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a reconciliarnos enseguida, porque si algo tiene de especial el laboratorio es que somos una gran familia en la que
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Summary



Chronic Kidney Disease (CKD) is worldwide recognized as a priority health problem because of its high prevalence
and incidence. It courses with a long clinically silent period, therefore diagnosis and treatment occur during
advanced stages of the disease. Identification of molecular mechanisms underlying chronic renal injury and
searching for early biomarkers of CKD are essential for improving our understanding of CKD pathophysiology and

patient management.

microRNAs (miRNAs) are key regulators of gene expression that have emerged as a novel therapeutic target and
useful biomarkers for pathology. In our lab we identified a set of miRNAs, including miR-127-3p, that remain
altered after an AKI episode. We also demonstrated the protector role of miR-127-3p against ischemic injury in
renal tubular cells. Moreover, bibliography has described miR-127-3p as a mediator in macrophage polarization
during lung fibrosis. For all above, we aim to investigate the role of miR-127-3p in macrophage polarization during

renal fibrosis underlying CKD and its modulation as a novel therapeutic strategy for the disease.

For this, we have studied miR-127-3p expression in a mouse model of renal fibrosis (UUO), and the effect of its
exogenous modulation during disease development. We have demonstrated miR-127-3p increases along disease
progression in proximal tubules, correlating with fibrosis and the inflammatory response in which macrophages
are key cells involved. Besides, we have demonstrated that inhibition of miR-127-3p expression in UUO mice
aggravates disease progression and exacerbates associated inflammatory response, including macrophages.
Moreover, we have studied the expression of miR-127-3p and the effect of its modulation in naive murine
macrophages (Md¢) and different induced phenotypes (M1[LPS] and M2[IL-4]). Results have shown that the
expression of miR-127-3p does not change depending on the stimulus received. However, NOS2 expression, as a
M1 macrophage marker, shows a positive tendency when the miRNA is inhibited in the cells. On the other hand,
miRNA over-expression in the M2a [IL-4] phenotype leads to a decrease of NOS2, which suggests that the
induction of miR-127-3p expression along the kidney injury modulate macrophages response and contribute to
disease outcome. Based on these findings, we have tried different viral-based particles and administration
approaches, and finally, we have successfully induced miR-127-3p expression in the renal cortex of mice using

lentiviral particles injected through the renal arteria.

Finally, decreased serum levels of miR-146a-3p, miR-27a-3p, and miR-93-3p have been associated with CKD
progression. Whereas miR-127-3p, miR-146a-3p, miR-27a-3p, and miR-26b-5p serum levels have demonstrated

correlation with renal damage parameters.

In summary, all these results have revealed that miR-127-3p is involved in renal fibrosis as an important mediator
of CKD development by affecting macrophages polarization, and therefore its modulation could be a potential
therapeutic approach for CKD. Moreover, some studied miRNAs could serve as useful and minimum-invasive

biomarkers that contribute to CKD stratification and patient management.



Resumen



La Enfermedad Renal Crénica (ERC) es un problema mundial de salud prioritario por su alta prevalencia e
incidencia. Cursa con un largo periodo silencioso, lo que supone un diagnéstico y tratamiento ya en etapas
avanzadas. La identificacién de mecanismos moleculares subyacentes a la lesidon renal y la bisqueda de

biomarcadores precoces es fundamental para mejorar nuestra comprensién de la ERC y el manejo del paciente.

Los microARNs (miARNs) son reguladores de la expresién génica que han emergido como nuevas dianas
terapéuticas y biomarcadores en distintas patologias. Previamente, identificamos un conjunto de miARNs, que
incluye miR-127-3p, que permanecen alterados tras un episodio de IRA. También demostramos el papel protector
de miR-127-3p en la lesidn isquémica en células tubulares renales. Ademas, miR-127-3p se ha descrito como
mediador en la polarizaciéon de macréfagos en fibrosis pulmonar. Apoyados en lo anterior, el objetivo de este
trabajo es investigar el papel de miR-127-3p en la polarizacidon de macréfagos durante la fibrosis renal subyacente

a la ERCy determinar el efecto de su modulacién como una nueva estrategia terapéutica en esta enfermedad.

Para ello, hemos estudiado la expresion de miR-127-3p en un modelo de ratén de fibrosis renal (UUO) y el efecto
de su modulacién exdgena en la enfermedad. Demostramos que miR-127-3p aumenta con el dafo renal en el
tubulo proximal, y se correlaciona con el desarrollo de fibrosis y la respuesta inflamatoria. También hemos
comprobado que el bloqueo de su expresion en ratones UUO acelera la progresién de la enfermedad y aumenta
el infiltrado de macréfagos en el rifidn. Ademds, hemos estudiado in vitro la expresion de miR-127-3p y el efecto
de su modulacién en macrofagos murinos nativos (Mg) y diferentes fenotipos inducidos (M1 [LPS] y M2 [IL-4]).
Los resultados han mostrado que la expresién del miRNA no cambia dependiendo del estimulo recibido. Sin
embargo, la expresion de NOS2, marcador de macréfagos M1, tiende a aumentar cuando se inhibe miR-127-3p
en las células, mientras que la sobreexpresidn de miR-127-3p en el fenotipo M2a [IL-4] conduce a una disminucién
de NOS2. Esto sugiere que la induccidon del miRNA a lo largo de la lesidén renal podria cambiar el curso y el
prondstico de la enfermedad. Basandonos en todo esto, hemos probado diferentes particulas virales y métodos
de administracién hasta conseguir inducir con éxito la expresién de miR-127-3p en la corteza renal de ratones

utilizando particulas lentivirales inyectadas a través de la arteria renal.

Finalmente, demostramos que los niveles séricos de miR-146a-3p, miR-27a-3p y miR-93-3p disminuyen con la
progresion del dafio renal en pacientes de ERC, y que los niveles séricos de miR-127-3p, miR-146a-3p, miR-27a-

3p, and miR-26b-5p se correlacionan con parametros clinicos relevantes de estos pacientes.

En resumen, miR-127-3p es un importante mediador en la ERC por su implicacidon en la fibrosis renal y la
polarizacidn de macrdéfagos, por lo que su modulacién podria ser una potencial intervencidn terapéutica en esta
enfermedad. Ademas, los miARNs estudiados podrian servir como biomarcadores Utiles para la estratificacion y

el manejo de pacientes durante la ERC.
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Introduction



1. Chronic Kidney Disease (CKD)
1.1 CKD definition and classification

Chronic kidney disease (CKD), also called chronic renal failure (CRF) is an established term that embraces all stages

of progressive and non-reversible kidney damage extended over 3 months. kidney damage is defined by a

decreased renal function leading to a decrease of glomerular filtration rate (GFR) under 60 ml/min per 1.73 m?,

and/or the appearance of kidney structure abnormalities with implications for health (“K/DOQI Clinical Practice

Guidelines for Chronic Kidney Disease: Evaluation, Classification, and Stratification.,” 2002).

CKD was introduced as a clinic entity for the first time in 2002 by The National Kidney Foundation (NKF) in its
Kidney Disease Outcomes Quality Initiative (K/DOQI) Clinical Practice Guidelines on Chronic Kidney Disease. This
consensus document described the disease, including the previous definition and classification in stages of
severity from 1 to 5, but merely GFR-based on, and cause-independent (Levey et al., 2005). Years later, the first
guideline was consecutively reviewed and modified until the current one was published in July 2017: the KDIGO
2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney
Disease-Mineral and Bone Disorder (CKD-MBD). Selective updates included in the manuscript were: i) Etiology of
damage and injury risk factors taken into account for diagnosis and prognosis. ii) A complete and improved disease
classification divided by severity stages from 1 to 5, again GFR-based on (G1 to G5), but together with albumin:

creatinine ratio (ACR) categorized from Al to A3 (Figure 1).

Persistent albuminuria categories, Figure 1. CKD prognosis by GFR and albuminuria
description and range
categories established by KDIGO 2012 Guideline.
Prognosis of CKD by GFR & A = Risk is identified with different colors
and albuminuria categories: ”""""m“ Moderately Severely representing the severity of the damage to
increased increased
KDIGO 2012 increased evaluate mortality, cardiovascular implications,

<30 mglg 30-300 mgg 300 mglg and progression of the disease in the patients.

<Imgimmol | 3-30 mgimmel | >30 mg/mmel . . .
) Green color means low risk and no disease until

other markers of kidney damage appear; yellow
G1 Normal or high
-E‘ and orange represent moderate and high risk,
E -3 G2 | Mildly decreased respectively; and red indicates very high risk. Risk
‘E €
E .E Mildly to moderately signature is the result of classifying the patient by
3 £ Gla
E- £ a range of persistent albuminuria from low (A1) to
5= Moderately to
5T Gab severely decreased moderate (A2) and severe (A3), taken together
]
] G4 | Severely decreased with the glomerular filtration rate (GFR), from
[
& normal (G1) to kidney failure considered level
G5 Kidney failure .
ulaeline paate).
(G5) (KDIGO Guideline 2017 Update)
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The new classification guide was abbreviated in CGA from cause, glomerular filtration rate, and albuminuria
(KDIGO, 2017) and describes the current routine followed by physicians for patient management, based on Figure
1, but also in the appearance of abnormalities in kidney structure and function discovered by urine sediment,
electrolytes disorder caused by tubular injury, histology and structural abnormalities detected by imaging. This
method allows better patient management, assessment over time of the disease, and an improved classification

from stages 1 to 5 in clinical practice for CKD patients.

1.2 Epidemiology and economic impact of CKD

CKD is recognized worldwide as a priority health problem because of its overall high prevalence and increased
incidence over the last years, being already considered as a global epidemic that entails a poor life quality of

patients and huge economic costs for the health systems

Prevalence and incidence of CKD vary among studies between countries around the world, and have high
heterogeneity mainly, due to the different lifestyles and the established methods to measure kidney damage.
Global prevalence of 13.4% for the all-age population was recorded in 2016. Around 7.4% of that patients
belonged to stages 1 and 2, 7.6% of them, was in stage 3, and 0.4% and 0.1% were in stages 4 and 5, respectively

showing that stage 3 was recorded the most common condition for CKD global burden.

Recent data from a fact sheet published last year by the Centers for Disease Control and Prevention in the US,

, informed that 1 in 7 of the adult population is estimated
suffering from this disease. The rate concurs with Spain’s current prevalence and the majority of developed
countries . CKD prevalence is, in part, due to the sedentary lifestyle and the aging population

in these nations, since the disease is most common in people older than 65 years, around 38%

Regarding prevalence among genders, many studies have been reported differences between men and women,
most of them pointed to females as the most frequent gender suffering from CKD .Butitis
important to mention that this data varies widely among different studies, demographic areas, and measuring

kidney damage methods.

Reports published in 2018 from Vivekanand Jha, Gopesh K Modi, and Yan Xie and colleagues
, suggested that from 1900 to 2016 the global prevalence for CKD concern increased in 86.9%
affecting 275.9 million people in 2016 worldwide. The incidence for that period was 88.8% higher, meaning 21.3

million of new cases that year. These rates placed the CKD burden in the 11t position on the depth-cause list.
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Nevertheless, all reviews agree on suffering diabetes mellitus (DM), cardiovascular disease (CVD), obesity,
previous episodes of renal damage, as well as other renal diseases, are risk factors and the major causes of CKD.
Although, human immunodeficiency virus (HIV) infection and genetic or epigenetic alterations are also, etiologies
for CKD. But, the importance of kidney diseases lies in the consideration of them as “silent diseases” since mostly,
they don’t course with early symptoms and often, people are not conscious of their impaired kidney function,
which implies an increased CKD associated risks, and finally, kidney failure that supposes dialysis or kidney
transplantation increasing mortality, leading to patients’ poor life quality, and huge

economic costs for the health systems.

The US Renal Data System announced for 2013, a total of 81.3 billion dollars spent in CKD patients, including end-
stage kidney disease (ESKD) ones . In Spain, stage 5 patients constitute only 1% of total
CKD-affected people, but because of their medical requirements, they waste 5% of the total medical annual
budget . For all these reasons, early identification and slowdown of disease progression in

CKD patients are critical to prevent mortality and morbidity and to reduce associated CKD costs and outcomes.

1.3 Diagnosis and biomarkers of CKD

According to KDIGO Guidelines and based on CKD definition, the gold standard measurement methods of kidney
injury for diagnosis and classification of disease, are i) estimated GFR (eGFR) calculated indirectly as the renal
clearance of exogenous filtration markers, such as serum creatinine (sCr) or cystatin C (sCysC) levels, ii)
determination of urine albumin excretion rate (AER), and iii) renal biopsy, when it is necessary to confirm kidney

structure abnormalities with implication for health.

However, it has been strongly demonstrated that GFR and AER are not able to identify kidney damage in the early
stages of the disease, since they are detected when kidney dysfunction already appears

. And renal biopsy is an invasive technique that involves risks for the patients
such as bleeding, hypotension and local pain so, it is generally performed to confirm kidney dysfunction when it
is already failing . For this reason, CKD courses with a long clinically silent period in which
diagnosis, and therefore, treatment, did not occur during early stages, allowing merely, an intervention in
advanced stages when life expectancy is shorter and supposes a significant financial investment. Based on that,
the search for novel early renal injury biomarkers able to detect a premature condition of CKD, and capable of
differentiating between stages has been turned into a significant challenge for the future. In this sense, promising
molecules involved in the pathological cellular context of kidney damage are being tested from blood and urine
samples of CKD patients. Some of them are ADMA (Asymmetric Dimethylarginine), Uromodulin (Tamm-—Horsfall

protein), suPAR (Soluble Urokinase-Type Plasminogen Activator Receptor), EGF (Epidermal Growth Factor),
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sKlotho (soluble Klotho), TNF-R (Tumor Necrosis Factor Receptor), Galectin-3, DKK3 (Dickkopf-3), GDF15 (Growth
Differentiation Factor 15), CKD273, sKIM1 (soluble Kidney Injury Molecule -1), MCP1 (Monocyte chemotactic
protein-1), NGAL (Neutrophil Gelatinase-Associated Lipocalin), and different RNA molecules such as miRNAs
(microRNAs), ncRNAs (non-coding RNAs), IncRNAs (long non-coding RNAs) and lincRNAs (long intervening non-
coding RNAs) . However,

confirmation of their efficacy, sensitivity and specificity is being investigated or in follow-up period.
1.4 Tissular and cellular features of CKD

Specific features of CKD include progressive destruction of the renal parenchyma and loss of functional nephrons
as a direct consequence of cellular processes and molecular mechanisms triggered to compensate for kidney
damage and renal dysfunction. Main cells implicated in this pathological context are tubular epithelial cells (TECs),
fibroblasts, endothelial cells, podocytes, and inflammatory cells. They are continuously responding to deleterious
stimuli and are responsible for the major events that occur in CKD advance, described above, and all of them

related each other and over-looped during the progression of renal damage (Figure 2)

= Tubular epithelial injury: TECs can be injured by reacting sensitively to a wide range of stress stimuli, including
metabolic, toxic, ischemic, mechanic, infectious and immunological stimuli. As a reparative response, they
proliferate and increase the expression of pro-inflammatory signaling proteins (e. g. KIM1 and NGAL), pro-
fibrotic growth factors (e. g. TGFB), and cytokines and chemokines that promote inflammation and fibroblasts
activation into myofibroblasts (e. g. reactive oxygen species, ROS; interleukin 1pB, IL-1B; interleukin 6, IL-6; and
tumor necrosis factor a, TNFa) . This scenario leads to tubular atrophy, mainly
characterized by significant thickening of tubular basement membrane and lumen dilatation, and strongly
associated with loss of epithelial characteristics leading to a partial or total epithelial-to-mesenchymal
transition (EMT) of tubular renal cells into differentiated cells which loss their functionality and contribute to
interstitial fibrosis development . Many studies highlight the key role of tubular
epithelial cells in the development of disease and suggest that they can be restored from slight damage

meaning a possible reversible interstitial fibrosis

= Interstitial fibrosis: Fibrosis is essential for wound healing providing a scaffold for regeneration after any type
of tissue injury (Djudjaj & Boor, 2019), but when the reparative process fails, an interstitial fibrosis appears. It
is defined by the accumulation of an abnormal extracellular matrix (ECM) composed of collagen | and IV
arranged between tubules and peritubular capillaries. This process is always preceded, accompanied, or
stimulated by inflammation , fibroblasts proliferation and activation into
myofibroblasts, and rarefaction of peritubular capillaries . Events that disrupt normal tissue

architecture and interfere with organ function, causing a lack of oxygen and nutrients to tubular and
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endothelial cells, and contributing to tubular atrophy and vascular rarefaction (Djudjaj & Boor, 2019). During
fibrosis, most of fibroblasts express a-smooth muscle actin (aSMA) as a marker of their transformation into
myofibroblasts, which reorganize the matrix and increase its density by deposit of collagen, fibronectins, and
other glycoproteins (Guzzi et al., 2019). Since fibrosis has been reported within tissue regeneration and
inflammation, it is strongly associated with inflammatory infiltrates, mainly lymphocytes and macrophages

(Djudjaj & Boor, 2019).

Endothelial dysfunction: Along kidney disease, vascular rarefaction, preceded or produced by tubular injury,
fibrosis or/and inflammation, exacerbates the limitation of oxygen and nutrients available to epithelial cells
(Matthew & Katalin, 2016) and causes tissue hypoxia and mitochondrial dysfunction (Guzzi et al., 2019).
Detachment of podocytes from glomerulus basal membrane (GBM) and their loss, also occur (Rysz et al,,
2017), and contribute to vascular functionality changes and sclerosis of the glomerulus. Also, endothelial-to-
mesenchymal transition (EndMT) from endothelial cells of peritubular capillaries has been suggested as a

source of myofibroblasts during endothelial injury undergoing (Djudjaj & Boor, 2019).

Interstitial inflammation: A low-grade and persistent inflammation is considered a hallmark feature of
Chronic Kidney Disease, but if inflammation is a trigger or a result of the disease and how they are related, is
still unknown. When kidney damage happens, resident inflammatory cells, among them macrophages and
dendritic cells, regulate initial inflammation response by recruiting circulating neutrophils and monocytes
(Djudjaj & Boor, 2019), attracted by cytokines, chemokines, and damage-associated molecular patterns
(DAMPs) (Gajjala et al., 2015). After that, neutrophils activate monocytes into macrophages, as well as TECs
and endothelial cells, whereas DAMPs, build a pro-fibrotic niche supporting the activation of pericytes into
myofibroblasts, and leading to a local scenario of inflammatory amplification that causes a permanent
inflammation condition as a result of an impaired immune homeostasis, in which macrophages are implicated

through their polarization into different phenotypes along the development of disease (Guzzi et al., 2019).
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Figure 2. Microscopic appearance of human
end-stage kidney damage under hematoxylin
and eosin staining. Image shows the
representative structure abnormalities in the
renal cortex of an end-stage chronic renal
damage patient: Inflammatory infiltrates within
the renal parenchyma (*), tubular atrophy (1),
interstitial fibrosis (2), and glomerular sclerosis
(3) (adapted from Robbins and Cotran Atlas of

Pathology, 2015).
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1.5 Patient management and therapeutic strategies for CKD

Chronic Kidney Disease could be not considered itself as a diagnosis, since it is rather a consequence of an
underlying pathological context given by different deregulated scenarios . Thereby, currently,
patient management is devoted to mitigate associated disorders that are contributing to the disease

development, and to slow the progression of kidney damage into advanced stages

Often, as it was previously cited, patients diagnosed of CKD are suffering from CVD or DM. Therefore, the main
approach in these cases is to avoid GFR decline by controlling systemic hypertension by antihypertensive therapy
and reducing intraglomerular hypertension by angiotensin-converting enzyme inhibition
(ACEi), angiotensin receptor blockade (ARB), or a combination of both
. Restrictions in diet, as well as the use of diuretic agents to maintain homeostatic fluids balance, contribute
to alleviate glomerular congestion being crucial in slowing kidney injury progression
. Also, MBD is a common complication of CKD, meaning abnormalities in the level of calcium and
phosphate, parathyroid hormone (PTH), and metabolism of Vitamin D, causing anemia and contributing to
neurodegeneration. Treatment in this case is based on phosphorous restriction mainly to recover physiological
mineral levels . Moreover, the degree of kidney fibrosis is often an
indicator of future GFR decline thus, inhibition of renal fibrosis and inflammation based on drugs targeting
biochemical pathways involved in these processes, are being tested as a potential therapeutic strategy to avoid
CKD progression to ESKD. The most relevant anti-fibrotic and anti-inflammatory agents that are being tested in
pre-clinical and clinical practice are mainly targeted to inhibit pro-fibrotic factors such as Angiotensin Il (Angll),
Galectin-3, TGFB1, and Lysophosphatidic acid receptor (LPAR); to reduce oxidative stress (activators of Nrf2

pathway); and to suppress collagen expression (Pirfenifone, Tranilast, and Lysyl oxidase (LOX) inhibitors)

Furthermore, a significant issue to consider on CKD patient management is that during disease progression,
specialists must decide treatment balancing between drug benefits and adverse effects, which implies a
continuum monitoring of these multi-disease patients and a huge effort by medical entities

. Finally, when hopelessly kidney impaired function is established, the next step is to assess and prepare the
patient for renal replacement therapy , dialysis, or kidney transplantation, which are not
always possible options due to the compromised health of patients in an advanced stage of kidney disease, as well

as allograft immune-compatibility and availability.

Knowing that therapies remain limited and there is no cure for CKD up to date, future efforts have to be devoted

to developing improved therapeutic tools that slowdown kidney damage avoiding the progression towards the
31



final stages of CKD. In this sense, miRNAs, as gene regulators, have emerged in recent years as promising molecules
able to modulate the expression of genes involved in cellular processes such as fibrosis and inflammation
development, as well as regenerative events, which could turn these molecules into potential therapeutic tools

for the treatment of many diseases, among them CKD burden

2. Key mediators of inflammation in CKD: Macrophages

Persistent systemic inflammation has been recognized as an important component of CKD, as was mentioned
before. Understanding the role of the key players that contribute to chronic inflammatory status during disease
will allow the development of novel therapeutic strategies able to treat and prevent progression and outcomes of
CKD . It is well known that an increased production of pro-inflammatory cytokines,
oxidative stress, acidosis, altered metabolism of adipose tissue, and recently discovered, gut microbiota dysbiosis,
participate in the setting of an inflammatory milieu

. This microenvironment strongly influences macrophages response, inflammatory cells that have been
recognized as crucial mediators during all phases of kidney disease through their polarization towards different
phenotypes and therefore, have been pointed out as interesting target cells for the recovery of homeostasis

physiology in CKD

Macrophages are a subtype of leukocytes and constitute crucial cells of innate immunity implicated in homeostasis
maintenance and inflammation response through i) phagocytosis of pathogens and clearance of cell debris from
senescent/apoptotic cells, ii) recruitment of other inflammatory cells to the inflammation site by the production
of different cytokines, iii) antigen presentation, and iv) participation in wound healing and tissue repair

. They are present in most body tissues as resident macrophages differently
named depends on their emplacement (e. g. alveolar macrophages in the lung, Kupffer cells in the liver, or
intraglomerular mesangial cells in the kidney). But they are also recruited to the inflammation site, as blood-
peripheral monocytes that scape from the blood flow and migrate into tissues, where they differentiate into
macrophages responding to specific signaling . The most
relevant characteristic of macrophages is their diversification capacity and functional plasticity in response to
specific stimuli from the microenvironment, which has been described as macrophage polarization in different
phenotypes . Conventionally, the major phenotypes reported are naive macrophages
(Md¢), M1 pro-inflammatory macrophages, and M2 anti-inflammatory macrophages. However, it has been
reported that in vivo, M1 and M2 phenotypes represent the extremes of a spectrum that constitute a continuum

of functional subsets with intermediated and overleaped features within many possibilities among M1 and M2
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phenotypes, in response to physiological conditions and the local cytokine milieu

2.1

Macrophage phenotypes and markers

Naive macrophages (Md¢): Macrophages differentiated from monocytes and able to polarize into M1 or M2

phenotypes depending on different stimuli

M1-polarized macrophages: Also called classically activated macrophages or pro-inflammatory macrophages.
They are differentiated from monocytes mainly by granulocyte-macrophage colony-stimulating factor (GM-
CSF) and activated by interferon-y (IFNy) mostly released by lymphocytes, and by lipopolysaccharide (LPS)
through toll-like receptor-4 (TLR4). M1 macrophages are characterized by their high expression of pro-
inflammatory molecules including TNFa, IL-1B, IL-6, IL-12, 1L-13, and ROS (nitric oxygen, NO, and inducible
nitric oxide synthase, iNOS) . They are involved in helper Thl immune
response being critical in the protection against pathogen infections and tumor growth, antigen-presenting
functions inducing a humoral immune response, and recruitment and activation of lymphocytes to the
inflammation site releasing specific cytokines and chemokines

Even though M1 are involved in inflammation resolution, they can be harmful for tissue repair suppressing

cell proliferation and promoting tissue damage in an exacerbated response

M2-polarized macrophages: Also known as alternatively activated macrophages or anti-inflammatory
macrophages. They are differentiated from Md¢ or M1 macrophages by IL-4 and IL-13. In the bibliography,
anti-inflammatory macrophages were divided into almost four subtypes, M2a, M2b, M2c, and M2d, based on
the stimuli received and including specific transcriptional changes between them. But, all of them have
signatures in common including high IL-10 and low IL-12 cytokine expression levels, suppressor of cytokine
signaling-3 (SOC3), macrophage colony-stimulating factor (M-CSF), CD206, found in inflammatory zone-1
(Fizz1 or RENTLA), chitinase-3-like protein 3 (Ym1 or CD163) and arginase-1 (Argl) .Argl
is especially relevant in M2-like macrophages to deplete L-arginine expression impairing T-cell proliferation
and the consequent production of IFNy, and to compete with iNOS by L-arginine reducing NOS production,
avoiding M1 macrophage activation

Regarding alternatively activated macrophages subtypes differences, M2a polarization is stimulated by IL-4,
IL-13, or parasite infections, through the interleukin-4 receptor a (IL-4Ra) and they are related with Th2
immune response releasing IL-4 together with eosinophils and basophils to encapsulate parasites. M2b
macrophages are stimulated by immunoglobulin-complex plus TLR or IL-1R ligands and regulate immune

response releasing both pro- and anti-inflammatory cytokines including IL-10, IL-1B, IL-6, and TNFa. In M2c
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macrophages, major histocompatibility complex-1 (MHC-1) and CD86 surface marker are up-regulated serving
as antigen presentation molecules. These macrophages are stimulated by IL-10 through IL-10 receptor (IL-
10R), together with transforming growth factor- (TGFB) or glucocorticoid hormones, and they are commonly
known for their contribution in tissue remodeling and repair, and extracellular matrix production. Finally, M2d
was only described in mice and can be induced by IL-6 and adenosine from M1 macrophages via activation of
the adenosine 2A receptor (A2AR). It is characterized by an increased production of vascular endothelial
growth factor (VEGF), but it is still mostly unknown

. M2 macrophages control and resolve inflammation through the release of anti-inflammatory
cytokines participating in wound healing, post-inflammatory tissue repair, and remodeling promoting cell
proliferation. Therefore, they are crucial in tissue repair, but they are also involved in chronic inflammation or

infectious diseases when maladaptive repair occurs

There are other macrophage phenotypes described in the bibliography, including tumor-associated macrophages
(TAMs) and human-specific pro-inflammatory M4 macrophages. TAMs are activated by tumors and stimulate
cancer cells during carcinogenesis orchestrating several factors in the microenvironment connecting inflammation
with the tumor and promoting proliferation, invasion, angiogenesis, and limiting anti-tumor inflammation
response . M4 macrophages have been described as induced by chemokine C-X-C motif ligand 4
(CXCL4) and characterized by their low phagocytic capacity and increased resistance to foam cell formation. Their
signature is a down-regulated expression of hemoglobin scavenger receptor (CD163) and an elevated expression

of matrix metalloproteinase-7 (MMP7) and -12 (MMP12)

In recent years, macrophage classification was updated, reflecting the complexity of the identified macrophage
subtypes and followed by many laboratories. The proposed nomenclature takes into account the activation signal
that drives polarization. In that case, M[IFNy], M[IL-4], M[Ic], and M[IL-10/TGFpB] correspond to M2a, M2b, and

M2c subsets in the old classification

Despite the scientific community are already knowledgeable of many relevant aspects of macrophages, the main
goal in macrophage biology continues being light the specific pathways involved in each phenotype and the
molecular mechanisms that trigger M1 and M2 polarization. Terms that continue being controversial due to the
lack of defined criteria to score phenotypes within the bibliography. What is inevitable true and well known, is
that macrophage polarization is strongly linked with inflammation resolution, successful or impaired, which could

be considered as a promising therapeutic approach for dealing with inflammatory diseases
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Figure 3. Macrophage polarization phenotypes. M1 and M2 phenotypes are derived from naive macrophages and they are activated
through different mechanisms. M1 or pro-inflammatory macrophages are mainly stimulated by cytokines and molecules involved in
the Th1l immune response, including LPS and IFN-y. These classically-activated macrophages amplify the pro-inflammatory signaling
and they are characterized by the high expression of TNF-a, IL-1B, IL-6, IL-12, IL-23, and ROS. In contrast, M2 or anti-inflammatory
macrophages are generally activated by IL-4 and IL-13 and participate in the Th2 immune response. They are characterized to express
high amounts of IL-10, Arg-1, TGF-B, CD206, FIZZ1, and Ym1, and they can be divided into four subtypes of alternatively-activated
macrophages, M2a, M2b, M2c, and M2b, each one differently activated and with a particular biological function. Pro-inflammatory
macrophages are involved in inflammation response, protection against infections and cell debris, and cancer cell removal. Whereas
anti-inflammatory macrophages have been described as involved in inflammation resolution, wound healing and tissue repair, and

extracellular matrix remodeling (adapted from Lee, 2019).

2.2 Macrophage polarization process and molecular mechanisms involved

Macrophages adopt different phenotypes, switching between M1-like or M2-like depending on the signals
received from the microenvironment that trigger key transcription factors in the cell, which cross-interact and
activate diverse signaling pathways that promote changes in cell transcriptome and proteome and finally, cause
the conversion of macrophages into specific phenotypes with different biological activities (Murray, 2017,

Shapouri-Moghaddam et al., 2018; Y. Wang et al., 2019).

Among molecular mechanisms involved in this process, IRF/STAT signaling pathway is considered a key modulator
in the control of macrophage polarization. A predominant activation of STAT1 and NF-kB by IFN-y and TLRs induces
the expression of transcription factors like IRF-1/IRF-5 that promote M1 differentiation. Whereas STAT-3/STAT-6
signaling and IRF-3/IRF-4 expression by stimulation of IL-4/IL-13 and IL-10, contribute to M2 phenotype
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polarization . Pathways like PI3K/AKt, MAPK, PPAR, and
JAK/STAT also seem to be implicated in this process but, the major molecular mechanisms that govern the switch
of phenotype in macrophages continue being an issue under intensive review, and many aspects related remain

completely understood

Macrophage polarization is also modulated by other relevant conditions present in many diseases, such as
hypoxia, where the increased expression of HIF-1a promotes M1 pro-inflammatory macrophages differentiation
. But also, post-transcriptional modifications by miRNAs and epigenetic changes through

histone modifications are implicated in phenotype changes

Moreover, arginine metabolism was identified as the main difference between M1 and M2 phenotype functions
that influence their polarization. M1 uses arginine to generate NO molecule, widely used to damage and Kill
pathogens through peroxynitrite production. In contrast, M2 uses arginine to generate ornithine as a repair

molecule through the synthesis of proline and polyamines

It is important to mention that different phenotypes can coexist in the same population in a determinate space
and time and that polarization states can change or reverse responding to microenvironment stimuli to regulate
macrophage function . Therefore, polarization of Mg into
either the M1 or M2 phenotype has become a promising therapeutic approach for dealing with inflammatory

diseases

2.3 Role of macrophages in CKD

Macrophages, as key regulators of tissue homeostasis and immune response, have been reported highly involved
in renal injury and fibrosis development in many experimental models and human renal biopsies of kidney diseases

. Inthe last decade, macrophage polarization has emerged as a critical player in the progression
of CKD , since the evidence shows that during the initial stages of kidney damage, M1
macrophages are predominant and contribute to kidney injury, but ongoing the progression of kidney disease,
they switch into M2 phenotype, which is related with tissue repair and wound healing but also, with fibrosis
development . However, the relationship between this process and the pathological context is

still controversial and change among kidney diseases.

During the early stages of CKD when the kidney is injured, monocytes are recruited to the inflammation site
induced by a local production of chemokines. Then, they differentiate into M1 macrophages in response to pro-
inflammatory mediators, including IFNy, and factors like DAMPs and immune complexes, released by Th1/17 cells

and NK cells . Activated M1 macrophages produce high amounts of pro-inflammatory cytokines

36



IL-1B, IL-6, and TNFa, and factors such as ROS, that cause endothelial dysfunction and death of healthy renal cells
exacerbating inflammation signaling and contributing to tissue injury . This scenario

extended over a long period, leads to the progression of renal injury, and contribute to the decline renal function

Detailed studies identified that after this initial inflammation phase, macrophages undergo a phenotypic change
that confers a protective and reparative role, leading to an inflammation resolution and tissue repair stage

. During this recovery period, it has been reported that Th2 cells and Tregs are recruited to
the renal parenchyma, where they secrete cytokines such as IL-4 and IL-13, able to polarized M1 macrophages
toward the M2 phenotype, which predominates during this stage of kidney disease as essential players for
inflammation management and wound healing . The major M2 subsets described
orchestrating this phase are M2a and M2b phenotypes. M2a macrophages express high levels of anti-
inflammatory mediators like mannose receptor (CD206), IL-10, and TGFB, which promote tubular cell proliferation
and regeneration. Whereas M2b macrophages additionally have up-regulated antigen presentation, acting as a
cross-talk with B cells and being involved in the deactivation of T cells and pro-inflammatory macrophages.
Moreover, M2c macrophages are stimulated by IL-10 and TGFp released by M2a and M2b, and also contribute to
tissue repair and matrix remodeling. Theoretically, M2 subsets working together, play an immunoregulatory role
in alleviating renal inflammation, stimulating angiogenesis and endothelial repair, and contributing to wound

healing and ECM remodeling

Unilateral ureteral obstruction (UUO) nephropathy is an extended animal model that mimics CKD in humans and
constitute the most well-characterized in vivo model to investigate kidney fibrosis development. In consonance
with the previously described, many studies demonstrated that depletion of macrophages by liposomal
clodronate (LC) during early stages of kidney damage in the UUO model in mice, prevent the progression of kidney
injury, indicating a pathogenic role of M1 macrophage phenotype during early stages of kidney disease

. Moreover, it was reported in the same animal model, that once the disease is already triggered,
depletion of macrophages does not allow tissue regeneration and results in prejudicial, aggravating fibrosis
development , however the transfer of M2 polarized macrophages into the injury site,
enhances the repair process. This data suggests an important role of M2 phenotype in the resolution of kidney
disease, and that a failure of polarization from M1 macrophages toward M2 ones, could lead to renal inflammation

and fibrosis development, contributing to CKD progression

Nevertheless, kidney damage and renal fibrosis may not only be triggered by pro-inflammatory M1 macrophages,
but also, M2 macrophages described as pro-fibrotic, have been associated with fibrosis during CKD progression,

which is controversial with the repair role associated to this phenotype . This fact is based on
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constant M2 macrophage infiltration could result in a continuous production of tissue repair and matrix
remodeling growth factors and molecules, including TGF-B1, fibroblasts growth factor-2 (FGF2), PDGF, Gal-3,
fibronectin-1 (FN1) and MMPs, which activate myofibroblasts, and induce EMT and EndoMT, contributing to an
abnormal extracellular matrix (ECM) deposition, wound healing failure and blockage of inflammation resolution

. According to that, some in vivo studies revealed that due to a chronic M2 phenotype activation
during later stages of kidney damage, a persistent injury and inflammation appear and consequently cause the
recruitment of M1 macrophages to the inflamed site, increasing the M1:M2 ratio, which amplifies pro-
inflammatory signaling again and reduce M2 polarization. Thus, mechanisms initially reparative, may subsequently

become harmful and results in an irreversible fibrosis and progressive kidney tissue destruction

Inflammation

Injury and inflammation resolution
(Kidney functionality remains affected)

Kidney function

Persistent inflammation —

Macrophage polarization
phagme Kidney failure

Early stage Advanced stage

CDK progression (time)

Figure 4. M1 and M2 balance during chronic kidney disease progression. During the early stages of CKD, when kidney injury happens,
there is an infiltration of M1 macrophages which release pro-inflammatory cytokines and promote an inflammation state. After that, a
recovery phase begins characterized by the polarization of M1 macrophages toward the M2 phenotype, which leads to a wound healing,
that may conclude with injury resolution and tissue repair, with or without fibrosis, even though kidney functionality remains affected.
However, if injury resolution does not occur, polarization toward M2 phenotype fails, and M1 macrophages persist at injured sites,

increasing the M1:M2 ratio and causing a continuous inflammatory state promoting renal fibrosis and failure

In summary, since macrophages seem to play pathogenic and protective roles during kidney disease progression,
they could serve as potential targets to ameliorate renal injury through manipulation of their polarization

. Nevertheless, macrophage dynamics during the different phases of CKD progression are not fully
understood and more studies about macrophage polarization and their contribution during disease may be

relevant in terms of defining the type of therapy
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3. MicroRNAs

Protein-coding sequences have been the most investigated DNA region during the last decades, even though they
occupy only ~1.5% of the human entire genome. The remaining portion was considered “junk” DNA during a long
period, a term that was popularized in the ‘60s referring to the non-functionality of this ~98% non-coding region,
which besides, about 59% of its, constitute repeated sequences. However, a recent analysis published by the
Encyclopedia of DNA Elements (ENCODE) project suggested that almost ~80% of the genome does not codify for
proteins, but produces different sized transcripts which participate in essential biological functions being involved

in cellular processes by gene regulation, what could be a reason why it is highly conserved among animal kingdom

These RNA transcripts are termed non-coding RNAs (ncRNAs) and have been classified by size in long non-coding
RNAs (IncRNAs), which have more than ~200 nucleotides (nt), and small non-coding RNAs, smaller in length.
Likewise, small RNAs have been divided into functional and regulatory ncRNAs. Functional RNA molecules are
directly involved in processing and translation, and because of that, are considered housekeeping molecules, since
they are abundantly and ubiquitously expressed in all cell types in the organisms . Most popular among
them are ribosomal RNA (rRNA) and transfer RNA (tRNA), both indispensable molecules for protein synthesis.
Small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA), also belong to this cluster and they are involved in
splicing events and modification of other small RNAs, respectively

. Regulatory small ncRNAs were discovered more recently in mammals and have been intensively
investigated and reviewed to be key regulators of gene expression in many different cellular pathways

. Most relevant are PIWI-associated RNAs (piRNAs), short interfering RNAs (siRNAs), and microRNAs

(miRNAs)

In this work, we focused on miRNAs to be potential regulators of most human mRNAs involved in cell
differentiation (predicted two-third of human mRNAs) , development and homeostasis
maintenance, and which deregulation has been strongly associated with human pathological contexts

. The first miRNA was discovered in 1993, from Caenorhabditis elegans, an invertebrate model
organism, and it was named lin-4 because it participated in the regulation of LIN-14 protein expression in this
nematode . Further, let-7 miRNA was recognized in humans and other bilateral animals, and since
then, the number of discovered miRNAs has exponentially increased thanks to the development of sequencing
technologies, and computational and bioinformatics prediction methods, which has enhanced miRNAs research,
mMRNAs targeted, and possible functions . Currently, it has been identified more
than 2.500 miRNAs in humans, and many of them, and also their mRNAs targets, are highly conserved among

species (http://www.mirbase.org/).
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3.1 Biogenesis and action mechanism of miRNAs

MicroRNAs (miRNAs) are endogenous non-coding RNA molecules of ~22 nt that negatively regulate gene

expression in a post-transcriptional manner by targeting specific mRNAs for degradation or translation repression

The synthesis of miRNAs constitutes a several steps process that starts with the transcription of miRNAs genes
from the genome, mostly by RNA polymerase Il enzyme (Pol Il), to produce the primary miRNA (pri-miRNA), a
transcript of several kilobases in length that contains a stem-loop structure . Major miRNAs
have been described residing into intergenic regions (intergenic miRNAs), but in lower frequency, they are found
into intronic regions (intronic miRNAs), close to other miRNAs building clusters (poly-cistronic miRNAs), or
transcribed from their own promoter (mono-cistronic miRNAs or mirtron), which requires the intervention of the
spliceosome to generate the primary transcript . The next step takes place
in the nucleus and it is led by Drosha, a class 2 RNase Il enzyme that requires the DiGeorge syndrome critical
region in gene 8 (DGCR8) to form the microprocessor complex, to cleave the stem of the loop structure of the pri-
miRNA transcribed by Pol I, and release a ~70 nt hairpin shaped structure, known as precursor miRNA (pre-
miRNA). After that, the resulting pre-miRNA is translocated into the cytoplasm by the RanGTP-dependent nuclear
transport receptor exportin-5 (EXP-5). The transport occurs through nuclear pore complexes when EXP-5
recognizes the double-stranded RNA (dsRNA) stem-loop and leads it out of the nucleus where hydrolysis of GTP
occurs. Once in the cytoplasm, pre-miRNA is subsequently processed by Dicer protein, an endonuclease
cytoplasmic RNase Il enzyme, which becomes the pre-miRNA in a mature miRNA duplex. Dicer protein, in a highly
specific manner, removes the terminal miRNA loop, leaving a 22 nt double-stranded structure. In humans, Dicer
protein is associated with two proteins, trans-activation response RNA-binding protein (TRBP) and protein kinase,
interferon-inducible double-stranded RNA dependent activator (PKKRA, also known as PACT), which contribute to
the construction of the effector RNA-induced silencing complex (miRISC). According to the current model, once
the 22 nt double-stranded mature miRNA is generated, it is loaded into the Argonaute family protein complex
(Ago) in an ATP-dependent manner to produce the precursor RNA-induced silencing complex (preRISC). After that,
the degradation of one strand of the miRNA (passenger strand), whereas the other strand (guide strand) remains
bound to Ago, constitutes the final mature miRNA, which assemblies the (miRISC). Strand selection for the

cleavage of the dsRNA is based on thermodynamic stability, most stable remains, while the other is degraded.

Finally, mature miRNA guides RISC to its target sites in the 3" untranslated region (UTR) of the mRNA which is

silenced by translation repression or degradation
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Figure 5. Biogenesis of miRNAs. miRNAs
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Recognition of mMRNA targets and gene expression silencing by translational repression or degradation occurs
through an essential sequence mostly situated between nucleotides 2 to 7 (counting from the 5’ end) of the
mature miRNAs known as “seed sequence”, which is complementary to the binding site in the 3'"UTR of the target
MRNA . The pairing between the seed sequence and the target site of the mRNA
is crucial to determine the silencing method, degradation, or translational repression

Degradation occurs when the seed sequence matches perfectly with the targeted transcript allowing, a method
commonly reported in plants. But, if the seed sequence-binding to the transcript was not complete, as usually
occurs in animals, slicing of the mRNA does not occur, and miRISC could only block the initiation of the translation
process making it less efficient, and subsequently repressing translation of the mRNA target. However, it has been
demonstrated that in mismatched-bindings, the adaptor protein TNRC6 can be recruited by Ago and interacts with
deadenylase complexes to clip the poly(A) tail of the mRNA target causing mRNA destabilization that derivate into
degradation of the mRNA target . Therefore, it could be
that degradation or translational repression of the targeted mRNA depends on the cell requirement and its

extracellular communication, and not necessarily because of a perfect binding
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To finalize, it is well established that miRNAs exhibit tissue and cell specificity expression patterns and they are
grouped in families based on the similarity of their seed sequences forming complex networks of interactions
allowing one miRNA can target many different mRNAs, and one mRNA can be regulated by many different miRNAs
to interfere and regulate biological pathways involved in many biological functions such
as developmental timings, cell differentiation, embryogenesis, metabolism, organogenesis, and apoptosis

. Because of that, their deregulation and aberrant expression patterns have been strongly

associated with many diseases and could serve as interesting indicators of pathology

3.2 miRNAs as useful biomarkers and therapeutic strategy in pathology

Numerous studies demonstrate that miRNAs are released from the cells into extracellular fluids including urine,
serum, cerebrospinal fluid, and preservation solutions, among others, serving as signaling molecules that mediate
in cell-cell communication, acting as regulators, able to modulate cellular activities . They
can be found circulating in vesicles such as exosomes, microvesicles, apoptotic bodies, or associated with
molecules like high-density lipoprotein (HDL) or proteins like Ago2

(Figure 6).
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In contrast to other cellular RNA species, miRNAs are highly stable against degradation, thus they resist room
temperatures several days, and also conditions as boiling, multiple freeze-thaw cycles, and high or low pH. Based
on these features, circulating miRNAs have been widely reported as potential and excellent biomarkers that
indicate the presence of different pathologies and even, stage and progression of many diseases

. Regarding that, our lab has previously identified and published under
intellectual property protection, a set of serum microRNAs, including miR-101-3p, miR-127-3p, miR-210-3p, miR-
126-3p, miR-26b-5p, miR-29a-3p, miR-146a-5p, miR-27a-3p, miR-93-3p and miR-10a-5p, able to diagnose Acute

Kidney Injury (AKI) at Intensive Care Unit (ICU) and associated to cardiopulmonary bypass (CPB), in comparison to
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control patients , contributing to demonstrate the value of microRNAs as biomarkers

of disease in clinical practice.

Furthermore, many studies have confirmed that extracellular miRNAs can regulate biological functions in platelet
cells, acting as intercellular signaling molecules and regulating molecular pathways

. Also, it has been demonstrated that the return of the altered miRNA pattern expression to

normal levels can restore homeostasis in animal models and even eliminate certain malignancies
. Based on that, miRNAs have been unleashed as novel targets for developing therapies, against diseases
. Moreover, in vivo delivery vehicles for miRNAs overexpression, or anti-miRs constructs, able to
block miRNAs function in the cells, have been developed and successfully achieved in animal models. The most
extended methods used for in vivo miRNA overexpression are based on viral particles, lentivirus (LV) or adeno-
associated virus (AAV), containing the pre-miRNA sequence. Also, liposomes and polymers conjugated with the

miRNA sequence are being validated as useful tools for this purpose.

Currently, the major miRNAs-based therapies are in the pre-clinical stage. Remarkably some of them, including
Miravirsen, an intramuscular inhibitor of miR-122 for the treatment of Hepatitis C, systemic delivery of miR-34
mimic as a potential therapy for liver cancer, or the recovery of miR-21 renal expression in Alport syndrome
patients, are already being tested in clinical trials and constitute the most advanced miRNA-based therapeutics to

date www.clinicaltrials.gov).On the other hand, clinical validation of miRNA signatures

for early diagnostic use of many diseases are already ongoing and its offered to clinicians and covered by major

insurance companies

3.3 miRNAs in CKD and macrophage polarization

Healthy kidneys have a tissue-specific miRNAs expression pattern that constitutes a renal physiology signature.
miR-192, miR-194, miR-204, miR-215, and miR-216 were the first miRNAs reported abundantly expressed in
human kidneys . Many studies later suggested the expression of other
miRNAs in this organ and, not all of them equally expressed along the different renal compartments in
homeostasis conditions. For example, miR-192 and miR-194 were reported highly expressed in the cortex,
whereas miR-27b expression was characteristic of the medulla. However, miRNAs expression can be differently

altered during the progression of kidney injury depending on the etiology of the damage

To date, many miRNAs have been associated with CKD in humans and animal models. One of the first was the up-
regulated expression of miR-21 associated with renal pathogenesis in human biopsies of IgA and diabetic
nephropathies, both extended etiologies of CKD . miR-21 targets molecules including p-53,
SMAD7, TGFB-R2, TIMP331, ERK/MAPK, PTEN, PPARa, among others, which could be key mediators in the
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development of disease . miR-192 was reported also markedly increased in human biopsies
of diabetic nephropathy correlating with tubulointerstitial fibrosis and impaired kidney function, through targeting
TGFB1 signaling . In contrast, the miR-200 family has been published downregulated in IgA
nephropathy, whereas miR-141 and miR-205, also were found upregulated. All of them correlating with
proteinuria, GFR decline, and loss of E-Cadherin expression (a cell epithelial marker) . In
UUO mice elevated expression of miR-433, miR-382, and miR-491 were recorded in the tubulointerstitial, inner
and outer area, and glomerulus or epithelial cells respectively ,
and miR-34c also was reported increased in this mouse model, having as downstream factors CTGF, aSMA,
collagen type 1, collagen type 3, and fibronectin, involved in fibrosis development .Besides,
in vitro experiments in human proximal tubular epithelial cells (HK-2 cells) treated with high TGFB1 levels (a fibrosis
development contributor) demonstrated a downregulation of miR-29a expression in the cells. miRNA that
bioinformatics approaches predict to be involved in the regulation of many genes related to extracellular matrix
formation, such as collagen genes, MMP2, and integrin-13 . These are only few studies
published showing evidences that miRNAs deregulation is intimately related to fibrosis development underlying

CKD.

Regarding that, unpublished results in our lab demonstrated that the induced expression of miR-127-3p in HK-2
cells submitted to high levels of TGFB1 as a pro-fibrotic agent, maintains an epithelial phenotype and blocks TEM,
targeting MMP13 mRNA. Moreover, the culture of human fibroblasts in the medium from HK-2 cells in which miR-
127-3p expression was up-regulated, induced toxicity, and reduced its activation into myofibroblasts, a process
underlying fibrosis. miR-127-3p expression also correlated with the progression of CKD in renal tissue biopsies
from patients. Thus, all these data together could suggest that miR-127-3p could be involved in the progression

of CKD orchestrating mechanisms underlying fibrosis and maybe inflammation response

As it was previously described, fibrosis is considered a process strongly associated with inflammation resolution,
in which the switch of macrophages between different phenotypes plays a pivotal role in the progression of CKD.
miRNAs have been reported as key mediators in macrophage phenotype polarization, and their deregulation has
been extensively linked to an excessive or impaired inflammatory response of macrophages during disease
. In this context, various studies have analyzed miRNAs profile in different polarized macrophage
phenotypes to determine miRNAs expression in M1 and M2 conditions in humans and mice, and their functional
role in the polarization process. miR-9, miR-155-5p and miR-125b are some examples of miRNAs consistently
reported able to promote pro-inflammatory M1 macrophages
. Interestingly, miR-127-3p also has been reported as an enhancer of M1 macrophages
polarization, since stimulation with LPS elevates miR-127 expression in macrophages, which inhibits Bcl6

expression and leads to an increase in the phosphorylation of JNK, promoting M1 polarization and amplifying pro-
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inflammatory signaling in acute lung inflammation However, miR-124, miR-223, miR-34a, let-
7¢, miR-132, miR-146a, and miR-125a-5p have been identified with anti-inflammatory responses and M2 polarized

macrophages by several studies

The functional role of miRNAs implicated in the polarization process has been mainly related to the target of
various transcription factors involved in IRF/STAT signaling, which is considered the major pathway controlling the
switch of macrophage phenotype . But, it is important to consider that miRNA expression
profiles in polarized macrophages could differ depending on the location and stimulation received by the local
microenvironment . Even though, some miRNAs have been reported associated with
different phenotypes depending on the inflammatory stage . For example, miR-21 has been
described targeting STAT3 and thereby promoting M1 phenotype during early stages of inflammation, while at
inflammation resolution phase, it had been reported downstream CSF-1R, being involved in M2 polarization and

the suppression of M1 macrophages

Modulating inflammatory response always has been a very interesting topic for basic and clinical research to
control the progression of many diseases. In this context, as mediators in cellular response, miRNAs have
demonstrated in the last decade that they could serve as a potential therapeutic strategy for the treatment of

many pathological contexts.

To summarize, it is important to highlight that CKD is an unresolved worldwide health problem affecting around
15% of the world population, lacking accurate biomarkers for early diagnosis and efficient therapies to block or
reverse progression. As a consequence, CKD runs silently for a long time until its detection, when kidney damage
is already irreversible and finally, patients need substitutive therapy which implies a poor quality of life for them
and high economic cost for the health systems. All this highlights the urgent clinical need of characterizing and
validating new molecular targets for novel therapeutic approaches for CKD, including miRNAs, lately emerging as

potentially useful biomarkers of disease and suitable for modulation as an efficient strategy for CKD treatment.

It is also important to mention that although intensive research has been recently done in CKD, most of the
publications describe experimental therapies devoted to mitigate disease symptoms or to improve patients’ life
quality, lacking knowledge in mechanisms underlying disease trigger and development. Remarkably, in this work,
we study miRNAs as key elements in the critical relationship between inflammation and fibrosis development,
considering fibrosis as a consequence of an impairment in inflammation resolution and suggesting macrophage
polarization as a critical cellular process implicated in this impaired resolution. Therefore, whether results support

this rationale, miRNAs modulation could be considered as an efficient and novel therapeutic approach to CKD.
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Previous data from our lab demonstrate that miR-127-3p expression increases in HK-2 cells treated with TGFpB, a

classical pro-fibrotic stimulus that induces EMT in the context of renal diseases, and that this miRNA correlates

with damage severity in biopsies from CKD patients, strongly suggesting that could be involved in the cellular
processes that contribute to fibrosis development underlying CKD

. Furthermore, our lab also contribute to unveil microRNAs as potential useful biomarkers in AKI and CKD

. Moreover, it has been widely

described that macrophage polarization has a crucial role in renal injury and fibrosis development during CKD

progression . Additionally, it has been reported that miR-127-3p promotes M1 macrophage

polarization amplifying pro-inflammatory response in acute lung inflammation

Based on the state of the art and our previous results, we propose as the hypothesis of this work that miR-127-
3p could play an important role in CKD establishment and progression by modulating the inflammatory
macrophage response and fibrosis development during the progression of the disease, among other

mechanisms, therefore, miR-127-3p could also be considered a potential biomarker in this pathology context.

To confirm or refuse this hypothesis, we will address as the principal objective of this work to characterize the

role of miR-127-3p in the renal fibrosis underlying CKD and the associated macrophage polarization during the

disease development and to address the usefulness of miR-127-3p as biomarker in this clinical context.

To achieve this goal, we propose the following partial objectives:

1. Characterize miR-127-3p expression in an experimental murine model that mimics human CKD (UUO model)
and investigate the role of this miRNA in the progression of kidney damage by modulating the miRNA expression

in vivo.

2. Characterize miR-127-3p expression in different macrophage phenotypes obtained by exogenous stimulation
(M2[LPS] and M2allL-4]) and the role of this miRNA in the polarization process by modulating the miRNA

expression in vitro.

3. Determine the serum expression of an associated renal damage set of miRNAs (miR-127-3p, miR-126-3p,
miR-146a-3p, miR-26b-5p, miR-27a-3p and miR-93-3p) in CKD patients exhibiting different severity, and

correlate serum miRNA levels with the main clinical features of the patients.

47



Material and
methods



Applied methods and material required to achieve the objectives proposed in this work will be described in this
section. Conditions of each method are detailed bellow allowing reproducibility. Used material has been specified

for each technique.

1. Unilateral ureteral obstruction (UUO) animal model mimicking human CKD

1.1 UUO animal model description: procedure and animals used

UUO animal model is the most widely accepted experimental model to mimic human CKD in an accelerated
manner, and useful to study pathogenesis, mechanisms, and effects of drug intervention during disease

. The experimental procedure consists of a ligation of the ureter of one kidney, usually the
left, and commonly with a 5.0 silk thread, 1 cm below the renal pelvis. The kidney in which the ligation was

performed is named obstructed kidney (OK), and the other one, is named contralateral kidney (CK) and can be

used as negative control. The intervention reduces the renal blood flow and declines the GFR in the OK within 24h
after the urine flow obstruction, which causes tubulointerstitial injury, accompanied by vasculature damage, and
the recruitment of an inflammatory infiltrate, mainly composed by macrophages. On day 7 after surgery, tubular
dilation and atrophy appear together with an established renal fibrosis in the obstructed organ. Finally, OK reaches
an estimated human end-stage by around 2 weeks, whereas CK supposedly remains histology unaffected and
functional . UUO animal model has advantages including easy
performance, good reproducibility, and short time-course. The possibility to choose between rat and mice, and
no specific strain dependence, are also relevant properties of this pre-clinical model. However, disadvantages
include the non-accurate estimation of renal function by estimation of serum creatinine and urea, and proteinuria
analysis, because the ligation on the left ureter prevents the waste of urine from the operated kidney

and contralateral non operated kidney can compensate renal function.

4- to 6-week-old male C57BL/6j mice weighing 20-25 g were purchased from Charles River Laboratories and settled
in the animal facility, being divided by a maximum of 5 animals per cage with standard conditions (12h light/dark
cycle, constant temperature, 24 + 0.2°C, and free access to rodent chow and water). The UUO procedure was
developed in the left kidney, as it was described previously, under total anaesthesia by inhaled 2% mixture of
isoflurane/oxygen. During the surgery, mice were positioned on a heated surface to maintain an optimal body
temperature, and a dose of 20 mg/kg of Tramadol was subcutaneously administrated pre- and 24h post-surgery
as analgesia, to minimize surgical pain. Animals were sacrificed by terminal cardiac puncture under anaesthesia
at the end point of the model. All in vivo experiments were performed in accordance to the Ethics Committee for

Animal Wellbeing (CEEA, for the Spanish acronym of ‘Comitée de Experimentacion Etico Animal’) of the Animal
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Facility of IdiPAZ, were they were carried out, and authorized by the Autonomous Community of Madrid (CAM,
for the Spanish acronym of "Comunidad Auténoma de Madrid’) (PROEX 161/17).

1.1.1 Experimental animal groups

= UUO-mice: In these animals, UUO model was performed to obtain Obstructed Kidney (OK) and Contralateral

Kidney (CK). Stablished sacrificed times were 3, 5, 7, 10, and 15 days after surgery.
= Sham-mice: Control group in which the same intervention was performed, but without clamping the ureter,
therefore, any kidney resulted affected (Sham kidneys). Sacrificed time for these animals was established at 5

days after the surgical procedure.

1.1.2 Sample collection

Urine (pre- and post-intervention): Basal samples were collected during the 24h before UUO or sham procedure,

and post-intervention samples were obtained 24h before the sacrifice, both using metabolic cages. ~0.5 to 1 ml
of urine was obtained per animal, and centrifuged at 1,500 rpm for 5 min at 4°C to remove waste particles before
they were saved in freezing tubes at -80°C for future analysis.

Blood/serum: ~1 ml of blood was obtained per animal by the cardiac puncture performed at sacrifice time. For
serum extraction, blood was collected in a Vacutainer EDTA/separator gel tube (BD) and maintenance at room
temperature for 30 min. Then they were centrifuged at 2,500 rpm for 10 min at 4°C and saved frozen at -80°C for
future analysis.

Kidneys: Kidneys were removed by dissection of renal pedicles and weighted. Half of each kidney was directly
frozen in liquid nitrogen for RNA and protein extraction, and the other half was fixed in 4% formalin and paraffin-

embedded for further analysis.

2. Invivo miR-127-3p modulation in the UUO murine model

miR-127-3p expression was modulated in the UUO mouse model during this work. To address that, a miRNA
Inhibitor was used to block miR-127-3p expression, while the overexpression of the miRNA was tried by viral

constructions. The procedure and material and methods applied for these interventions are detailed below.
2.1 miR-127-3p inhibition in the UUO murine model

miR-127-3p expression was inhibited in mice by subcutaneous injection of mmu-miR-127-3p miRCURY LNA miRNA
Inhibitor from Qiagen, diluted in sodium chloride. A Negative Control acquired from the same company was used

as Scrambled control. Table 1 describes the specifications of the probes purchased for this procedure.
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To establish the adequate dose of miRNA Inhibitor, mice in which UUO was performed were randomly divided
into groups of 2 animals, and treated with different doses of mmu-miR-127-3p Inhibitor following the
manufacturer's recommendation: 20 mg/Kg, 10 mg/kg, and 5 mg/kg were the doses for miRNA Inhibitor groups,
and 100 pl of sodium chloride, was used as a vehicle control group. 7 days after surgery, mice were sacrificed and
kidneys were harvested to monitored miRNA modulation in the renal tissue by qRT-PCR. Finally, 10 mg/kg was the

established dose for showing the highest miRNA interference results during the experiment, in a safe manner.

Table 1. miRNAs interference probes used for in vivo miR-127-3p inhibition. Product specification and use.

Sequence .
Product name  Product group q Sequence 5°-3 Use Reference
Number
miRCURY LNA miRNA Cat. Num. 339203
mmu-miR-127-3p MIMAT0000139 UCGGAUCCGUCUGAGCUUGGCU A
miRNA Inhibitor inhibition PER-YCI0199249-FZA
mMIiRCURY LNA | Cat. Num. 339203
Negative Control A ; ACGTCTATACGCCCA Scrambled
miIRNA Inhibitor control PER-YCI0201588-FZA

Considering UUO murine model procedure together with the interference miRNA conditions explained before,

the experimental mice groups designed for this procedure were:

"  miR-127-3p inhibited UUO-mice: UUO-mice in which miR-127-3p Inhibitor probe was administered to obtain

miRNA-modulated Obstructed kidney (OK) and Contralateral kidney (CK) samples. Sacrificed times were

established at 3, 5, 7, and 15 days after surgery.
® miR-127-3p inhibited Sham-mice: Sham group with non-intervened sham kidneys in which miR-127-3p

expression was modulated. Sacrificed time for these animals was established at 5 days after the surgical
procedure.

= Scrambled UUO-mice: UUO-mice in which Negative Control A was administered to obtain Scrambled

Obstructed kidney (OK) and Contralateral kidney (CK) samples. Sacrificed times were established at 3, 5, 7,

and 15 days after surgery.

= Scrambled Sham-mice: Sham group with non-intervened kidneys in which Negative Control A probe was

administered to obtain Scrambled Sham kidneys. Sacrificed time for these animals was established at 5 days

after the surgical procedure.

To ensure an efficient inhibition of miR-127-3p expression, treatment doses were differently administered in mice
along the UUO experimental model depending on the sacrificed time. Figure 7 summarized the in vivo

administration of the treatment scheme followed during the experimental procedure.
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Figure 7. Scheme for treatment administration in the experimental UUO mouse model to inhibit miR-127-3p expression.
First dose of the corresponding treatment (miR-127-3p Inhibitor or Negative control) was injected after performing the
surgery (UUO or sham) for the entire experimental groups. For 3d-UUO, 5d-UUO, and sham mice, the first dose was unique
until the sacrifice (a, b, and e). In 7d-UUO mice, a second dose was administered on day 4 after surgery (c). Finally, 15d-UUO

mice groups were treated beside the initial dose, at day 5 and day 10 after surgery (d).

Sample collection from UUO miR-127-3p inhibited mouse model was carried out as it was described before in this

section.

2.2 miR-127-3p over-expression in UUO mice

miR-127-3p overexpression along the UUO model in mice was addressed by the administration of different viral
vehicles containing the pre-miR-127-3p sequence or a Scrambled sequence as negative control of miRNA

expression. Moreover, for each vehicle, we tested several vias and/or dosages.

2.2.1 Adeno-Associated Viral (AAV) constructs

Adeno-associated virus constructs were given up by the Department of Biochemistry and Molecular Biology
of Universitat Autonoma de Barcelona (UAB), where they were produced by the Virus Unit Core Facility led by

Doctor Chillon Rodriguez. Table 2 specifies the constructs tested in mice for in vivo overexpression of miR-127-3p.
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Table 2. Adeno-associated constructs tested for in vivo miR-127-3p overexpression in mice. Specifications showed in this
table were provided by the producer laboratory (Virus Unit Core Facility) based on their research background. AAV doses are

specified in GC/ml (genomic copies per milliliter).

Titer (G¢/m) Vol. njected/mice

AAV1-CMV-GFP UPV-629 2.5 x 10*2 100 pl AAV stock + 100 pl vehicle
AAV2-CMV-GFP AAV2-GFP 1.6 x 10*2 130 pl AAV stock + 70 pl vehicle
AAV8-CMV-GFP UPV-1044 6.12 x 102 41 pl AAV stock + 159 pl vehicle
AAV9-CMV-GFP UPV-1075 1.16 x 1083 21.3 pl AAV stock + 178.5 pl vehicle
AAV10-CMV-GFP AAV10-GFP 1.9x 108 14.3 pl AAV stock + 185.7 pl vehicle

AVV dose was administered in mice by retro-orbital injection using sodium chloride as a vehicle. One mouse per
AVV construct was employed in this experimental procedure. Since this experiment aims to determine whether
any of the AVVs have kidney tropism, no UUO surgery was performed, nor did the adeno-associated constructs
used contain the miRNA sequence. Sacrificed time was established on the eleventh-day post-intervention and
major organs were harvested for acquiring fluorescent images under an IVIS Imaging System. The radiance

(photon emission per unit area) of a region-of-interest (ROI) was acquired by the viewer image software.

2.2.2 Lentiviral-vector (LV) particles

Third generation self-inactivating (SIN) lentiviral vectors used to produce viral particles enable to infect mice were
acquired from System Biosciences in bacterial stocks. Figure 8 specifies the backbone employed in this experiment
containing the mmu-pre-miR127-3p plasmid to induce miR-127 expression, or mmu-pre-000 one, as Scrambled
Control hairpin, both with approximately 100 bp. The backbone is a human immunodeficiency virus (VIH) lentiviral
vector with around 8,000 bp named CD513, that contains a copGFP reporter and a Puromycin resistant gene under
the control of an EF1 promoter where the plasmid is cloned under the control of a CMV promoter.

Figure 8. Mouse pre-miRNA expression lentivector backbone used for
SVAQ poly-A  syag ORI

TALTR ’ — miR-127-3p overexpression in mice. The HIV-1 derived pMIRNA1/pCD513
WPRE 5. — P
: vector contains a WPRE element to enhance CMV-driven transcripts
Puro®
translation. SV40 origin enables efficient termination of transcription. Hybrid
Amp"
TZA 8 . RSV-5’LTR promoter provides a high-level expression of the viral transcripts in
Mouse pre-miRNA
Expression Lentivectors HEK293 cells. cPPT, GAG, LTRs genetic elements are necessaries for packaging,
RSV
copGFP Cat:#s MMIRXXX-PA-1 transducing, and integrating the viral expression construct into genomic DNA.
‘ 5'LTR pUC origin copies replication in Escherichia coli cells. Ampicillin resistance
- w W gene for bacteria selection is also included as well as CopGFP as fluorescent
a
cPPT marker to monitor positive transfection and transduction. Product Catalog
Prgﬁ:ﬁgm CMV
mi

Number MMIRXXX-PA-1 from System Biosciences.
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Plasmid amplification

Bacterial stocks with the constructs streaked were plated with Lennox L Agar (#22700025, Invitrogen) containing
100 ng/ml of ampicillin (#69-53-4, Sigma-Aldrich), and incubated overnight at 30°C in a stove. Next day, single
colonies were picked and incubated in 3 ml of Miller’s LB Broth Base (#12795027, Invitrogen) shaking overnight at
30°C (mini-cultures). After this time, 2,500 pl of the mini-cultures were added in 1 | of LB Broth medium with 100
ng/ml of ampicillin in an Erlenmeyer flask and incubated shaking overnight at 30°C (maxi-cultures). To continue,
DNA was extracted from maxi-cultures using an EndoFree Plasmid Maxi Kit (#12362, Qiagen), following the
manufacturer’s instructions. Concentration and purity of the obtained DNA were estimated in pg/pl with a
Nanodrop 2,000 device (Thermo Fisher) and considering the A260/280 and A260/230 ratios. Finally, correct

plasmid sequences were verified by sequencing in the Parque Cientifico de Madrid.

Lentivirus particles production

24h hours before starting the transfection protocol, HEK293T/17 cells from ATCC (#CRL-11268) were seeded in 20
dishes (per plasmid) of 100 mm (5 - 10° cells/dish) and incubated overnight at 37°C in 5% CO, with DMEM
(Dulbecco's Modified Eagle Medium) (#31885-023, Gibco) supplemented by 15% fetal bovine serum (FBS)
(#10099-141, Gibco) non-heat treated, 1.5% Penicillin (10,000 U/ml), Streptomycin (10,000 pg/ml) and L-
Glutamine (29.2 mg/ml) (PSG) (#10378-016, Gibco), and 1.5% HEPES Buffer (#15630-049, Gibco). Next day, 2h
before continuing with the protocol, media from plates were replaced with 7 ml of fresh DMEM w/o PSG, and
incubated again at 37°C until their use. Meanwhile, Lipofectamine and DNA mix required for the transfection of

each plasmid were prepared following the next protocols:

= Lipofectamine Mix: 750 ul of Lipofectamine 2,000 Transfection Reagent (#11668-027, Invitrogen) were added

into 10 ml of DMEM. Mixture (one per plasmid) was incubated at room temperature until their use.

= DNA Mix: 130 pg of DNA extracted from maxi-cultures (each plasmid has to be prepared separately) were
added into 10 ml of DMEM, together with 37 pg of pMD2.G DNA (#12259, AddGene) and 73 ug of psPAX2
DNA (#12260, AddGene), both necessaries for virus packaging. Mixes were incubated for 5 min at room

temperature.

Lipofectamine Mix was added into DNA Mix for each plasmid by dropping. Solutions were gently mixed and
incubated for 20 min at room temperature to enable the formation of transfection complexes. After this time, 1
ml of the transfection solution was added per plate (20 plates per plasmid) drop-wise, distributed by gently
swirling, and incubated overnight at 37°C. The day after, medium was replaced and cells were again incubated

overnight at 37°C. Finally, the virion-containing media was harvested 48h post-transfection and filtered through a
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45-mm filter (#146615, Biolab) to remove cell debris. The viral supernatant was purified by ultracentrifugation (2h,
28,000 rpm, 4°C) using a 20% sucrose cushion. Virus pellets were re-suspended overnight in 100 pl of PBS and
stored at 4°C. A second harvest was performed by adding fresh medium to the virus-producing cells and the
supernatant was collected again, ultracentrifuged, and re-suspended the following day. The concentrated virus

was stored at 80°C in 100 pl aliquots until their use.

Lentiviral particles tittering

To determine lentiviral particle concentration, the day before starting the titer protocol, 0.076 - 108 HEK293T cells
per well were seeded in a 24-well plate (one plate per plasmid). Next day, the lentivirus stocks were diluted in 10-
folds serial dilutions from 102to 10°%, into a final volume of 1 ml of DMEM supplemented by 15% of FBS non-heat
treated, 1.5% of PSG, and 1.5% HEPES Buffer, containing 8 ug/ml of polybrene (#H9268, Sigma-Aldrich). Plates
were incubated at 37°C. 48h post-infection, percentage of fluorescent cells positive for GFP were counted using
flow cytometry (Beckman Coulter). Finally, the lentivirus titer was estimated in well in which 1-10% of the cells

were expressing GFP and following this formulation: (N seeded cells) x (Dilution Factor) x (% of GFP positive

cells/100) / (Final transfection Volume).

Lentivirus administration in mice

To establish the adequate protocol that ensures the infection of kidney cells with the lentivirus particles able to
induce miR-127-3p expression in mice, and avoiding side effects, after an intensively search in the bibliography,

different protocols were selected to be tested in the animals (Table 3).

Table 3. Administration vias and dosages tested for in vivo miR-127-3p induction by lentiviral particles. Vias/ways for
lentivirus administration in mice were found in the bibliography from different publications. Lentivirus doses for each method

are specified in TU/ml (transduction units per microliter). Sacrificed times were chosen based on our previous experience.

Administration route Sacrificed times

Renal arteria

108 TU/ml in 100 pl LV stock 3d, 5d and 10d
(H. H. Chen et al., 2016)
Renal parenchyma
108 TU/ml in 100 pl LV stock 3d, 5d and 10d
(D. Chen et al., 2017)
Retro-orbital (systemic)
108 TU/ml in 100 pl LV stock + 100 pl vehicle 5d, 10d and 15d

(Fierro-Fernandez et al., 2020)

One mouse per administration route and sacrifice time were employed in this experimental procedure, and UUO

surgery did not be performed in these animals to be an initial test. Besides, 2 sham mice were included as a control
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to further compare results. Moreover, sample collection was different from the in vivo experiments previously
described. In this experiment, all the biological material was discarded, except kidneys, which were harvested and
divided into two halves, one was placed in 30% of sucrose overnight before being embedded in Tissue-Tek® OCT
(#4582, Sakura) cryo embedding compound, and frozen at -80°C; and the other half was fixed in 4% formalin and

paraffin-embedded for further analysis.

3. Techniques for histological studies

Formalin-fixed and paraffin-embedded (FFPE) tissues were sectioned into 3-4 um thick slices using a microtome
(Microm HM 325, Thermo Scientific) and placed into polysyne covered microscopic-slides (#K802021-2, Dako). To
perform histological staining, tissues were deparaffinized in an oven for 1 h at 60°C, and sequentially incubate for
10 min at room temperature in xylene, 100% alcohol, 95% alcohol, 70% alcohol solutions, and finally, in water for

20 min, to rehydrate the tissue.

After the subsequent stain, the slides were observed under a phase-contrast optical microscope and evaluated by
a pathologist specialized in renal diseases. Tissue images were acquired using a digital camera incorporated into

a Nikon Eclipse TE2000-U microscope.
3.1 Hematoxylin and eosin (H&E) staining

H&E is the gold standard method used by pathologists to evaluate structure of tissue and its alterations for clinical
evaluation. In this work, H&E stain was performed in an automated system (CoverStainer, Dako) following the
standard protocol established for patient’s biopsies, in which after rehydration, tissues are submerged in
Hematoxylin (Dako) for 250 s, followed by a wash in abundant distilled water, and submerged again in Eosin (Dako)
for 250 s. Finally, samples were evaluated scoring the damage observed into the endothelial, glomerular, tubular,

and interstitial renal compartments

3.2 Masson’s trichrome (Masson) staining

Masson is a three-color staining protocol used in tissue fibrosis evaluation since it allows pathologists to
distinguish cells from connective tissue composed by deposits of collagen |, stained in blue color, which are an
accepted sign of tissue fibrosis development. Masson protocol in rehydrated tissues was performed using a

Masson Staining Kit (ArtisanLink, Dako) and following the manufacturer’s recommendation.
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3.3 Immunohistochemistry (IHC)

Immunohistochemistry was performed to visualize protein content and localization in tissue samples through
detection of specific epitope-antibody interactions, also labelled. First, FFPE rehydrated samples were heat-
treated using a pressure cooker to unmask the antigenic epitopes. Antigen retrieval solution and boiling time
suitable for each antibody are specified in Table 4. Then, slides were tempering for 20 min immersed in the
preferred retrieval solution, and washed for 5 min in 1X phosphate-buffered saline (PBS) or tris-buffered saline
(TBS) solution, depending on antibody recommendations (Table 4). Second, tissue-endogenous peroxidase activity
was blocked to avoid non-specific signal during immuno-detection activity, by incubating slides in the Peroxidase
Blocking Solution (#52023, Dako) for 30 min at room temperature, in a humidified chamber. To continue, they
were washed three times in the 1X buffered saline solution preferred with 0.05% v/v Tween-20 added (PBST or
TBST). After that, tissues were treated with 1X PBS or TBS with 1% v/v bovine serum albumin (BSA, #A7906, Sigma-
Aldrich) solution for 30 min at room temperature to avoid non-specific antibody binding. Third, samples were
incubated with the primary antibody diluted following the specification of the data sheet (Table 4), overnight at
4°C in a humidified chamber. Next day, slides were washed three times in 1X PBST or TBST for 5 min before
incubating them with the secondary antibody, usually HRP-conjugated (Table 4), for 30 min at room temperature.
Then, after three more washes of 5 min in 1X PBST or 1X TBST, signal was developed using a detection kit
containing DAB substrate as chromogen (#GV82511-2, Dako). Reaction during this step was stop when tissues
appears colored applying water. To finalize, a counterstain with Harris’” Hematoxylin Solution (#1.09253.0500,
Merk), 2 min at room temperature, was performed in the samples to distinguish cellular compartments in the
stained tissues. Tissues were dehydrated incubating them in the xylene and alcohol solutions sequence described
before, but starting in alcohol and finishing in xylene, and mounting with DEPEX medium (#3808600E, Laica

Byosystems) to be analysed and evaluated under the microscope.

Table 4. Primary antibody used for immunohistochemistry staining. Product specification, procedure followed, and IHC-

related product used for each one.

. Antigen Antigen
Primary I Wash . . Secondary A
. Source Reference Dilution L Retrieval Retrieval R Dilution
Antibody Solution . . Antibody
Solution Time
o Ab7817 EnVision
Anti-a Mouse 1,5/1000 PBS Citrate, pH6 10 min No diluted
Smooth monoclonal Abcam Dako, K4065
Rabbit Ab16669 EnVision
Anti-CD3 1/100 PBS Citrate, pH6 10 min No diluted
monoclonal Abcam Dako, K465
Rabbit Ab125212 EnVision
Anti-CD68 1/100 PBS Citrate, pH6 10 min No diluted
polyclonal Abcam Dako, K465
Goat AF2446 Anti-Goat
Anti-YM1 1/50 PBS Citrate, pH6 10 min 1/50
polyclonal RyD Sigma, A5420
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3.4 miRNAs in situ hybridization (ISH)

In situ hybridization uses a complementary RNA probe to localize a specific RNA sequence, in this case, a miRNA,
in the tissue. To start the protocol, deparaffinized and rehydrated kidney sections were treated with Proteinase K
(158918, Qiagen) diluted in 1X PBS (3 pl/ml) for 15 min at 37°C to digest the tissue and allow the probe to
penetrate in the cells. Then, they were washed with diethylpyrocarbonate-treated (DEPC-treated) water for 5 min
at room temperature to remove the exceeded product. After that, 25 ul of the specific probe solution was added
over tissue sections to detect the studied miRNA, or the internal control (housekeeping) (Table 5), diluted in
Formamide-free microRNA ISH Buffer (#90-012, Exiqon) and DEPC-treated water (probe solution: 1 ul of the probe
(studied miRNA or housekeeping)/250 pl of DEPC-treated water/250 pl of Formamide-free microRNA ISH Buffer).
Slides were covered and sealed with Fixogum rubber cement (#290110001, Marabu) to avoid evaporation, and
incubated overnight at 37°C in a humidified chamber. Next day, samples were washed in 5X SSC for 5 min at 60°C
and incubated in 1X Blocking Reagent Solution (#11096176001, Roche) for 5 min at room temperature. Later, 200
ul of DIG-AP antibody (#11093274910, Roche) (1:800) was added in each slide diluted in 1X Blocking Reagent
Solution with 10% of sheep serum (52263, Sigma-Aldrich) and incubated for 1h at room temperature. After two
washes in PBST 0.1% v/v for 5 min each one, slides were treated with 150 ul of chromogen solution: 200 pl of NBT-
BICP Stock Solution (#11681451001, Roche) diluted in 10 ml of 0.1 M Tris HCI/NaCl pH 9.5, for 2h at 37°C, again in
a humidified chamber. Over this time, tissue sections were washed again in PBST for 5 min at room temperature
two times, and two more in DEPC-treated water. Finally, nuclei in the tissue sections were stained by incubation
with Nuclear Fast Red solution (#N3020, Sigma-Aldrich) for 1h at room temperature. Stain excess was removed
under running water before dehydration in the xylene and alcohol solutions sequence described before, but
starting in alcohol and finishing in xylene, and mounting with FLUKA Eukitt mounting medium (#03989, Fluka) to

be analysed and evaluated under the microscope.

Table 5. Detection probes used for in situ hybridization. Product specification and miRNA targeted.

Product name Target Product group Sequence 5°-3° Use Reference
. 339111
. ) miRCURY LNA ) . miRNA studied
hsa-miR-127-3p miR-127-3p /5DiGN/AGCCAAGCTCAGACGGATC/3DiG_N/ R YD00611784-BCG
miRNA Detection detection
Qiagen
miRCURY LNA 99002-15
hsa-mmurno-U6 Control Probe - Housekeeping
Control Probe Exigon
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4. Renal function estimation

To study renal function in the experimental mouse model, serum and urine samples collected as it was previously
described were provided to the Biochemical Department of Hospital Ramdn y Cajal, where renal parameters
including creatinine, urea, proteins, uric acid, phosphorous, and cystatin were estimated, using the same

techniques and equipment’s than the regular clinical practice for determining impaired renal function in humans.

5. Human serum samples collection and storage

Human serum samples used in this work for miRNA expression analysis were kindly provided by the Hospital
Fundacion Alcorcon. Samples belong to the PRONEDI collection (Annex 1), including 100 patients diagnosed in
different stages of CKD classified following KDIGO Guidelines, and recruited after signing the consent document.
At disease diagnosis, when blood samples were collected, 21 patients were in stage 2 of kidney damage, 63 were

in stage 3, and 16 in stage 4.

Serum was obtained from blood samples by centrifugation at 2,500 rpm for 10 minutes at 4°C and stored in
freezing tubes at -80°C according to the quality standards of the Biobank Facility of Hospital Fundacion Alcorcon,
where they were stored until their use. Each sample is anonymous and identified by an unmistakable code that is
associated with a document containing all processing information, and also relevant clinical data and experimental

research data obtained for the study.

All experimental designs including human samples have been revised and approved by The Clinical Investigation

Ethical Committee of the Community of Madrid (CEIC-R) (P1031707).

6. Cell culture procedures

6.1 Differentiation and culture of murine macrophages

In vitro experiments were developed in primary murine macrophages differentiated from monocytes. To obtain
them, monocytes were extracted from the bone marrow of the femur and the tibiae of mice and cultured in
macrophage differentiation media in a humidified atmosphere with 5% of CO, at 37°C. Macrophage differentiation
media consists in DMEM containing 10% of FBS (#DE14-801F, batch 95B024, Lonza), 4,500 mg/L of glucose
(#37966-047, Invitrogen), 100 U/ml penicillin and 100 pug/ml streptomycin (#15070-063, Invitrogen), 25% of HEPES
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Solution Buffer pH 7.5 (#17-737E, Biowhittaker), and 10 ng/ml of Recombinant Mouse M-CSF (#315-02-B,

PeproTech).

After 5 days, the monocytes were differentiated into macrophages. Erythrocytes and other unattached cells were
removed by washing with PBS, and then media was replaced with fresh macrophage differentiation media. It is of
utmost significance for culturing these cells to consider that as an inflammatory cell type, they can activate

themselves by any stimuli like temperature change or traces from pathogens.

6.2 In vitro stimulation for macrophage polarization induction

To induce polarization in the murine macrophages towards different phenotypes, approximately 4 x 10° cells/well
were seeded in 24 well plates and incubated at standard conditions 24h with complete DMEM media in which
polarization factors were added. Cells were stimulated with LPS (20 ng/ml) (#L2654, Sigma-Aldrich) to promote
M1 phenotype and with IL-4 (10 ng/ml) (#214-14, Peprotech) to promote M2a phenotype.

6.3 In vitro modulation of miR-127-3p in murine macrophages

miR-127-3p expression was modulated in cultured murine macrophages by transient transfection with Pre-miR-
127-3p (hsa-miR-127-3p, mirVanaTM, microRNA mimic, #4464066, Ambion) to overexpress miRNA, and Anti-miR-
127-3p (hsa-miR-127-3p, mirVana, miRNA Inhibitor, #4464085, Ambion) to inhibit the miRNA expression. Pre-miR-
Scrambled (mirVanaTM, microRNA mimic Negative Control #1, #4464088, Ambion) and Anti-miR-Scrambled
(mirVana, miRNA Inhibitor Negative Control #1, #4464077, Ambion) were used as negative control tools of
transfection. Transfection reagent and medium were SiPORT NeoFX (#AM4511, Invitrogen) and standard DMEM,
respectively. Volumes and final concentrations plate used for each transfection are specified in Table 6. Conditions

were established after setting experiments and checking miR-127-3p expression by qRT-PCR.

Following the manufacturer’s instructions, transfection reagent was added into DMEM and incubated for 10 min
at room temperature. Next, miRNAs were mixed at the chosen concentrations with DMEM, and also incubated
for 10 min at room temperature. Then, Transfection Reagent mix was added into miRNAs mixes. Solutions were
incubated for 20 min at room temperature to allow the formation of transfection complexes and after this time,
different condition mixes were added in the corresponding wells/dishes. Finally, plates were incubated at
standard conditions overnight, and after 24h, supernatants and cells were harvested and stored at -80°C for

further analyses.

It is important to mention that in this work, in vitro modulation of miR-127-3p expression was performed after

murine macrophages were stimulated towards different phenotypes following the protocol described above.
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Table 6. Established conditions for miR-127-3p transfection in murine macrophages. Final concentration and volume of the

reagents according to the size recipient in which transfection was performed. Cf: final concentration; Vol.: volume; Vf: final

volume.
miRNA modulators (Cf) SiPORT NeoFX (Vol.) DMEM (Vf)
Pre-miRs 10 uM 1 pl/well
24 well 500 pl
Anti-miRs 50 uM 2.5 pl/well
Pre-miRs 10 uM 5 pl/dish
100 cm? 5ml
Anti-miRs 50 uM 7.5 pl/dish

7. Techniques for nucleic-acid studies

7.1 RNA isolation
7.1.1 Total RNA extraction from cell culture and fresh renal tissue

Total RNA was extracted with guanidine thiocyanate-phenol-chloroform method using Tripure Isolation Reagent
(#11667165001, Roche) following the manufacturer's instructions: mechanical lysis for cell cultures, and the use
of a Tissue Lyser device (Qiagen) in renal tissues for a high-throughput samples disruption and homogenization,
followed in both cases by phenol/chloroform extraction, and subsequent alcohols precipitation. Mouse kidney
tissues were previously manually dissected containing a high proportion of renal cortex, where proximal tubules
are located. Besides, to maximize the efficiency of RNA isolation in murine macrophages, glycogen (#10814010,
Invitrogen) was added into Tripure Isolation Reagent [20 pl/ml], and linear acrylamide (#AM9520, Invitrogen) was

used in the alcohol precipitation step (3ul/tube).
7.1.2 Serum total RNA extraction

Before RNA isolation, 1,25 ul of MS2-phages RNA (#10165948001, Roche) and 1 ul of synthetic RNA (Spike-in) Sp2
(#339390, Qiagen) were added per serum sample. After that, isolation of total RNA was done in 200 ul of sample
using the miRNeasy Serum/Plasma Advanced Kit (#217304, Qiagen) from aliquots of 250 pl previously centrifuged

at 2,500 rpm during 10 min at 4°C to discard cell debris.
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7.1.3 Total RNA extraction from FFPE tissues

Total RNA from FFPE tissue samples was purified using the miRNeasy FFPE Kit (#217504, Qiagen) and following
the manufacturer's instructions. After optimizing the protocol, the sample amount chosen to include in the kit

was 5 sections of 10 um per block.

7.2 RNA quantification and integrity study by electrophoresis

Concentration and purity of the obtained RNA were estimated in pug/ul with a Nanodrop 2000 device (Thermo
Fisher) and considering the A260/280 and A260/230 ratios. RNA integrity, was checked by electrophoresis in
agarose gel loading a solution mix composed of 1 pl of total RNA, 1 ul of NonTox DNA-Dye (A9555, PanReac
AppliChem), and 5 pl of nuclease—free water PCR-grade. After electrophoresis, RNA bands were visualized under
a UV-transilluminator, ChemiDoc MP Imaging System (BioRad), and contrasted with an RNA integrity control

marker. Finally, RNA was stored at -80 2C until its use.

7.3 Quantitative Real-time Polymerase Chain Reaction (qRT-PCR)
7.3.1 qRT-PCR for messenger expression

Reverse transcription (RT) to obtain cDNA from the isolated RNA was performed using a Transcriptor First Strand
cDNA Synthesis Kit (#04897030001, Roche). Following the manufacturer’s instructions, 2 pug of RNA from each
sample were used for the reaction. Once reverse transcription finished, 1 pl of the obtained cDNA was used as a
template for the qRT-PCR, together with SYBR Green | Master Mix (#04887352001, Roche). Amplification was
carried out in a Light Cycler 480 thermal cycler (Roche) with the following temperature protocol: 40 cycles at 95°C
for 10s, 60°C for 20s, and 72°C for 20s. All reactions were performed in triplicate for each sample, and 28S
ribosomal gene was selected as an internal control (housekeeping gene) for data normalization. Besides, cDNA
samples were diluted 1/100 with sterile nuclease-free water to 28S gene amplification, and no diluted for the rest
of the genes studied. Results were expressed calculating quantification crossing points (CTs) with the 2nd
derivative method (Light Cycler 480 Software 1.5, Roche) and data analysis for gene expression values was
presented as ACTs obtained as follows: ACT = Gene CT - housekeeping CT, or folds, using the 222" formula.
Specific primers (oligonucleotides) employed are detailed in Table 7 (included at the end of this section). They
were synthetized by TIB Molbiol in a 100 uM stock concentration and diluted in a use concentration of 1:10 in

nuclease-free water.
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7.3.2 gRT-PCR for miRNA expression

cDNA for miRNAs expression study was generated using the miRCURY LNA Universal RT microRNA,
Polyadenylation, and cDNA Synthesis Kit Il (#339340, EXIQON). Drown from manufacturer’s recommendations,
200 ng of isolated RNA from cells or paraffin-embedded tissue, or 4 pul in the case of serum samples, were used to
follow the protocol. Besides, cel-miR-39-3p was employed as an external control to monitored cDNA synthesis
efficiency. Later, 4 pl of the obtained cDNA, 1/11 diluted in nuclease-free water, were added as a template for the
gRT-PCR in each reaction sample, with 6 pl of master mix including 5 pl of SYBR Green and 1 pl of specific LNA
probes for each selected miRNA (#339347, Qiagen). Amplification was performed in a Light Cycler 480 thermal
cycler (Roche) following the next temperature protocol: enzyme activation at 95°C for 10 min, 45 cycles at 95°C
for 15s, and finishing with 60°C for 60s. All reactions were carried out in triplicate using a Light Cycler 480
instrument (Roche) and Ct values were calculated using a 2nd derivative method (Light Cycler 480 Software 1.5,
Roche). miRNA expression values are presented as ACTs obtained as follows: ACT = miRNA CT - housekeeping CT,
or folds, using the 222" formula. Normfinder and Bestkeeper software were used to determine the most stable
housekeeping miRNAs. miR-191-3p was finally selected as housekeeping for data normalization in case of cell and

tissue samples.

All LNA miRNAs probes used in this work were obtained from Qiagen and used at a final concentration of 10 uM

(Table 8) (included at the end of this section).

8. Statistical analyses

Statistical analyses were performed with GraphPad Prism 8 (La Jolla, CA) and data were presented as meants.e.m.
A one-way ANOVA test was used to find differences among groups by Kruskal-Wallis-test as a non-parametric one.
When significant differences were found between groups, a non-parametric t-test U-Mann-Whitney was
performed to analyze the differences. In the case of human serum samples, additionally, the Shapiro-Wilk test
was first performed to confirm or reject normal distribution, and the Spearman correlation coefficient was
calculated to determine the strength and direction of the relation between groups. Differences observed among

groups were considered statistically significant following the next p-values: * < 0,05, ** < 0,01, and *** < 0,001.
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Table 7. Oligonucleotides used for messenger expression analyses. Product specifications and sequences.

Gene primers (mRNA)
Gen Specie Forward sequence 5°-3° Reverse sequence 5°-3°
28S Human/Mouse CAGTACGAATACAGACCG GGCAACAACACATCATCAG
LNC2 (NGAL) Mouse ATGTCACCTCCATCCTGGTCAG GCCACTTGCACATTGTAGCTCTG
KIM1 Mouse TCAGATTCAAGTCTTCATTTCAGG ACCACCCCCTTTACTTCCA
TGFB1 Mouse CACCATCCATGACATGAACC CCGCACACAGCAGTTCTTC
FSP1 Mouse GGAGCTGCCTAGCTTCCTG TCCTGGAAGTCAACTTCATTGTC
NOS2 Mouse AGACCTCAACAGAGCCCTCA AAGGTGAGCTGAACGAGGAG
ARG1 Mouse GAATCTGCATGGGCAACC GAATCCTGGTACATCTGGGAAC
TNFa Mouse TGCCTATGTCTCAGCCTCTTC GAGGCCATTTGGGAACTTCT
IFNy Mouse ATCTGGAGGAACTGGCAAAA TTCAAGACTTCAAAGAGTCTGAGGTA
IL1B Mouse TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG
L4 Mouse GAGAGATCATCGGCATTTTGA AGCCCTACAGACGAGCTCAC
1L10 Mouse AAGGACCAGCTGGACAACAT TCATTTCCGATAAGGCTTGG

Table 8. Oligonucleotides (LNA miRNAs probes) used for miRNA expression analyses. Product specifications and

sequences.

miRNAs primers

miRNA LNA name Reference number
Cel39 cel-39-3p YP00203952
Sp2 UniSp2 YP00203950
miR-191 hsa-miR-191-5p YP00204306
miR-127 hsa-miR-127-3p YP00204048
miR-146 hsa-miR-146a-5p YP00204688
miR-93 hsa-miR-93-3p YP00204470
miR-126 hsa-miR-126-3p YP00204227
miR-26b hsa-miR-26b-5p YP00204172
miR-27a hsa-miR-27a-3p YP000206038
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Results



1. Unilateral ureteral obstruction (UUO) mice model: mimicking CKD in humans

Characterization of histopathological and functional damage during CKD development and progression in an
appropriated animal model is crucial for results translation to clinical practice. To aim that, we have set up and
performed the UUO model, a widely recognized mice model reproducing chronic renal damage in humans. We
have used 33 mice divided into the experimental groups already described in the material and methods section.
UUO-mice: 5 animals per sacrifice time established (3, 5, 7, 10, and 15 days) formed this group. Sham-mice: 8

mice constituted the sham control group.

1.1. Structural damage and fibrosis development evaluation

Disorganization of kidney tissue and fibrosis appearance are unequivocal signs of chronic renal damage (Nogueira
etal., 2017). First step in this work was to characterize the histopathological damage in kidney sections from mice,

by H&E and Masson staining, and subsequent evaluation by expert Pathologists in a double-blind manner.

H&E stained kidney tissues revealed a tightening of the renal cortex compartment and ablation of the medulla
since day 7 post-surgery, and even its vanishing at day 15 after UUO (Figure 9), which are considered very
characteristic features of end-stage kidney damage (Yamashita SM et al., 2015). Besides, the quantification of the
histological parameters by this stain (Table 9) shows the evidence of progressive structural damage in the renal
cortex of the obstructed kidneys since day 3 after surgery, mainly characterized by the appearance of
inflammatory infiltrates, tubular atrophy and dilatation, glomeruli hypertrophy, and interstitial distortion
(representative images in Figure 10A). These alterations severely increase until the end of the model, compared
with contralateral kidneys at each point and sham mice samples, which exhibit normal morphology, indicating
that kidney affection is associated with the disease's severity. Furthermore, the histological damage during the
UUO model also includes the appearance of collagen fibers within the renal parenchyma, as a deposition of an
abnormal peritubular and periglomerular ECM, observed by Masson staining and quantification (Table 9)
demonstrating fibrosis development in the injured renal tissue, as expected in chronic renal diseases.

Representative images are shown in Figure 10B

Sham 3d UUo 5d UUO

_—
Figure 9. Kidney tissue losses normal
structure along UUO model. H&E
stain images demonstrate that
obstructed kidneys exhibit medulla
ablation and pathological renal cortex
remodeling, which become more
severe with the time of the UUO. In
contrast, sham kidney remains
unaffected (image zoom: x40).
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Figure 10. Histological alterations and fibrosis development in kidney tissue from UUO mice. A) H&E stain images (x200) show
a sequential increase of tissue injury in the obstructed kidneys from day 3 after UUO to the end of the model, whereas contralateral
kidneys and sham mouse display a normal histoarchitecture. Damage evidences are indicated in the pictures by numbers and asterisks,
and include: inflammatory infiltrates (*), loss of brush border integrity (1), thickened basement membrane (2), lumen dilatation (3) in
atrophied proximal tubules, glomeruli rarefaction and thickness of their Bowman’s Capsule (4), and finally, interstitial distortion (5). B)
Masson stain images (x200) display a gradual fibrosis development in obstructed kidneys from day 3 post-surgery to the end-point of
the experimental model (day 15), in comparison with sham kidney as control tissue. Collagen deposition in the interstitium as abnormal
ECM can easily be observed stained in blue color (arrows).
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0 0 0 5

Tubular atrophy (%) 5-10
Tubular dilatation (%) - Cortical Cortical Cortical/Medullar Cortical/Medullar
Interstitial fibrosis (%) 0 1 5 5-10 10

Interstitial inflammation (%) 0 0 5 5 10
Tubular vacuolization No No No No Yes
Tubular necrosis No No No No Yes
Glomerular hypertrophy No No No No Yes
Tubular inflammation No No Yes Yes Yes

Table 9. Double-blind evaluation of tissue damage and inflammation along the UUO experimental model. Data demonstrate an
increased tissue injury during the disease, based on the appearance of tubular atrophy, dilatation, vacuolization and necrosis,
accompanied by interstitial fibrosis and inflammation in the UUO mice samples, in comparison with the sham mice group.

Moreover, and to further characterize fibrosis development, we studied the expression of a-Smooth muscle actin
(aSMA) through immunohistochemistry in kidney sections from UUO mice. aSMA is a standard marker of
fibroblasts activation into myofibroblasts, which are responsible for generating an abnormal ECM that contributes
to kidney damage, as it was already described in the introduction of this work. As a result, Figure 11 shows an
induced peritubular expression of this protein during kidney disease, from day 5 of kidney damage until the end
of the model (day 15), when staining shows an interstitial myofibroblasts network that involves tubules and
glomeruli modifying the normal renal histo-architecture. In comparison, sham mice only display muscular actin

protein signaling from small blood vessel cells and not from fibroblast activation.

na
e

7 :".‘ ;

&8 s
.

*
o

a-Smooth

o

Shese

N e
s’ 59 L

ut ek
Pl PSS A s L

Figure 11. Immunostaining of a-Smooth muscle actin protein, to evaluate fibroblasts activation in obstructed kidneys sections
from UUO mice. Pictures show an increased expression of a-Smooth actin protein from day 5 of kidney damage until the end of the
model (day 15) (arrows), when the protein reaches the maximum expression levels, correlating with damage severity. In comparison,
sham mouse does not exhibit staining that corresponds with fibroblasts activation (Images zoom: x200).
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To complete the evaluation of structural damage and fibrosis development, we investigated the expression of
classical tubular damage markers, NGAL and KIM1, and fibrosis related genes, FSP1 and TGFj, by gRT-PCR, in
kidney tissue from experimental mice groups. Figure 12 presents these data expressed as fold change values and
using the sham group as control reference. As we can observe in the graphics, UUO intervention leads to a
progressively increased expression levels of all studied genes since days 3-5 of UUO, correlating with the
morphological alterations and fibrosis development previously evaluated by H&E and Masson staining and a-SMA

immunohistochemistry. All these features faithfully reproduce CKD progression in humans.
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1.2 Inflammatory infiltrate characterization

As it was described in the introduction, an inflammatory response accompanies damage severity along CKD
progression. Related with that, H&E staining in kidney sections from UUO mice revealed the presence of an

inflammatory infiltrate within the renal parenchyma.

To characterize essential cells involved in the inflammatory response observed during kidney disease progression
in the UUO animal model, we performed immunohistochemistry in kidney tissue to visualized T lymphocyte
infiltrates by CD3, and the presence of macrophages and the M2 subtype by CD68 and YM1, respectively. Images
in Figure 13 indicate an abundant inflammatory infiltrate composed of T lymphocytes and macrophages in the
renal cortex from day 3 after surgery and increasing during the UUO model's progression. Moreover, YM1
expression, as an M2 macrophage marker, appears in the renal cortex around day 5 post-surgery and increases its
expression until the end of the model, according to tubular damage. Furthermore, we observed a high expression
of YM1 marker in proximal tubular epithelial cells from sham mice and its vanishing with the severity of the

damage along the experimental model.
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To complete the inflammatory response characterization in UUO mice, we studied in renal tissue, by gRT-PCR, the

expression of NOS2, a standard M1 macrophage marker, and ARG1 and FIZZ1, as M2 ones (Figure 14A), together

with inflammatory cytokines related with macrophage functionality. i.e.: TNFa, IFNy, IL-1B, IL-4, and IL-10 (Figure

14B). Gene expression analyses demonstrated that NOS2 expression, as an M1 marker, increases from day 5 after

surgery and reaches its maximum at day 7-10 until the end of the model, which indicates recruitment of classically

activated macrophages to renal tissue since injury begins. M2 markers, ARG1 and FIZZ1, also show expression

from day 3 and 5 respectively after injury in UUO mice, but remarkably, FIZZ1 exhibits a relevant increased

expression at the end of the model. Finally, the increased expression of pro-inflammatory cytokines, TNFa and IL-

1B, from day 3 of the experimental model corroborates an exacerbated pro-inflammatory (M1) response induced

in the early stages of injury and show the same pattern than NOS2 expression, as M1 marker. Besides, the late

increase of IL-4 and IL-10 expression indicates a shift in the inflammatory response.
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Figure 6. Macrophage markers and cytokines studied in kidney tissue by qRT-PCR. A) NOS2 and ARG1 expressions were
induced from days 5 and 3 of kidney damage, respectively, in UUO mice indicating the presence of macrophages since the early stages

of renal injury. However, FIZZ1 expression remarkably, reaches high levels at the end of the model which demonstrates most M2

phenotype at this time. B) TNFa and IL-1B are induced since the beginning of the experimental model and show the same expression
pattern than the M1 marker NOS2. On the other hand, IL-4 increase its expression later matching the highest expression of FIZZ1 and

also when kidney damage is more severe. Data are presented as mean + SD. UUO-mice N=5, Sham-mice N=6. Significant differences

from sham control group as fold change values are indicated by *(P < 0.05; **P<0.01).
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Figure 13. Immunostaining of CD3, CD68, and YM1 to characterize the inflammatory infiltrate and macrophage polarization
during renal disease in obstructed kidney sections from UUO mice, in comparison with sham control mice. Stained tissues show
CD3 and CD68 proteins from day 3 after UUO surgery until the end-point of the experimental model, which indicates the presence of
peritubular infiltrates composed by T lymphocytes and macrophages associated to the progression of the disease. YM1 molecule
expressed in undamaged proximal tubule cells (circle), is vanishing along the disease, while this molecule as alternative activated
macrophages marker (arrows) indicates an increase of M2 phenotype from day 5 after surgery until the end of the experimental model.
(Images zoom: x200).
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1.4 Renal function evaluation in urine and serum samples

Histopathological alterations and fibrosis development in kidney tissue are accompanied by organ dysfunction
during disease progression in CKD patients, as it was described in the introduction of this work. Currently used
clinical parameters, including creatinine, urea, cystatin, uric acid, proteins, and phosphorous, were analyzed in

serum and urine samples from mice to evaluate kidney function after UUO intervention.

We can observe in Figure 15 any of the serum and urine parameters measured show significant differences
between experimental groups of the UUO model compared with sham mice, except serum urea and uric acid,
which are higher at days 10 and 3 after surgery, respectively. Overall, these data do not indicate the alteration in
the renal function intended from the histological damage observed in UUO mice, as might be expected. This

discordance was already explained in the mouse model described in the material and methods section.
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Figure 15. Analysis of serum and urine levels of clinical parameters currently used to evaluate renal function. Graphics show
that serum urea and uric acid are significantly higher at day 10 and 3 of UUO, respectively, both in comparison with the sham control
group. The rest of the parameters measured do not exhibit differences between experimental groups. Data are presented as mean +
SD. UUO-mice N=5, Sham-mice N=6. Significant differences from sham control group are indicated by *(P<0.05).

Taken together, data obtained from UUO mouse model characterization study demonstrate that this in vivo
experimental model reproduced the main issues of fibrosis development and kidney damage observed in human

CKD, accordingly to the bibliography, therefore being suitable for studying the role of miR-127-3p in the

progression of chronic renal damage.
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2. Study of renal miR-127-3p expression in the UUO mouse model during disease

progression

As it was largely described in the introduction of this work, miRNAs are considered key regulators of cell response
to several stimuli and stress. Previous research in our lab demonstrated that miR-127-3p expression increased in
human proximal tubular cells (HK-2) treated with TGFB, a classical pro-fibrotic stimulus that induces EMT. miR-
127-3p expression also correlated with damage severity in biopsies from CKD patients, and it was localized in
epithelial tubular cells from renal cortex, demonstrating that this miRNA could be involved in the cellular processes
that contribute to fibrosis development underlying CKD . Based
on these results and following the main objective of this work, we study miR-127-3p expression and in kidney
tissue from UUO mice during the experimental model by gRT-PCR (Figure 16A). Furthermore, we also tested by

ISH that miR-127-3p expression was localized in tubular cells reproducing human data describe above (Figure 16B).

Graphic from Figure 16A shows miR-127-3p expression in kidney tissues from UUO mice model is induced after
kidney injury and increases its expression along the experimental model, exhibiting the highest level at day 5 after
surgery. Besides, image from Figure 16B shows miRNA expression is mostly localized at the cytoplasm of proximal

tubular cells, in the renal cortex, as we have expected.
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Figure 16. Study of miR-127-3p expression in kidney tissue from UUO mice. A) miR-127-3p expression is induced during UUO
mouse model, exhibiting the highest expression at day 5 after kidney damage. Results from qRT-PCR are presented as mean + SD. UUO-
mice N=5, Sham-mice N=8. Significant differences from sham control group as fold change values are indicated by *(P<0.05). B) miR-
127-3p expression is localized in the cytoplasm of tubular cells which reproduces results previously obtained in our lab in human
samples of CKD patients. miR-127-3p signaling is visualized in purple (Image zoom: x200).

It is essential to highlight that miR-127-3p induction correlates with the elevated expression of classical tubular
damage and fibrosis development markers, and the inflammatory response associated with UUO kidney damage

previously showed in this section.
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3. Modulation of miR-127-3p expression in the UUO mouse model

Once we demonstrated miR-127-3p expression increases during the progression of kidney damage along UUO
mouse model, we went further into the biological significance of this miRNA by exogenous modulation of its
expression in the UUO mouse model, following the protocol described in the material and methods section, using

in vivo miRNA inhibition and over-expression procedures.
3.1 miR-127-3p inhibition in the UUO mouse model

For the in vivo miR-127-3p inhibition procedure, we divided 74 mice into the following groups (already described

in material and methods section): miR-127-3p inhibited UUO-mice: 8 animals per sacrifice time established (3, 5,

7, and 15 days). miR-127-3p inhibited Sham-mice: 5 mice composed the sham control group for miR-127-3p

inhibited mice. Scrambled UUO-mice: 8 animals per sacrifice time established (3, 5, 7, and 15 days). Scrambled

Sham-mice: 5 mice composed the sham control group for Scrambled mice.

First, we studied the expression of miR-127-3p by qRT-PCR in kidney tissue from mice to evaluate the efficiency
of inhibition. Results are presented in Figure 18; in which we can observe that the miRNA expression was

abrogated in miR-127-inhibited mice along the UUO model compared to Scrambled mice.

a 4- T Scrambled Figure 18. miR-127-3p analysis in kidney tissue from
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; T Scrambled sequence were administered. As shown,
E & 3 the expression of miR-127-3p was inhibited along UUO
E "E model in those mice in which miR-127-3p inhibitor was
a 9 2 administered, in comparison with Scrambled mice.
) g Results from gRT-PCR are presented as mean + SD. UUO-
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3.1.1 Histopathology and gene expression study in kidney tissue from miR-127-3p inhibited UUO mice

Renal histopathology was studied in all the experimental groups to determine whether the inhibition of miR-127-
3p expression affects renal disease progression. Methods and parameters analyzed for this purpose were the

same as the previously described for UUO mouse model characterization.
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3.1.1.1 Structural damage and fibrosis development evaluation

To study the role of miR-127 in tissue damage and fibrosis development in UUO mice, we evaluated structural
injury and collagen fibers deposit within the renal parenchyma by H&E and Masson staining, respectively, in kidney
sections from mice, representative images are shown in Figure 19A. Tissues from mice experimental groups were

double-blind evaluated by expert Pathologists (Figure 19B).
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Figure 19. Histological damage and fibrosis development evaluation in obstructed kidneys from miR-127-3p-inhibited and
Scrambled UUO mice. A) H&E and Masson stained images (x200) show an increase of tissue injury and fibrosis development from day
3 after UUO to the end of the model in both groups. Evidences are highlighted in H&E samples including: inflammatory infiltrates (*),
loss of brush border integrity (1), thickened basement membrane (2), lumen dilatation (3) in atrophied proximal tubules, and interstitial
distortion (4). Collagen deposition in the interstitium as abnormal ECM can easily be observed stained in blue color (arrows) in Masson
stained samples. B) Statistical study of the stained images evaluation shows that the percentages of inflammatory infiltrate and
interstitial fibrosis, at day 7 post-surgery, and tubular atrophy, at the end of the model (day 15), are higher in miR-127-3p inhibited
UUO mice compared to the Scrambled UUO ones. Data are presented as mean + SD. UUO miR-1273-p inhibited mice N=8, Scrambled
mice N=5. Significant differences between experimental groups are indicated by *(P<0.05). (Description from figure shows in the
previous page).

H&E and Masson staining and subsequent quantification show statistically significantly higher inflammatory
infiltrate and interstitial fibrosis, at day 7 after UUOQ, and tubular atrophy, at day 15, in miR-127-3p inhibited mice

compared to the Scrambled ones.

Following this, we determined a-Smooth muscle actin (aSMA) by immunohistochemistry, as a fibrosis marker
already studied for the UUO mouse model characterization. Again, samples were analyzed by expert Pathologists
in all conditions (Figure 20). Related images show an interstitial expression of this molecule in the tissues from the
beginning of damage at day 3, until the end of the experimental model, at day 15 in both conditions studied, but

no differences between experimental groups.
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Figure 20. a-Smooth immunostaining to evaluate fibroblasts activation in obstructed kidneys sections from experimental
mice groups. Pictures show an increase a-Smooth actin protein expression in the tissue since day 3 of kidney damage until the end of
the model, following the expression pattern already described along UUO experimental model. Differences are not evidenced between
studied conditions (Images zoom: x200).
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To support the obtained results, we analyzed NGAL, KIM1, TGFB, and FSP1 molecules related to tubular damage

and fibrosis development by gqRT-PCR in kidney tissues from miR-127-3p inhibited and Scrambled UUO mice.

Results of each condition were first normalized by their sham group (miR-127-inhibited sham-mice and Scrambled

sham-mice) and then, compared between them to analyze differences.

Figure 21 shows a higher expression of all the genes studied at days 3, 5, and 7 after surgery in animals in which

the miRNA was inhibited, compared to Scrambled group.
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Figure 21. Tubular damage and
fibrosis markers expression
evaluated in kidney tissue by qRT-
PCR. Graphics show a higher
expression of KIM1, TGFB, and FSP1
from day 3 of disease, and NGAL, from
day 5 after surgery, in miR-127-3p
inhibited mice in comparison with
Scrambled group. At day 15 after
surgery all the studied markers
showed differences between
experimental conditions. Data are
presented as mean = SD. UUO-mice
N=8, Sham-mice N=5. Significant
differences between experimental
groups, miR-127-3p inhibited and
Scrambled mice, as fold change values
are indicated by *(P<0.05); **(P<0.01).

On the whole, data assessing structural damage and fibrosis development collectively demonstrate that miR-127-

3p inhibition leads to more severe renal injury and an earlier fibrosis development during the UUO experimental

model.

3.1.1.2 Macrophage phenotypes evaluation

Following the objectives of this work, we investigated the role of miR-127-3p in macrophage polarization and

whether it affects the progression of renal damage.

To this purpose, we characterized macrophage phenotypes along the UUO model in kidney tissue from

experimental groups by immunostaining and subsequent quantification of CD68 and YM1 proteins. Results are

shown in Figure 22A and 22B.
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Figure 22. Macrophage markers analysis during renal disease in obstructed kidneys sections from experimental mice groups.
CD68 and YM1 peritubular expression proteins and its quantification show the same expression pattern along disease in both conditions
as the already described in the UUO mouse model characterization, but also demonstrate more presence of macrophages infiltrate,
and M2 phenotype in miR-127-3p inhibited mice at day 7 after surgery, compared to Scrambled UUO mice. Besides, YM1 staining in
undamaged proximal tubules did not show robust differences between groups along the disease’s progression. Images zoom: x200.
Data from graphics are presented as mean = SD. UUO miR-1273-p inhibited mice N=8, Scrambled mice N=5. Significant differences
between experimental groups are indicated by *(P<0.05); **(P<0.01).
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Immunostaining of CD68 protein and its quantification show the same expression pattern in both experimental
groups than the already described during UUO model characterization, but also demonstrate a higher presence
of peritubular macrophages in miR-127-3p inhibited UUO mice at day 7 after surgery, in comparison with the
Scrambled ones. Moreover, results about YM1 protein expression, as an alternative activated macrophage marker
(peritubular staining), show more M2 macrophages within the renal parenchyma in miR-127-3p inhibited mice at
day 7 after UUO, in comparison with the Scrambled group. However, YM1 protein staining in undamaged proximal

tubules did not show differences between experimental groups along the progression of the renal disease.

Taken together, these data firmly demonstrate that infiltrated macrophages are higher at day 7 after UUO when
miR-127-3p is inhibited, and that there is an increase in macrophage polarization towards M2 phenotype at this

time in those mice.

To further evaluate the involvement of miR-127 in macrophage polarization changes between experimental
conditions along renal disease, we studied the expression of markers and inflammatory cytokines related to
different macrophage phenotypes, as it was previously indicated. The analysis of these results are presented in
Figure 23, in which graphics indicate no differences between miR-127 inhibited and Scrambled groups along the
UUO model in the expression of NOS2 molecule, as M1 macrophage marker, and ARG1 and FIZZ1 molecules, as
M2 markers. However, the expression of TNFa and IL-1B cytokines demonstrate an exacerbated pro-inflammatory
response induced in miR-127-3p inhibited mice at days 5 and 7 after UUO, compared to Scrambled group.
Moreover, no significant differences were found in IL-10 cytokine expression between conditions, although an

increase tendency is observed.
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The results demonstrate that miR-127-3p inhibition in the UUO mice model leads to an exacerbated inflammatory
response including an increased presence of M2 macrophages within the renal parenchyma and inflammatory

cytokines, in miR-127-3p-inhibited group compared to Scrambled one.

3.2.1 Renal function evaluation in urine and serum samples

To complete the role of miR-127-3p in UUO model, we studied the effect of the miRNA modulation in renal
function by analyzing the following parameters: creatinine, urea, cystatin, uric acid, proteins, and phosphorous,
in serum and urine (Figure 24) samples, taken into account that some renal function parameters in UUO

experimental model have limitations, as it has been already explained in the material and methods section.
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Figure 24. Analysis of serum and urine levels of renal function parameters used in clinical practice. A) Graphs show a decrease in
serum phosphorous at day 15 after surgery in miR-127-3p inhibited mice, in comparison with Scrambled mice, and no differences were
founded in the rest of the serum parameters evaluated. B) Urine parameters analyzed indicate that miR-127-3p inhibited mice excrete
less uric acid and creatinine in urine than Scrambled mice, showing significant differences at days 5 and 7 post-surgery. Data are
presented as mean + SD. UUO-mice N=8, Sham-mice N=3. Significant differences from sham control group are indicated by *(P<0.05);
**(P<0.01).

Our findings indicate that any serum parameter measured exhibited significant differences between groups,
except phosphorous, which decreased at day 15 after surgery in miR-127-3p inhibited mice. Besides, urine markers
analyzed showed that acid uric and creatinine were less excreted in miR-127-3p inhibited mice at days 5 and 7
after surgery, showing significant differences from Scrambled mice, and indicating that the modulation of miR-

127-3p along the UUO mouse model affects renal function during the progression of renal disease.
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Taken together, data obtained from miR-127-3p inhibition in UUO mice demonstrate that the block of miR-127-
3p expression during the progression of chronic renal damage aggravates kidney injury and induces an
exacerbated macrophage response within the renal parenchyma. The whole data made it conceivable that the
induction of miR-127-3p expression in the early stages of kidney damage could be beneficial in delaying

progression.

3.2 miR-127-3p over-expression in mice

After demonstrating that miR-127-3p inhibition during early stages of renal damage in UUO mouse model affects
the progression of kidney disease and aggravates renal injury, the next step in this work was to investigate whether
the induction of miR-127-3p expression along the experimental model could be used as a therapeutical

intervention able to reduce or delay the progression of kidney injury.

To aim that, we tested different viral-based tools able to up-modulate gene expression in animals, as it was already
explained in the material and methods section. In this work, we included the results obtained from the optimizing

protocols for overexpression, all of them were performed in sham mice.

3.2.1 miR-127-3p over-expression test using adeno-associated viral particles

The first attempt in the searching of a successful tool able to induce miR-127-3p overexpression in kidney cells
from mice was carried out by using adeno-associated particles labeled with GFP to monitor cell infection, provided
by Doctor Chillén Rodriguez and his group (Viral Vectors Production Unit, UAB). For this purpose, we tried to find
which of the 5 vectors are the most appropriate and have a higher kidney tropism and low distribution to other

organs. For this purpose, we employed one mouse per different construct tested (a total of 5 mice) and they were

sacrificed on day 11 after retro-orbital injection. A sham mouse in which the vehicle (sodium chloride) was

administered by the same method, was used as a control to compare obtained results.

The images derived from the analyses of GFP signaling in mice performed under an IVIS device show how treated
mice do not exhibit GFP fluoresce in kidney either in the rest of vital organs apart from the bladder, in comparison
with the control mouse (Figure 25A). Moreover, isolated and OCT compound embedded kidneys from mice were
analyzed under the microscope to visualize GFP fluoresce signaling. As a result, we included in Figure 25B an image
in which we can observe that no GFP signaling from kidney cells was found, which indicates adeno-associated

constructs do not successfully target the kidney and/or are able to infect cells.
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Figure 25. A) GFP signaling analysis to
assess kidney tropism in retro-orbital
adeno-associated injected mice. Fluoresce
signaling was acquired by an VIS device,
and each adeno-associated animal was
compared with a sham mouse as control.
Any construct shows GFP fluorescence in
the kidney or others vital organs. Signal
detected is observed in bladder because of
the clearance of viral particles in the urine.
B) GFP signaling analysis to study infection
of Kidney cells in retro-orbital adeno-
associated injected mice. No GFP signaling
was detected in kidney cells from mice

(Image zoom: x400).

Based on the results obtained showing no fluoresce GFP signaling in the renal tissue from animals, any adeno-
associated viral construct tested was selected to further explore the up-modulating miRNA experiments for the

moment.

3.2.2 miR-127-3p over-expression test using lentiviral particles

For testing in vivo miRNA over-expression by lentiviral particles, different routes of administration were studied.

We employed a total of 9 mice divided into the next groups: miR-127-3p induced by renal-arterial administration:

1 animal per sacrificed time established (3, 5, and 10 days after administration). miR-127-3p induced by renal-

parenchymal administration: 1 animal per sacrificed time established (3, 5, and 10 days after administration).

miR-127-3p induced by retro-orbital administration: 1 animal per sacrificed time established (5, 10, and 15 days

after administration).

Same as adenovirus constructs tested, lentiviral vector purchased to generate lentiviral particles able to infect
cells contains a copGFP promoter which is linked to the pre-miR-127-3p promoter to monitor infected cells

expressing GFP, and therefore the miRNA induction. Based on that, we studied GFP expression in frozen kidney
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sections from mice, embedded in OCT compound by fluorescence microscopy, to determine whether any
experimental administration method achieves the induction of miR-127-3p expression in kidney cells from mice

at the established times.

Results are shown in Figure 26, in which renal-arterial injected mice show GFP signaling in kidney cells located in
the renal cortex at days 3 and 10 after lentivirus administration, indicating the presence of infected kidney cells at
those times. Also parenchymal injected mice show GFP fluorescence at day 10 post-injection, but signaling was
only detected in the left kidney's injection area while the rest of the renal cortex do not show expression. On the
contrary, mice in which lentiviral particles were administered by retro-orbital injection do not show GFP signaling

along the experiment.

Renal-arterial admin. Renal-parenchymal admin.

3d post-admin

10d post-admin

Retro-orbital admin.

5d post-admin

15d post-admin

Figure 26. GFP florescence analysis to asses lentiviral infection able to induce miR-127-3p expression in kidney cells from mice. Image
show GFP expression in the renal cortex cells of renal-arterial injected mice, at days 3 and 10 after lentiviral administration. Moreover,
mice in which lentiviral particles were administered in the kidney by parenchymal injection also show GFP expression at day 10 after
administration, but it is merely located in parenchymal cells. Finally, mice retro-orbitally injected do not show GFP expression during
the experiment (Image zoom: x400).
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Considering that kidney tissue presents high auto-fluorescence signaling, and trying to avoid overestimation, we
decided to analyze miR-127-3p expression by gRT-PCR in kidney sections from mice to assess that the GFP signaling
observed under the microscope corresponded with infected cells expressing GFP and thereby the miRNA. Figure
27 discloses that miR-127-3p expression is higher in the intervened kidneys (left kidneys) of renal-arterial injected
mice, at days 3 and 10 post-administration than in the non-intervened kidneys (right kidneys) of same mice, both
in comparison with sham mice as control group. Nevertheless, intervened kidneys (left kidneys) from mice in
which the lentivirus was directly administered in the renal parenchyma, do not exhibited higher expression of
miRNA in a different manner than the non-intervened kidneys (right kidneys) from same mice group. Moreover,
none of the kidneys from retro-orbital injected mice shows a wide difference miRNA expression from control mice

at any time.
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Figure 27. Analysis of miR-127-3p expression in kidney samples from differently lentiviral administration methods achieved in mice.
Data are presented as mean * SD. Arterial-administration mice (N=1/sacrificed time), parenchymal administration mice (N=1/sacrificed
time), retro-orbital administration mice (N=1/sacrificed time) and Sham control group (N=3), used to obtain fold change values. A)
miRNA expression is higher in intervened kidneys (left kidneys) of arterial-injected mice, at days 3 and 10 after administration. B) There
are no miRNA expression differences in intervened (left kidneys) and non-intervened (right kidneys) kidneys, and control mice, in
parenchymal administration mice samples. C) Retro-orbital injected mice do not show miR-127-3p expression differences in kidney
samples along the experiment.

Summarizing, data indicate that the administration of lentiviral particles by renal parenchymal and retro-orbital
injection do not successfully induce miR-127-3p expression in kidneys from mice. However, the renal-arterial
injection method can induce miRNA expression in kidney cells since day 3, especially at day 10 after treatment,

and the induction is located in the renal cortex, where chronic damage occurs.
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4. In vitro study of miR-127-3p expression in macrophage polarization

Once we have observed that miR-127-3p is expressing in the kidney tissue along damage progression in the UUO
mouse model and that its inhibition aggravates kidney injury and triggers an exacerbated macrophage response
in mice, we were further in our study unmasking the role of this miRNA by studying its involvement in macrophage
polarization, which is considered a key process in the development of the fibrosis underlying CKD. For this, we use

murine macrophages naives Md[Non-stimulated] and different induced phenotypes (M1[LPS] and M2[IL-4]).

First, we studied the expression of NOS2 and ARG1, as pro-inflammatory and anti-inflammatory macrophage
markers respectively, by gRT-PCR in the cells to evaluate the efficiency of the stimulation and if macrophages were
polarized towards the required phenotype. Results are presented in Figure 28; in which we can observe that NOS2
is highly expressed in the M1[LPS] phenotype compared to Md[Non-stimulated] macrophages. On the contrary,
the M2[IL-4] phenotype, as an anti-inflammatory macrophage, expresses higher amounts of ARG1 compared to
naive macrophages (Md[Non-stimulated]) and the pro-inflammatory phenotype (M1[LPS]). Therefore,
stimulation successfully polarized macrophages towards different phenotypes consider relevant to be involved in

the development and establishment of the CKD.
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Figure 28. Macrophage polarization markers in different induced phenotypes (M1[LPS] and M2[IL-4]) compared to naive
macrophages Md¢[Non-stimulated]. Graphics show an induced expression levels of NOS2 in the pro-inflammatory M1[LPS]
phenotype in comparison with the Md[Non-stimulated] macrophages. Conversely, ARG1 shows higher expression in the M2[IL-4]
phenotype compared to both other experimental groups, as it was predictable. Data are presented as mean + SD. M1[LPS] N=4, M2a[lL-
4] N=6 and Md¢[Non-stimulated] N=8. Significant differences between experimental groups are indicated, as fold change values by
*(P<0.05), **(p<0.01).

Once we verified that macrophage polarization was successfully achieved, then we studied the expression of miR-
127-3p by gRT-PCR in our experimental groups. Results are presented in Figure 29 and reveal that the miRNA

expression does not significantly change in the macrophages depending on the stimulus received.
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Continuing with our study unmasking the role of miR-127-3p in the macrophage polarization process, the next
step was to modulate the miRNA in the cells by transient transfection with Pre-miR-127-3p and Anti-miR-127-3p
technology, to overexpress and to inhibit the miRNA, respectively, and using Pre-Negative and Anti-Negative
sequences as control groups. Figure 30 shows that miR-127-3p was significantly overexpressed in the cells treated
with the Pre-miR-127-3p compared to the control group (Pre-Neg). As expected, cells treated with Anti-miR-127-
3p didn’t show statistical significance in the inhibition of the miRNA expression compared to the control group
(Anti-Neg), due to a possible blocking of miRNA function rather than its degradation, although we consider

effective the miRNA.
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Figure 30. miR-127-3p analysis in naive macrophages M$[Non-stimulated] and different induced phenotypes (M1[LPS] and
M2][IL-4]) after miR-127-3p modulation by transient transfection. As shown, the overexpression of miR-127-3p was successfully
achieved compared to Pre-Neg as a control group. The inhibition of the miRNA didn’t show lower levels than its control group (Anti-
Neg) with statistical significance. Results from qRT-PCR are presented as mean = SD, N=4. Significant differences from Negative (Neg)
groups are indicated as fold change values by *(P<0.05) and **(P<0.01).

Finally, we investigated whether NOS2 and ARG1 molecules change their expression between experimental
groups (M¢[Non-stimulated], M1[LPS], and M2a[IL-4]) in which miR-127-3p expression was modulated (Figure
31).
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Figure 31. Macrophage phenotype markers analysis in naive macrophages M¢[Non-stimulated] and different induced
phenotypes (M1[LPS] and M2[IL-4]) after miR-127-3p modulation by transient transfection. All experimental groups show an
induction of NOS2 in cells in which miR-127-3p was inhibited. Besides, the M2a[IL-4] phenotype significantly shows a lower expression
of this pro-inflammatory marker in cells overexpressing miR-127-3p. On the contrary, the expression of ARG1 doesn’t show significance
between conditions. Results from qRT-PCR are presented as mean + SD, N=4. Significant differences from Negative (Neg) groups are
indicated as fold change values by *(P<0.05).

Graphics in Figure 31 demonstrate that miR-127-3p over-expression in the M2a [IL-4] phenotype leads to a
decrease in the expression of NOS2, as a pro-inflammatory macrophage marker. Moreover, an elevated tendency
for NOS2 expression in miR-127-3p inhibited cells was found, regardless of the stimulus received, reproducing
our in vivo data. All these results suggest that the induction of miR-127-3p expression along the kidney injury could
be beneficial to delay disease progression, since it modulates macrophage polarization, among other cell

processes.
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5. Serum miRNAs as biomarkers of CKD and its related outcomes

As it has been mentioned in previous sections, the search for novel early renal injury biomarkers able to detect a
premature condition of CKD, and capable of differentiating between stages has been turned into a significant
challenge for the future. In this context, numerous studies have reported circulating miRNAs as potential useful
biomarkers that associate with different pathologies and even indicate, stage and progression of many diseases

. In order to demonstrate the value of microRNAs as
biomarkers of disease in clinical practice, our lab has previously identified and published a set of serum miRNAs
including miR-127-3p, able to diagnose AKI with a high sensibility and specificity and to reflect the persistence of

cellular and tissue damage when renal function is apparently restored by classical parameters

Based on that, we studied the expression of some of the miRNAs belonging to the renal damage set describe
above: miR-127-3p, miR-126-3p, miR146a-3p, miR-26b-5p, MmiR-27a-3p, and miR-93-3p by gRT-PCR in a serum
collection of CKD patients (PRONEDI cohort). Clinical settings of these patients can be found in detail in Annex 1.

Then, we correlated the miRNAs expression results with CKD progression, estimated by KDIGO criteria (KDIGO
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Guidelines) in different stages of kidney damage. Results in Figure 32 demonstrate that serum levels of miR-146a-
3p, miR-27a-3p, and miR-93-3p correlates with kidney damage severity. In fact, lower levels of those miRNAs (a
higher ACT) are detected in serum from patients with along CKD progression. It is important to mention that for

the statistical analysis miRNAs expression data were presented as ACTs, and higher values of ACT indicate lower

amount of the miRNA.

Figure 32. Correlation between miRNAs expression in serum from patients and the progression of CKD. As graphics show, the
expression of miR-146a-3p, miR-27a-3p, and miR-93-3p correlates with CKD severity determined by KDIGO classification in stages 2, 3,
and 4. miRNAs expression levels are shown in ACTs values, which means that those miRNAs expression in serum decreases when kidney
damage advances in patients. P-values showing statistical significance are indicated by *(P<0.05) and **(P<0.01).
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Additionally, we also investigated the correlation between miRNAs expression levels in serum and associated renal
damage parameters already collected from these patients. Table 10 shows a summary of the variables studied
and the strength and direction of the association (Spearman r, rS) obtained in the correlation study. Below,

graphics from Figure 33 shows the results that showed statistical significance (p-value<0.05).

Evaluated | Evaluated parameters | miR-127-3p | miR-126-3p | miR-146a-3p | miR-26b-5p | miR-27a-3p M

-value 0.9879 0.5234 0.6313 0.4533 0.9005 0.7695

- Spearman r 0.002147 -0.0905 -0.06813 -0.1063 0.01777 0.04163
p-value 0.2594 0.0574 0.6759 0.9209 0.3366 0.0601

FGF Spearman r -0.1337 -0.2234 0.04976 0.01182 -0.1141 -0.2212
p-value 0.2456 0.8448 0.3445 0.8719 0.2416 0.9273

Klotho Spearman r 0.1376 0.02331 0.1122 -0.01921 0.1388 0.01087
. . p-value 0.5927 0.1512 0.009** 0.0093** 0.6107 0.2653

Vitamin D

Spearman r -0.06505 0.1734 0.3099 0.3088 0.0619 -0.135

p-value 0.5614 0.4765 0.1386 0.1139 0.7216 0.7243

el Spearman r 0.07278 0.08916 -0.1843 -0.1964 -0.04469 0.04424
p-value 0.7488 0.8427 0.7101 0.7362 0.7014 0.5028
IL-6 Spearmanr -0.04548 -0.02821 -0.05281 -0.04786 -0.05446 -0.09502
p-value 0.1492 0.3645 0.1173 0.154 0.1385 0.9447
Uil Spearman r 0.1839 -0.1162 -0.1994 -0.1817 -0.1887 -0.00891
p-value 0.6019 0.4331 0.8645 0.9751 0.166 0.096

OXiD Spearman r -0.0726 0.1089 -0.02377 0.004343 -0.1912 -0.2288
p-value 0.4697 0.3015 0.2856 0.8699 0.9457 0.1251

o Spearman r 0.1005 0.1432 0.148 -0.02283 0.009486 0.2113
p-value 0.0267* 0.7071 0.1632 0.2809 0.1718 0.5572

GOT Spearman r 0.2594 0.04474 -0.1649 -0.1279 -0.1617 0.06983
p-value 0.0024** 0.8762 0.345 0.2741 0.5393 0.2279

GPT Spearman r 0.3527 0.01868 -0.1129 -0.1306 -0.07354 0.1439
p-value 0.1431 0.7207 0.1544 0.0066** 0.0871 0.4514

GGT Spearman r 0.2039 0.05027 -0.1984 -0.3687 0.2373 0.1057
p-value 0.6018 0.4312 0.9371 0.2163 0.875 0.571

A Spearman r -0.06441 -0.09702 0.009749 -0.1519 0.01943 0.06992
p-value 0.1094 0.4836 0.1284 0.1412 0.0235* 0.2611

GFR Spearman r 0.1864 0.08213 -0.1772 -0.1715 -0.2613 -0.1314
p-value 0.4548 0.788 0.3987 0.1802 0.4627 0.2154

PLELE Spearman r 0.08761 0.03158 -0.09886 -0.1564 -0.08609 0.1447

Table 10. Correlation between miRNAs expression levels and clinical parameters of PRONEDI patients” cohort. Table shows
correlation between miR-127-3p and GOT and GPT measures, miR-146a-3p and miR-26b-5p and Vitamin D, miR-26b-5p and GGT, and
miR-27a-3p and GFR. P-values were calculated comparing miRNA expression (ACTs) in serum samples with the values of the parameters
measured for each PRONEDI cohort patient. Spearman r (rS) measures the strength and direction of association between the two ranked
variables compared. Significant differences are indicated by *(P<0.05); **(P<0.01).

As can be observed in the table content, correlations between miR-127-3p, miR-146a-3p, miR-26b-5p, and miR-
27a-3p with some of the parameters evaluated in serum samples from patients demonstrate statistical
significance (*p-value<0.05; **p-value<0.01). Thus, data demonstrate that there is a positive relation (rS>0)
between miR-127-3p expression (ACT) and GOT and GPT levels detected in serum from patients. Same situation
than between miR-146a-3p and miR-26b-5p expression (ACT) and Vitamin D levels, which means a lower miRNAs

expression (an upper ACT) detected when the respective parameter increases in serum from patients. On the
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contrary, the correlation between miR-26b-5p expression level (ACT) and GGT measured in serum from patients

shows a negative relationship, same than between miR-27a-3p and GFR measured in those patients, which means

expression of miR-26b-5p and miR27a-3p decreases (an upper ACT) when the GGT and GFR also are lower in

patients.
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Figure 33. Graphics derived from Spearman's correlation coefficient between miRNAs expression levels and parameters
evaluated with statistical significance. As graphics show, miR-127-3p expression (ACT) correlates with GOT and GPT, and miR-146a-
3p and miR-26b-5p do it with Vitamin D, all of them in a positive manner (rS>0), indicating more ACT value of these miRNAs when those
parameters increase in serum sample from patients. Inversely, miR-26b-5p expression (ACT) demonstrates a negative relationship with
GGT levels detected (rS<0), same than miR-27-3p ACT with GFR, which means an upper miRNA ACT value when the parameter
decreases. P-values are indicated by *(P<0.05) and **(P<0.01)

Both results suggest that miRNAs expression levels in serum samples could indicate liver affection in patent during

CKD progression and alterations related to Vitamin D such as anemia or bone affection, both features well known

associated with CKD outcome. These results demonstrate that the serum miRNA levels studied could be useful as

accurate biomarkers of CKD progression and they can be also accurate tools for patient classification and

management. In summary, our findings highlight the possible usefulness of serum miRNAs in clinical practice for

CKD management.
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Discussion



Identification of molecular mechanisms underlying renal injury and repair is essential for increasing our
understanding of CKD pathophysiology and to develop novel therapeutic target tools and biomarkers able to

significantly improve CKD patient management and their quality of life.

In this work, we have identified miR-127-3p as a key mediator involved in the progression of renal disease and its
potential role as a therapeutic target tool for CKD treatment. We have established the Unilateral Ureteral
Obstruction model in mice as a suitable experimental model to study the role of miR-127-3p during disease
progression, which mimics human chronic obstructive nephropathy in an accelerated manner and produces the
main features that lead to the progression of renal disease. Subsequently, we have evidenced that miR-127-3p
expression is induced after kidney injury in UUO mice and concurs with the expression of tubular damage, fibrosis
development markers, and also with the associated inflammatory response in which macrophages are key cells
involved. In addition, we have demonstrated that the block of miR-127-3p expression in UUO mice accelerates
the disease progression and exacerbates the associated macrophage response. Based on this finds, we have tried
different viral-based particles and administration approaches, and finally, we have successfully induced miR-127-
3p expression in the renal cortex of mice using lentiviral particles injected through the renal arteria. Moreover,
we have demonstrated in vitro that miR-127-3p expression is not different in murine macrophages depending on
the stimulus received, but its modulation by transient transfection in the cells induces changes in the expression
of different macrophage phenotype markers. Finally, we have established that some of the serum miRNA levels
studied belonging to a set previously identified in our lab, including miR-127-3p, able to diagnose AKI in patients
and related with kidney damage, could be useful and accurate biomarkers of CKD progression, contributing to
patient classification in different damage stages, and prematurely detect kidney injury outcomes allowing better

patient management.

Numerous studies have identified different miRNAs as critical regulators involved in many pathophysiologic
processes including CKD . Some of them have associated miR-127-3p with
cellular processes intimately related to kidney damage, such as EndMT and inflammation

. Besides, previous results of our lab have demonstrated the implication of this miRNA in kidney
response to I/R and AKI development . We also have results that
revealed the pivotal role of miR-127-3p in maintaining renal homeostasis during a pro-fibrotic stimulus in HK-2
cells to be implicated in EMT, and showed an increased expression of this miRNA in human biopsies from CKD
patients during early stages of disease . But up to our knowledge,
this work is the first characterizing the role of miR-127-3p in CKD development and the macrophage polarization

response associated to the renal disease progression.
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As mentioned above, our results have demonstrated for the first time that miR-127-3p expression is induced after
renal injury in vivo and concurs with damage severity along the progression of renal disease until the end of the
experimental model, when fibrosis is totally established. Published results describe several miRNAs involved in
the development of kidney damage in biopsies from CKD patients and kidney samples from UUOQO, including
increased expression of miR-21, miR-192 miR-141 and miR-205, and downregulation of miR-200 family in IgA and
diabetic nephropathies, both common etiologies of CKD. In the UUO mouse model miR-433, miR-382, miR-491,
and miR-30c also was found increased in kidney tissue. But, miR-127-3p is not among them
. However, miR-127-3p expression has been
extensively associated with several cancers and pointed out as a tumor suppressor molecule that regulates cell
proliferation, migration, and invasion
. Aditionally, miR-127-3p has been involved in inflammation response and described as

regulator of macrophage polarization underlying fibrosis in lung diseases

To study the implication of miR-127-3p along CKD development we have set up the UUO model in mice. This
experimental model has been widely described as the most appropriate in vivo model for investigating the
molecular mechanisms that lead to renal fibrosis underlying chronic renal damage in an accelerated manner

. We have characterized this experimental model in order to
demonstrate that we are able to reproduced the main processes and effects observed and published by the

scientific community using this model.

Renal samples evaluation from UUO mice revealed that obstructed kidneys exhibit a pathological medulla ablation
and renal cortex narrowing since day 7 after surgery to the end of the experimental model compared to sham
mice, which are considered very characteristic features of end-stage renal disease

. Renal cortex remodeling in mice samples has included structural damage and fibrosis development along
UUO, characterized by the appearance of inflammatory infiltrates, tubular atrophy, glomeruli rarefaction,
interstitial distortion, and collagen deposits as a component of an abnormal ECM. All of them are described as
regular processes that occur during CKD progression within the renal tissue and have been previously reported in
the UUO experimental model . Correlating with that, we have confirmed fibroblasts
activation into myofibroblasts from day 5 after injury in UUO mice samples. This process is intimately involved in
the development of a pathological EMC that contributes to fibrosis development . However,
TGFP expression, as EMT marker, has increased in those samples earlier than the fibrosis markers evaluated, aSMA
and FSP1, and at the same time as the expression of classical tubular damage markers evaluated, NGAL and KIM1,

which indicates that in this work, the molecular mechanisms that contribute to structural damage have preceded

93



fibrogenesis, which faithfully reproduce CKD progression in humans and defines which could

be a therapeutic window for treatment of kidney disease progression in this model.

It is important to discuss that NGAL and KIM1 molecules have been commonly reported as novel AKI biomarkers
to be rapidly and robustly expressed in the kidney cells and released into the microenvironment in response to
tubular damage against renal ischemic injury. Due to that, they are easily detected in blood and urine samples
from patients which makes them excellent minimum-invasive disease biomarkers.
Advantageously, in recent years there is a growing literature suggesting that these molecules are also markers of
kidney disease and severity, and they are inversely associated with the GFR, which could be used for a better
diagnosis and prognosis of CKD patients . Based on that, we decided to
include them in this work as specific biomarkers of tubular injury that give us information about kidney damage
progression along the UUO model, following some works already published

. Besides, we decided to study their expression in renal tissue from mice instead of fluids detection
techniques as most of the published studies have done, since we have studied tissue samples from different time

points along the experimental model while urine and blood samples were collected at the sacrificed time.

On the other hand, as it was described in the introduction of this work, there is an inflammatory response
associated with the damage severity in CKD in which macrophages are key cells playing an
important mediation for disease development through their polarization into different phenotypes

. In concordance with the bibliography, our results have pointed out that the
inflammatory infiltrates within the renal parenchyma were highly composed of T lymphocytes and macrophages.
Moreover, evaluation of classical molecules and cytokines related with macrophage phenotypes by IHQ and gRT-
PCR, have suggested that M1 macrophages have been recruited to the local inflammation site to be the
predominant phenotype population during early stages of kidney damage, but along the disease progression they
have changed their phenotype toward M2, constituting a mixed macrophage population, a finding that has been

extensively reported in the bibliography but which molecular mechanisms remained largely unknown

Unexpectedly, we also have found that YM1, studied in this work as an M2 macrophage marker, was also
expressed in proximal tubular epithelial cells from sham mice and UUO mice in early stages of kidney damage,
and that this expression was vanishing with the severity of the damage along the experimental model. Related to
that, evidence indicates that YM1 is highly expressed in healthy kidney tissue and freely filtered by the glomerulus,
but also secreted by activated macrophages in the kidney upon stress or damage

playing a crucial role having a chemotactic effect and regulating a variety of essential biological processes

including oxidant injury, inflammasome activation, Th1/Th2 inflammatory balance, M2 macrophage
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differentiation, TGFB1 expression, ECM regulation, and parenchymal scarring
. These published data perfectly match with our findings of YM1 expression and explain the
expression pattern shown in our experiments from healthy tubules in sham mice to its vanishing along UUO

experimental model in them, but appearing in peritubular cells.

Related to the UUO model, estimation of renal function in mice after ureteral obstruction, as a common biomarker
used in clinic to detect CKD progression, has demonstrated that despite morphology alteration and fibrogenesis
in kidney tissue from UUO mice, renal functionality has remained unaffected, as it would expect due to the
compensation work of the non-operated kidney (CK). That issue has been previously indicated as an UUO
experimental model disadvantage highly reported by the bibliography . Nevertheless, we
consider the UUO mouse model as the best experimental approach to unveil the role of miR-127-3p in the
tubulointerstitial injury and fibrosis development along with renal damage since other existing models of CKD such
as 5/6 nephrectomy or HIV-associated nephropathy (HIVAN) are also widely used, but commonly do it to elucidate
mechanisms of glomerular disease. Interstitial fibrosis caused by folic acid also could be an option in our work but,
although renal function can be assessed as a measure of CKD, the model takes much longer (around 28-42 days),

and it is somewhat variable

Regarding miR-127-3p, we have observed induction of this miRNA after kidney injury in UUO mice. The highest
expression was recorded on day 5 after surgery correlating with severe tubular damage and EMT evidence,
fibroblasts activation into myofibroblasts, and with the increase of macrophage infiltration. However, miR-127-3p
expression disappears at the end of the experimental model, when fibrosis is established. We also have confirmed
that miRNA expression is localized in epithelial tubular cells from the renal cortex in UUO mice, as was expected
from previous results of our lab in which miR-127-3p expression correlated with damage severity in biopsies from
CKD patients . These results strongly indicate that miR-127-3p

induction is involved in mechanisms underlying kidney damage progression during UUO experimental model.

Significantly, miR-127-3p expression has been previously reported to increase in lung and liver inflammation and
fibrosis development . Moreover, published in
2017 that miR-127-3p expression was induced in lung adenocarcinoma promoting stem-like traits, increased
resistance to the epidermal growth factor receptor inhibitor, and cells migration capacity. These works firmly
indicate a relation between this miRNA induction and the pathological context, but are controversial with previous
results of our lab already explained, which indicate the pivotal role of miR-127-3p in the maintenance of the
epithelial phenotype in proximal tubules cells exposed to pro-fibrotic stimuli

that have pointed out the modulation of this miRNA as a therapeutic strategy for renal

disease treatment.
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As a first approach in the proof-of-concept studies, we have inhibited miR-127-3p expression in vivo to study the
implication of this miRNA in the progression of the renal disease along the UUO animal model. Our experiments
have demonstrated as an innovative result that the blockage of miR-127-3p expression in UUO mice enhance
structural kidney damage and fibrosis development, and exacerbates macrophage inflammatory response within
the renal parenchyma along disease progression. These findings support the in vitro results previously obtained
in our lab about the protector role of this miRNA during kidney disease and lead us to suggest probably miRNA

expression at physiological amounts is not enough to block with the disease progression, by itself.

As it was described in the results, HE and Masson stains have confirmed an earlier tubular dilatation and atrophy,
and more collagen fibers deposited in the renal interstitium demonstrating worse structural damage and fibrosis
development in UUO mice in which miR-127-3p was inhibited. The increased expression of tubular damage and
fibrosis development markers studied by qRT-PCR, including NGAL, KIM1, TGFB, and FSP1, has supported this
result. But despite these results, aSMA as a fibrosis marker determined by IHC, has increased its expression along
disease development but has not showed differences between miR-127-3p inhibited mice and control ones,
contrary to what was expected. On the one hand, this could be explained because the semi-quantitative character
of the IHC technique requires bigger differences between experimental groups to reach statistical significance.
Also, there are published results reporting that aSMA could not be a functional marker of fibrogenic cells that
correlates positively with the level of collagen gene expression and the disease severity in skeletal muscle fibrosis

. On the other hand, miR-127-3p could be involved in molecular mechanisms underlying

fibrosis development through other pathways not related to aSMA

Regarding inflammatory response, macrophage characterization in kidney tissue has demonstrated that
infiltration was higher in UUO mice in which the miRNA was inhibited compared to the Scrambled group. This
result leads us to postulate an implication of miR-127-3p in this context along with kidney damage progression.
Going further, the increased expression at day 7 after surgery of CD68 and YM1 molecules studied in kidney tissue
by IHQ as an overall macrophage marker and M2 phenotype marker, respectively, has suggested a higher
macrophage polarization towards M2 phenotype in those mice. However, macrophage markers studied by gRT-
PCR also demonstrated expression of M1-related molecules since day 5 after surgery in UUO miR-127-3p inhibited
mice. Taken these results together, it could be conceivable that there is an exacerbated macrophage response
when miRNA is inhibited that results in the appearance of a mixed population in which both phenotypes are
orchestrating the inflammatory response along kidney damage resulting in a worse progression of the disease.
That agrees with the bibliography describing that different phenotypes can coexist in the same population in a
determinate space and time and that polarization states can change or reverse responding to physiological

conditions and the local cytokine milieu
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Up to now, there is no publication within the bibliography reporting this miRNA involved in kidney fibrosis.
However, in this context, there are some publications that involve miR-127-3p expression in the development of
lung inflammation and injury through macrophage polarization . These works have
demonstrated that the induction of miR-127-3p expression enhances the activation of JNK kinase which
exaggerates a pro-inflammatory response promoting lung inflammation and injury, while its inhibition inactivates
this pathway and suppresses the production of pro-inflammatory cytokines protecting against pathology in the
lung. On the contrary, Xie T. and colleagues published in 2012 that a higher expression of this miRNA inhibits
inflammation by targeting CD64 in macrophages which regulates cytokines release and reduces acute lung injury

. The discrepancy in the results highlights the need to study the miR-127-3p role specifically in

each pathological context.

In our work, miR-127-3p expression correlates along with the UUO model with the severity of the damage, which
is in concordance with the results obtained by , and in the lung. But, our results by
inhibiting miRNA expression in UUO mice, have demonstrated the opposite effects. Taking into account that renal
damage was more severe in miR-127-3p inhibited UUO mice in comparison to the control ones, we could
hypothesize that the induction of miR-127-3p expression could be beneficial for delaying renal injury progression

in UUO mice, according to the results published by in 2012.

Related to that, our in vitro experiments have demonstrated in murine macrophages stimulated toward different
phenotypes, that although miR-127-3p is not differently expressed in the cells depending on the stimulus received,
the exogenous modulation of this miRNA by transient transfection in the cells affects the expression of the
polarization markers studied. Particularly, inhibition of miR-127-3p expression induces an increased tendency to
NOS2 expression, studied as a pro-inflammatory macrophage marker, in both M1[LPS] and M2allL-4] phenotypes.
These results, strongly suggest that the inhibition of miR-127-3p exacerbates a pro-inflammatory response.
Moreover, and regarding the potential protective role of miR-127-3p in which this work has been based on, the
over-expression of miR-127-3p in the alternatively activated macrophages (M2[IL-4]) has led to a significant
decrease of NOS2, which could enhance the functionality of this phenotype implicated in inflammation control
and resolution. Indeed, miR127-3p participates in wound healing, and tissue repair and remodeling which is

strongly related to inflammation resolution

It is important to discuss that we have not found significant differences among experimental groups in the
expression of ARG1 studied by gRT-PCR, as M2[IL-4] macrophage marker, when miR-127-3p was modulated in the
cells. We could explain this finding because the transcription rate in primary cultured macrophages is very low,

and some genes, such as ARG1, are poorly expressed, so large numbers of cells in each experiment are needed to
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obtain enough mRNA to see the differences between conditions. Additionally, it is conceivable that miR-127-3p

modulation is not involve in mechanisms that control ARG1 transcription.

Nevertheless, results from in vitro experiments have demonstrated that although miR-127-3p per se is not
differentially expressed among different macrophage phenotypes it could be indirectly involved in macrophage
polarization, which constitutes a cellular process strongly associated with CKD development

. In this sense, macrophages could be potential targets to ameliorate renal
injury through manipulation of their polarization and as it was largely described in the
introduction of this work, miRNAs have been unleashed as novel therapeutic strategies for the treatment of
diseases due to their key role in the regulation of cell function , which include macrophage

polarization

So far, all the results obtained in this work strongly confirm a relationship between miR-127-3p and the main
cellular processes that contribute to the development of chronic kidney damage. Furthermore, our evidence has
suggested that the overexpression of this miRNA in kidney tissue could have a beneficial role by regulating
molecular mechanisms that underlie the progression of the disease. Thus, we also have tried to overexpress miR-
127-3p in the UUO experimental model to determine whether this miRNA intervention could be a potential

therapeutic strategy for CKD treatment.

Currently, the most common tool used to induce miRNAs expression in vivo experiments is by the administration
of viral vehicles containing the pre-miR sequence. Many publications describe different methods, vias, and/or
dosages to successfully achieve kidney cells,

are some examples. Based on this knowledge, we have tried to target renal cortex cells by testing
several adeno-associated particles provided by Dr. Chillén Rodriguez and his group (Viral Vectors Production Unit,
UAB) and also, different lentiviral particles following the procedures described in some publications

and specified in the material and method section.

Unfortunately, any adeno-associated constructs tested induced the miRNA expression in the kidney cells, and we
could not overexpress miR-127-3p by parenchymal and retro-orbital administration methods as we have
expected, but renal-arterial injection successfully induced the miRNA expression in kidney cells since day 3, and
especially at day 10 after treatment. Therefore, and because of these preliminary results, the overexpression
approach is still an objective of our work. Additional experiments are necessary to improve the overexpression
technique to define an adequate dose and time frame along the UUO experimental model to assure high levels of

miRNA before the kidney damage is established and fibrosis became irreversible.
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Besides, we are aware that this work lacks more studies devoted to identifying miRNA target genes and the
signaling pathways triggered by miR-127-3p underlying this pathological context. These findings would strongly
support our hypothesis and would allow us to point out miR-127-3p as a novel candidate molecule in the therapy

of CKD.

In this sense, there are some validated and predicted target genes that could be downregulated by miR-127-3p
expression and have a positive effect in the resolution of this pathological context. On the one hand, MMP13 has
been validated in previous results of our lab as a miR-127-3p target molecule involved in the EMT process under
TGFB stimuli in proximal tubule cells, which contributes to matrix remodeling and promotes fibrosis development
. The relationship between MMP13 and miR-127-3p has been

already described by Yang C and colleagues in hepatocellular carcinoma whose furthermore propose that during
disease miR-127-3p expression is induced in the tissue maybe to play a protective role by downregulating this
metalloproteinase, but is inhibited by c-Jun through TGFB mediated ERK and JNK pathways which results in a
worse progression of pathology . That could explain what is happening during the progression
of chronic kidney damage in which TGB is induced along with tubular damage and inflammation response. On
the other hand, we have preliminary results indicating that Slug could be regulated by this miRNA interfering in
the activation of fibroblasts, which is considered also a pivotal process for the development of CKD, however,
more studies are necessary to demonstrate this fact. Besides, we have pointed out Lamtorl as a target gene of
miR-127-3p in macrophages to be an activator of the mTOR signaling pathway downstream PI3K-Akt pathway,
and directly implicated in metabolism and many cellular processes including cell growth, proliferation, and
apoptosis . Several studies have confirmed that dysregulation of mTOR signaling disrupts
renal cell homeostasis and results in kidney diseases through multiple pathways such as promoting EMT in tubular
epithelial cells and fibroblast activation . Regarding
inflammatory response, it has been published that the amino acid—sensing pathway consisting of Lamtorl,
mMTORC1, and TFEB is involved in the regulation of innate immune response, including macrophage polarization
. All these works support the idea of Lamtorl as a molecule involved in the establishment of

kidney damage, possibly exerting its role as a target of miR-127-3p since the downregulation of this gene by the
miRNA would result in the non-activation of the mTOR signaling pathway which has been demonstrated beneficial
to attenuate kidney diseases development . However, Kimura and
colleagues published that Lamtorl is essential for M2 macrophage polarization via the amino acid-sensing
mTORC1-activating pathway and that loss of Lamtorl promotes M1 polarization what is
controversial with our hypothesis about the beneficial role of the downregulation of this gene through miR-127-
3p in the development of chronic kidney disease and the obtained results of this thesis in which the inhibition of

miR-127-3p accelerates kidney damage and exacerbate macrophage response.
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As it was already mentioned, more studies are needed to elucidate the target genes and mechanisms regulated
by miR-127-3p mediating into chronic kidney disease, and which strongly allow us to point out a potential
therapeutic strategy for CKD treatment based on miR-127-3p modulation. Moreover, current therapies are limited
and up to date, there is no cure for this disease. In fact, the majority of clinical trials ongoing are devoted to

mitigate disease symptoms and improve patient management and their quality of life.

Another important feature in CKD is that the gold standard methods for diagnosis and classification of disease
based on severity, are not able to identify kidney damage in the early stages of disease

. Thus, CKD courses with a long clinically silent period, and therefore treatment
could only be applied when kidney dysfunction is already established . Because of that, the
search for early renal injury biomarkers, as part of pathophysiological mechanisms and also capable of identifying
severity, has been turned into a significant challenge for the future. As it was largely described in the introduction
of this work, there are promising molecules that are being investigated as potential biomarkers of renal damage.

However, none of them has already confirmed efficacy, sensitivity, and specificity.

In this regard, circulating miRNAs have demonstrated in the last decades that they could serve as accurate
biomarkers of many pathological contexts . Based on that, previous results
of our lab identified a set of serum miRNAs including miR-127-3p able to diagnose AKI with a high sensibility and
specificity and to reflect the persistence of cellular and tissue damage when renal function is restored by classical
parameters . These findings highlight the value of miRNAs in clinical
practice. For these reasons, in this work, we have also correlated the serum expression of some miRNAs, with the

clinical settings of a CKD patient cohort, including severity.

As a novel result, we have demonstrated that the expression of miR-146-3p, miR-27a-3p, and miR-93-3p in serum
samples significantly decreases when kidney damage progresses, and they can discriminate between patients in
different stages of the disease, which could be useful to CKD diagnosis and patient stratification. Unexpectedly,
miR-127-3p was not among them, even though our results strongly have demonstrated an implication of this
miRNA in disease development. Interestingly, this could suggest that the dysregulation of miR-127-3p expression
is not the result of kidney injury, but rather this miRNA is being regulated “on purpose” as part of the
pathophysiological mechanism throughout the disease, might be with a protective effect inside renal tissue as our
results strongly suggest. Thus, they are released to urine or blood could be tightly regulated or even avoided.
Moreover, it is known that specific miRNAs can be deregulated in a tissue taking part in a molecular mechanism
involved in the disease development, but not mandatory have to be the same that are released to urine or fluids

and that we detect as circulating molecules
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Moreover, miR146a-3p, miR-26-5p, miR-27a-3p, and also miR-127-3p serum expression correlates with some
parameters evaluated in the patient cohort as CKD outcomes such as Vitamin D, transaminases, and GFR. Further
studies should be performed in order to unveil the implications of these correlation but if miRNAs expression is
related with CKD severity and progression, correlation with these parameters could be used to allow a better
patient management. Remarkably, vitamin D levels and bone remodelation is tightly linked to CKD outcome, and

liver homeostasis is also affected during CKD

Related to that, many publications have described some of these miRNAs as renal damage biomarkers. Francesca

C and colleagues published that miR-27a-3p correlates with the progression of Kidney Fibrosis in Diabetic

Nephropathy in urine samples from patients . Circulating miR-26b-3p and let-7g-5p were
reported as potential biomarkers of chronic kidney disease , and also urinary miR-26b-3p levels
were associated with AKI induced by sepsis . Moreover, miR-146a-3p has been unleashed as

a potential marker of albuminuria in essential hypertension in urinary exosomes

All of these taken together, reveals that although further investigations are necessary, serum miRNA levels
including ours could be useful biomarkers for CKD patient management in many aspects and stages of disease

progression and outcome, which is considered a major goal for CKD.

In this sense, it is important to recall that miRNAs studied in this work were selected from a panel published from
our lab reporting that levels in serum from patients remained altered when AKI episode was clinically resolved
and sCr values were restored . Thus, the miRNAs studied could be useful for identifying
a potential risk for suffering CKD in the early stages of renal damage or detecting patients progressing to the next
stage of kidney disease. That would allow better patient management and treatment since renal damage appears
and avoiding patients to progress to a late-stage kidney damage disease (ESKD), which strongly would improve

patient’s life quality and would reduce the cost for the health systems.

In summary, in this work, we have reported for the first time miR-127-3p in CKD, identifying this miRNA as a critical
molecule involved in the progression of the disease. We have evidenced that miR-127-3p expression is induced
after kidney injury in the cytoplasm of tubular cells in UUO mice and that this expression concurs with the main
cellular processes underlying chronic kidney damage. Additionally, we have revealed that miR-127-3p inhibition
aggravates tubular damage, fibrosis development, and exacerbates the associated macrophage response. Thus,
our findings strongly suggest that the overexpression of this miRNA during the early stages of kidney damage could
be a potential therapeutic strategy for CKD treatment. In this sense, we have performed preliminary experiments

to demonstrate the beneficial role of this miRNA in this pathological context, but further investigation is needed,
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as well as the identification of the target genes regulated by this miRNA along disease progression. Finally, we
have established that the serum levels of renal-related miRNAs studied could be useful as accurate biomarkers of
CDK progression and could contribute to an early patients’ diagnosis and stratification in different stages by kidney

damage severity.

This work constitutes an example of translational research from bench to the bedside in which studies of CKD
molecular mechanisms in experimental in vitro and in vivo models, can be useful in this clinical context. Thus, miR-
127-3p has been identified as a key mediator of renal responses in chronic kidney damage which could contribute
to achieving one of the major goals in CKD: the identification of novel targets for efficient therapeutic intervention.
Indeed, it is important to notice that some of our findings described in this work, are on the basis of an intellectual
property application for the use of this miRNA as a therapy for CKD treatment already in PCT extension and wait
for approval in different countries. This intellectual property protection will allow us to develop potential new

therapeutic approaches to CKD that might be useful in patients after clinical trial.
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Conclusions



1. miR-127-3p is induced in kidney tissue throughout the UUO experimental model. The increase in miR-127-3p

expression throughout the model correlates with tubular damage, fibrosis development, and the increase in

inflammatory infiltrate.

2. Inhibition of miR-127-3p in the murine model of UUO results in worsening kidney damage and increased

inflammatory infiltrate, including an enlarged population of M2 macrophages. Besides, there is a higher expression

of inflammatory cytokines within the renal tissue during experimental disease development.

3. The use of lentiviral vectors, containing the mature miR-127-3p sequence, administered via the renal artery

seems to be the most effective method for overexpressing miR-127-3p in epithelial cells of the renal cortex in the

murine model of UUO.

4. The expression of miR-127-3p in murine macrophages does not change depending on the M1 and M2

phenotype induced by treatment with LPS or IL4, respectively.

5. The overexpression of miR-127-3p in murine macrophages polarized to M2 by treatment with IL-4 leads to a

decrease in the expression of NOS2, indicating that the exogenous up-regulation of miR127-3p in macrophages

exacerbates and perpetuates an M2 phenotype.

6. Low levels of miR-146a-3p, miR-27a-3p, and miR-93-3p in the serum of patients diagnosed with Chronic Kidney

Disease associate with more severe stages of CKD. Furthermore, the serum levels of miR-127-3p, miR-146a-3p,
miR-27a-3p, and miR-26b-5p also associate with other clinical parameters, including liver function parameters and
Vitamin D levels. This, indicates the potential usefulness of these miRNAs in the stratification and management of

patients with CKD, in clinical practice.
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Conclusiones



1. miR-127-3p se induce en el tejido renal a lo largo del modelo experimental UUO. El aumento de expresion de

miR-127-3p a lo largo del modelo se correlaciona con el de dafio tubular, el desarrollo de la fibrosis y el aumento

de infiltrado inflamatorio.

2. La inhibicién de miR-127-3p en el modelo murino de UUO resulta en un agravamiento del dafio renal y una

exacerbacion de la respuesta inflamatoria que incluye un aumento de la poblaciéon de macréfagos M2 y de la

expresion de citoquinas inflamatorias.

3. La utilizacién de vectores lentivirales, conteniendo la secuencia de miR127-3p madura, administrados por via

arteria renal parece ser el método mas efectivo para la sobreexpresion de miR-127-3p en células epiteliales de la

corteza renal en el modelo murino de UUO.

4. La expresion de miR-127-3p en macréfagos murinos no cambia en funcién del fenotipo M1 o M2 inducidos

mediante tratamiento con LPS e IL4, respectivamente.

5. La sobre-expresién de miR-127-3p en macréfagos murinos polarizados a M2 por tratamiento con IL-4 conduce

a una bajada en la expresion de NOS2, indicando que niveles elevados de miR127-3p en macrdéfagos exacerba y

perpetda un fenotipo M2.

6. Bajos niveles de miR-146a-3p, miR-27a-3p y miR-93-3p en suero de pacientes diagnosticados de enfermedad

renal crdnica se asocian a estadios mas graves de la ERC. Ademas, los niveles en suero de miR-127-3p, miR-146a-
3p, miR-27a-3p y miR-26b-5p se asocian con otros pardmetros clinicos, incluidos pardametros de funcién hepatica
y niveles de Vitamina D. Esto indica la potencial utilidad de estos miRNAs en la estratificacién y el manejo de

pacientes con ERC en la practica clinica.
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Annex 1. Baseline clinical settings of PRONEDI cohort

Characteristics PRONEDI (n=100) P-value
Age - yr 68 £8 0.55
Male sex — no. (%) 81 (80) 0.80
BMI - kg/m? 30.9 £5.0 0.12
Blood pressure — mmHg
148 +17 0.22
Systolic
79 £10 0.44
Diastolic
Serum creatinine - mg/dL 1.58 £0.47 0.69
HbA1C - (%) 7.1£1.3 0.61
PTH - pg/mL 72458 0.36
c-LDL - mg/dL 101 +31 0.04
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Chronic Kidney Disease (CKD) is worldwide recognized as a priority health problem
because of its high prevalence and incidence. It courses with a long clinically silent
period, therefore diagnosis and treatment occur during advanced stages of the disease.
Identification of molecular mechanisms underlying chronic renal injury and searching
for early biomarkers of CKD are essential for improving our understanding of CKD
pathophysiology and patient management.

microRNAs (miRNAs) are key regulators of gene expression that have emerged as a
novel therapeutic target and useful biomarkers for pathology. In our lab we identified
a set of miRNAs, including miR-127-3p, that remain altered after an AKI episode. We
also demonstrated the protector role of miR-127-3p against ischemic injury in renal
tubular cells. Moreover, bibliography has described miR-127-3p as a mediator in
macrophage polarization during lung fibrosis. For all above, we aim to investigate the
role of miR-127-3p in macrophage polarization during renal fibrosis underlying CKD and
its modulation as a novel therapeutic strategy for the disease.

For this, we have studied miR-127-3p expression in a mouse model of renal fibrosis
(UUO), and the effect of its exogenous modulation during disease development. We
have demonstrated miR-127-3p increases along disease progression in proximal
tubules, correlating with fibrosis and the inflammatory response in which
macrophages are key cells involved. Besides, we have demonstrated that inhibition of
miR-127-3p expression in UUO mice aggravates disease progression and exacerbates
associated inflammatory response, including macrophages. Moreover, we have
studied the expression of miR-127-3p and the effect of its modulation in naive murine
macrophages (Md) and different induced phenotypes (M1[LPS] and M2[IL-4]). Results
have shown that the expression of miR-127-3p does not change depending on the
stimulus received. However, NOS2 expression, as a M1 macrophage marker, shows a
positive tendency when the miRNA is inhibited in the cells. On the other hand, miRNA
over-expression in the M2a [IL-4] phenotype leads to a decrease of NOS2, which
suggests that the induction of miR-127-3p expression along the kidney injury modulate
macrophages response and contribute to disease outcome. Based on these findings,
we have tried different viral-based particles and administration approaches, and
finally, we have successfully induced miR-127-3p expression in the renal cortex of mice
using lentiviral particles injected through the renal arteria.

Finally, decreased serum levels of miR-146a-3p, miR-27a-3p, and miR-93-3p have been
associated with CKD progression. Whereas miR-127-3p, miR-146a-3p, miR-27a-3p, and
miR-26b-5p serum levels have demonstrated correlation with renal damage
parameters.

In summary, all these results have revealed that miR-127-3p is involved in renal fibrosis
as an important mediator of CKD development by affecting macrophages polarization,
and therefore its modulation could be a potential therapeutic approach for CKD.
Moreover, some studied miRNAs could serve as a useful and minimume-invasive
biomarkers that contribute to stratification and patient management.
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