pulmonary TB, and we observed that the bacterial burden of M. tuberculosis was
significantly reduced, resulting in a lower percentage of pneumonia in lung tissue after it
was challenged with M. tuberculosis H37Rv (data not shown). Based on these results and
the positive outcomes of recombinant vaccines, we decided to use M. microti as a vehicle
for the overexpression of the M. tuberculosis antigens PstS-1 and Ag85B. These antigens
have been widely studied and are known to stimulate T- and B-lymphocyte proliferation
and elicit a T-helper (Th)1-type response in animal models [37,38,55-57]. These antigens
are encoded in the genome of M. microti, but little is known about the in vitro and in vivo
expression of the two antigens in this strain.

In the present study, we developed two recombinant strains of M. microti, overex-
pressing these PstS-1 and Ag85B antigens. The protein expression of these antigens was
performed in a constitutive vector and analyzed with SDS-PAGE and 2D-PAGE. In addition,
the proteomic profiles of the developed strains and the wild-type strain were examined and
the differences in the proteomic profiles between the three strains were found, suggesting
that the recombination event not only affected the protein expression but also changed the
global proteomic profile of these strains.

2. Materials and Methods
2.1. Reagents

The culture media were purchased from Thermo Fisher Scientific™ (BD Difco™ Mid-
dlebrook 7H10 Agar and Middlebrook 7H9 Broth Base, Yeast Extract, Bacto™ Triptone;
Becton Dickinson, Detroit, MI, USA), and JT Baker, Phillipsburg, NJ, USA (NaCl, KCI,
MgSQOy, CaCly, Glycerol, KOAc, Glucose, L-Asparagine, KH,;POy, Ferric Ammonium
Citrate, Citric Acid, Sodium Pyruvate).

The molecular biology reagents were purchased from Promega™, Madison, WI, USA
(Wizard® SV Gel and PCR Clean-Up System), SigmaTM, St Louis, MO, USA (Ethidium Bro-
mide, Agarose, Kanamycin, Tween® 80), InvitrogenTM, Carlsbad, CA, USA (TOPO™
Cloning Kit with pCR™2.1, Anza™ T4 DNA Ligase Master Mix) and New England
BioLabs®, Ipswich, MA, USA (BamHI, EcoRI, HindIII). The pMV261 plasmid was provided
by Clara Espitia and Luis Servin (Instituto de Investigaciones Biomédicas, UNAM, Mexico).

The proteomic reagents were purchased from Bio-Rad, Hercules, CA, USA (Bradford
Assay, Bio-Lyte® 3/10 Ampholyte, ReadyStrip™ IPG Strips) and Amersham Biosciences,
Buckinghamshire, UK (CyDye™ DIGE Fluor Labelling Kit).

The following reagents were obtained through TBVTRM Contract, Colorado State
University, USA: purified protein PstS1 from Mycobacterium tuberculosis (NR-14859), mono-
clonal anti-Mycobacterium tuberculosis PhoS1/PstS1 (NR-13605) and purified protein Ag85B
from Mycobacterium tuberculosis H37Rv (NR-53526).
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2.2. Strains

For the transformation and expression of the antigens PstS-1 (Rv0934) and Ag85B
(Rv1886c), we used Mycobacterium microti ATCC 11152, provided by Dr. Gutiérrez-Pabello
(Faculty of Medicine UNAM). For the DNA extraction and cloning, we used the strain
Moycobacterium tuberculosis H37Rv provided by Dra. Torres (INER). For the propagation,
cloning and subcloning of the constructed vectors, we used E. coli DH50c competent cells
provided by Dr. L. Servin (Instituto de Investigaciones Biomédicas, UNAM, Mexico).

2.3. DNA Extraction and Sequencing

The PstS-1 (Rv0934) and Ag85B (Rv1886¢) coding genes in M. microti and M. tubercu-
losis were amplified by a polymerase chain reaction (PCR) and submitted to sequencing.
Initially, M. microti and M. tuberculosis were grown in BD Difco™ Middlebrook 7H10 agar
and incubated at 37 °C for 15 days. After the appearance of colonies, a single colony of each
strain was taken and inoculated into 100 mL of Middlebrook 7H9 broth base supplemented
with 0.05% Tween 80 and 10% ADC (Albumin-dextrose-catalase) in flasks, allowed to grow
at 37 °C and shaken at 150 rpm until an A.U. of 0.6 (O.D. 600 nm) was achieved. The cells
were harvested using centrifugation at 10,000 rpm for 15 min at 4 °C. The supernatant was
discarded, and the pellet resuspended in 10 mL of glycerol 10%. The genomic DNA was
extracted using the lysozyme and proteinase K method [58]. The DNA was resuspended in
50 puL of distilled HyO and stored at —20 °C for further use. Specific primers were designed
for each gene based on the genome of M. tuberculosis H37Rv (GeneBank: AL123456.3). For
PstS-1 (Rv0934), the forward primer 5'-ATAGTACGAGGATCCTGAAAATTCGTTTGC-3'
and the reverse primer 5'-ATAGTACGAGAATTCCTAGCTGGAAATCGT-3' were used
with the restriction sites BamHI and EcoRI (underlined). For Ag85B (Rv1886c), the for-
ward primer 5'-GGCTGAATTCATGACAGACGTGAGCCGAAA-3" and the reverse primer
5'-CGCGAAGCTTCAGCCGGCGCCTAACGAAC-3' were used with the restriction sites
EcoRI and HindIII (underlined). The PCR conditions for PstS-1 (Rv0934) were used as
follows: one initial denaturation cycle at 94 °C followed by 30 cycles of 1 min at 94 °C for
denaturation, 1 min at 56 °C for annealing and 1 min at 72 °C for elongation. For Ag85B
(Rv1886c¢), there was an initial denaturation cycle at 94 °C and then 35 cycles of 1 min at
94 °C for denaturation, 1 min at 55 °C for annealing and 1 min at 72 °C for elongation.
The PCR amplicons were visualized with a 2% gel electrophoresis and stained with ethid-
ium bromide. They were then cleaned using the Wizard® SV Gel and the PCR Clean-Up
System and subcloned using a TOPO™ cloning kit with pCR™2.1 according to the manu-
facturer’s instructions. Subsequently, the resulting vector constructs were sequenced using
commercially available primers: M13 in an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems™, Foster City, CA, USA) at the Biology Institute, UNAM. The sequences were
assembled using the SnapGene® viewer 6.1 bioinformatics software (Dotmatics, Boston,
MA, USA) and analyzed using the Basic Local Alignment Search Tool (BLAST; NCBI,
Bethesda, MD, USA) and the Clustal Omega [59] bioinformatics tools. The constructed
vectors of M. microti-TOPO-PstS-1, M. microti-TOPO-Ag85B, M. tuberculosis-TOPO-PstS1
and M. tuberculosis-TOPO-Ag85B were transformed into the competent E. coli DH5x by
heat shock using standard procedures [60] and stored at —20 °C for further use.

2.4. Vector Construction

The vectors M. tuberculosis-TOPO-PstS1 and M. tuberculosis-TOPO-Ag85B were pu-
rified from E. coli GM2199 and digested with the restriction enzymes BamHI/EcoRI and
EcoRI/HindlIll, respectively, to obtain the desired sequences. The PstS-1 and Ag85B gene
inserts were then resolved with 1% agarose electrophoresis and purified using the Wizard®
SV Gel and the PCR Clean-Up System. A reaction of the previously BamHI/EcoRI and
EcoRI/HindIII digested vectors pMV261 was ligated with the purified gene inserts PstS-1
and Ag85B using the Anza™ T4 DNA Ligase Master Mix according to the manufacturer’s
instructions. The correct cloning of the inserts in the vectors designated pMV261-PstS-1
and pMV261-Ag85B, in which the promoter was Hsp60, was confirmed by the sequencing
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and then transformed into the competent E. coli DH5« as described above. The isolation of
the plasmids from the E. coli strains was performed using the alkaline lysis method. The
transformation of the plasmids pMV261 (control), pMV261-PstS-1 and pMV261-Ag85B
into M. microti was achieved by electroporation. Briefly, 1 nug of purified DNA from each
plasmid was added to the competent M. microti cells, and the mixture was incubated on ice
for 10 min. The mixture was then placed in a Gene Pulser™ 0.2 cm electroporation cuvette
(Bio-Rad, Richmond, CA, USA) and a 2.5 kV current pulse was applied. The cuvette was
placed on ice for 4 min. Then 1 mL of Middlebrook 7H9 broth base was added for both
strains. The culture was incubated overnight at 37 °C with stirring at 150 rpm. Finally, the
cells were harvested using centrifugation and the different dilutions were spread on the
BD Difco™ Middlebrook 7H10 Agar containing 30 pg/mL kanamycin. The plates were
incubated at 37 °C for 3 to 4 weeks until the presence of colonies was observed. The colonies
were selected and the corresponding inserts were confirmed by sequencing, as described
above. The strains were designated M. microti-pMV261 (as control), M. microti-PstS-1 and
M. microti-Ag85 and cryopreserved at —80 °C for further experiments.

2.5. Antigen Expression in M. microti Strains

The strains M. microti-pMV261, M. microti-PstS-1 and M. microti-Ag85 were grown in
250 mL flasks containing 50 mL of Sauton media (composition per liter: 4 g L-asparagine,
0.5 g monopotassium phosphate, 0.5 g magnesium sulphate, 50 mg ferric ammonium
citrate, 2 g citric acid, 60 mL glycerol and 0.05% Tween 80), supplemented with 40 mM
of glucose and 40 mM of sodium pyruvate at 37 °C with constant stirring at 150 rpm.
The kinetic growth was determined every 48 h for 196 h by measuring the O.D. (600 nm)
and expressed in absorbance units (A.U.). At the end of the culture, 1 mM of PMSF
(phenylmethylsulphonyl fluoride) as a protease inhibitor, 100 uM of EDTA and 0.05%
sodium azide were added to the supernatant. The supernatant was concentrated to a
volume of 10 mL using an Amicon® Stirred Cell (Merck™) system and ultrafiltration
discs with a nominal molecular weight of 3 kDa (Merck™). It was then filtered again
using an Amicon® Ultra-15 Centrifugal Filter Unit (Merck™). The proteins from the cell
extract were recovered by sonicating the centrifuged bacterial pellet with 15 pulses of
100 mV (1 min on/1 min off) at 4 °C in an Ultrasonic Processor (Cole-Parmer®). To prevent
proteolysis, 1 mM of PMSF was added during the sonication. Finally, the concentrated
supernatants and cellular extracts of the three strains were recovered and stored at —70 °C
until further use.

2.6. SDS-PAGE, Immunoblot and Lectin Blot Analysis

The proteins from the cell extracts and supernatants of each strain were quantified
using the Bradford Assay (Bio-Rad, Hercules, CA, USA) and 20 pg of each sample was
resolved with SDS-PAGE 12% at 100 V for 2 h. For the immunoblot detection, the pro-
teins were transferred to PVDF Amersham™ Hybond® P Western blotting membranes
(Amersham Biosciences, Piscataway, NJ, USA) in a Trans-Blot® SD Semi-Dry Transfer Cell
(Bio-Rad, Richmond, CA, USA) at 20 V for 30 min. Subsequently, the PstS-1 and Ag85B anti-
gens were immunodetected with TB71 and «-Ag85 monoclonal antibodies (BEI Resources,
TBVTRM Contract, Colorado State University, USA), respectively. Briefly, the transferred
membrane was blocked with blocking solution (5.0% skimmed milk in TBS-Tween-20,
136 mM NaOH, 2 mM KCl, 25 mM Tris and 0.05% Tween-20) at room temperature (RT)
and stirred for 2 h. The membrane was then incubated three times, for 10 min each in
TBS-Tween and incubated overnight with the diluted primary antibodies: 1:100 for TB71
and 1:1000 for x-Ag85 in blocking solution at 4 °C with shaking. The membranes were then
washed three times with TBS-Tween 20 and incubated with secondary goat anti-mouse
IgG (Jackson ImmunoResearch Inc., West Grove, PA, USA) for the PstS-1 membranes and
anti-rabbit IgG (ZYMED, Carlsbad CA, USA) for the Ag85B membranes in blocking solu-
tion at RT for 2 h with stirring. The membranes were then washed three times for 10 min
with TBS-Tween 20. Finally, the membranes were revealed with a substrate diluted with
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luminol and detected using a chemiluminescent substrate (DuoLuX; Vector Laboratories,
Burlingame, CA, USA).

For the lectin blot analysis, 1 pug of the sample proteins was resolved by 12% PAGE,
silver-stained and transferred to a PVDF membrane as previously described. The mem-
branes were then analyzed for glycoprotein identification using a DIG Glycan Differenti-
ation Kit™ (Roche, Mannheim, Germany) according to the manufacturer’s instructions.
Additionally, glycosylation prediction profiles were performed to evaluate the in silico po-
tential glycosylated residues using predefined algorithms from the bioinformatic software
NetOGlyc-4.0 [61], Glycosylation Predictor GPP [62] and GLYCOPP V1.0 [63]. The SDS-
PAGE immunoblots and lectin blots were visualized using a GS-800™ Calibrated Imaging
Densitometer (Bio-Rad). The image processing and further analysis was performed using
the Quantity One™ Image Analysis Software v.4.6 (Bio-Rad, Hercules, CA, USA) and
Image J 1.53k.

2.7. Protein Labelling and Two-Dimensional Fluorescence Differential Gel Electrophoresis

The extracted proteins from the recombinant M. microti strains were fluorescently
labeled and analyzed by two-dimensional fluorescence differential gel electrophoresis (2-D
DIGE) in duplicate. A CyDye™ DIGE Fluor Labelling Kit (Amersham Biosciences, Buck-
inghamshire, UK) was used to differentially label the cell extracts of M. microti-PMV261,
M. microti-PstS-1 and M. microti-Ag85B with the following dyes: Cy3 (orange), Cy5 (red)
and Cy2 (green), respectively. Briefly, the samples were incubated in 400 pmol/uL of
dimethylformamide at 4 °C in the dark for 30 min. The reaction was stopped by adding
10 mM of lysine, followed by incubation at 4 °C in the dark for 10 min. The proteins were
dissolved in a buffer solution containing 9 M of urea, 4% CHAPS (3-[(3-cholamidopropyl)
dimethylammonio]-1-propane sulfonate), 100 mM of dithiothreitol, 0.1% Bio-Lyte® 3/10
Ampholyte (Bio-Rad) and 0.001% bromophenol blue. They were then placed on immo-
bilized pH gradient ReadyStrip™ IPG Strips of pH 4-7, 11 cm (Bio-Rad) for 16 h. The
isoelectric focusing was performed under the following conditions: first, a current of 500 V,
1 mA, 5 W, 1 V/h; second, 2500 V, 1 mA, 5 W, 1 V/h; and lastly, 2500 V, 1 mA, 5 W,
49,500 V/h were applied with a MultiPhor™ II Electrophoresis Unit (Pharmacia Biotech,
Uppsala, Sweden) within 8 h. Then, the strips were placed in 70 mM of dithiothreitol and
a buffer solution composed of 6M of urea, 30% v/v glycerol, 50 mM of Tris, 2% SDS and
0.002% bromophenol blue. It was then immediately placed in 193 mM of iodoacetamide.
The proteins were separated by electrophoresis in a 12% SDS-PAGE using a SE600 Stan-
dard Dual Cooled Vertical Electrophoresis Unit (Hoefer SE600™ unit; Pharmacia Biotech,
Uppsala, Sweden) and a buffer solution consisting of 192 mM of glycine, 25 mM pf Tris,
and 0.1% SDS at 50 V for 30 min, 100 V for 2 h, and 200 V for 3 h. Finally, the images of
the gels were captured using a Typhoon™ 9400 scanner imager (Amersham Biosciences,
Piscataway, NJ, USA) and analyzed using the Quantity One™ Image Analysis Software
(Bio-Rad, Hercules, CA, USA).

2.8. Tandem Mass Spectrometry Analysis

The tandem mass spectrometry (MS/MS) analysis of the selected proteins was per-
formed in an AB Sciex 3200 QTRAP LC/MS System (Applied Biosystems) hybrid tandem
mass spectrometer equipped with a Sciex Nanospray Il (Applied Biosystems) electrospray
ion source and a Sciex Micro lon Spray Source (Applied Biosystems, Foster City, CA, USA).
The proteins were identified based on their MS/MS spectral data sets using the MASCOT
v1.6b9 (Matrix Science, London, UK) and the NCBI database previously described [64].

2.9. Statistical Analysis

The experiments are presented as mean with standard deviation of at least three
independent replicates. The statistical analyses were performed using a one-way analysis
of variance (ANOVA) with Tukey’s correction and using the GraphPad Prism software V.
9.0. The differences were considered statistically significant at p < 0.05.
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3. Results
3.1. Rv0934 (PstS-1) and Rv1886¢c (Ag85B) Gene Identification

The primers were designed based on the Rv0934 and Rv1886¢ genes of M. tuberculosis,
as described previously, and were used to amplify and compare the same genes of M.
microti using PCR. In Figure 1C,D, the PCR amplicons were detected for both strains that
corresponded to the appropriate molecular weight (MW) of 1125 bp for Rv0934 and 978 bp
for Rv1886¢ in M. tuberculosis (Figures 1C and 1D, lane 1) and M. microti (Figures 1C and 1D,
lane 2). The sequencing and analysis of the Rv0934 gene from M. microti revealed a
99.9% identity to the sequence reported for M. tuberculosis, with a base change from T-
to-C at nucleotide 1 055 bp, resulting in an Ala-to-Val mutation in the protein sequence
(Figure S1A). For the Rv1886c gene, we found a 100% identity between the two strains
(Figure S1B). These results confirmed that the Rv0934 and Rv1886¢ genes of M. microti are
homologous to the previously described genes of M. tuberculosis.
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Figure 1. Plasmid design and construction of (A) pMV261-Rv0934 for PstS-1 and (B) pMV261-Rv1886¢
for Ag85B. (C,D) PCR amplification of Rv0934 and Rv1886c, respectively, from M. tuberculosis (lane
1) and M. microti (lane 2). (E,F) PCR amplification of Rv0934 and Rv1886¢ from plasmid isolated
from E. coli colonies after transformation with pMV261-Rv0934 and pMV261-Rv1886c, respectively
(lane 3); controls (lanes 1 and 2, respectively). (G,H) PCR amplification of Rv0934 and Rv1886¢ from
plasmid isolated from M. microti colonies transformed with pMV261-Rv0934 and pMV261-Rv1886c,
respectively (lane 3); controls (lanes 1 and 2). Black arrows indicate the expected amplicon size.
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3.2. Recombinant Strains M. microti-PstS-1 and M. microti-Ag85B Construction

After the successful amplification and sequence analysis of Rv0934 and Rv1886 for
both strains, we decided to construct vectors containing the corresponding genes of M.
tuberculosis in order to overexpress these genes in M. microti. The vectors obtained were
named pMV261-PstS-1 and pMV261-Ag85B (Figure 1A,B, respectively). After the cloning
and propagation of the respective vectors in E. coli, the genes were again amplified to
confirm their size (Figure 1E,F) and then sequenced (data not shown). Subsequently, the
plasmids pMV261-PstS-1 and pMV261-Ag85B were independently cloned into M. microti.
The resulting recombinant strains were designated M. microti-PstS-1 and M. microti-Ag85B.
Both strains were analyzed for their corresponding gene plasmid transformation. To avoid
the genomic amplification of the native genes, a PCR from the isolated plasmid was per-
formed on both M. microti recombinant strains (Figure 1G,H). The resulting amplicons from
the recombinant M. microti strains were verified using sequencing (data not shown). With
these results, we confirmed the correct cloning and transformation of the M. microti strains.

3.3. Kinetic Growth of Recombinant Strains M. microti-PstS-1 and M. microti-Ag85B

After the selection of the positive clones for M. microti-PstS-1 and M. microti-Ag85B,
the strains were cultured in triplicate for 196 h in shake flasks to determine if there were any
growth changes due to the genetic loading and to recover any biomass and recombinant
protein produced. An M. microti-PMV261 strain with the empty plasmid was used as a
control in all cases. In Figure 2, the biomass accumulation, measured by optical density (O.D.
600 nm) and expressed in absorbance units (A.U.), is plotted against time (h). The samples
were measured every 48 h and the biomass accumulation was plotted on a linear scale
(Figure 2A). The biomass obtained after 196 h of culture was 0.71 £ 0.04, 0.76 £ 0.08 and
0.78 £ 0.05 for M. microti-PstS-1, M. microti-Ag85B and M. microti wild type, respectively,
with no significant differences compared to the wild-type strain. To compare the specific
growth rate (p), a log-biomass diagram was constructed (Figure 2B) and y was calculated
for each strain. We obtained u values of 0.031 + 0.002, 0.030 + 0.005 and 0.035 =+ 0.003
for M. microti-PstS-1, M. microti-Ag85B and M. microti wild type, respectively, with no
significant differences between the strains. Based on the results, we could conclude that no
changes related to the growth of the recombinant M. microti strains occurred during the
genetic transformation with the constructed vectors.

3.4. Production of PstS-1 and Ag85B and Analysis by Western Blotting

An analysis of the PstS-1 and Ag85B proteins in the cell extract and supernatant of
the M. microti strains was determined through immunodetection with Western blotting
using the monoclonal antibodies (mAbs) «-TB71 (PstS-1) and «-Ag85B (Ag85B) after 196 h
of culture growth (Figure 3). The results showed that the expression of PstS-1 and Ag85B
proteins in the wild-type M. microti strain (Figures 3A and 3C, lanes 1 and 4) was at a
baseline level in both cellular extracts and supernatants. Surprisingly, the recombinant
antigens PstS-1 were detected with MW differences between the cellular extracts (Figure 3A,
lanes 1,2 and 3) with a MW of about 32 kDa compared to the secreted ones (Figure 3A,
lanes 4, 5 and 7) with a MW of approximately 38 kDa. Moreover, the M. microti-PstS-1
strain overexpressed PstS-1 in the cell extract (Figure 3A, lane 3), with a 5.2-fold increase
according to the densitometric analysis (Figure 3B), while the release of PstS-1 into the
supernatant appeared to be inhibited (Figure 3A, lane 6). In contrast, the M. microti-Ag85B
strain overexpressed Ag85B in both the cell extract and the supernatant (Figure 3C, lanes
3 and 6). Compared to the M. microti wild-type and a control consisting of an M. microti
with an empty vector (ev), we found a 2.6- and 3.2-fold increase in the Ag85B antigen
in the cell extract and supernatant, respectively (Figure 3D). These results show that the
overexpression of the PstS-1 (Rv0934) and Ag85B (Rv1886¢c) antigens of M. tuberculosis
could be successfully carried out in M. microti strains.
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Figure 2. Kinetic growth of M. microti strains in Sauton media. The biomass accumulation in
absorbance units (A.U.) measured by optical density (O.D.) during 196 h: (A) Lineal scale growth and
(B) Log scale growth of the strains M. microti (closed circles), M. microti-PstS-1 (closed triangles) and
M. microti-Ag85B (open squares). The red asterisk indicates the collection time for protein analysis.

3.5. Glycosylation of Proteins Produced by M. microti Recombinant Strains

To determine whether M. microti-PstS-1, M. microti-Ag85B and the M. microti wild
type can still produce glycosylated proteins, we performed a lectin blot analysis using a
DIG Glycan Differentiation Kit™ (Merck™). As suggested by our results, the recombinant
M. microti strains produced glycosylated proteins (Figure S2A). These proteins are likely
mannosylated, as we observed signal recognition with GNA lectin. On the other hand,
to our surprise, we detected faint bands with an approximate MW of 50 kDa in the three
strains when the lectin blot was performed with MAA lectin, which recognizes sialic acids
(Figure S2B). To our knowledge, this is the first time that sialic acid has been detected in
proteins produced by M. microti strains. However, a more in-depth analysis of the glyco-
proteome of M. microti, such as MS/MS and the complementation with other techniques,
is required to confirm our results. To better understand the glycosylation profile of the
PstS-1 and Ag85B antigens, we performed an in silico analysis to predict the potential
glycosylation sites on both the recombinant antigens, using three different algorithms to
compare the results. In Table 1, we summarize our results of the in silico analysis for the
O-glycosylation of the PstS-1 and Ag85B proteins.
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Figure 3. Protein analysis of PstS-1 and Ag85B, either cellular or secreted, produced by M. microti
strains. (A,C) detection by Western blot of antigens PstS-1 and Ag85B, respectively. (B,D) fold
expression analysis of PstS-1 and Ag85B, respectively. (A,C) lanes 1 and 4: M. microti wild type
(wt), lanes 2 and 5: M. microti with empty vector (ev), lane 7 purified protein control. (A) lanes 3
and 5 M. microti-PstS-1; (B) lanes 3 and 5 M. microti-Ag85B. The fold change analysis performed by
densitometric analysis by Image J. Red asterisk indicates the absence of protein. The differences were
considered statistically significant with a p < 0.05. **, ***, *** ns = not significant. Using a one-way
analysis of variance (ANOVA) with Tukey’s correction.

As our results show, we were able to predict the glycosylation sites of PstS-1 and Ag85B
and compare them with the alanine and proline rich antigen APA. PstS-1 showed a positive
glycosylation profile after all three analyses. However, differences were observed with
respect to the glycosylated residues, as can be seen in Table 1. On the other hand, Ag85B
showed positive glycosylation sites only with the Glycosylation Predictor GPP algorithm,
with 17 hits. When analyzing the antigen APA and its mannosylation profile with the
three algorithms, we also found differences in the number and location of the residue. The
mannosylation profile of APA was determined by Dobos et. al. (1996) [65] and later by
Smith et. al. (2013) [29], who together reported seven mannosylated residues (Thr 10, 18,
27,274, 276, 277 and 279). In our results, we found that the most accurate analysis was
performed by the GLYCOPP V 1.0 algorithm with six potentially glycosylated residues (Ser
17, Thr 18, 27, 274, 276 and 277). So far, no glycosylation has been demonstrated for Ag85B
by other authors, and this was confirmed by our results with GLYCOPP V 1.0. Although
PstS-1 has previously been described as a glycolipoprotein, its mannosylation profile has
not previously been determined. Our results with GLYCOPP V 1.0 indicate that Thr 86,
160, 331 and Ser 88 are likely to be mannosylated in vivo. Based on our analysis using
the antigen APA as a reference for the glycosylation profile, we suggest that prediction of
glycosylation with the GLYCOPP V1.0 algorithm could be used to assess a glycosylation
profile similar to that occurring in the glycoproteins produced by mycobacteria.
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Table 1. Potential glycosylated residues in recombinant antigens PstS-1 and Ag85B.

. UniProt 1 Glycosylation Predictor 3 Experimental
Antigen NetOGlyc-4.0 Cpp2 GLYCOPP V 1.0 Dot
T7,T13,526,S30, S32, T44,
T45, S48, S49, T52, T56, T59
S30, S32, T35, T41 ! ! ’ ! ¢ !
PstS-1 ’ i’ g / T80, T99, S110, S128, S140, T86, S88, T160,
(Rv0934) B2MVV3 Ta4, T4852’98048' 549, T160, S186, T196, T216, T236, T331 ND
$290, 5299, T331, S365, T371,
S373, S374
Mod. AA 9 29 4
T2,S5,542,557, N71, S116,
Ag85B . S117,5120, S150, T158, S160, .
(Rv1886¢) POWQP1 None predicted S166, 171, 5202, T234, $320, None predicted ND
S321
Mod. AA 0 17 0
T10, T11, S14, S17, sz;lglrg}l{sfgg/ ,?11(')7§T,1}1868 T10, T18, T27, T277
APA PIWIRY T18,T27,T39, T108, o™ o O el S17,T18,T27,  (Dobos et al., 1996 [65])
(Rv1860) S243, T274, T276, T277, s 2 9 9% 1O°0% To74,T276,T277  T274, T276, T277, T279
T279, T283 5183, 5190, 5193, T201, 5243, (Smith et al., 2014 [29])
’ T274, T276, T283 "
Mod. AA 14 23 6 4

Acc. No.: Accession number, Mod. AA: Modified amino acids, ND: Not determined. APA antigen was used for
comparison purposes and analysed in silico without the signal peptide composed of residues 1-39. Residues in
bold are shared by two or more prediction tools. ! Based on a neural network predictions of mucin type GalNAc
O-glycosylation sites in mammalian proteins where a value higher than 0.5 was considered a positive hit [61].
2 Prediction based on random forests algorithms [63]. ® Prediction based on Composition Profile of Patterns (CPP)
where a value higher than 0.9 was considered a positive hit [62].

3.6. Differential Proteome of M. microti Recombinant Strains

Based on the differences in the PstS-1 production and secretion (Figure 3A, lanes 3
and 6), we decided to perform a proteomic analysis to investigate what other changes
might occur in native proteins in the M. microti-PstS-1 and M. microti-Ag85B recombinant
strains and compare them with the M. microti wild type. The two-dimensional fluores-
cence differential gel electrophoresis was performed with labelled proteins from the cell
extracts of the three strains, as mentioned in materials and methods. On the fluorescence
images obtained for each strain, we observed different protein spots that were differentially
expressed compared to each other: M. microti vs. M. microti-PstS-1, M. microti vs. M.
microti-Ag85B and M. microti-PstS-1 vs. M. microti-Ag85B (Figure S3). The image analysis
allowed us to perform a silver stained 2D SDS-PAGE (Figure 4) to identify the spots that
were differentially expressed and to select the spots with the highest intensities for further
sequencing using MS/MS. Our analysis results showed that 46 proteins were differentially
expressed in the three examined M. microti strains and based on intensity, we selected
18 proteins for further analysis. These results suggest that changes in the genetic load of
M. microti, such as the insertion of foreign plasmids and the subsequent overexpression of
proteins, cause changes in the proteome profile of M. microti-PstS-1 and M. microti-Ag85B
in the cell extract. However, further high throughput proteome and transcriptome analyses
are still required to substantiate our results.
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Figure 4. 2D SDS-PAGE cell extract proteome analysis of M. microti strains. Circled proteins were
selected based on the fluorometric analysis according to the differential expression: M. microti-
PMV261 (red circles), M. microti-PstS-1 (blue circles) and M. microti-Ag85 (green circles). Numbered
proteins were sequenced using MS/MS (Table 2). Unnumbered pink and yellow circled spots
represent glycosylated proteins.

3.7. MS/MS Identification of Differentially Expressed Proteins in M. microti Strains

The selected protein spots based on the intensity values from Figure 4 were analyzed
and sequenced using MS/MS. The spectra data sets were processed using MASCOT
v1.6b9 (Matrix Science) and BLAST from the NCBI database. The identified proteins are
summarized in Table 2, together with their unique accession numbers from the UniProt
database [66] and a brief description of each identified protein. Our results show that spots
2,3,4,5,6,7,10,11, 13, 15, 16, 17, 18, 19 and 20 correspond to either enzymes or enzyme
subunits, while spot 22 is involved in protein folding and spots 12 and 21 have an unknown
function. Post-translational modifications (PTM) were present in spots 10, 12, 15, 16, 17, 20,
21 and 22 according to mass spectra data (not shown). These PTM’s correspond to mannose
glycans, as previously noted in our lectin blot analysis. As for the differential expression
between the recombinant M. microti strains, we found that spots 2, 3,4, 5, 6,7, 11,12, 13,
18 and 19 showed a differential expression between the three strains either by presence
(+) or absence (-), as indicated in Table 2. Based on the differential expression of the three
M. microti strains, a Venn diagram was constructed (Figure 5). Considering the different
proteins present only in M. microti-PstS-1 and M. microti-Ag85B (MoxR, RpoA, Eno, SodA,
DapA and MAP_3475c) and related to energy production and growth, we can expect to
observe the overexpression of these types of proteins to cope with the metabolic burden of
a recombinant protein.
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Figure 5. Venn diagram of the differential expression proteome of the cellular extract from M. microti
strains. P.A, P.B and P.C: protein spots from Figure S3A-C, respectively.

4. Discussion

Technologies are currently being used to develop new vaccines and/or treatments
to prevent TB, which is a global health priority. One of these is the use of proteomics and
genetic engineering to discover and produce antigens with a known ability to elicit an
immune response [67]. Our work focused on the genetic engineering of mycobacterial
strains belonging to the Mtb complex to produce antigens of interest. Such antigens and
their epitopes, either alone or in combination, may help to develop new ways to increase
the efficacy of current TB vaccines, for example, the currently available M. bovis BCG
live-attenuated vaccine [68-72]. Therefore, we generated and analyzed two recombinant
strains of M. microti overexpressing the M. tuberculosis PstS-1 and Ag85B antigens. Both
antigens are known to stimulate the immune system and act as potent immunomodulators
in the production of cytokines and antibodies when used as multimeric vaccine compo-
nents [37,68,70,71]. The complete genome of M. microti has not been released up to date.
However, studies show that the RD1 region is absent in several M. microti strains [73]. In our
work, a comparative genetic analysis of Rv0934 (PstS-1) and Rv1886¢ (Ag85B) revealed that
these genes are present in our wild-type M. microti (ATCC 11152) strain with a homology
of 99.9% and 100%, respectively. This confirms that these selected antigens from M. microti
are very similar in sequence to those previously described in M. tuberculosis and may have
a similar immunomodulatory function.

PstS-1 and Ag85B were overexpressed and detected in both M. microti strains (Figure 3).
For the PstS-1 antigen, we observed differences in the MW size depending on whether the
protein originated from a cell extract or from the secreted form. First, an analysis of the
cellular extract of PstS-1 revealed a band showing a 5.2-fold increase in production of the
antigen with a MW of ~32 kDa (Figure 3, lane 3). However, we did not observe a secretion
of PstS-1 in this strain (Figure 3, lane 6). Instead, we detected a band size of 38 kDa in M.
microti (wt) and M. microti (ev) (Figure 3, lanes 4 and 5). We hypothesize that this difference
in the molecular mass of this protein is due to the detection of proteins prior to the post-
translational modifications, as PstS-1 typically undergoes post-translational modifications,

217



Biomolecules 2022, 12, 1836

including glycosylation and lipoylation, which likely contribute to its molecular mass [36].
In addition, the glycosylation of M. tuberculosis proteins may also represent a mechanism
for regulating protein export [74]. It is possible that the recombination influenced the
transport of this protein outside the bacterial cell. However, this is not a problem, as
the intracellular antigen could still be available through the processing performed using
professional antigen-presenting cells, where the phagosome maturation leads to the lysis
of the microorganism and the antigens are subsequently presented by the molecules of
the major histocompatibility complex (MHC) [75-77]. On the other hand, the expression
analysis of Ag85B showed that this antigen was successfully expressed in both the cellular
and secreted forms. Western blotting showed the presence of the three bands (Figure 3C
lanes 1-6) in both the cell extract and the supernatant. This is probably due to the fact that
the antibody used in this study can detect the Ag85 complex (A, B and C) in addition to
Ag85B (Figure 3C, lanes 1-6 compared to control lane 7).

These results led us to investigate whether the recombinant strains had different
proteomes and/or glycosylation profiles. We found that each strain of M. microti-PstS-1
and M. microti-Ag85B had a different proteomic profile. We identified six proteins (SodA,
hypothetical protein MAP3475¢c, DapA, MoxR, RpoA and Eno) involved in the energy
production process, possibly due to an increased heterologous protein production, that are
not expressed in the M. microti wild type. Similar observations were previously made by
Cheng et al. who reported that the overexpression of proteins in recombinant Escherichia
coli strains leads to a change in the protein profiles, resulting in a differential expression of
different cellular proteins [78,79].

There are few studies describing the presence of glycosylation in the proteins of the
genus Mycobacterium, and most existing studies have focused on mannosylation [54,80,81].
Examining the glycosylation profiles in the wild-type and the recombinant M. microti
allowed us to identify two potential glycosylation types in these strains: mannosylation
and sialylation, as shown in Figure S2. Mannose glycosylation is widely reported in the
genus Mycobacterium [49,50,54,82]. In the present study, we identified and sequenced eight
proteins that were potentially glycosylated with terminal mannose, including MAP_4308c,
hypothetical protein p40, MAP_3192, FabG, GlyA, Eno, MAV_0024 and GroEL. The manno-
sylation has various functions in mycobacteria. For example, it is part of the cell wall and
is primarily associated with virulent species and enables protein recognition by mannose
and the Toll-like receptor (TLR) 2 expressed by macrophages and other cell types [83]. In
addition, studies of proteins that were glycosylated with mannose, such as PstS-1 from
M. tuberculosis H37Rv, have shown that these proteins promote phagocytosis [35]. Pan
et al. developed ZXL1 (double-stranded DNA), a therapeutic target that prevents mannose
from binding to host cells by inhibiting the immunosuppression of CD11c+ dendritic cells
and enhancing the activity of antigen-presenting cells for the activation of naive CD4+
Th1 cells [84]. For PstS-1 and Ag85B, we predicted the glycosylation profiles using three
algorithms that allowed us to compare the different results in terms of the number and
position of residues involved in mannosylation. Our results show that PstS-1 could be
produced in its mannosylated form. In contrast, no glycosylation was predicted for Ag85B
(Table 1) using the GLYCOPP V 1.0 algorithm.

We have identified proteins that may be glycosylated with sialic acid (Figure S2B).
Currently, there is little evidence of proteins glycosylated with sialic acid in the genus
Mycobacterium. Therefore, we searched the genome of M. microti for enzymes associated
with sialic acid metabolism that have been identified in other bacteria, including Neisseria
meningitides, E. coli K12 and Haemophilus influenzae [85-88]. We found that M. microti
contains gene encoding proteins that are known to be involved in the de novo synthesis of
sialic acid (UDP-N-acetylglucosamine-pyrophosphorylase/glucosamine-1-phosphate-N-
acetyltransferase, L-serine dehydratase and the hypothetical protein BSA25_03135) in the
case of M. tuberculosis sp. variant microti (data not shown). Overall, these results remain
to be confirmed by mass spectrometry assays. The identification of the differences in the
proteomic and glycosylation profiles between the wild type and recombinant strains of M.
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microti may lead to alterations in the immune system recognition and evasion [89,90]. For
example, the mannose glycosylation of the protein APA has been shown to play a key role
in its antigenicity, while the deglycosylation of the same protein has been demonstrated
to modify the immune response elicited in guinea pigs [53]. Taken together, these results
demonstrate the need to thoroughly investigate the proteomic profiles of the different
mycobacterial strains being considered for the development of new TB vaccines, as these
events may alter the immune response and the effectiveness of these potential vaccines.

5. Conclusions

This study has shown that the overexpression of Pst5-1 and Ag85B in the recombinant
strains of M. microti alters their proteome, suggesting that the impact of these changes on
the immune responses elicited by these and other newly generated strains, needs to be
re-evaluated, especially when considering their potential use in the development of TB
vaccines. In addition, we observed a differentially mannosylated profile in the analyzed
proteome and we obtained evidence for the possible sialylation of the proteins expressed
by M. microti, although this remains to be confirmed. These glycosylations play a key role
in the interactions between bacteria and host cells. Therefore, studying the role of these
PTMs in this genus is of the utmost importance to understand how these modifications
affect their immunogenicity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom12121836/s1, Figure S1: Protein sequence translation and
alignments of genes (A) Rv0934 and (B) Rv1886¢c from strains M. microti and M. tuberculosis used
in this study; Figure S2. Differential expression and glycosylation of proteins from wild-type and
recombinant M. microti strains. (A) Mannose lectin blot, (B) Sialic acid lectin blot; Figure S3. Two-
dimensional fluorescence difference gel electrophoresis with labelled proteins from the cell extract of
(A) M. microti vs. M. microti-PstS-1, (B) M. microti vs. M. microti-AG85B and (C) M. microti-PstS-1 vs.
M. microti-Ag85B.
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Abstract: Ecto-5'-nucleotidase (CD73), the ectoenzyme that together with CD39 is responsible for
extracellular ATP hydrolysis and adenosine accumulation, regulates immune/inflammatory pro-
cesses by controlling innate and acquired immunity cell functions. We previously demonstrated
that CD73 is required for the assessment of a controlled allergic sensitization, in mice. Here, we
evaluated the response to aerosolized allergen of female-sensitized mice lacking CD73 in comparison
with their wild type counterpart. Results obtained show, in mice lacking CD73, the absence of
airway hyperreactivity in response to an allergen challenge, paralleled by reduced airway CD23*B
cells and IL4* T cells pulmonary accumulation together with reduced mast cells accumulation and
degranulation. Our findings indicate CD73 as a potential therapeutic target for allergic asthma.

Keywords: airways; allergy; CD73; ecto-5'-nucleotidase; mast cells; hyperresponsiveness; B cells;
CD23; sensitization

1. Introduction

Sensitization to an allergen is the condition for an allergic reaction to occur. Usually,
humans recognize that they are sensitized to an allergen only when they come in contact
with the allergen and experience the allergic reaction, which can even be fatal. Innate
and adaptive immune systems talk to each other to assess allergic sensitization [1]. Sensi-
tized subjects undergo different allergic manifestations when they encounter the allergen,
depending on individual, genetic, and environmental factors [2].

Exploring host factors controlling the assessment of sensitization and those that con-
trol effector mechanisms of allergy is needed to identify potential therapeutic targets.
Ecto-5"-nucleotidase (CD73) is the ectoenzyme responsible for tissue extracellular adeno-
sine accumulation [3]. There is evidence that extracellular adenosine accumulates in
asthmatic airways and plays a role in bronchial inflammation and hyperreactivity. An
association between exposure to an allergen and airway responsiveness to adenosine and
AMP has been demonstrated in experimental animals and humans [4-8]. CD73 regulates
immune/inflammatory processes by controlling innate and acquired immunity cell func-
tions [9-13]. By using a model of ovalbumin (OVA)-sensitized female mice, we previously
demonstrated that CD73 is required for the assessment of a controlled sensitization. Indeed,
sensitized mice lacking CD73 develop exacerbated airway inflammation, characterized by
increased levels of Th2 cytokines and reduced frequency of regulatory T cells into the lung;
nonetheless, they did not develop airway hyperreactivity [14]. The aim of the present work
was to investigate the role of CD73 in the effector phase induced by an allergen challenge
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in the model of sensitized mice. We evaluated the response to aerosolized allergen of
female-sensitized mice lacking CD73. Results obtained show, in mice lacking CD73, the
absence of airway hyperreactivity in response to an allergen challenge, paralleled by re-
duced airway CD23*B cells and IL4*T cell pulmonary accumulation together with reduced
mast cell accumulation and degranulation. Although further in-depth analysis is required,
our findings suggest that targeting CD73 might be a therapeutic strategy to control allergic
airway hyperresponsiveness.

2. Materials and Methods
2.1. Animals

Female C57BL/6] mice (Charles River, Calco, Italy) and CD73~/~ were bred and
housed in the animal facilities laboratory of Department of Pharmacy at the University
of Naples Federico II. All animal procedures were approved by the Italian Ministry of
Health and were in accordance with Italian (DL 26 /2014) and European (n.63/2010/UE)
guidelines and regulations.

2.2. Allergic Sensitization and Challenge

Mice (8 weeks old) were sensitized with 100 ug of ovalbumin (OVA, grade V; Sigma
Aldrich, Milan, Italy) emulsified with aluminium hydroxide (Al(OH)s3, 13 mg/mL) and
administered subcutaneously (s.c) on days 1 and 8. From day 21, mice were challenged
with aerosolized OVA (5% w/v in saline) or with saline for 2 consecutive days for 20 min
each day. All mice were sacrificed in 24 h following the last OVA or saline challenge.

2.3. Immunoblot Analysis for CD73

Pulmonary tissue was homogenized using a FastPrep-24 instrument (MP Biomedicals,
Santa Ana, CA, USA) as previously described [12]. Fifty micrograms of proteins were
loaded on 8% SDS-PAGE gel and transferred onto nitrocellulose membrane. The mem-
brane was blocked with 5% (w/v) non-fat dry milk in phosphate buffer saline (PBS) with
0.1% (v/v) tween 20, before incubation overnight at 4 °C with anti-mouse CD73 polyclonal
goat antibody 1:200 (Santa Cruz Biotechnology, Dallas, TX, USA). Then the membrane
was incubated for 2 h at room temperature with the secondary antibody anti-goat IgG
1:2000 (Dako, CA, USA) conjugated with peroxidase. Anti-f-actin antibody (Santa Cruz
Biotechnology) was used as a loading protein control. Protein bands were visualized using
the ECL detection kit (Bio-Rad, Milan, Italy) and the ChemiDoc Imaging System (Bio-Rad,
Italy). Densitometry was obtained using Image Lab software (Bio-Rad, Milan, Italy).

2.4. Measurement of Airway Responsiveness

From each animal group, the main bronchi were collected and rapidly cleaned from
fat and connective tissue. Rings of 1-2 mm length were cut and mounted in 2.5 mL isolated
organ baths containing Krebs solution, at 37 °C, oxygenated (95% O, and 5% CO,), and
connected to an isometric force transducer (type 7006, Ugo Basile, Comerio, Italy) associated
to a Powerlab 800 (AD Instruments). Bronchial reactivity to cumulative concentrations of
carbachol (1079-3 x 10~° M) was evaluated. Results were expressed as dyne per mg of
tissue [15].

2.5. Measurement of AMPase Activity

AMPase activity was assessed in lung homogenates by the measurement of inorganic
phosphate (Pi) released after incubation with AMP (2 mM) through a Malachite Green assay
as previously described [12]. To confirm that Pi measured was dependent on CD73 enzy-
matic activity, each sample was also tested following incubation with the CD73 inhibitor,
adenosine 5'- («, B-methylene) diphosphate (APCP, 100 uM); the value of nonspecific Pi
released was subtracted from the value obtained following incubation with AMP. Results
were expressed as Pi released (pmol/min/ug protein).
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2.6. Enzyme-Linked Immunosorbent Assay

Total IgE levels were quantified in plasma samples by ELISA kit (BD Pharmingen,
Franklin Lakes, NJ, USA or R&D Systems, Inc., Minneapolis, MN, USA) according to the
manufacturer’s instructions.

2.7. Lung Histology

Lung lobes were removed, fixed in 4% formalin, and embedded in paraffin. The tissue
was then sectioned into 7 pum slices and stained with haematoxylin and eosin (H & E) for
morphological analysis. In addition, to detect mast cells in the lung, tissue sections were
stained with toluidine blue. Toluidine blue-positive mast cell numbers and degranulated
mast cells were determined as previously described [16].

2.8. Flow Cytometry Analysis

Lungs were digested with 1 U/mL collagenase (Sigma-Aldrich, Milan, Italy). The anal-
ysis of inflammatory cells was determined by flow cytometry (BD FacsCalibur Milan, Italy)
using the following antibodies: B220-Phycoerythrin (PE), CD19-Phycoerythrin-Cyanine5
(Pe-Cy5), CD23-Allophycocyanin (APC), CD3-Peridinin chlorophyll (PerCP), and CD4
Allophycocyanin-Cyanine7 (APC-Cy?7). Intracellular staining for IL-4 (IL4-PE) was per-
formed on fixed /permeabilized T cells after the extracellular staining for CD3 and CD4.

2.9. Statistical Analysis

All results are presented as mean =+ standard error (SE). Statistical analysis was
performed through Student’s ¢-test for unpaired data or by one- or two-ways ANOVA for
multiple comparisons followed by Bonferroni post-hoc test, as appropriate. A p value < 0.05
was considered statistically significant.

3. Results
3.1. Pulmonary Tissues from Ovalbumin-Challenged Mice Show High Levels of CD73 Expression
and Activity

In order to investigate the role of CD73 in controlling the airway response to an al-
lergen challenge, we used an ovalbumin-sensitized /challenged mouse model (Figure 1a).
Mice were subcutaneously sensitized with ovalbumin (OVA), at day 1 and 8, followed by
aerosolized OVA-challenge (OVA-challenge) for 2 consecutive days (day 21 and day 22)
to induce allergic airway inflammation (Figure 1a). Mice were sacrificed at day 23. We
first analyzed the expression and activity of CD73 in whole-lung tissue samples. CD73
expression and AMPase activity were up-regulated in lung tissue samples following sensi-
tization, without a further increase following OVA-challenge (Figure 1b,c, respectively).
The AMPase activity was completely reversed in the presence of the selective inhibitor of
CD73, APCP (data not shown).
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Figure 1. (a) OVA sensitization and aerosol challenge protocol in WT and CD73~/~ mice. Mice were
sensitized and challenged with OVA as described in Materials and Methods. (b) CD73 pulmonary
expression in control and OVA-sensitized and challenged WT mice was evaluated by Western blots.
Data are expressed as means + SE of eight mice per group. * p < 0.05 and ** p < 0.01 (one-way ANOVA
followed by Bonferroni’s Multiple Comparison Test). (c) AMPase activity was determined by Malachite
Green assay in lung tissue from control and OVA-sensitized and challenged WT mice. All data are
expressed as mean =+ SE of six to nine mice per group. *** p < 0.0001 (one-way ANOVA followed by
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Bonferroni’s Multiple Comparison Test). Histopathological changes in the lung tissues from control
and sensitized and challenged WT (d) and CD73~/~ mice (e) were assessed by hematoxylin and
eosin (H&E) staining. Scale bar: 100 um. Bronchial reactivity in response to carbachol was evalu-
ated in control and OVA-sensitized and challenged WT (f) and CD73~/~ (g) mice; * p < 0.05 and
**** p < 0.0001; two-ways ANOVA plus Bonferroni.

3.2. Ovalbumin Challenge Does Not Increase Pulmonary Inflammatory Cell Infiltration in
CD73~/~ Mice

When we examined pulmonary morphology and inflammation by hematoxylin and
eosin staining, we observed that the recruitment of inflammatory cells in the peribronchial
region was markedly increased following OVA-challenge compared with lung sections
from OVA-sensitized mice and control mice (Figure 1d) in WT mice. We noticed that the
recruitment of inflammatory cells in the peribronchial region of lung from CD73-deficient
mice (CD73~/7) resulted as markedly increased after sensitization, as we have previously
demonstrated [14], without a further increase following the OVA challenge (Figure 1e).

3.3. Ovalbumin Challenge Does Not Increase Bronchial Hyperreactivity to Carbachol in
CD73~/~ Mice

We evaluated the role of CD73 in the assessment of bronchial hyperreactivity triggered
by an allergen challenge. Bronchial reactivity was evaluated as a response to carbachol
of OVA-sensitized and challenged WT and CD73~/~ mice. OVA sensitization increased
bronchial reactivity to carbachol in WT mice, while it did not affect bronchial reactivity
to carbachol in CD737/~ mice [14]. Here, we found that OVA challenge significantly
increased bronchial reactivity to carbachol of sensitized WT mice (Figure 1f) but not in
sensitized CD73~/~ mice (Figure 1g).

3.4. Ovalbumin Challenge Enhances IgE Production in All Mice Groups

Analysis of total IgE levels was performed after ovalbumin challenge in plasma of
WT and CD73~/~ mice, as described in the Method section, and compared with plasma
IgE levels determined in sensitized and control mice. The OVA challenge increased IgE
levels in sensitized WT and CD73~/~ mice, compared with their respective non-sensitized
controls; notably, IgE levels following OVA challenge were significantly higher in sensi-
tized CD73~/~ mice than in their sensitized WT counterpart (122.2 + 32.60 ng/mL, vs.
54.68 + 20.86 ng/mL, n = 5; p < 0.05) (Figure 2a). Increased IgE levels in CD73~/~ mice
compared with WT mice were also observed before OVA challenge (Figure 2a).

a
WT CD73 -
250+
sk *
200
~ Hm
E 50-
Eblso .
m 100
20
50 ]
NPy
1 I 1 1 1 1
> < d v &
P ) > Q &
3 04 \\é\ <3 \\é\
C:Q‘b ao‘b
A \ad
04 0\\‘

Figure 2. Cont.

228



Biomolecules 2022, 12, 697

WT CD73 - ¢ WT CD73

sk ok sk sk

2] —
. 3 o @ 3 -
T 44 u * %on 4 *
o I *
+O * @)
Q37 o g 37 o
fﬂ N
. o .
% 2 ] +$ 2
@) 1_ 2 ]_
S 3
0- ° 0
T T T T T T T T T
S &Y & S Y & S &Y &
™ Q“\ \\é‘ & 04 \\é‘ &8 &\é\
& & &
> \ad 4y
04 04 Q
WT CD73 - e WT CD73 -
ook %
sfeskosk sk
104 w 2.0 = s
* ©
] _ 15)
3 8 4 154 ’
"
E 6 F ]
O <t 1.0
£ (o] @)
e 4+ 3)
o + [e) o
Q 8 0.5
0\° i 5 %
X
o- 00 a8
T T T T T T T T T
PO S % P SR P SR
$ & \MPRY & & Q 7
& 04 \\é‘ A \\Q&‘ & o \\é‘
& & &
> \ad kxg
04 O4 04

Figure 2. (a) Plasma levels of total IgE were measured in control and OVA-sensitized and challenged
WT and CD73~/~ mice by ELISA. All results are expressed as mean + SE of n = 4-6 mice per
group. * p < 0.05 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test). The % of
CD19"B220* was evaluated in control and sensitized and challenged WT and CD73~/~ mice (b) by
flow cytometry as well as the % of CD19*B220*CD23" (c). Data are expressed as means =+ SE of five
to six mice per group. * p < 0.05, ** p < 0.01,*** p < 0.001, **** p < 0.0001 (one-way ANOVA followed by
Bonferroni’s Multiple Comparison Test). The % of CD3"CD4" and CD3* CD4* IL4" in control and
sensitized and challenged WT and CD73~/~ mice was analyzed by flow cytometry (d,e). Data are
expressed as means + SE of five to six mice per group. * p < 0.05, ** p < 0.01, ** p < 0.0001 (one-way
ANOVA followed by Bonferroni’s Multiple Comparison Test).

3.5. OVA Challenge Increases Pulmonary Infiltration of CD23*B Cells and IL-4* T Cells

We then analyzed the percentage of B cells (as CD19" B220* cells) in pulmonary tissues
from all groups of WT mice and CD73~/~ mice by flow cytometry. We found that OVA
challenge increased the percentage of B cells in tissue samples from sensitized WT mice
compared with control mice (Figure 2b). In tissue samples from sensitized CD73 ~/~ mice
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we found an increased frequency of B cells, compared to control mice, which were not
further increased following OVA-challenge (Figure 2b). When we analyzed the expression
of the low-affinity receptor for IgE (CD23) that is crucial in the IgE-induced inflammatory
responses under allergen exposure [17], we observed that B cells were almost exclusively
CD23* (Figure 2d). Indeed, the percentage of CD23*B cells in WT mice following OVA
challenge was significantly increased compared with sensitized WT mice (Figure 2c);
conversely, in CD73~/~ mice following OVA challenge the percentage of CD23*B cells was
increased compared with control mice but similar to that observed in sensitized CD73~/~
mice (Figure 2c).

CD23 is crucial in the IgE-allergen-induced activation of T cells toward a Th2-like
phenotype [17]. Th2-derived IL-4 represents an important effector mechanism of type 1
allergy [1]. Therefore, we next analyzed the percentage CD4* T cells expressing IL-4 in pul-
monary tissues from all groups of WT mice and CD73~/~ mice by flow cytometry analysis.
Analyzing the total levels of CD3*CD4*T cells, we did not observe any significant changes
among the experimental groups (Figure 2d). Instead, the frequency of CD3*CD4*IL-4*
cells was significantly increased in both WT and CD73~/~ OVA-challenged mice groups
(Figure 2e). Of note, we also observed that the percentage of IL4*T cells in CD73~/~ mice,
although they were significantly increased after OVA challenge, did not reach the frequency
triggered by OVA challenge in WT mice (0.61 4 0.11%, n = 6 vs. 1.30 £ 0.15%, n = 6;
p < 0.0001 Bonferroni test) (Figure 2e).

3.6. Ovalbumin Challenge Does Not Increase Mast Cell Degranulation in the Lung of
CD73~/~ Mice

Pulmonary mast cell number and degranulation were then evaluated by means of
toluidine blue staining in WT and CD73~/~ mice following sensitization and challenge.
OVA sensitization increased the number of mast cells in the lung of WT (Figure 3a,c)
and CD73~/~ mice (Figure 3b,c). However, OVA challenge further increased the number
of pulmonary mast cells in sensitized WT mice, whereas it did not affect the number
of pulmonary mast cells in sensitized CD73~/~ mice (Figure 3c). Concomitantly, OVA
challenge increased the percentage (%) of degranulated mast cells in sensitized WT mice
but not in CD73~/~ mice (Figure 3d).
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Figure 3. Representative photomicrographs of toluidine blue-stained lung sections from control and
OVA-sensitized and challenged WT (a) and CD73~/~ mice (b). The number of pulmonary mast cells
as well as a differentiation between non-degranulated (deep blue, black arrows) and degranulated
(light blue, red arrows) and the percentage of mast cell degranulation was performed (c,d). Scale
bar: 50 pm and 20 pm. Data are expressed as means + SE of six mice per group. ** p < 0.01 and
#*4% p < 0.0001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).

4. Discussion

We have previously shown that CD73 plays a role in the assessment of allergic sensiti-
zation, a requisite for an allergic reaction to occur. Indeed, in a model of OVA-sensitized
CD73~/~ mice we observed exacerbation of airway inflammation that was paralleled by
increased pulmonary inflammatory cytokine levels and a reduced percentage of pulmonary
Foxp3*Tregs, suggesting that CD73 is functional to those surveillance mechanisms of the
immune response [14].

Here, we investigated whether CD73 plays a role in the effector phase of allergic
reaction. Thus, we developed the model of sensitized /allergen-challenged mice to com-
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pare functional and cellular response to the allergen challenge of sensitized WT and
CD73~/~ mice.

According to our previous results, we found that mice sensitization with OVA in-
creased airway CD73 expression and activity [14]; however, there was no further increase
following mice challenge with aerosolized OVA. The functional study showed hyperreac-
tivity to carbachol of bronchi from sensitized mice and a further increase of reactivity of
bronchi from allergen-challenged sensitized mice. Likely, CD73 up-regulation, following
sensitization, primes bronchi to ova challenge, while hyperreactivity to carbachol, which
was observed in sensitized WT but not CD73~/~ mice, may be dependent upon adenosine
availability into the airways [7].

Interestingly, in CD73~/~ mice, neither sensitization alone nor sensitization plus an
allergen challenge caused bronchial hyperreactivity, suggesting that the lack of CD73,
despite causing allergic airway inflammation, as previously demonstrated, gives protection
from hyperreactivity caused by an allergen challenge. Schreiber et al. [18] described the
absence of airway hyperresponsiveness to an allergen in CD73~/~ mice, of both sexes,
due to inhibition of the tracheal Cl~ secretion stimulated by ATP and ADP following
OVA challenge.

Here, we investigated cellular mechanisms that are differently activated by an allergen
challenge in sensitized WT and CD73~/~ mice. First of all, we found that in all groups of
animals, circulating IgE levels were increased by an allergen challenge, indicating that the
absence of CD73 did not affect the ability of B cells to produce IgE in response to an allergen
challenge. This result suggests that the functional difference between sensitized WT and
CD73~/~ mice, following an allergen challenge, probably lies in effector mechanisms
triggered by an allergen challenge in WT and CD73~/~ mice.

It is worth noting that IgE levels from CD73~/~ were higher than levels obtained from
WT mice. The significance of such a difference needs to be further investigated; however,
it was demonstrated that the couple CD39/CD73, through increasing adenosine levels,
plays a role in Ig class switch in B cells [19]; on this basis, we could hypothesize that, under
our experimental conditions, Ig class switch would be lost in B cells from CD73~/~ mice,
resulting in high IgE levels.

Besides the high affinity IgE receptor, FceRI, on effector cells of type I allergy, another
receptor for IgE, CD23 (FceRII), represents an important modulator of immune response
since it regulates IgE levels. CD23 on B cells is a low-affinity receptor for IgE, however,
it can oligomerize, leading to enhanced IgE binding [17]. It is known that when allergen
crosslinks the IgE-FceRI receptor, effector cells are activated and an allergic response
occurs. Evidence that there is a reciprocal inhibition between FceRI and CD23 that blocks
simultaneous binding by IgE suggested that these two receptors have different roles in the
control of IgE [20,21]. We found that the OVA challenge increased the percentage of CD23*
B cells into the pulmonary tissue of sensitized WT mice but not in sensitized CD73~/~
mice.

It is known that the density of CD23 molecules on B cells correlates with IgE levels
and facilitates allergen-specific T-cell activation [22]. Thus, there is a link between the
Th2 response and CD23 density; in agreement, it has been shown that an anti-CD23
antibody inhibits Th2 response [23]. Increased levels of CD23*B cells in patients with
grass pollen allergy have been shown [22]. Thus, under our experimental conditions, we
observed a reduced frequency of pulmonary CD23*B cells in sensitized /OVA-challenged
CD73~/~ mice associated to a protection from allergen-induced airway hyperreactivity. It
is worth noting that the difference in the frequency of pulmonary CD23*B cells between
WT and CD73~/~ mice was observed following an OVA challenge but not before, in only
sensitized mice, meaning that in CD73~/~ mice, B cell response to an allergen challenge
is defective, which is in agreement with an important role of CD73 in memory B cells
development [24,25].

On this basis, we evaluated the frequency of pulmonary IL-4*Tcells in our experimen-
tal groups, with or without an allergen challenge. We found that an allergen challenge in-
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creased the frequency of CD3*CD4*IL-4* cells in airways in both groups of OVA-sensitized
WT and CD73~/~ mice, with an increase in WT mice significantly higher than that achieved
in CD73~/~ mice. This result suggests that the lack of CD73 reduces Th2 response following
an allergen challenge.

Finally, we also found that OVA challenge increased pulmonary mast cell accumula-
tion and degranulation only in the WT-sensitized group but not in CD73~/ ~-sensitized
groups. This result requires further investigation to understand whether this is a key point.
Mast cells represent effector cells of type I allergy, and their degranulation is mediated by
allergens linking FceRI-bound IgE and gives immediate allergic symptoms. The role of
CD73/adenosine signalling in antigen-induced mast cell degranulation is still poorly under-
stood; however, there is evidence that adenosine potentiates antigen-induced pulmonary
mast cell activation [26].

In conclusion, our results demonstrate increased CD73 expression and activity in
sensitized airways and the lack of airway response to an allergen challenge of CD73~/~-
sensitized mice characterized by reduced Th2 activation and reduced mast cell accumula-
tion and degranulation. Although further investigation is needed, our results provide the
basis to reflect on CD73 as a potential therapeutic target for type I allergy.
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Abstract: Human Proteome Project (HPP) presents a systematic characterization of the protein
landscape under different conditions using several complementary-omic techniques (LC-MS/MS
proteomics, affinity proteomics, transcriptomics, etc.). In the present study, using a B-cell lym-
phoma cell line as a model, comprehensive integration of RNA-Seq transcriptomics, MS/MS, and
antibody-based affinity proteomics (combined with size-exclusion chromatography) (SEC-MAP)
were performed to uncover correlations that could provide insights into protein dynamics at the
intracellular level. Here, 5672 unique proteins were systematically identified by MS/MS analysis
and subcellular protein extraction strategies (neXtProt release 2020-21, MS/MS data are available
via ProteomeXchange with identifier PXD003939). Moreover, RNA deep sequencing analysis of this
lymphoma B-cell line identified 19,518 expressed genes and 5707 protein coding genes (mapped
to neXtProt). Among these data sets, 162 relevant proteins (targeted by 206 antibodies) were sys-
tematically analyzed by the SEC-MAP approach, providing information about PTMs, isoforms,
protein complexes, and subcellular localization. Finally, a bioinformatic pipeline has been designed
and developed for orthogonal integration of these high-content proteomics and transcriptomics
datasets, which might be useful for comprehensive and global characterization of intracellular
protein profiles.

Keywords: affinity-based proteomics; human proteome project; LC-MS/MS; transcriptomics;
size-exclusion-chromatography (SEC)

1. Introduction

Increased understanding of the events taking place during intracellular signaling
has revealed a highly dynamic protein landscape for eukaryotic cells, especially in patho-
logical settings (such as cancer, neurodegenerative, auto-immune diseases, etc.,) [1-3].
Most of the subcellular signaling pathways are led by protein complexes, which are
constantly being formed and resolved. Furthermore, proteins are shuttling between
different subcellular localizations to execute the expected and/or programmed biological
processes according to the needs and requirements of the cell. These fluctuations could
produce re-wiring of signaling networks for enabling phenotypic changes required for
the adaptation to microenvironmental or external perturbations and/or stimuli [4-6].
Given these temporal and spatial variabilities, high-throughput biochemical methods
are required to deepen the knowledge on the interacting biomolecules across subcellular
localizations during the response to external stimulus, drug administration, and drug
resistance mechanisms, etc., [1,2,4,6,7].
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Bearing this in mind, the recent advances in next-generation sequencing (NGS) and
high-resolution mass spectrometry (MS/MS) have opened up strategies methodologically
which provide novel insights useful for understanding the complexity of intracellular
processes [8,9]. Among other parameters in protein functionality, subcellular localiza-
tion is one of the main determinants for a particular protein’s intracellular dynamics
and the final function; however, a global view of subcellular proteome organization
remains relatively unknown, and it is currently studied by multipronged proteomics
approaches. Despite some multiple integrations that have been recently performed (based
on MS/MS and RNA-Seq, among others), there remains a huge interest in revealing the
presence of proteoforms, multiprotein complexes, changes in transcript-protein, etc., [10-
13]. Historically, subcellular localization of proteins has been determined by conventional
biochemical approaches (mostly by targeting individual proteins); e.g., cell fractionation
coupled with Western blot. Although additional development of large-scale GFP fusion
protein-based [14], antibody-based assays [15,16], protein-metabolite interactions [17],
Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS) charac-
terization [18] has increased our knowledge of protein subcellular localization, these
methods are labor-intensive, making them highly challenging and difficult to implement
for high-content characterization in large cohort studies.

The development of mass spectrometry (MS/MS)-based proteomics coupled with
protein extraction at subcellular level [19] as well as the high-throughput immunoassays
coupled with size-exclusion chromatography (SEC) [20] have opened up new possibilities
to query the spatial intracellular organization of the proteome on a larger scale [21].
More recently, the Aebersold group [22] has developed a strategy combining mass-
spectrometry and SEC. Other similar attempts involve machine learning algorithms to
assign subcellular localization based on protein quantification across multiple subcellular
fractions by MS/MS. However, all these studies provide proteome-wide information
but lack the multiple combinations between several proteomics characterizations and
comprehensive integration with transcriptomics.

This study has two main purposes: i. Evaluation of protein extraction or complemen-
tary characterization with MS/MS-based proteomics and affinity proteomics (SEC-MAP),
which may be useful for bioinformatic orthogonal integration with deep transcriptomics
characterization; ii. generation of systematic pipeline for comprehensive orthogonal inte-
gration of protein subcellular localization, affinity proteomics (SEC-MAP), MS/MS data
sets, and RNA-seq information in human lymphoma cell line, like a model for mapping
cancer protein interactions. Moreover, the combination of these methodologies helps to
deepen the knowledge about the architecture of the cells and the complexity of the spatial
organization of the proteome, which can be a tool for interpreting a multiscale map of
protein systems—which is relevant for deciphering cell signaling pathways linked to
genetic perturbations/alterations, therapeutic interventions, or another external stimulus.

2. Materials and Methods
2.1. Cell Cultures

Human Ramos cell line (Burkitt’s lymphoma, European Collection of Authenticated
Cell Cultures—ECACC-Cat. no: 85030802) was cultured in RPMI 1640 medium supple-
mented with L-glutamine (Gibco, Whaltham, MA, USA), 10% (v/v) fetal bovine serum
(Gibco, Whaltham, MA, USA) and 1% (v/v) penicillin/streptavidin (Gibco, Whaltham,
MA, USA). The growth was monitored daily and cells were incubated at 37 °C/5% CO,
with media renewal every 2-3 days.

2.2. Protein Extraction and Quantification

For protein extraction, 40 x 10° Ramos cells were pelleted by centrifugation and
washed three times with PBS, and further centrifuged for 5 min (min.) at 1200 rpm. All the
different protein extraction buffers were supplemented with phosphatase and protease
inhibitors: tris [2-carboxyethyl]phosphine] (TCEP—Sigma-Aldrich, Burlington, MA, USA)
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1 mM, phenylmethylsulfonyl fluoride (PMSF—Sigma-Aldrich, USA) 1 mM, sodium flu-
oride (NaF—Sigma-Aldrich, USA) 1 mM, sodium orthovanadate (Sigma-Aldrich, USA)
1 mM, B-glycerophosphate (Sigma-Aldrich, USA) 1 mM and sodium pyrophosphate
tetrabasic decahydrate (Sigma-Aldrich, USA) 1 mM. All centrifugation and incubation
steps were carried out at 4 °C. The extracted proteins from each strategy were stored at
—20 °C until further use.

Protein quantification was performed by Coomassie Plus (Bradford) Assay Kit
(ThermoFisher Scientific, Cat. no: 23236, USA) and Pierce™ BCA Protein Assay Kit (Ther-
moFisher Scientific, Cat. no: 23225, Waltham, MA, USA), following the manufacturer’s
instructions. Each sample (20 png) was separated in 12% SDS-PAGE gel under reducing con-
ditions. Subsequently, SDS-PAGE gels were stained with 0.1% (w/v) Coomassie brilliant
blue and silver stains solutions according to standard laboratory procedure [23-25].

The different protein extraction procedures, which are evaluated herein, are described
below and summarized in Table 1.

2.2.1. Protocol #1

Total of 375 pL of lysis buffer (140 mM NaCl, 50 mM EDTA, 10% (v/v) glycerol, 1%
octylphenoxy poly(ethyleneoxy)ethanol—IGEPAL-, 20 mM Tris-HCl pH = 7 supplemented
with proteases and phosphates inhibitors) per 1 x 107 cells was added, and cells were incu-
bated on ice for 15 min. After that, the sample was centrifuged for 15 min at 15,000 x g and
the supernatant containing the protein content was stored at —20 °C until further analysis.

2.2.2. Protocol #2

As protocol #1, 1 x 107 cells were incubated with 375 pL of lysis buffer (20 mM HEPES
pH =8 and 9 M urea). Cell lysis was performed by sonication on ice (3 times 5 s bursts and
1 min break). Afterward, it was centrifuged for 15 min at 15,000 g and the supernatant
containing the total protein content was stored at —20 °C until further analysis.

2.2.3. Protocol #3

Similar procedure as protocol #2 with a lysis buffer containing 7 M urea, 2 M thiourea,
and 30 mM Tris-HCI pH = 8.5. The sample was then centrifuged for 15 min at 12,000 g
and the supernatant was stored at —20 °C until further analysis.

2.2.4. Protocol #4

The same procedure as protocol #3 but with a different lysis buffer: 5 mM HEPES
pH 8, 10 mM MgCl,, 140 mM NaCl and 0.01% Tween 20.

2.2.5. Protocol #5

Total of 1 x 107 cells were incubated with 375 uL of hypotonic buffer (30 mM HEPES
pH =8, 15 mM KCl, 2 mM MgCl,, 1 mM EDTA and 20% glycerol) supplemented with 10%
(v/v) laurylmaltoside (n-Dodecyl-3-D-maltoside) for 30 min in rotation at 4 °C. Afterward
centrifugation at 16,000 x g for 5 min was carried out and the supernatant containing the
proteins was collected.

2.2.6. Protocol #6

Similar to protocol #5 with a difference that the lysis buffer was supplemented with
1.5% (v/v) Triton X-100 instead of laurylmaltoside.

2.2.7. Protocol #7

In this case, 1 x 107 cells were incubated with 375 pL of buffer (5 mM HEPES pH 8,
10 mM MgCl,, 140 mM NacCl and 0.01% Tween 20) and it was centrifuged for 15 min at
13,000 g. After centrifugation, the supernatant enrichment in cytoplasmic (Cyt) proteins
was collected and the pellet was re-suspended in 375 uL of buffer supplemented with 38%
(v/v) octyl-B-D-glucopyranoside. The sample was sonicated on ice (3 times 3 s bursts and
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1 min break). After sonication, it was incubated for 30 min on ice and subsequently, it
was centrifuged for 15 min at 13,000 x g. Finally, the supernatant enriched in membrane
proteins (Mem) was collected [26].

2.2.8. Protocol #8

Ramos cell pellets were re-suspended at a volume equal to 5 times that of the cell
pellet in hypotonic buffer supplemented with protease and phosphatase inhibitors and
0.015% digitonin following the methodology published by Diez P. et al., 2015 [19].

Then, it was incubated on a rotatory shaker for 30 min and then it was centrifuged
for 5 min at 500x g. After centrifugation, cytoplasmic (Cyt) proteins were found in the
resulting supernatant 1. The pellet 1 was washed 3 x with hypotonic buffer and it was
centrifuged for 5 min at 500 x g at 4 °C. The following fractions were processed similarly in
a stepwise manner. For the supernatant 2 containing organelle (Org) proteins, a hypotonic
buffer was supplemented with 0.5% Tween 20; for the supernatant 3 containing nuclear
(Nuc) proteins, a hypotonic buffer supplemented with 14 mM NaCl was used; for the
supernatant 4 containing membrane (Mem) proteins, a hypotonic buffer supplemented
with 1% laurylmaltoside was used.

2.2.9. Protocol #9

Similar procedure as protocol #8 for cytoplasmic and organelle subcellular fractions.
The membrane fraction was extracted with a hypotonic buffer supplemented with 0.5%
octylphenoxy poly(ethyleneoxy)ethanol IGEPAL) and centrifuged for 5 min at 3000 g.
A hypotonic buffer supplemented with 1% laurylmaltoside was used for the extraction of
the nuclear fraction.

2.3. Proteomics Analysis
2.3.1. Protein Digestion and LC-MS/MS Analysis

Each lane in SDS-PAGE gel (loaded with 15 ug protein extract) was cut into five
equal fragments and digested using the method described by Olsen et al. with slight
modifications (each piece was destained with 15 mM potassium ferrocyanide and for re-
duction and 50 mM sodium thiosulfate was used for the alkylation process) and incubated
with 10 mM DTT at 56 °C for 45 min and then 55 mM iodoacetamide (IAA) was added
and incubated at room temperature (RT) for 30 min, respectively. Trypsin (6.25 ng/mL)
at 37 °C for 18 h was used for protein digestion, and the peptide solution was acidified
with formic acid (FA) and desalted using C18-Stage-Tips columns) [19,27]. Samples were
partially dried and stored at —20 °C until analyzed by LC-MS/MS.

A nanoUPLC system (nanoAcquity, Waters Corp., Milford, MA, USA) coupled to
an LTQ-Velos-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
via a nanoelectrospray ion source (NanoSpray flex, Proxeon, Thermo) was used to study
with LC-MS/MS. Peptides dissolution was carried out using 0.5% FA /3% acetonitrile
(ACN). A trapping column (nanoACQUITY UPLC 2G-V /M Trap Symmetry 5 um particle
size, 180 um x 20 mm C18 column, Waters Corp., Milford, MA, USA) was used to load.
Separation was made with a linear gradient from 7% to 35% solvent B (ACN/0.1%
FA) at a flow rate of 250 nL/min over 120 min in a nanoACQUITY UPLC BEH 1.7
um, 130 A, 75 um x 250 mm C18 column (Waters Corp., Milford, MA, USA) [19,26,27].
Tandem mass spectra (MS/MS) acquisition and survey MS scan were applied to a data-
dependent automatic switch using the positive ion mode of the nUPLC-LTQ-Orbitrap
Velos. Acquisition scan was made with lock mass option enabled for the 445.120025
ion and mass range of m/z 400 to 1600. In the ion trap for fragmentation by collision-
induced dissociation with 35% normalized energy, 10 ms activation time, q = 0.25, + 2
m/z precursor isolation width and wideband activation, we selected the 20 peaks with the
most intensity and with >2 charge state and above the 500 intensity threshold. Automatic
gain control was 1 x 10° for MS and 5 x 10% for MS/MS scans and dynamic exclusion
was enabled for 90 s [19,26,27].
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2.3.2. Database Search

Raw data were converted into Mascot general file (.mgf) and target-decoy strategy
was used to search in the neXtProt database (release 2016-02). Comet version (v.) 2015.01
rev.2 [28] was used to identify the peak list (.mgf file) obtained from MS/MS spectra and
SearchGUI v. 1.30.1 [29] was used.

Concatenated target/decoy [30] version of the human complement of neXtProt release
2016-02 (41,992 sequences) was used for protein identification. SearchGUI v. 1.30.1 was
used to design decoy sequences (the reverse target sequences) [29]. The process for the iden-
tification of the settings was as follows: trypsin with a maximum of two missed cleavages;
10.0 ppm as MS1 and 0.5 Da as MS2 tolerances; fixed modifications: carbamidomethyla-
tion of cysteine (+57.021464 Da). The variable modifications were acetylation of protein
n-terminus (+42.010565 Da) and oxidation of methionine (+15.994915 Da) [19,26-30].

PeptideShaker v. 0.41.1 [31] was used to infer peptides and proteins from the identi-
fied spectra. A method, as the one published by our group in 2015, was used for the valida-
tion of decoy hit distribution (at a 1.0% False Discovery Rate—FDR—for Peptide Spectrum
Matches —PSMs-, peptides and proteins) [19]. It is obtained at protein/peptide/PSM
levels, the FDR (%), true positives, and false positives values for each replicated (1, 2,
3): Cyt1(0.99, 2899, 29/0.98, 10474, 104/1.0, 17627, 178); Cyt 2 (1.0, 3183, 32/1.0, 12897,
130/1.0, 20147, 203); Cyt 3 (0.99, 2802, 28/0,99, 10857, 109/1.0, 5666, 57); Mem 1 (0.93,
1166, 11/0.97, 2651, 26/0.99, 1303, 13); Mem 2 (0.97, 1122, 11/0.97, 1937, 19/0.99, 1607, 16);
Mem 3 (1.0, 893, 9/0.98, 1523, 15/1.0, 1291, 13); Org 1 (0.97, 2543, 25/0.99, 7503, 75/0.99,
10305, 103); Org 2 (0.99, 2294, 23/0.99, 6919, 69/0.98, 4933, 49); Org 3 (0.96, 2465, 24/0.98,
7045,70/1.0, 10507, 106); Nuc 1 (0.99, 2498, 25/0.98, 7145, 71/0.97, 915, 9); Nuc 2 (0.96,
2577,25/1.0, 8938, 90/1.0, 4469, 45); Nuc 3 (1.0, 2872, 29/0.99, 10937, 109/0.99, 4585, 46).
The protein-level FDR is an estimate and not all proteins that exceeded the threshold were
“confidently identified”.

The mass spectrometry data and the identification results have been deposited to the Pro-
teomeXchange Consortium [32] via the PRIDE partner repository [33] with the dataset identifier
PXD003939 and 10.6019/PXD003939. The data can be accessed with the following credentials
upon login to the PRIDE website (http:/ /www.ebi.ac.uk/pride/archive/login, accessed on 30
March 2021): Username: reviewer85106@ebi.ac.uk, Password: 0fVIoZfQ.

2.3.3. Quantitative Analysis of MS/MS Datasets

Raw data were analyzed as reported by Paula et al. in 2021 [34]: i. For expression level
measuring, the Label-Free Quantification method MaxLFQ [35] with the MaxQuant Suite
v. 1.5.3.30 was used [36]. ii. PTXQC package v. 0.80.1 [37] in R v. 3.2.4 [38] was utilized for quality
control analysis. iii. Perseus framework v. 1.5.3.2 was performed for ulterior analysis. Addition-
ally, for each subcellular fraction (Mem, Cyt, Org and Nuc) total proteins and exclusive proteins
were determined.

2.3.4. RNA-Sequencing Transcriptomics

RNA-Seq data from Ramos B-cell line was obtained with Illumina Genome Analyzer IIx
with paired layout (experiment SRX105534: http:/ /www.ncbinlm.nih.gov/sra/SRX105534, ac-
cessed on 30 March 2019 taken from the study SRP00931 (http:/ /trace.ncbinlm.nih.gov/Traces/
sra/?study=SRP009316, accessed on 30 March 2019) [39] from SRA (Sequence Read Archive)
database. Gene expression analysis consisted of calculated values of FPKM fragment per kilobase
of exon per million fragments mapped) on base for each gene on the following steps [19]: i. Use of
SRA tools [40] to obtain the SRR387395 dataset from SRA database [40] and the subsequent con-
version of the SRA file to paired-end fastq files; ii. trimming of the data with Trimmomatic [41];
ifi. use the program STAR [42] to align the reads to ENSEMBL GRCh37 genome; iv. generation
of a binary sequence alignment map (BAM) with SAMtools [43]; v. calculating the FPKM value
for each gene with CuffLinks from the BAM files [44]; vi.-Use of the neXtProt ID mapping
table to map ENSG_IDs within the neXtProt database v. 2016-02 (ftp:/ /ftp.nextprot.org/pub/
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current_release/mapping/, accessed on 30 March 2019). Finally, a total of 19,518 neXtProt IDs
could be mapped within the RNA-Seq dataset, out of this 9523 neXtProt IDs had FPKM > 1.

2.4. Biotin Protein Labeling

Protein extracts obtained from protocols #1, #4, #5, #6, #7, #8, and #9 were biotin-
labelled following the procedure described by Haggmark A. et al. 2013 [45]. All the cell
lysates were incubated with two different concentrations (10 pg/uL—protocol A—and
1 pg/uL—protocol B-) of NHS-PEG4-biotin (Thermo Scientific, no: 21363, USA) for 2 h at
4 °C. Biotin-labeling reactions were stopped with 4.5 uL for protocol A and 50% of the
volume of the biotin-labeling solution for concentration for protocol B of 0.5 M Tris-HCl
pH =8.

After that, Amicon® Ultra-0.5 centrifugal filter 3K (Millipore-Merk, Damrstad, Germany)
was used for removing the excess of biotin until a final volume of 110 uL (maximum
volume of injection in column HPLC). In both approaches, 75 g of protein was conjugated
with biotin.

2.5. Size Exclusion Chromatography (SEC): Fast Protein Liquid Chromatography (FPLC)

Equipment HPLC 1100 series (Agilent) and column Superdex® 200 Increase 10/300 GL
(GE Healthcare, Illinois, Sigma-Aldrich, USA) was used for protein fractionation based
on molecular weight (MW). As MW standards, a mix of five purified proteins (Ferritin—
440 kDa, aldolase—158 kDa-, conalbumin—75 kDa, ovalbumin—43 kDa and ribonuclease
A—13.7 kDa) was used. Each sample was fractionated and collected in 24 aliquots at
0.5 mL/min. (flow rate) and PBS 1X Na?* /K*- tween 20 0.5% (v/v) as running buffer.

Then, all 24 collected fractions were merged in 8 fractions within defined MW ranges
(fraction 1—166-473 kDa, fraction 2—121-142 kDa, fraction 3—74-103 kDa, fraction
4—54-63 kDa, fraction 5—33-46 kDa, fraction 6—24-28 kDa, fraction 7—17-21 kDa and
fraction 8—11-15 kDa) by using Amicon® Ultra-0.5 centrifugal filter 3K (Millipore-Merk,
Germany) until a final volume of 100 uL. All steps were performed at 4 °C. Each collected
fraction was stored at —20 °C until incubation for protein microarray.

2.6. Protein Microarrays

Microarray preparation and performance evaluation were done following the proce-
dures previously described by Sierra-Sanchez et al., 2017 [46]. The glass slide surface was
activated by incubation with 2% (v/v) 3-(2-Aminoethylamino) propyldimethoxymethyl
(MANAE) silane in acetone for 30 min and slight shaking at RT [47]. Then, activated glass
slides were washed with acetone and Milli-Q water and dried with compressed filtered
air. For antibody array printing, a non-contact inkjet printing technology (Arrayjet Inc.,
Edinburg, UK) was employed with a slide-out of 7 similar subarrays and 5 replicates
per sample. The array content is described in Table S1 where 205 antibodies targeting
162 proteins, among positive and negative controls, were included (Table S2). All the
samples were prepared at 1:1 (v/v) dilution with JetStar™ (Arrayjet Inc., Edingburgh,
UK) printing buffer C.

2.7. Evaluation of Array Performance at Different MW Fractions

Protein microarrays were blocked with blocking solution PBS and 1% blocker BSA—
10X, (Thermo Fisher Scientific, USA) for 1 h at RT with mild stirring. Then, blocked protein
microarrays were thoroughly washed with distilled water. Regarding sample handling,
50% volume of each 24 collected fractions was processed with epitope retrieval treatment
(30 min at 56 °C and 1 min at 20 °C) and at last, the remaining 50% samples were combined
in one single solution. After that, 100 puL per subarray of each mix were incubated at 4 °C,
with mild stirring. After overnight incubation, 100 pL of Cy3- Streptavidin (1:200 -v/v-) was
added to each subarray, and it was incubated for 1 h in darkness in a humidified chamber
at RT. Finally, the protein microarrays were washed and dried for further acquisition of
array images. All steps were performed at RT unless otherwise specified.
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2.8. Image Analysis and Data Acquisition

TIFF images obtained at different exposition times to achieve optimal images with
SensoSpot® Fluorescence Microarray (Sensovation Gmbh, Radolfzell, Germany) were
analyzed using GenePix Pro v. 6.0 software. Parameters were set to quantify light intensity
values at Cy3 (A = 532 nm) emission wavelength.

2.9. Protein Microarray Data Processing

Signal intensity values were processed by performing background subtraction, filter-
ing, and housekeeping processes.

Normalization
To remove the background, the following was used:
Tivm, = (8 — k) — 20k

where:

TimMm,,: signal intensity value spot i containing MasterMix (MMy,).

5: median intensity value per spot.

k: constant of subarray background intensity.

20k: variance of signal intensity background per subarray.

To remove the background effect of the mastermix (MM), as the same MM for each
antibody was used, the following equation was used:

Si = Timm, — (OMMy,,,, + MMy, *0-05)
where:
Si: signal intensity value of spot i without background.
gMM“max: maximum value of median intensity MM.
After background subtraction, the signal was normalized against a positive control
(biotin). For further analysis, only the proteins detected with >50% of spotted antibodies
displaying a normalized signal > 0 were included.

2.10. SEC-MAP Database

To combine the SEC-MAP data sets with transcriptomics and other proteomics char-
acterization (LC-MS/MS), a database was designed and developed containing: i. Protein
ratio at SEC-MAP for each MW fraction and protein extraction procedure; ii. Antibody
info: type (monoclonal/polyclonal), supplier, and developed; iii. Protein ID, NextProt ID,
Uniprot ID, MW (expected/observed/theoretical, etc.,), subcellular localization; iv. Detec-
tion by LC-MS/MS previously reported in the cell type of interest [19].

2.11. Integration of Transcriptomics, Proteomics, and SEC-MAP Datasets

A database called “complete protein mapping” was designed and developed from
reported LC-MS/MS characterization of Ramos cell line in our previously reported stud-
ies [19]. Total of 5672 proteins were detected by unique tryptic peptides in three technical
replicates and the subcellular localization (Cyt, Mem, Org, Nuc) was included (Table
S3). The genes coding for each of the detected proteins were mapped to chromosomes
with the R-package BiomaRt [48]. neXtProt IDs are used to merge the different datasets
(RNA-Seq, LC-MS/MS, and SEC-MAP). In the case of proteins with more than one gene
IDs, the gene ID with the highest FPKM value was selected, Table S4. In this study, a
protein was considered to be fully observed if: i. Number of peptides > 1; ii. FPKM >
1; or iii. QAS value > 1. Biological function analysis of observed proteins is based on
DAVID and GeneTerm-Linker tools [49,50], which were used for functional enrichment
analysis (FEA). Databases selected to find genes with annotated enriched terms were:
(i) Gene Ontology (GO) using GO_BP, GO_CC and GO_MF; (ii) KEGG_PATHWAY; and
(iii) the INTERPRO protein structural domain databases were used for generation of
functional enrichment analysis (FEA). Moreover, a platform STING v. 11.0 [51] for the
protein interactions obtained from SEC-MAP was used. For signaling pathways observed
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from the integration of proteomics and transcriptomics datasets, KEGG v. 93.0 [52] and
Reactome v. 71 were used [53].

2.12. Visualization of Transcriptomics, Proteomics, and SEC-MAP Datasets

In this study, the software called Infinicyt™ 2.0 (Cytognos SL, Salamanca, Spain) has
been employed for the visualization of multidimensional and multiparametric data sets.
For that, a classification of each immunoassay was based on expected and theoretical sub-
cellular localization and its correlation with the observed subcellular localization by the
LC-MS/MS characterization. Hence, proteins were classified—according to subcellular
localization—Dby positive selection in the following order: Nuc, Cyt, Mem, Org, Nuc-Org,
Nuc-Cyt, Nuc-Mem, Org-Cyt, Org-Mem, Cyt-Mem, Nuc-Org-Cyt, Nuc-Org-Mem, Nuc-
Cyt-Mem, Org-Cyt-Mem, and Nuc- Org-Cyt-Mem. Additionally, for each classified group,
proteomics and transcriptomics integration were represented by APS, t-SNE plot, popula-
tion burst, 2D (file number—y-axis- and each subcellular localization—x-axis-, and LFQ
logarithmic—y-axis- and FPKM logarithmic—x-axis-). All these graphs (including 3D,
tables, etc.,) are reported in Supplementary Materials Dataset I.

After that, a second classification was established according to proteomics values
vs. transcriptomics values, represented by Log LFQ vs. Log FPKM, depicted in a 2D plot
which allowed for classifying (according to proteomics vs. transcriptomics) five additional
groups named: average population, average population, low Log LFQ vs. progressive
Log FPKM, high Log LFQ vs. low Log FPKM, high Log LFQ vs. Log FPKM, and a group
of outliers. Then, each group of proteins according to the subcellular localization was
re-classified on these additional groups.

3. Results

In Figure 1, an overall representation of the experimental workflow performed for
the systematic and multipronged multi-omics characterization and the multi-dimensional
bioinformatics integration is shown.

3.1. Protein Extraction Strategies for Multi-Pronged Proteomics Characterization

Knowing and exploring the different cell lysis strategies is fundamental to know the
compatibility of the different proteomics methodologies and the feasibility to perform
an integration of multi-pronged proteomic strategies (LC-MS/MS and SEC-MAP, for ex-
ample) (Figure 1). For that reason, this study compares nine different protein extraction
methods (as described in materials and methods section -M&M-) on a cell line of interest
(Ramos cell line, Burkitt’s lymphoma, RA1—ATTC: CRL-1596-). Each method is different
regarding the chemical composition (Table 1); therefore, to allow a better understanding
and comparison between them, they are named from #1-#9. In addition, protocols #7—#9
allow protein separation at different subcellular localizations. Then, all the protein extrac-
tion strategies—and subsequent chemical biotin labeling—are evaluated for SEC-MAP
performance, according to: i. Efficiency of protein extraction: direct correlation with
protein abundance (Figure S1) and expected subcellular localization. ii. Compatibility
with protein labeling: biotin is commonly used in protein microarrays; however, several
chemical components of the lysate buffers can cause interferences in the biotin conjugation
protocol and array performance must be evaluated under these conditions (Figure S2). iii.
SEC: to correctly analyze multi-protein complexes, the array performance is evaluated at
several MW fractions to confirm that protein abundance is not affected by protein size
(MW) and subcellular localization.

Performance of SEC-MAP: Effect of Protein Extraction Procedures and Biotin
Conjugation

The total amount of protein extracted with each of the strategies show wide vari-
ability. For the protein total extraction protocols, the amount of protein obtained ranged
between 34 and 61 pug/protein total per 10° cells obtained, protocol #2 and #4, respec-
tively. In the case of subcellular enrichment, the amount with membrane extraction
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protocol ranged from 169 to 270 ug/protein total per 10° cells with protocol #5 and #6;
and subcellular fraction protocols (#9 & #7), the range is between 82 and 166 pg/protein
total per 10° cells, respectively. These results confirm that the properties of chemical
reagents—presented in the extraction buffers—are critical for the relative and/or abso-
lute determination of protein abundance; but, it seems that protein distribution is not
influenced as they remain comparable among all the protocols (Figure S1B).
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Figure 1. Schematic Representation of Experimental Design. Description of experimental steps involved for multi-
omics integration.

About biotin conjugation, it does not show differences in all the analyzed MW by SEC
(fraction 1—142-437 kDa —, fraction 2—74-121 kDa —, fraction 3—46-63 kDa —, fraction
4—26-39 kDa —, fraction 5—11-24 kDa). However, for antibody array performance, biotin-
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conjugated proteins present differences after SEC analysis (Figure S3). These are directly
related to the effect on epitope recognition caused by chemical modification during
biotin labeling. For SEC-MAP performance, it is also relevant that optimal conditions
for SEC which were studied in all protein extractions in eight pre-defined MW ranges
in the same antibody microarray. First, the number of identified proteins different is
considered a parameter for comparison across the studied protein extraction strategies
(Table S5). In this case, protocol #1 presents the highest number of identified total proteins,
and protocol #6 the lowest. It is due to different detergent compositions in each protein
extraction buffer (Figure S4A).

Moreover, a comparison of the observed subcellular localization of the proteins is
made for each extraction procedure. A higher number of identified proteins are reached
by protocol #1 and the lowest one by protocol #4. When the comparison is focused only
on membrane proteins, protocol #5 displayed a higher number of identified proteins
than protocol #6 (Table S6, Figure S4A). Likewise, protocols #8 and #9 for subcellular
protein extractions (Cyt, Mem, Nuc, Org) gave similar numbers of identified proteins
in all studied subcellular localizations (Table S6, Figure S4). As proof of concept, the
SEC-MAP analysis focuses on BID, CASP 7, CASP 8, LYN, SYK, BTK, CDKN1B, DNAJBI,
HSPD1, HSP90AA1, HIST1H4A, BAX, BAK1, PAK1 11, and CCNB1. Moreover, in the
known subcellular localization are detected all of them (Table S7). Additionally, SEC-MAP
has also detected proteins with more than one localization; for example, in 4 subcellular
localizations (Cyt, Mem, Org, Nuc), BCL-2 is detected by protocol #8 and 3 subcellular
localizations (Cyt, Org, Nuc) by protocol #9 (Table S7).

Furthermore, analysis of subcellular protein localization by SEC-MAP has evaluated
the effect of different protein extraction procedures. One example is RELA, which is
detected in Cyt by protocol #7 and in the 4 subcellular fractions by protocol #8 (corrob-
orating the reported subcellular localization and observed in the LC-MS/MS datasets).
Another illustrative example is MAPK1, which is detected in the Cyt by protocols #7 and 8;
however, protocol #9 detects it in Nuc localization. The observed subcellular localizations
also correlate with LC-MS/MS datasets. (Table S7).

These results show: i. Protein extractions strategies are critical in the identified
protein number by SEC-MAP. ii. Extraction strategy may be critical in the orthogonal
integration with other omics datasets.

3.2. Deciphering Differential Protein Profiles by SEC-MAP
3.2.1. Analysis of Intracellular Signaling Pathways by SEC-MAP

This study integrates multiplex antibody microarray detections (MAP) with sub-
cellular protein localization by SEC analysis. At first glance, a normal distribution of
identified proteins (in all the studied protein extracts) is observed in the analyzed MW
range (437-11 kDa) (Table S5 and Figure S5), where proteins are also detected in MW
fractions that correspond with large protein sizes (Figure 2).

SEC-MAP approach allows the analysis of intracellular signaling pathways by si-
multaneous detection of multiple proteins. For this reason, several well-characterized
signaling pathways are explored in the Ramos cell line: i. apoptosis regulation, ii. apop-
tosis inhibition, iii. BCR signaling pathway, iv. cell cycle control, v. STING pathway, vi.
Damage-associated molecular patterns (DAMPs), vii. MAPK signaling, viii. senescence
signaling [54-57]. In fact, SEC-MAP approach simultaneously detects heat shock proteins
(HSP), Histones (3, 4), BCL-2, BAX, BAK1, BID, CASP7-8-9, IFN-y, IL10, IL6, TNEF-§3,
NF-Kp1, TP53, RELA, MAP2K1, MAPK1, FOS, among others. Figure 3A shows the
summary of SEC-MAP analysis of these proteins at the expected molecular weight (MW
and/or expected SEC—fraction), as well as the detection of several proteins in other MWs
than the reported one (Table S7). Moreover, the SEC-MAP approach allows us to analyze
the signaling pathways based on protein localization (>1 subcellular localization in one
step by extraction protocols #7, #8, #9). Figure 3B shows a similar overall distribution for
all SEC-MAP assays performed (Table S8).
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Figure 2. Effect of protein extraction protocols on protein identification by SEC-MAP approach.

3.2.2. Multi-Protein Complex Analysis by SEC-MAP

Nowadays, the inhibition of multi-protein complexes is one of the chemotherapeu-
tical strategies in Burkitt’s lymphoma, such as Venetoclax, Nutlin-3, Ibrutinib work by
inhibiting the formation of multi-protein complexes (Figure 4) [57-59]. In this study, sev-
eral multi-protein complexes are analyzed by SEC-MAP. These include BCL-2, BCL2L11,
BID, BAD, BAK1, CASP3, and CASPS8, which have been detected as multi-protein com-
plexes (Figure 4A and Supplementary Materials Dataset II).

Moreover, the feasibility of SEC-MAP for the analysis of multi-protein complexes
in only one intracellular signaling pathway. In Figure 4B, the BCR signaling pathway is
analyzed by SEC-MAP, which reports protein complexes for PLCG2, SYK, CD19, ZAP70,
LYN, BLNK, and BTK (Supplementary Materials Dataset II). Additionally, SEC-MAP
analysis seems feasible to study protein complexes with discrimination at subcellular
localization. A few illustrative examples are depicted in Figure 5A for apoptosis, Figure 5B
for STING signaling and in Figure 5C for Ibrutinib targets (BTK, LYN, BLNK, ZAP70) at
multiple subcellular localizations. Among these, SEC-MAP analysis also might be feasible
to determine interacting partners, such as MDM2-TP53 (Figure 4C) and/or decipher
novel protein complexes by the SEC-MAP analysis (Figure S6).

3.2.3. Analysis of Specific Protein Isoforms and/or Variants by SEC-MAP

In the content of protein microarray, there are spotted antibodies targeting specific
motifs/amino acid residues with post-translational modifications (PTMs) of the same
proteins (see M&M sections and Supplementary Materials Dataset II). Moreover, several
antibodies target the same protein (i.e., monoclonal -mAb-, polyclonal -pAb-). Hence,
whether SEC-MAP analysis could use to evaluate the specificity and/or selectivity of anti-
bodies against a particular protein, as well as to evaluate protein states (such as monomer,
complexed, degraded) or to provide info about isoforms/variants of a particular protein
(Table S9). Here, FOS protein could be a representative example, which is detected by one
antibody in two subcellular localizations (Protocol #8: Org, Cyt), and in three subcellular
localizations (Protocol #9: Mem, Org, Nuc) by a different antibody (Table S9). As proof of
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concept, a few protein isoforms are highlighted (in all cases, all antibodies used are in
the M&M section): i. 4E-BP1 (clone 53H11) Rabbit mAb (as described in the M&M) and
phospho-4E-BP1 (Thr37/46) (clon 236B4) Rabbit mAb. The rabbit mAb (clone 4E-BP1)
allowed the protein identification in protocols #1, #4, #5, #7 (Cyt), #8 (Mem, Org and Cyt)
and #9 (Mem, Org, Cyt and Nuc), while phospho-4E-BP1 (Thr37/46) is detecting the
isoform only by protocol #1. ii.-STAT3 phospho-protein isoforms are detected SEC-MAP
analysis by both antibodies (pAb-clone C-20-to STAT3 and p-STAT3 mAb-clone B-7-) with
all the protein extraction protocols (#1 to #9). iii.-p38 isoforms: Several antibodies against
phospho-isoforms of p38 (Phospho-p38 MAPK—Thr180/Tyr182-, (Rabbit mAb clone
D3F9) the native form (Rabbit mAb clone 9212) detect the phosphorylated isoforms by
SEC-MAP, allowing the determination of the relative abundance.
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Figure 3. Summary of interest proteins selected for integration of SEC-MAP in the analysis of
intracellular signaling pathways. (A): Schematic representation of proteins globally observed at
different molecular isoforms (monomer, complexed, degraded). In green, the number of proteins
detected, and in red, the number of non-detected proteins. (B): Summary pie chart of theoretical
subcellular localization of proteins globally detected by all protein extraction protocols.
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Figure 5. Multiprotein complex by SEC-MAP approach. Analysis of chosen multicomplexes involved in several cell
signaling processes. (A): Proteins related to apoptosis inhibition. (B): Protein related to STING signaling. (C): Proteins
related to B-cell receptor signaling in membrane and organelle subcellular localizations.

3.2.4. Orthogonal Integration of SEC-MAP with Multi-Omics Datasets (RNA-Seq &
LC-MS/MS)

Regarding the results of SEC-MAP integration with RNA-seq and LC-MS/MS
datasets for Ramos cell line, a pipeline for orthogonal integration of datasets has been
designed (Figure 6). First, a systematic database containing the global information
from SEC-MAP analysis (global proteome, multi-protein complexes, specific protein iso-
forms/state, etc.) (Table S5) was required. Subsequently, correlations between the protein
array content, RNA-seq and LC-MS/MS data were explored. Accordingly, 162 proteins
are studied by SEC-MAP, RNA-seq, and LC-MS/MS, showing a strong inter-relationship
between the proteins detected by these three omics strategies. Taking into account the or-
thogonal integration, first as the starting point, two-by-two correlations could be reported:
i. 55.90% matching proteins between SEC-MAP and LC-MS/MS characterization; ii.
50.93% matching proteins between SEC-MAP and RNA-Seq information. iii. 99.59%
matching proteins characterization between RNA-Seq and LC-MS/MS (see Table S10).
Furthermore, according to neXtProt release 2020.01-17, 518 identified proteins belong to
PE1, 6 to PE2, and 6 to PE5 of MS/MS information only and, 5121 belongs to PE1, 3 to
PE2, and 3 to PE5 corresponding to the integration of MS/MS and RNA-Seq data (Table
S11).

In this study, aiming to provide an approach suitable for globally graphical visualization
of the orthogonal integration of multi-omics datasets (SEC-MAP, RNA-seq, LC-MS/MS), a
bioinformatics  tool—mamed Infinicyt (https://www.cytognos.com/infinicyt/2.0,
accessed on 30 March 2019; Cytognos SL, Salamanca, Spain)—has been successfully
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implemented. This software tool also allowed to study a quantitative correlation between
these datasets (i.e., FPKM and LFQ, for RNA-seq and LC-MS/MS respective) (Figure 7).

Figure 6. Venn diagram for orthogonal integration among all the datasets from SEC-MAP, LC-MS/MS, RNA-Seq (Number
of proteins detected in each dataset).

9 proteins

- 116 proteins

' 37 proteins

PR 4456 proteins

T i—— % D > 334 proteins
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Figure 7. Dot-plot by Infinicyt 2.0 software displaying quantitative datasets for transcriptomics and LC-MS/MS characteri-
zation. Proteins/peptides are grouped according to different correlations between transcriptomics and proteomics datasets.

According to STRING and Reactome databases, it is observed that pathways related
to the immune system and metabolism are significantly represented in 5 protein clusters.
Metabolism of proteins and RNA pathways, cellular responses to external stimuli, tran-
scription and DNA repair and cell cycle are represented in 4 proteins groups according to

250



Biomolecules 2021, 11, 1776

different high/low value log [LFQ] vs. high/low values of log [FPKM]. Finally, develop-
ment biology and chromatin organization have been represented in three proteins groups
according to log [LFQ] and log [FPKM] values (Table S12).

Bearing in mind similar patterns in the correlation between log[LFQ] and log[FPKM],
the t-SNE plots provide insights from the functional point of view (within group of proteins):
i. vesicle-mediated transport display high values on both parameters (Figure S7A), ii.
organelle biogenesis and maintenance pathway displays high values in both parameters
(Figure S7B); iii. hemostasis, DNA replication and programmed cell death for population
averages appear as outliers on the correlation (Figure S7C,D). Deepening in this analysis by
adding subcellular localization, several groups are observed on t-SNE plots according to the
subcellular localization (Figure S7E-I, Table S12). For example, at Cyt localization, proteins
related to cell—cell communication, programmed cell death, and hemostasis displayed low
log[LFQ] and progressive log[FPKM] values. About proteins with ubiquitous localization in
several subcellular localizations (Cyt + Mem + Nuc + Org) is observed as a homogeneous
group at the t-SNE plot (with both high values, log[LFQ] & log [FPKM]) (Table 512).

4. Discussion

The synergistic integration of multi-omics datasets is highly dependent on multiple
methodological aspects, which are also critical in the design and development of an algo-
rithm for deepening the biological knowledge of intracellular signaling pathways. In this
study, a simple approach has been designed and developed for the orthogonal integration
of SEC-MAP, LC-MS/MS, and RNA-seq datasets corresponding to a Ramos cell line
as a model. This orthogonal integration allowed—in a particular cellular situation—to
decipher protein expression, isoforms, quantification at peptide and transcript levels,
protein localization, protein interactions which also could be done at multiple cellular
differentiation stages and/or physiological situations; thus, it could help uncover novel
insights about the cellular dynamics and response to external stimulus.

Initially, sample preparation, as protein extraction procedures, has been revealed
which is critical for orthogonal integration of multi-omics because of the expected influ-
ence in relative protein abundance, protein chemistry, protein stability, protein structure,
tryptic digestion, protein solubility, and PTMs. It has been shown that protein extraction
procedures have to be optimized for multi-omics integration because it could be an ad-
vantage/disadvantage in multi-pronged proteomics characterization (such as LC-MS/MS
and SEC-MAP). Additionally, the specificity and selectivity of immunoassays are also
affected by chemical labeling for detecting antigen-antibody interaction, which may hin-
der the epitopes and/or alter protein structure. Therefore, it is another critical factor for
immunoassay validation of findings from RNA-seq and LC-MS/MS.

Overall, the importance of protein extraction procedures for further integration of
proteomics with other omics datasets has been revealed. For example, protocols #2 and
#3 have urea in the lysis buffer, which decreases the efficiency of biotin labeling and
subsequent SEC-MAP analysis [60]. Another consideration is the chemical formulation
of lysis buffers, such as the effect of non-ionic detergents (protocols #1, #5 and #6). Here,
the role of critical micelle concentration (CMC) for each detergent is important in the
protein extraction efficiency obtained for protocols #5 and #6. With this, it is shown
that the detergent used in protocol #1 achieves a higher yield on protein extraction in
comparison with other procedures. In this regard, among all protocols studied, protocol
#1 is the one that gives us the best results; while protocol #6 produces the poorest results.
Regarding subcellular localization, protocol #5 seems to be optimized for membrane
protein extraction; meanwhile, for subcellular localizations, protocols #8 & #9 reported
similar performance and effectiveness, with slight differences in membrane subcellular
localization and organelle subcellular localization; which confirms the previously reported
results by our group [19].

Regarding Human Proteome Project, it is a huge effort to detect “missing proteins”;
which are classified into five groups (1-5) according to protein evidence (PE) [61]; then,

251



Biomolecules 2021, 11, 1776

7

protein enrichment is aligning a useful strategy to identify and detect “missing proteins’
as it is shown in this study because a few proteins (reported as “missing proteins”) have
been detected (mainly on group PE2 and PE5).

Recently, several studies employing SEC (in Escherichia coli, HEK293, osteosarcoma
cells, liver human tissue and others) focused mainly on analysis of protein interactions
(protein-protein, protein-metabolite, protein-small molecules), the difference between
transcriptomics-proteomics levels or in combination with spatial proteomics [17,18,21,26].
In this study, SEC is combined with multiplex protein arrays (MAP) such that, not only it
can identify single proteins, but also detect isoforms and protein complexes. Such use
of SEC-MAP has also been reported by Kirtwodd et al., in 2013 [62]. In this study, it is
observed that proteins are identified in a wide MW range by SEC-MAP; where protocol
#1 seems to yield the best performance in most of the MW range studied; however, few
other protocols give a better identification only for a few of the MW fractions, which
might be related with the subcellular localization, presence of protein complexes, and
inherent chemical properties of the proteins.

Regarding the SEC-MAP integration, many proteins (i.e., PAK1|P1, CCNB1, CASP,
among others) are successfully detected at the expected MW and the subcellular local-
ization as their confirmed existence by transcriptomics and MS/MS datasets. There is
another group of proteins that are detected at the reported subcellular localization but at
different MW, such as, BLC-2, RELA, MAPK1, MDM2, TP53, BLNK, SYK, CD19, LYN,
ZAP70, PLCG2, suggesting the existence of protein—protein interactions and protein com-
plexes. Thus, this approach is amenable for studying protein interaction networks and/or
intracellular signaling dynamic as confirmed previously by our group in this study by
correctly identifying the protein players in the previously reported pathways in this B
lymphocyte cell line (such as senescence, evading growth suppressors, survival and death
pathways, immune system evasion and immunoediting) [26,63—65]. This also opens
the possibility to decipher interactions on newly reported pathways such as DAMPs
(damage-associated molecular patterns), which might be useful for immunotherapies
on lymphoma and leukemia because of their direct relation with the immunogenic cell
death (ICD). Finally, similar to previously described by Diez P. et al. [19], it has been
feasible to discriminate between protein groups in particular cell signaling pathways
(such as immune system, metabolism, vesicle-mediated transport, organelle biogenesis
and maintenance, homeostasis, etc.), monitoring subcellular localization and multi-omics
correlation.

5. Conclusions

Multi-pronged proteomics characterization is highly dependent on protein extraction
procedures, being a key step for functional outcomes from detection of proteins/multi-
protein complexes in samples. Furthermore, it also reveals critical orthogonal integration
of multi-omics data sets (such as SEC-MAP, LC-MS/MS, RNA-seq) and also provides com-
plimentary info such as multi-protein complexes and subcellular localization. Moreover,
the reported pipeline for multi-omics integration is useful for the HPP, as it systematically
explores the compatibility of multi-omics data sets. Currently, the RNA-Seq technique
provides us with information on the presence-absence of a particular protein of interest;
meanwhile, MS/MS and SEC-MAP add data on protein localization, isoforms, and also,
protein complexation status (complex-monomer-degraded). Consequently, SEC-MAP
analysis seems to be a useful tool for orthogonal multi-omics integration, as it provides
detailed complementary information about MW, subcellular localization, isoforms, PTMs,
and protein complexes. Furthermore, SEC-MAP analysis seems feasible for determining
predicted or unknown protein complexes and/or protein interactions in any sample
(either from cell culture or clinical specimens).

With multi-omics orthogonal integration, it seems feasible to identify if a drug
could target a protein complex of interest. It might help in the selection of drugs for a
particular pathology.
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Supplementary Materials: The following are available online at https://www.mdpi.com /2218
-273X/11/12/1776/s1. Figure S1: Comparison of efficiencies according to the extraction protein
processing used. Panel A: Amount protein obtained. Panel B: SDS-PAGE 12% Coomassie blue
and silver staining. Figure S2: Comparison of efficiencies in differing concentrations of biotin.
Panel A: Number of spots detected for the fraction. Panel B: Number of spots not detected for
fraction. Figure S3: Graphic of molecular weight markers used after performing fast protein liquid
chromatography (FPLC) technique. Figure S4: Descriptive analysis of behavior for each extraction
protocol. Panel A: Global number of spots detected. Panel B: Number of spots detected for each
subcellular fraction by four fraction protocol. Figure S5: Test of normality for protein extraction
protocols. Panel A: Protocol 1. Panel B: Protocol 4. Panel C: Protocol 5. Panel D: Protocol 6. Panel E:
Protocol 7. Panel F: Protocol 8. Panel G: Protocol 9. Figure S6: Multicomplex analysis for peaks by
protocol 1. Panel A: Interaction detected in Fraction 2. Panel B: Interaction detected in Fraction 3.
Panel C: Interaction detected in Fraction 2 and 4. Figure S7: Functional interaction (Reactome) and t-
SNE plots (TS) of Infinicyt for groups obtained after analyses by values quantitative LFQ and FPKM.
Panel A: Low LFQ and Progressive FPKM in Cyt for vesicle-mediated transport. Panel B: High LFQ
and FPKM in Org for Organelle biogenesis and maintenance. Panel C: Outlier with High LFQ and
Medium FPKM value (Hemostasis and Extracellular matrix organization). Panel D: Outlier with
High LFQ and High FPKM value (Hemostasis). Panel E: Low LFQ and Progressive FPKM in Cyt.
Panel F: Low LFQ and Progressive FPKM in Mem. Panel G: Low LFQ and Progressive FPKM in Org.
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Abstract: Phosphatidylinositol transfer protein membrane-associated 1 (PITPNM1) contains a
highly conserved phosphatidylinositol transfer domain which is involved in phosphoinositide
trafficking and signaling transduction under physiological conditions. However, the functional role
of PITPNML1 in cancer progression remains unknown. Here, by integrating datasets of The Cancer
Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer (METABRIC), we found that
the expression of PITPNM1 is much higher in breast cancer tissues than in normal breast tissues,
and a high expression of PITPNM1 predicts a poor prognosis for breast cancer patients. Through
gene set variation analysis (GSEA) and gene ontology (GO) analysis, we found PITPNM1 is mainly
associated with carcinogenesis and cell-to-cell signaling ontology. Silencing of PITPNM1, in vitro,
significantly abrogates proliferation and colony formation of breast cancer cells. Collectively,
PITPNM1 is an important prognostic indicator and a potential therapeutic target for breast cancer.

Keywords: breast cancer; PITPNM1; proliferation; metastasis

1. Introduction

According to the 2020 cancer epidemiology statistics, breast cancer is the most
common cancer worldwide among women with an estimated 2.3 million newly diagnosed
cases [1,2]. Breast cancer becomes a major public health problem worldwide. Thus,
uncovering new molecular mechanisms which are involved in the progression of breast
cancer is of great clinical significance.

PITPNM1 (Phosphatidylinositol Transfer Protein Membrane Associated 1), also
known as NIR2 (Pyk2 N-terminal domain-interacting receptor 2) and RDGB1 (Retinal
Degeneration B Alpha 1), belongs to the subfamily of membrane-associated phosphatidyli-
nositol transfer domain-containing proteins. PITPNM1 shares homology with Drosophila
retina degeneration B (rdgB) protein [3-5]. PITPNM1, PITPNM2, and PITPNM3 were first
found to be expressed in the retina and brain [6,7]. The genetic analysis of a small cohort
of patients with autosomal dominant retinal dystrophy reveals that a point mutation
¢.1878G>C (p.Q626H) of PITPNM1's homology, PITPNMS3, will lead to retinal dystrophy
disease [8]. These findings suggest that PITPNM1 might play a functional role in the
phototransduction pathway and PITPNM1is considered as a candidate gene for human
retina diseases. Recent studies suggest PITPNM1 can also be expressed in hair cells,
adipose-derived stem cells, and hearing cells [9-11]. These studies, collectively, suggest
that PITPNM1 plays a complex role in normal cells. Interestingly, cancer cells seem to
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hijack PITPNML1 to support their progression. It is reported that PITPNMI1 is expressed
in breast cancer cells and PITPNM1 promotes breast cancer migration, invasion, and
epithelial-mesenchymal-transition (EMT) by activating the PI3K-AKT signaling pathway.
These indicate that PITPNM1 potentially regulates the complex steps of cancer progres-
sion [12,13]. However, little attention has been drawn to PITPNM1 and its involvement
in cancer progression. To reveal the interplay between PITPNM1 and the hallmark events
of breast cancer, we performed data mining in The Cancer Genome Atlas (TCGA) and
Molecular Taxonomy of Breast Cancer (METABRIC) to explore the association between
the expression of PITPNM1 and clinicopathological data. Moreover, we carried out a
series of in vitro tests by silencing PITPNM1 to determine whether PITPNM1 regulates
breast cancer proliferation or not. Our results indicate that PITPNM1 plays an oncogenic
role in breast cancer.

2. Materials and Methods
2.1. Cell Culture

Human breast cancer cell lines including SKBR3, MDA-MB-468, BT549, MDA-MB-
231, T47D, ZR75-1, MCF-7, and BT474 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Life Technologies, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum under 5% CO; at 37 °C. All cells were confirmed by short
tandem repeat DNA profiling and passaged for less than 6 months.

2.2. SiRNA Transfection

Breast cancer cells (5 x 10 per well) were seeded in a 6-well plate. Cells were cul-
tured and transfected from 30-50% confluence. Two siRNAs targeting different sites of
PITPNMI1 (si-PITPNM1-1, sense: 5'-GCGGGCAAUACACACACAATT-3', anti-sense: 5'-
UUGUGUGUGUAUUGCCCGCTT-3’; si-PITPNM1-2, sense: 5-GGAGAAAUUCUCCAUU
GAATT-3/, anti-sense: 5'-UUCAAUGGAGAAUUUCUCCTT-3/, Genepharma, Shanghai,
China) were, respectively, suspended in Opti-MEM and mixed with lipo3000. The mixture
was added to plates and cultured for 48 h. After transfection, cells were harvested for
further experiments.

2.3. CCK8 Cell Counting Assay

The CCKS assay was used to assess the proliferation ability of cells. Cells (3 x
10° per well for MDA-MB-231, 5 x 10 per well for MCF-7 and SKBR3) were seeded
in 96-well plates, incubated, and tested with CCKS8. The CCKS8 assay was tested daily
for MDA-MB-231 cells and every other day for MCF-7 and SKBR3 cells. CCKS8 reagent
was added in a culture medium and incubated at 5% CO, at 37 °C for 1 h. Absorbance
was measured by the TCAN plate reader (TECAN Spark 10M, Tecan Group Ltd., Ziirich,
Switzerland) at 450 nm. Data represent the mean of three independent experiments.

2.4. Colony Formation Assay

Cells were harvested after transfection, 1 x 103 to 2 x 102 cells were seeded in 6-well
plates and cultured at 5% CO, at 37 °C for at least two weeks. After incubation, cells were
fixed with 4% formaldehyde and stained with crystal violet. Data represent the mean of
three independent experiments.

2.5. RNA Isolation and Real-Time Quantitative PCR

Total RNA was extracted using the RNA extraction kit (RC112-01, Vazyme, Nanjing,
China) according to the manufacturer’s protocol. Total RNA was used to synthesize
complementary DNA (cDNA) through RNA reverse transcriptional reagents (Vazyme,
Nanjing, China). Real-time quantitative PCR (qPCR) was performed by using SYBR
green reagent (Vazyme, Nanjing, China) according to the manufacturer’s protocol. The
relative expression of genes was normalized to ACTB and calculated by the 27 AACt
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method. Primers are listed as follows: ACTB sense: 5'-AGCGGGAAATCGTGCGTGAC-
3’, ACTB anti-sense: 5-CAGGAAGGAAGGCTGGAAGAGT-3’; PITPNM1 sense: 5'-
GAGGAGTCTAGTGGTGAG

GGC-3’, anti-sense: 5'-TTCGGGTGTAGGGGTAGGC-3'.

2.6. Data Extraction and Bioinformatics Analysis

The transcriptome data of the gene count matrix was downloaded from the TCGA
data portal (https://portal.gdc.cancer.gov/, accessed on 8 March 2020). The METABRIC
datasets were downloaded from cBioPortal (http://www.cbioportal.org/, accessed on
13 February 2021).The Broad Institute Cancer Cell Line Encyclopedia (CCLE) datasets
were downloaded from the official website (https:/ /portals.broadinstitute.org/ccle, ac-
cessed on 8 May 2020). Estrogen receptor (ER) and progesterone receptor (PR) status
were determined by immunohistochemistry. Human epidermal growth factor receptor
2 (HER?2) status was determined by immunohistochemistry and/or fluorescence in situ
hybridization (FISH). The survival data of the TCGA breast cancer cohort were down-
loaded from the TCGA Pan-Cancer Clinical Data Resource. Survival analysis was per-
formed by website tools (Kaplan-Meier plotter, http:/ /kmplot.com/analysis/, accessed
on 10 November 2020; bc-GenExMiner, http:/ /bcgenex.ico.unicancer.fr/BC-GEM/, ac-
cessed on 23 April 2021). Differentially expressed genes were analyzed by DESeq2.
The gene ontology of genes differentially expressed in the high PITPNM1 group and
the low PITPNM1 group was analyzed by DAVID and gene set variation analysis
(GSEA) [14,15]. Immune infiltration scores were analyzed by the CIBERSORTx web-
site portal (https:/ /cibersortx.stanford.edu/, accessed on 29 February 2021) [16].

2.7. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistical 25 and R Studio v5. The
log2FC > 1.5 and p < 0.05 or log2FC < —1.5 and p < 0.05 were characterized as differentially
expressed genes. A two-tail student ¢-test and two-tail one-way ANOVA with Tukey’s
post hoc test were used to determine statistical significance between groups. K-M survival
analysis was used to determine the prognosis of the high PITPNM1 and the low PITPNM1
groups with the higher quartile regarded as the cut-off value and their significance was
calculated by the log-rank test.

3. Results
3.1. PITPNM1 Is Significantly Higher in Breast Cancer and Correlates with Poor Prognosis in
Patients with Breast Cancer

We extracted two large-scale transcriptome datasets of breast cancer to determine the
expression of PITPNM1. The mRNA of PITPNM1 of TCGA breast cancer samples was
significantly higher in triple-negative cancer (TNBC, 1.64-fold, p < 0.0001, n = 160) as well
as HER?2 over-expression in breast cancer (1.99-fold, p < 0.0001, n = 33) and luminal A/B
(1.55-fold, p < 0.0001, n = 711), compared to normal breast tissue (1 = 113, Figure 1A). In
breast cancer tissues of the TCGA datasets, the expression of PITPNM!1 barely correlates
with the breast cancer stage, ER status (p > 0.05), PR status (p > 0.05) or HER2 status
(p > 0.05, Figure 1B,C). In METABRIC datasets, the expression of PITPNM1 in breast
tissues is consistent with that seen in the TCGA datasets. The expression of PITPNM1
in TNBC (1.48-fold, p < 0.0001, n = 299), HER2 over-expression in breast cancer tissues
(1.59-fold, p < 0.0001, n = 127), and luminal A/B (1.25-fold, p < 0.0001, nn = 1464) is higher
than that in normal breast tissues (n = 147, Figure 1D). The expression of PITPNM1
in stage 3 (p < 0.05) and stage 4 (p < 0.05) breast cancers is significantly higher than in
stage 1 (Figure 1E). Compared with other subtypes, the level of PITPNM1 was higher in
the ER-negative group, PR-negative group, and HER2-positive group (Figure 1F). Since
PITPNM1 is much higher in breast cancer tissues than in normal breast tissues, we further
explored the prognostic role of PITPNM1. By using the higher quartile, we separated
breast cancer patients into two groups: the high expression group and the low expression
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group. We found high levels of PITPNM1 marginally associated with short disease-free
survival (DFS) in the TCGA cohort (log-rank p = 0.1075), but not significantly correlated
with overall survival (OS, Figure 1G). To further confirm whether high levels of PITPNM1
are associated with poor prognosis, three other independent cohorts of breast cancer
patients were separated into two groups by the higher quartile, respectively. We found
that higher expression of PITPNM1 was associated with poor OS in the METABRIC,
SCAN-B, and Kaplan-Meier Plotter cohort (Figure 1H-J).
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Figure 1. Prognostic value of PITPNMI1 in breast cancer. (A) The expression of PITPNM1 in different molecular subtypes
of breast cancer of TCGA cohort. Triple-negative cancer, TNBC, n = 160; human epidermal growth factor receptor 2
over-expression, HER2+, n = 33; luminal A/B, n = 711; normal breast tissue n = 113. **** p < 0.0001. (B) The expression of
PITPNML1 in different stages of breast cancer of TCGA cohort. (C) The association of PITPNM1 with estrogen receptor (ER)
status, progesterone receptor (PR) status, and HER2 status in TCGA cohort. n.s., not significant, p > 0.05. (D) The expression
of PITPNMI1 in different molecular subtypes of breast cancer of METABRIC cohort. TNBC, n = 299; HER2+, nn = 127; luminal
A/B, n = 1464; normal breast tissue n = 147. **** p < 0.0001. (E) The expression of PITPNMI1 in different stages of breast
cancer of METABRIC cohort. n.s., not significant, p > 0.05; * p < 0.05. (F) The association of PITPNM1 with estrogen receptor
(ER) status, progesterone receptor (PR) status, and HER?2 status in METABRIC cohort. **** p < 0.0001. (G) The prognosis
of PITPNM1 in TCGA breast cancer cohort. Disease-free survival time, DFS; overall survival, OS. (H) The prognosis of
PITPNM1 in METABRIC cohort. (I) The prognosis of PITPNM1 in SCAN-B cohort. (J) The prognosis of PITPNM1 in
Kaplan-Meier cohort.
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3.2. PITPNM1 Over-Expression Is Associated with Carcinogenesis Gene Ontology and Pathway

Since high expression of PITPNM1 predicts poor OS of patients with breast cancer as
shown earlier, PITPNM1 could potentially promote breast cancer progression. In order to
explore the potential molecular mechanisms underlying carcinogenesis of PITPNM1 in
breast cancer, we employed GO term analysis, KEGG analysis, and GSEA analysis to deter-
mine the enrichment of cancer-related processes in the high PITPNM1 group and the low
PITPNM1 group. Firstly, we analyzed the differentially expressed genes between the high
PITPNM1 group and the low PITPNM1 group, defined by the higher quartile in the TCGA
BRCA cohort. A total of 4543 differentially expressed genes were identified (Figure 2A,
Supplementary Table S1).Through KEGG pathway analysis, we found that up-regulated
genes in the high PITPNM1 group are mainly enriched in immune pathways such as:
the T cell receptor signaling pathway, rheumatoid arthritis, primary immunodeficiency,
and NK cell-mediated cytotoxicity, and cancer-related signaling pathways such as the
NF-kappa B signaling pathway, the Jak-STAT signaling pathway, the chemokine signaling
and cell adhesion molecules (Figure 2B, Supplementary Table S2). In contrast, down-
regulated genes are mainly enriched in tight junction, taste transduction, steroid hormone
biogenesis, salivary secretion, retinol metabolism, and so on (Figure 2C, Supplementary
Table S3). Gene ontology analysis indicates that up-regulated genes are enriched in
immune processes such as immune processes, inflammatory response, innate immune re-
sponse, regulation of immune response, as well as T cell co-stimulation and cancer-related
biological processes such as cell adhesion, positive regulation of cell proliferation, and
cell differentiation (Figure 2D, Supplementary Table S2). As for the cellular counterpart,
these genes are mainly enriched in the plasma membrane, the integral component of the
membrane, and the extracellular region (Figure 2D, Supplementary Table S2). Molecular
functions such as calcium ion binding, sequence-specific DNA binding, receptor binding,
and so on, are mainly enriched by up-regulated genes. Down-regulated genes are not
significantly associated with cancer progression since down-regulated genes are mainly
enriched in multicellular organism development, the transport muscle contraction, and
the chemical synaptic transmission for biological processes; the integral component of the
membrane, the extracellular region, the extracellular space for the cellular counterpart, the
G protein receptor activity, the olfactory receptor activity, actin-binding, and the structure
molecule activity for molecular function (Figure 2E, Supplementary Table S3).

To strengthen the analysis of the DAVID database, we performed GSEA, which
can reveal a great number of gene sets as well as their phenotypes enriched in the
highPITPNM1group and the low PITPNM1 group. Interestingly, hallmarks of the T cell
immune process such as the regulation of T cell activation and the activation of T cell
proliferation, and hallmarks of cancer such as the regulation of cell-cell adhesion and
the positive regulation of G1/S transition of the mitotic cell cycle, cell cycle check points
are significantly enriched in the high PITPNM1 group, while negative regulation of the
execution phase of apoptosis is enriched in the low PITPNMI1 group (Supplementary
Table S54).The top GSEA biological processes enriched in the high PITPNM1 group and
the low PITPNM1 group are shown in Figure 2F.

Furthermore, we used the hallmarks of gene sets (h: hallmark gene sets, GSEA)
which are gene signatures derived by many gene sets to represent well-defined biological
states or processes to explore the potential biological processes enriched in the high
PITPNM1 group as well as the low PITPNM1 group. Some cancer-related processes such
as PI3BK-AKT signaling, UV response signaling, the P53 pathway, and mitotic-spindle
are enriched in the high PITPNM1 group while none of the gene sets are enriched in the
low PITPNM1 group (Supplementary Table S5). The top one enrichment of GSEA (h:
hallmark gene sets) analysis of the high PITPNM1 group is shown in Figure 2G.
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Figure 2. Gene ontology, KEGG pathway, and gene set enrichment analysis between PITPNM1 high expression group and
PITPNM1 low group. (A) Volcano plot of differentially expressed genes between PITPNM1 high expression group and
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PITPNMI1 low expression group in TCGA cohort. (B) KEGG pathway of up-regulated genes between the high PITPNM1
group and the low PITPNM1 group. (C) KEGG pathway of down-regulated genes between the high PITPNM1 group
and the low PITPNMI1 group. (D) Biological process, cellular component, and molecular function ontology analysis of
up-regulated genes. (E) Biological process, cellular component, and molecular function ontology analysis of down-regulated
genes. (F) GSEA (C5 gene ontology sets) analysis of signatures of PITPNM1 high expression group and PITPNM1 low
expression group. (G) GSEA (h: hallmark gene sets) analysis of signatures of PITPNM1 high expression group and PITPNM1
low expression group.

3.3. Silencing of PITPNM]1 Inhibits Proliferation of Breast Cancer Cells

PITPNMI1 predicts the poor prognosis of breast cancer and is associated with car-
cinogenesis gene ontology. The role of PITPNM1 in breast cancer progression was further
determined. Firstly, the expression of PITPNMI1 in different breast cancer cells was ex-
plored in CCLE datasets (Figure 3A). In different molecular subtypes, the mean value of
PITPNM1 expression was much higher in HER2 over-expression and TNBC than that
in the luminal A /B subtype. To validate the expression of PITPNM1 in different breast
cancer cell lines and a non-tumorigenic immortalized breast epithelial cell, the mRNA
levels of PITPNM1 were determined in nine cell lines including HER2 over-expression,
TNBC, luminal subtypes, and non-tumorigenic MCF-10A (Figure 3B). PITPNML1 is highly
expressed in most breast cancer cell lines. To confirm these results of transcript analyses,
the protein level of PITPNM1 was also tested. Consistent with the qPCR results, the
protein level of PITPNM1 was higher in breast cancer cell lines (Figure 3C). From the cell
lines tested, SKBR3, MDA-MB-231, MCFE-7, and MCF-10A cells were chosen. Two siRNAs
targeting PITPNM1 were used to create PITPNM1-silencing cell models. Transfection
with PITPNM1 siRNAs significantly reduced its expression from 60-70% in four different
cell lines (Figure 3D). The CCKS assay indicated that the silencing of PITPNM1 signifi-
cantly inhibited MDA-MB-231 proliferation (Figure 3E). The colony formation ability of
MDA-MB-231 was decreased after PITPNM1 siRNAs transfection (Figure 3E). In addition,
the luminal subtype cancer cell line MCF7, as well as the HER2 over-expression cell line
SKBR3, showed the same response to treatment of PITPNM1 siRNAs transfection (Figure
3EG). On the other hand, silencing PITPNM1 in non-tumorigenic MCF-10A had little
impact on cell proliferation or cell viability (Figure 3H). This indicates that PITPNM1 is
essential for breast cancer proliferation but is not required by MCE-10A. PITPNM1 is a
potential oncogene. Experiments in vitro suggest that PITPNM1 promotes breast cancer
proliferation and maintains breast cancer cell viability.

3.4. The Relationship between PITPNM1 Expression and T Cell Populations

Through GSEA analysis, we found the high PITPNM1 group can enrich T cell
immune process ontology such as T cell activation and T cell differentiation. In order
to explore the potential involvement of PITPNM]1 in the T cell immune process, firstly,
we calculated the absolute abundance of T cell sub-populations in breast cancer by
CIBERSORTX, which is a confident analytical tool to estimate the abundance of member
cell types in cancer micro-environments based on bulk RNA sequencing. Activated CD4
positive memory T cells, CD8 positive follicular helper T cells, and regulatory T cells
are significantly dysregulated in breast cancer tissues (Figure 4A). CD8 positive T cells,
resting CD4 positive memory T cell, CD4 positive naive T cells, and gamma delta T cells
showed no statistical difference between normal breast tissue and breast cancer tissue
(Figure 4A). Since PITPNM1 is significantly up-regulated in breast cancer tissue (Figure
4B), we analyzed the correlation coefficient between PITPNM1 and the abundance of T
cell sub-populations, which is significantly dysregulated in cancer tissues. PITPNM1 is
correlated with regulatory T cells (r = 0.28, p < 0.0001, Figure 4C, Supplementary Table
53). These findings suggest PITPNM1 is potentially involved in breast cancer progression
by regulating regulatory T cell infiltration and regulatory T cell function.
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Figure 3. Silencing of PITPNMI inhibits breast cancer proliferation. (A) The expression of PITPNM1
in different breast cancer subtypes. (B) The expression of PITPNMI1 in breast cancer cell line
validated by qPCR. n.s., not significant, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
(C) The expression of PITPNMI1 in breast cancer cell line validated by Western Blot. (D) siRNAs
transfection efficiency validated by qPCR in four cell lines. n.s., not significant, p > 0.05, * p <
0.05; **** p < 0.0001. (E) The proliferation ability of MDA-MB-231 determined by the CCKS8 assay
and colony formation. n.s., not significant, p > 0.05; * p < 0.05; *** p < 0.001; *** p < 0.0001. (F)
The proliferation ability of MCF-7 determined by the CCKS8 assay and colony formation. n.s., not
significant, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.0001. (G) The proliferation ability of SKBR3
determined by the CCK8 assay and colony formation. n.s., not significant, p > 0.05; * p < 0.05; *** p <
0.001; **** p < 0.0001. (H) The proliferation ability of MCF-10A determined by the CCK8 assay and
colony formation. n.s., not significant, p > 0.05.
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Figure 4. The relationship between PITPNM1 and T cell sub-population abundance. (A) The abundance of T cell subtypes
in TCGA cohort estimated by CIBERSORTXx. t-test; n.s., not significant, p > 0.05; *** p < 0.0001. (B) The expression of
PITPNM1 in TCGA breast cancer cohort. Normal breast, nn = 113; breast cancer tissue, n = 1104. **** p < 0.0001. (C) Heatmap
of Spearman correlation coefficient between PITPNM1 and T cell subtypes.

4. Discussion

In the present study, we have revealed that PITPNMI is associated with breast
cancer prognosis. Through bioinformatics analysis, we found that PITPNMI1 is associated
with the carcinogenesis pathway and T cell immune process. The silencing of PITPNM1
inhibits the proliferation and colony formation ability of MDA-MB-231, MCF-7, and
SKBR3. Moreover, PITPNM1 positively correlates with regulatory T cell infiltration. These
results indicate that PITPNM1 could promote breast cancer progression by regulating
breast cancer proliferation and the T cell immune process.

Previous studies have shown that PITPNM1 is an important regulator in maintaining
the normal physiological functions of cells. PITPNM1 is expressed in retinal cells, adipose-
derived stem cells, hearing cells, as well as hair cells, and is required for the normal
function of these cells [7,9,10]. The dysregulation of PITPNM1 impairs signaling trans-
duction and phosphatidylinositol transference, which in turn leads to abnormal functions
of certain cells. It is reported that PITPNM1 is dysregulated in tissues from hearing-loss
mouse models and Otx2 conditional knockout mice [11,17]. Moreover, PITPNM1 is re-
garded as a phosphoinositide trafficking and signaling transduction regulator [18,19]. It
not only transfers phosphoinositide but also delivers phosphatidic acid between the endo-
plasmic reticulum and plasma membrane [18,20]. These findings highlight the important
roles of PITPNM1 in homeostasis. However, few studies reveal the oncogenic roles of
PITPNMI.

Of note, by integrating two large-scale breast cancer RNA sequence datasets, we
found PITPNM1 was over-expressed in breast cancer tissue. We also found ahigh level of
PITPNML1 can predict poor the prognosis of breast cancer patients. These results reveal
the potential involvement of PITPNM1 in breast cancer progression. Interestingly, a recent
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study has provided some evidence for this link and showedPITPNM1 can promote breast
metastasis by regulating breast cancer migration, invasion, and epithelial-mesenchymal-
transition. The silencing of PITPNM1 will result in the impairment of migration as well
as invasion [12]. In addition to regulating cell functions pertinent to metastasis, we found
that PITPNM!1 could regulate cell proliferation as well.

PITPNMI1 was also shown to regulate the infiltration of regulatory T cells. Regulatory
T cells play a tumor-promotional role in the micro-environment since regulatory T cells
can migrate into cancer and suppress the antitumor effects of lymphocytes such as CD8
positive cytotoxic T cells [21-23]. Interestingly, through GSEA analysis, we found that
the high PITPNM1 group could enrich T cell immune process ontology such as T cell
activation and T cell differentiation. It raises the possibility that PITPNM1 potentially
promotes breast cancer progression by regulating T cell immune processes. By using a
highly confident immune abundance estimation tool, CIBERSORTX, we analyzed T cell
subset abundance in bulk RNA sequence datasets. In addition, we found PITPNM1 was
significantly correlated with regulatory T cells infiltration but is barely correlated with
the infiltration of naive CD4 positive T cells or gamma delta T cells. Consistent with
PITPNM1's cancer-promotional roles, PITPNM1 promotes breast cancer progression by
regulating regulatory T cell infiltration and inhibiting antitumor T cell immune processes.

5. Conclusions

PITPNML1, a phosphoinositide trafficking and signal transduction regulator, can
promote breast cancer progression by regulating breast cancer proliferation and regulatory
T cell infiltration. Therefore, PITPNMI1 is proven to be an actionable target for breast
cancer treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-2
73X/11/9/1265/s1, Table S1: Differentially expressed genes in the high PITPNM1 group and the
low PITPNM1 group in TCGA cohort, Table 52: GO term, KEGG pathway of up-regulated genes
in the high PITPNM1group and the low PITPNM1 group, Table S3: GO term, KEGG pathway of
down-regulated genes in the high PITPNM1group and the low PITPNM1 group, Table S4: GSEA
BP analysis of the high PITPNM1group and the low PITPNM1 group in TCGA cohort, Table S5:
GSEA h: hallmark gene sets analysis of the high PITPNM1group and the low PITPNM1 group in
TCGA cohort, Table S6: Correlation analysis of PITPNM1 and immune cell infiltration.
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Abstract: PDZ domains are binding modules mostly involved in cell signaling and cell-cell junc-
tions. These domains are able to recognize a wide variety of natural targets and, among the PDZ
partners, viruses have been discovered to interact with their host via a PDZ domain. With such an
array of relevant and diverse interactions, PDZ binding specificity has been thoroughly studied and
a traditional classification has grouped PDZ domains in three major specificity classes. In this work,
we have selected four human PDZ domains covering the three canonical specificity-class binding
mode and a set of their corresponding binders, including host/natural, viral and designed PDZ
motifs. Through calorimetric techniques, we have covered the entire cross interactions between
the selected PDZ domains and partners. The results indicate a rather basic specificity in each PDZ
domain, with two of the domains that bind their cognate and some non-cognate ligands and the
two other domains that basically bind their cognate partners. On the other hand, the host partners
mostly bind their corresponding PDZ domain and, interestingly, the viral ligands are able to bind
most of the studied PDZ domains, even those not previously described. Some viruses may have
evolved to use of the ability of the PDZ fold to bind multiple targets, with resulting affinities for the
virus-host interactions that are, in some cases, higher than for host-host interactions.

Keywords: PDZ domain; binding specificity; virus; thermodynamics; isothermal titration calorime-
try; differential scanning calorimetry

1. Introduction

Protein—protein interactions are crucial in biological functionality and are usually
organized in networks that comprise two distinctive features: the occurrence of hubs
and the repetitiveness of modules across the interactome. Precisely, hub proteins are
commonly modular, which confers them the faculty to interconnect multiple processes
by interacting with diverse partners. One of the most frequent modules present in hub
proteins, and, possibly, the best studied to date, is the PDZ domain. More than 270 PDZ
domains are part of human proteins and their principal roles are related to cell-cell
communication and signaling and cell polarity [1]. These domains are especially relevant
in the synaptic trafficking [2], as well as the tight junction formation and the maintenance
of tissue integrity [3]. These functions make the PDZ domain very appealing to viruses,
due to the importance for entrance and/or egression [4,5]. Indeed, plenty of viruses act
through a PDZ-mediated interaction and PDZ domains are considered as a common route
used by pathogenic viruses [6].
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Another plausible good reason for virus to interact with the PDZ module is the
relatively simple mode of interaction of PDZ binding. PDZ domains typically bind the
C-terminal regions of their protein targets, which are often structurally disordered. In this
canonical interaction, the residue comprising the free carboxyl terminus is accommodated
in a conserved region of the PDZ domain. The residue at the C-terminus is frequently
hydrophobic and is numbered as position 0 in the regular PDZ ligand notation (the rest
of the residues are numbered backwards: -1, -2, etc.). The binding affinity and, therefore,
specificity, in a given PDZ domain, is determined by the amino acid sequence of the
ligand. Indeed, traditionally, PDZ domains have been classified by the sequence patterns
that are able to recognize:

e  C(ClassI: X-(S/T)-X-b-coon;
[ Class II: X—d)—X-d).CQQH;
e  (Class III: X-(D/E)-X-d_cooH-

where X is any amino acid, ¢ is a hydrophobic residue and the subscript .cooy means
the C-terminus with the free carboxylate. This classification may be called “classic” or
“traditional”, since other attempts have been conducted in order to expand and make more
precise the specificity classes. For instance, Tonikian et al. described up to 16 specificity
classes based on peptide phage display screening, where specificity was determined down
to the residue at position -5 [7]. Among them, Luck et al. reviewed the cases where a more
extended surface and other structural regions different to the binding pocket modulate
PDZ binding [8]. Moreover, Amacher et al. have summarized all the existing PDZ-binding
data in a recent review [9]. In any case, the determinants of binding specificity are yet to
be uncovered and the more basic and traditional classification has still validity.

Due to the magnitude and significance of viral infections worldwide and taking into
account that plenty of diverse viruses bind PDZ domains as a part of their mechanisms of
infection, proliferation and/or egression, we decided to perform a comparative study on
PDZ binding to viral and host targets, along with designed ligands. Host PDZ motifs and
viral mimics differ in many cases in sequence beyond the motif-determining residues.
These may lead to differences in the specificity and thermodynamics of virus—host and
host-host, protein—protein interactions [10]. Herein we have selected four PDZ domains,
three of them known to be hijacked by viruses. Our selected domains comprise the three
“classic” binding specificity classes. We have chosen natural ligands from the host and
also from viruses that either are described to bind our selected PDZ domains or not, as
well as a designed binder for one of the selected domains. Covering the whole set of cross
interactions between the domains and the ligands using calorimetric techniques, we have
obtained thermodynamic information for the cognate interactions and for non-cognate
partners that also present measurable binding. Putting together all our information and
gathering additional thermodynamic information from the literature, we shed some light
on the intricate jungle of PDZ specificity.

2. Materials and Methods
2.1. PDZ Domains Purification and Peptide Samples

The DNA encoding the sequences of PSD95-PDZ2 (residues 155-249, according to
PSD95 numbering), PSD95-PDZ3 (residues 302-415, according to PSD95 numbering),
nNOS-PDZ (residues 1-127, in nNOS numbering) and Erbin-PDZ (given generously by
Prof. Sachdev Sidhu, University of Toronto, Toronto, ON, Canada), were sub-cloned into
pBAT4 vector (EMBL Core Purification Facility, Heidelberg, Germany) and expressed
in Escherichia coli BL21-DE3 cells. Protein purification was carried out as previously
described [11,12]. Briefly, cultures were over-expressed overnight and centrifuged. After
cell lysis with a French press, the lysates were centrifuged and the pH of the supernatant
was lowered down to a pH of 3 with diluted HCl. Upon centrifugation, ammonium
sulfate was added to the samples, which were then injected into an AKTA FPLC for
preparative size exclusion chromatography. Roughly 15 milligrams of protein per liter
of LB culture were obtained and purity was determined by SDS-Page electrophoresis.
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MALDI-TOF spectrometry, performed at the Scientific Instrumentation Services (CIC)
of the University of Granada (Granada, Spain), confirmed the molecular mass for each
PDZ domain. Extinction coefficients, determined as described [13], were used to calculate
sample concentration. Experimental samples were always prepared by extensive dialysis
against 50 mM potassium phosphate buffer at a pH of 7.5 and 4 °C.

Peptide samples were purchased both in JPT peptide technologies (Berlin, Germany)
and in ChinaPeptides (Shanghai, China). In the cases where no Tryptophan or Tyrosine
residue were present in the peptides, a quantitative analysis was performed and the
extinction coefficients were experimentally obtained at 200 nm: 6458 M~!.cm™~! (for
FRETEV), 3272 M~ 1.cm™! (for IAESSV), 4160 M~ 1.cm ™! (for KIATLV), 5251 M~ !.cm ™!
(for GLDVPV), 9108 M~1.cm~! (for HRNTVV), 6184 M~!.cm~! (for LLDEIAV) and 9342
M~1.cm~! (for VVKVDSV).

2.2. Isothermal Titration Calorimetry (ITC)

Calorimetric titrations of the PDZ domains with the peptides were undertaken at
25 °C on an ITC-200 titration microcalorimeter (Microcal Inc., Northampton, MA, USA),
as previously described [14]. Protein concentrations in the cell were routinely 70 uM and
peptides solutions were prepared using the dialysis buffer to have a final concentration
of 900 uM. Titrations were all made by injecting 2 uL. volumes of ligand solution, with a
final number of 19 injections per experiment. As a control and reference, independent
experiments were carried out with only buffer in the calorimeter cell with the same ligand
solutions to determine the corresponding heat dilution. The dilution isotherms were then
subtracted from that obtained for protein titration. The binding stoichiometry, n, the
dissociation constant, K4 and the corresponding enthalpy change, AH, were determined
by fitting the resulting titration isotherm to a model considering a single ligand binding
site using ORIGIN 7.0 (OriginLab Corporation, Northampton, MA, USA, 2002).

2.3. Differential Scanning Calorimetry (DSC)

Experiments were carried out in a VP-DSC instrument from Microcal INC. as de-
scribed elsewhere [11]. The buffer conditions were the same as with ITC experiments, 50
mM buffer potassium phosphate at a pH of 7.5. For experiments including the peptides,
the final concentration ratio was 1:3 (protein:peptide). Final data were obtained after
treatment with ORIGIN 7.0 (OriginLab Corporation, Northampton, MA, USA, 2002).

3. Results
3.1. Rationale of the Choice of the PDZ Domains and Binding Partners

Among the plethora of the virus-interacting PDZ domains, we decided to select four
domains that would allow us to address selectivity and specificity in terms of their respec-
tive partners and the canonical specificity classes. Firstly, we chose the highly studied
PSD95 s and third PDZ domains. PSD95 is well known to act as a hub protein that inter-
acts with multiple partners, allowing the synaptic trafficking [2]. PSD95 is just hijacked by
two viruses: Human Papillomavirus (HPV) and Human T-cell leukemia/lymphotropic
virus (HTLV). There is a homolog of PSD95, DLG1 or SAP97, which is bound by multiple
viruses (more than 5 kinds, see [6]). We therefore opted for PSD95, to confirm a more
built-in selectivity. We have selected its second and third PDZ domains, which are known
to have similar specificities, both belonging to class I, although each one exerts diverse
functions [15]. Our selection pursues to know whether the interaction energetics influ-
ences or reflects selectivity differences among the domains and between the viral ligands.
Accordingly, we decided to pick the HTLV virus, since HPV has been demonstrated to be
more promiscuous, as it targets several PDZ-containing proteins (at least 13 proteins have
been described thus far [6]). There are several HTLV virus species and we opted to choose
HTLV-1 and HTLV-3, since both are known to interact with PSD95 [16,17]. Additionally,
we selected Ad E4 ORF adenovirus as a plausible negative control, since it should not
bind PSD95, nor the other PDZ domains chosen in this study [6].
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Secondly, we chose the Erbin PDZ domain, which, interestingly, has been shown to
bind both class I [18] and class II [19] ligands. In this case, our choice was based more on
the host partners than the viral, although just one virus is known to interact with Erbin,
HTLV-1 [20], the one that we selected for PSD95 interaction. Regarding host interactions,
we just mentioned that PSD95 regulates neuronal signaling. An important class of PSD95
partners are the tyrosine kinases that trigger several signaling cascades upon activation by
neuregulin [21]. These tyrosine kinases, which act as receptors, are, among others, ERBB2
and ERBB4 [22]. Remarkably, ERBB2, whose C-terminus belongs to PDZ specificity class
II, does not interact with PSD95, but does bind Erbin [19], whereas ERBB4 (specificity class
I) interacts with PSD95 but not with Erbin [19,22]. We then considered to be interesting
choosing the C-terminal regions of both receptors. In addition, we also selected a designed
peptide for Erbin-PDZ, with the sequence TGWETWYV. This peptide was obtained after
phage display selections [23] and has served for other specificity studies [7,24,25]. As it
can be inferred by the sequence, the designed peptide belongs to specificity class I.

Thirdly, we selected the nNOS PDZ domain, since it may be considered as one of the
most versatile PDZ domains in terms of binding [26]. In the early studies of PDZ binding,
the characteristic nNOS-PDZ interaction was its internal recognition by both the PDZ
domain of syntrophin [24] and PSD95-PDZ2 [25,27]. Nevertheless, more interactions have
been shown for nNOS-PDZ, comprising all the three PDZ classes ligands. As cognate
nNOS partners we selected a described class II peptide, the C-terminus of CAPON, a
cytoplasmic protein that regulates the PSD95/nNOS interaction by competing with PSD95
for nNOS binding [28]. In addition, we chose a class III peptide known to bind nNOS-
PDZ, MelR, the C-terminal region of a melatonin receptor [29]. Interestingly, nNOS has
not been described to be hijacked by any virus, so its ability to bind a significant diversity
of targets, with its important neuronal role, together with PSD95 (with whom it indeed
interacts) and Erbin, prompted us to choose this PDZ domain as well.

Thus, our selection comprises all three canonical and traditional binding classes of
PDZ domains, including viral, host and designed ligands. All our selected PDZ domains
and partners are summarized in Figure 1. Remarkably, basically all known interactions
between PDZ domains and viruses are based on class I interactions (see Table 1 in [4]). All
our selected PDZ domains also share relevant roles in neurons and synaptic trafficking.

PSD95 PDZ2 PSD95 PDZ3 Erbin PDZ nNOS PDZ

Source Sequence Class 1 1 1,2 1,2 3
Host ERBB4 HRNTVV 1 v13.9puM v 41.6 uM X

ERBB2 GLDVPV 2 X v2°C

CAPON LLDEIAV 2 X X X v3°C

MelR VVKVDSV 3 X X X v3°C

Virus HTLV1 Tax FRETEV 1 v 1.5 uM v 3.8 uM v 7.8 uM v3°C
HTLV3 Tax IAESSV 1 v 20 M v 43 uM v 23puM X

AdV E4 ORF1 KIATLV 1 v 11.5 uM X X v 25°C

Designed Erbin PDZ binder TGWETWV 1 v 5.7uM X v 0.24 M v25°C

Figure 1. The PDZ domains and the ligands used in this study. The ligands are grouped by their
sources (host, virus or design) and are noted with both their respective names and amino acid
sequences. The color fill means that the interaction has been previously described (green), or has
also been demonstrated not to occur (red). If there is no fill, the interaction has not been studied
according to bibliography, to the best of our knowledge (the references for the described interactions
are in the text). The tick (v) and the cross (X) signs mean whether there is interaction or not,
respectively, as demonstrated in this study. We have included the K4 in pM or the ATy, in °C,
whenever an interaction has been shown by ITC or DSC, respectively (see Sections 3.2 and 3.3 for
details).

271



Biomolecules 2021, 11, 1071

Table 1. Thermodynamic parameters of the interactions between the PDZ domains and ligands
that have been determined by ITC !.

AH —T-AS AG
Source PDZ Ka M) (ccal-mol™!)  (kcal-mol~1)  (kcal-mol~)
Host
FRBB4 PSD95-PDZ2 139+14 —9.7+03 3.1 —6.6 +0.6
PSD95-PDZ3  41.6 + 10.2 —55+0.1 —05 —6.0+12
Virus
PSD95-PDZ2 1.5+ 0.1 —10.6 £ 0.1 2.6 —80+05
HTLV1 Tax PSD95-PDZ3 38+02 —95+0.1 2.1 —74+05
Erbin-PDZ 78 +09 —93+03 2.3 —70+08
PSD95-PDZ2 20.0 +3.8 —55+05 —09 —64+13
HTLV3 Tax PSD95-PDZ3 43 +10 —35+07 —24 —-59+19
Erbin-PDZ 2349 —24+03 -38 —624+19
AdV E4 ORF1 PSD95-PDZ2 115+ 0.5 —94+02 2.6 —6.8+03
Designed
Erbin PDZ bind PSD95-PDZ2 57402 9.6+ 04 25 —71403
rbimn maer Erbin-PDZ 0.24 +0.08 -149 +£0.1 5.8 —9.1+2.0

! Stoichiometric (17) values ranged from 0.8 to 1.1.

3.2. ITC Experiments Between the PDZ Domains and Their Ligands

We performed ITC experiments at 25 °C between all the selected PDZ domains
and peptides. For the sake of comparison, the experiments were all conducted in the
same buffer conditions, 50 mM potassium phosphate and pH of 7.5, which presents the
advantage of having an insignificant protonation heat, meaning that the experimentally
determined enthalpy changes should just account for the net heat of reaction [14,30]. A
table summarizing all interactions is shown in Figure 1, whilst we have just included
the successful experiments graphs, both in Figure 2 and in the SI (Figure S1). As ex-
pected, many of the experiments showed no binding, since each PDZ domain has their
corresponding partners previously described (see Figure 1).

PSD95-PDZ2 showed binding with all the peptide ligands that belong to class I
specificity. K4 ranged from 1.5 to 20 uM and AH values were between -5.5 and -11.9
kecal-mol~1 (Table 1, see Section 3.3 for a dissection of the thermodynamics of interaction).
Seemingly, according to these results, PSD95-PDZ2 is quite promiscuous, since only
peptides belonging to classes II and III are unable to bind this domain. Maybe the
most striking ligand partner of PSD95-PDZ2 from those analyzed is the designed binder
for Erbin-PDZ. The interaction with it is moderately strong (5.7 uM), just one order of
magnitude below than that for Erbin-PDZ (0.24 uM, Table 1).

Interestingly, results are different for PSD95-PDZ3. The Ky values are slightly higher
than those obtained for PSD95-PDZ2 (range 3.8-43.8 uM), with smaller enthalpy changes
as well, but, more importantly, binding has not been detected for two of the class I
peptides (Figure 1), including the designed peptide for Erbin-PDZ. Again, no class II
or III peptides were able to bind PSD95-PDZ3 either. A similar selectivity is found for
Erbin-PDZ, with the notorious difference of its designed ligand (the tightest binder in
this study, Kq =0.24 pM and AH = —14.9 kca1~mol_1). Instead, the striking result of
Erbin-PDZ is the lack of binding with its canonical host partner, ERBB2, which actually
gives the name to Erbin: ERBB2-interacting protein [31]. Our result may be due to the
length of our peptide. We selected six residues as a standard for the recognition of the
C-terminus of a PDZ domain partner, since, according to Tonikian et al., after position
—5 (position 0 is the C-terminus and then numbering goes backward), PDZ domains are
not specific enough [7]. In the case of ERBB2, it was already reported that the C-terminal
tail comprising 9 residues (EYLGLDVPYV) only binds with a K4 of around 50 uM and the
same peptide with the tyrosine phosphorylated has a K4 of around 128 uM [32]. Thus,
noting the relevance of the tyrosine residue at position —7, we postulate that shortening
of the peptide might have caused the absence of detectable binding through ITC.
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Figure 2. ITC experiments showing previously described interactions between the PDZ domains of
PSD95 and both host (ERBB4) and viral (HTLV-1) ligands. Each panel corresponds to: (a) HRNTVV
(ERBB4) with PSD95-PDZ2; (b) HRNTVV (ERBB4) with PSD95-PDZ3; (c) FRETEV (HTLV-1) with
PSD95-PDZ2; (d) FRETEV (HTLV-1) with PSD95-PDZ3.
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In the case of nNOS, we did not find binding using ITC with any of the peptides
of our study. For all the non-binding ITC experiments, we then performed DSC in the
search for weaker affinities binders (see following section).

3.3. DSC Experiments for the ITC That Did Not Show Binding

With those binding experiments that did not reveal an interaction by ITC, we decided
to test them with DSC, both with and without the ligands, in the same buffer conditions.
The final ratio of PDZ:peptide was always 1:3. DSC is also a calorimetric technique but
that allows finding a more subtle binding, weaker than that from ITC [33]. Undoubtedly,
ITC presents greater advantages, since it gives an exhaustive characterization of the
binding interaction, granting the whole thermodynamics of the system; nevertheless, if
the interactions are out of the ITC range, usually when they are weak (Kd values in the
mM range), it is not sensitive enough to detect binding. By contrast, DSC can detect weak
binding by a displacement of the melting temperature (Tr,) due to the stabilization that
occurs upon binding. Essentially, when a ligand is bound to the protein, energy is needed
to decouple the interacting pair before protein denaturalization. In this way, the T, is
increased and the ATy, is proportional to the interaction energy.

We therefore tested our failed-ITC PDZ-ligand experiments using DSC. Remarkably,
no binding was shown for any of the PDZ domains, except for nNOS-PDZ (Figure 3).
Thus, PSD95-PDZ2, PSD95-PDZ3 and Erbin-PDZ seem to present stronger binding with
their partners and no binding with others, reflecting a more stringent selectivity.

nNOS-PDZ nNOS-PDZ
| 55 °C 55 °C
S S
£ =
v ¢
. MelR 58 °C .
2 | 2
Q Q.
(@) O
58 °C I 58 °C
4 4 HTLV-1
IS g 10 kJ-Kmol”
40 50 60 70 40 50 60 70
Temperature (°C) Temperature (°C)

(a) (b)

Figure 3. DSC experiments of nNOS-PDZ with the eight peptides of this study. In both panels, the
nNOS-PDZ denaturalization without any peptide is also shown as reference, in black. We made
two sets of experiments, (a) with cognate ligands and (b) with non-cognate ligands, including,
in both sets, the nNOS-PDZ alone. The Ty, is noted next to each calorimetric trace in the same
color code (“Erbin ligand” refers to the phage-display designed ligand for Erbin). A bar indicating
10 kJ-K~1-mol~1 is depicted as a reference.

DSC traces showed a Ty, displacement in the case of nNOS-PDZ, with five of the
tested ligands of around 2-3 °C. Unfortunately, the calorimetric traces for nNOS-PDZ
are highly irreversible [12], which prevents an analysis that would potentially yield a
K4 value. Instead, we can approximately estimate a K4 range based on previous cases
in PDZ binding. We have taken as a reference two PDZ-peptide interactions. Firstly,
the binding of PSD95-PDZ3 with the peptide KKETAV formerly described by us [11,34].
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We had previously performed both ITC and DSC with PSD95-PDZ3 and KKETAV. The
concentrations in the ITC experiments were the same than those used in this study and
the DSC concentrations were similar, with the PDZ:peptide ratio also being 1:3. For the
PSD95-PDZ3/KKETAV interaction, a ATy, of about 9 °C corresponds to a K4 of 1.5 pM. In
the current study, we have also performed DSC for the interaction between PSD95-PDZ2
and TGWETWYV and a ATy, of around 6 °C corresponds to a K4 of 5.7 pM (Table 1 and
Figure S2). Considering that they are different PDZ domains, but have a somewhat similar
ATn-Kq4 correspondence, a ATy, of 2-3 °C would then imply a K4 of high micromolar or
low millimolar, the range where ITC is not sensitive enough to detect binding. Lower
ATy, values would denote even weaker affinities, out of the commonly accepted values
for a physiological or biological interaction. nNOS-PDZ would therefore have affinity
in the order of biological interaction with its natural counterparts (CAPON and MelR,
specificity class I and III, respectively, ATy, = 3 °C for both peptides) and, surprisingly,
with two C-terminal tails of virus proteins (HTLV1 Tax, AT, =3 °C and AdV E4 ORF]1,
ATy = 2.5 °C, both belonging to class I), host partners (ERBB2, ATy, =2 °C, class II) and
even the designed peptide for the Erbin-PDZ (AT, = 2.5 °C, class I) (see Figure 1). We
considered no binding with HTLV-3 and ERBB-4 peptides, since the ATy, is too low (0.5
°C) and it may be within the experimental error, since these traces are highly sensitive
to protein concentration, which allowed to reveal an intermediate in the conformational
equilibrium [12]. These results imply that, although not with high affinities, nNOS-PDZ
seems to be considerably promiscuous, comprising binding with ligands belonging to all
the three traditional specificities in PDZ domains.

3.4. Analysis of the Energetic Balance of the Interactions

We have analyzed the relationship between enthalpy, entropy and free energy of
interaction in our ITC results. Since we did not have enough data points for PSD95-PDZ2
or Erbin, we just performed our analysis with PSD95-PDZ3 and included previous data
for mutant PSD95-PDZ3 domains measured under the same conditions [35]. Figure 4A
shows a linear relationship between both -TAS and AH (R? =0.92, p = 0.03) and AG and
AH (R? = 0.76, p = 0.04). Moreover, the slope of the relationship between —TAS and
AH is far from unity (—0.67 £ 0.07). Altogether, these observations point at a bona fide
enthalpy—-entropy compensation phenomenon in the interactions of PSD95-PDZ3 with its
targets [36-38]. The absence of outliers in the two linear relationships supports a robust
mode of interaction that is not fundamentally altered by changes in the sequence of PSD95-
PDZ3 or the peptides [39,40]. The slope of the relationship between AG and AH is 0.33 +
0.07, indicating that for each energy unit of an increase in interaction enthalpy, one third
translates into interaction free energy and two thirds are compensated by entropy [41]. We
also analyzed ITC data by Spaller and coworkers for the interaction of PSD95-PDZ3 with
six-residue peptides [42,43] and found similar results (Figure S3). In all, the interaction of
peptides with PSD95-PDZ3 is robust and shows bona fide enthalpy—entropy compensation.

3.5. Comparison With Other PDZ-Ligand Interactions in Bibliography

It has been suggested that viral proteins displace other partners of their host targets
by evolving for high affinity [10], so we compared the values of K4 depending on the
nature and source of the ligand. In Figure 5, we have represented the K4 value in a
logarithmic scale with respect to the ligand nature (host, virus or design). In our set
of PDZ-ligand interactions, the strongest binding is with the designed peptide, then
followed by viral ligand interactions and the host interactions as the weakest. This is, in
principle, the more intuitive result and we wanted to check if it does happen in other
PDZ examples. All the previously described cases, to the best of our knowledge, are
represented in graphs, organized by PDZ domain, in the different panels of Figure S4.
The trend observed by us happens in PDZ2 and PDZ3 from Scribble interacting with
HTLV-1 Tax and host proteins [44], as well as PTPN4-PDZ and MAST2-PDZ with rabies
and host proteins [45-48]. The opposite case appears in MUPP1-PDZ with HPV [49] and
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PALS1-PDZ with SARS-CoV-2 [50]; the binding affinity between the viral protein and the
PDZ domain is weaker than their respective PDZ-host interactions. Finally, for MAGI1-
PDZ interaction with HPV E6, HTLV Tax, AdV E4 ORF1 and two host proteins [51],
there is no well-defined trend in affinities differences. As a consequence, no clear rule
in binding affinity governs the plausible competition between a viral and a host protein,
other causes are surely influencing viral infection and proliferation. We speculate the
following two scenarios to rationalize this result. Some viral proteins targeting host PDZ
proteins show high affinity and function by displacing other host protein targets, thus
“hijacking” the host PDZ protein for some specific purpose. Other viral proteins show
affinities comparable to other host targets and function by integrating themselves in the
existing protein interaction network, thus co-opting the incumbent partners of the host
PDZ protein. Additionally, the relative in vivo effective concentrations of virus and host
PDZ ligands can also strongly influence binding. Relative effective concentrations may
vary during the virus life cycle due to changes in protein expression, localization and
conformation. Thus, additional factors should be considered in the future for a definitive
description of the competition between virus and host ligands PDZ ligands.

T T T T T T -5 T T T T T I
_ 212 R20.92 -
[e) =
p 0.03 o
£ E
CD N
- ©)
= 3
2
1 | 1 | 1 | _9 1 | 1 | 1 1
-10 -8 -6 —4 -10 -8 -6 —4
AH (kcal/mol) AH (kcal/mol)

(a) (b)

Figure 4. Enthalpy-entropy compensation in the PSD95-PDZ3 interactions with data from this study
and from [35]. (a) Correlation between -TAS and AH, showing the R? and p values. The experimental
data are shown in circles and the linear regression as a line, with the equation y = —4.6 — 0.67x.
(b) Correlation between AG and AH, showing the R? and p values. The experimental data are
shown in circles and the linear regression as a line, with the equation y = —4.6 + 0.33x.
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Figure 5. Logarithmic representation of the K4 vs. the peptide ligand source in our results.
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4. Discussion

Our results indicate a basic and intrinsic specificity for a single PDZ domain, since
all our four examples present binding with some ligands and not with others. However,
it is also clear that the degree of such specificity differs in each individual domain. PSD95-
PDZ2, PSD95-PDZ3 and Erbin-PDZ bind only class I ligands. Thus, elemental selectivity
is present in all three of them. On the other hand, the specificity of the three domains
for different class I ligands is different. PSD95-PDZ2 binds all five class I ligands, while
PSD95-PDZ3 and Erbin-PDZ bind different sets of three peptide class I ligands. The
nNOS-PDZ case is quite interesting, since it does not bind strongly to any of the tested
ligands, but it weakly interacts with ligands belonging to the three traditional specificity
classes. An alternative would be that the described binding by DSC might be weak
enough to be considered as unspecific. Nevertheless, Merino-Gracia et al. dissected the
binding specificity in nNOS-PDZ, revealing the molecular determinants of its ability to
bind the three described specificity classes [26]. Hence, these authors demonstrated the
versatility of this domain to bind multiple and diverse partners by showing at least three
slightly different binding modes, including one able to recognize internal motifs and
not the free carboxylate of the C-terminus. In several of the binding modes, residues
outside the nNOS-PDZ binding pocket are involved and, considering that nNOS is a
bigger protein, other additional allosteric pathways may also influence its PDZ binding.
Thus, we can assume that our found interactions by DSC are specific and, perhaps, nNOS-
PDZ interactions with its partners in vivo might be regulated not by the feeble intrinsic
specificity of the domain, but, rather, by other elements, such as allosteric activators or
the presence or absence of natural partners due to other signaling cascades.

PSD95-PDZ3 shows, however, a stronger specificity; it is for instance the only PDZ
domain in this study that does not bind the phage-display designed binder for Erbin-PDZ.
PSD95-PDZ3 has been exhaustively studied and two main factors influence binding:
allostery [52,53] and post-translational modifications [35]. In both cases, the &3 helix of
PSD95-PDZ3 [54] has a prominent role in the binding regulation, which is extended to
the stability and folding of the domain [34,55-57]. Interestingly, PSD95 has three PDZ
domains, in which PDZ1 and PDZ2 often act as a tandem with a very short linker between
them [58-60], and PDZ3 alone has its specific functions, where the &3 helix is actually the
linker with the next modules of the protein, an SH3 and guanylate-kinase domains. Maybe,
the intrinsic binding regulation for PSD95-PDZ3 has then been evolved to be tighter than
for PSD95-PDZ2, since the latter relies on its counterpart PSD95-PDZ1 to regulate their
functionality. The presence of enthalpy—entropy compensation in the interaction between
PSD95-PDZ3 and its targets may be a consequence of this evolutionary constraint.

Specificity regarding the host ligands is well defined. The ERBB4, CAPON and MelR
peptides bind only to their respective PDZ domains. As discussed above, the host ERBB2
peptide binds to nNOS-PDZ, but not to its known partner Erbin-PDZ, most likely due to
the length of the peptide. Thus, it seems that, at least in our set of PDZ interactions, the host
and/or natural PDZ binders are best suited to their own particular domain. The designed
and viral ligands have also shown a much larger promiscuity than the host ligands, with
just a few cross interactions not taking place. The peptide designed to bind Erbin-PDZ also
binds to PSD95-PDZ2 and nNOS-PDZ, which suggests that optimizing affinity can lead to
decreased specificity, as discussed before for other PDZ-mediated interactions [61,62].

The viral ligands are also more promiscuous than the host ligands. The HTLV1 Tax
peptide binds all four PDZ domains, while the HTLV3 Tax and AdV E4 ORF1 peptides
bind three and two out of four PDZ domains, respectively. Our positive results include
AdV E4 ORF1, which had not been reported to interact with any of the PDZ domains
studied here. In addition, two of the three viral ligands interact with nNOS-PDZ, which
has not been described to be the target of any virus up to date. Our results agree with
previous high-throughput studies that report the interaction of individual viral proteins
with up to dozens of host PDZ domains [63-68]. It may be the case that viruses have
evolved to sequester a diverse range of host PDZ partners, exploiting the intrinsic inter-
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action plasticity of the PDZ fold [69]. The interaction with multiple functionally related
host proteins may increase robustness of the viral life cycle. This is the case for the
budding-mediating Ebola virus VP40 protein, which entraps the host ESCRT pathway
through several modular domains [70]. We also find it interesting that the homologous
Tax proteins from HTLV1 and HTLV3 show differences in binding. This is in agreement
with the differences in binding found for homologous papillomavirus E6 proteins and
may be related to their clinical phenotypes [67].

Another important consequence of the specificity ligand results in this study is the
property of the phage-display designed peptide to bind three of the four PDZ domains
of our study and two of them tightly. Certainly, side effects are difficult to avoid, when
targeting host proteins that are hijacked by virus. More problems along the same lines
can be encountered if a PDZ domain is targeted, since the designed peptide/drug may
bind other PDZ domains. Undeniably, designing strong and, more particularly, specific
inhibitors for a given PDZ domain poses a significant challenge.
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X/11/8/1071/s1, Figure S1: ITC experiments of seven PDZ-ligand interactions, Figure S2: DSC ex-
periments of PSD95-PDZ2 alone and with TGWETWY, Figure S3: Enthalpy—entropy compensation
in PSD95-PDZ3 interactions with ligands from the literature, Figure S4: Logarithmic representation
of Kq values of PDZ interactions with virus, host or designed ligands found in bibliography.
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