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Abstract: Kidney diseases, including acute kidney injury (AKI) and chronic kidney disease (CKD),
represent a general, public health urgency, causing a heavy burden to global health care systems.
Moreover, AKI is a frequent complication of hospitalization, and it is associated with short-term
morbidity and mortality rate greater than 50%, as a result of its relationship with other severe
complications. Furthermore, multiple pathophysiologic processes are involved in AKI, such as
cellular death, apoptosis, mesenchymal transition, cellular infiltration, inflammation, cytokines
release, coagulation, and complement activation. Since increasing evidence highlighted the central
role of the immune system in AKI pathophysiology, several efforts have been made to delineate
the link between this disease and the different population of immune cells. This narrative review
aims to describe the role played by dendritic cells (DCs) in AKI, with a special focus on recent
findings suggesting DCs suppression as a promising strategy to prevent AKI negative side effects and
ameliorate renal injury and dysfunction. Furthermore, we briefly summarize the main characteristics
of innovative high-throughput techniques, including as genomics, transcriptomics, proteomics, and
metabolomics in the context of AKI.
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1. Introduction

Acute kidney injury (AKI) and chronic kidney disease (CKD) represent a general,
public health urgency, with high impact on global health care systems [1]. AKI, defined as
a rapid (within 7 days) increase in serum creatinine, deceased urine output, or both [2,3],
is a frequent complication of hospitalization. It is associated with increased short-term
morbidity and mortality rate, until 50%. This is the result of pathogenetic consequences
of the acute loss of kidney [1], such as fluid overload, acid-base and electrolyte disorders,
and progression to CKD [4] and severe associated comorbidities [2]. Moreover, AKI is not a
single disease but rather a collection of several syndromes, where the kidney injury is only
the consequence of a systemic severe state.

Although many efforts have been made for a worldwide accepted definition and
staging [3], for a deeper understanding of its pathophysiology, and for an early diagnosis
through novel biomarkers [5], AKI still represents an actual clinical challenge. Ongoing
studies are focusing on the identification of specific therapies with impact on morbidity
and mortality and on kidney function recovery.

2. AKI: Definition and Etiology

Glomerular filtration rate (GFR) is the most useful index of kidney function. In clinical
practice, an abrupt decline in GFR is assessed from an increase in serum creatinine (SCr)
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or decreased urine output. According to KDIGO guidelines, AKI is defined as an increase
in SCr by 0.3 mg/dL within 48 h; or increase in SCr to 1.5 times baseline, which is known
or presumed to have occurred within the prior 7 days; or urine volume of 0.5 mL/kg/h
for 6 h [3,6]. It includes several conditions affecting kidney structure and function, en-
compassing various etiologies: specific kidney diseases (e.g., acute interstitial nephritis,
acute glomerular and vasculitic renal diseases); non-specific conditions (e.g., ischemia, toxic
injury); and extrarenal pathology (e.g., prerenal azotemia, and acute postrenal obstructive
nephropathy). More than one of these conditions may coexist in the same patient [6].

According to its pathophysiology, AKI can be classified into three categories: pre-renal,
intrinsic, and post-renal [6]. Table 1 summarizes the main mechanisms of AKI. In the
hospital setting, pre-renal AKI and acute tubular necrosis (ATN) account for the majority
of AKI cases.

Table 1. Ethiopatogenesis of AKI.

Pathophysiology Mechanism Causes Main Examples

Pre renal

Reduced RBF Absolute hypovolemia

- Blood loss (hemorrhage)

- Gastrointestinal loss (vomiting, diarrhea)

- Renal loss (diuretic, osmotic diuresis)

- Extracellular sequestration (acute
pancreatitis, muscle trauma)

Relative hypovolemia - Cardiac failure (cardiorenal syndrome)

- Peripheral vasodilatation (sepsis,
hepatorenal syndrome)

Impaired blood supply - Renal artery occlusion (stenosis, thrombosis)
- renal vein supply (thrombosis)

Intrinsic

Glomerular damage Glomerulonephritis

- Primary (e.g., FSGS, MCD, membranous
nephropathy, IgA nephropathy)

- Secondary to systemic disease, autoimmune
(lupus nephritis), infectious (post infectious,
endocarditis), hematological (MGRS)

Tubulointerstitial damage  Acute tubular necrosis Ischemic insults

- Exogenous nephrotoxins (drugs, contrast
media, toxic)

- Endogenous nephrotoxins
(myoglobin, hemoglobin)

Acute interstitial nephritis _ Drugs (NSAIDs, antibiotics)

- Infection
- Systemic disease (connetivitis)

Intravascular damage Small-vessel disease Trombotic microangiopathy

- Renal atheroembolism
- small-vessel vasculitis (ANCA-vasculitis,
anti-GBM)

Post renal

Intratubular obstruction Protein cast precipitation - Paraprotein (myeloma cast nephropathy)

- Hemoglobin, myoglobin

Crystals precipitation - salt overproduction (phosphate, oxalate,
uric acid)
- drugs (methotrexate, acyclovir, sulfonamides,
indinavir, triamterene

Urinary tract obstruction Kidney stones

- Urethral, bilateral
pelvic/ureteral obstruction
- ureteral obstruction in single kidney
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Table 1. Cont.

Pathophysiology Mechanism Causes Main Examples

Prostatic/bladder disease - benign prostatic hypertrophy
- prostatic cancer
- urothelial cancer

Extrinsic compression - intra-abdominal mass
- retroperitoneal fibrosis

RBF, renal blood flow; FSGS, focal segmental glomerular sclerosis; MCD, minimal change disease; MGRS, mono-
clonal gammopathy of renal significance; NSAIDs, non-steroidal anti-inflammatory drugs; ANCA, anti-neutrophil
cytoplasmic antibody; GBM, glomerular basement membrane.

Pre-renal AKI is mainly secondary to intravascular volume reduction which results in
renal blood flow (RBF) impairment. It could be the consequence of net body fluid reduction,
such as hemorrhage, gastrointestinal losses (diarrhea, vomiting, prolonged nasogastric
drainage), renal losses (diuretics, osmotic diuresis), dermal losses (burns, extensive sweat-
ing), or from sequestration of fluid in body tissues, so-called “third spacing” (e.g., acute
pancreatitis, muscle trauma). Renal perfusion may be moreover impaired even in the setting
of normal or increased extracellular fluid, for example, when cardiac output is decreased
(e.g., heart failure) or when cardiac output is distributed to extrarenal vascular beds, as a
consequence of systemic arterial vasodilation (e.g., sepsis, liver cirrhosis) or when vascular
supply is impaired (renal artery or vein thrombosis). Pre-renal AKI can be reversed with
RBF restoration; lack of tempestive intervention will lead to ischemic ATN and tubular cell
injury. Intrinsic AKI may be the consequence of renovascular disorders (vasculitis, throm-
botic microangiopathies), glomerular, tubular or interstitial diseases. Post-renal AKI could
be divided into intratubular and extrarenal forms. To the first group belong tubular pre-
cipitation of insoluble crystals (e.g., phosphate, oxalate, uric acid, methotrexate, acyclovir,
sulfonamides, indinavir, triamterene) or protein (hemoglobin, myoglobin, paraprotein).
The resulting increased intratubular pressure opposes glomerular filtration pressure and
can decrease GFR. Extrarenal forms include obstruction of renal pelvis, ureters, bladder, or
urethra and are common in patient with prostatic disease, urinary stones, single kidney or
intra-abdominal mass.

3. Acute Kidney Injury and Immune System

A close cross-talk between immune system and kidney has been largely described.
Renal epithelial tubular cells damage and immune system activation, both innate and
adaptative, are involved in the pathogenesis of intrinsic AKI. Several pathways could
be simultaneously activated, including oxidative stress, complement system, adhesion
molecules, and different cell populations could be involved such as macrophages, neu-
trophils, lymphocytes, and natural killer T resident renal dendritic cells (DCs), contributing
to the acute renal damage. Renal DCs are located in the tubulointerstitium and they are
involved in T-cell antigen presentation [7]. It has been proven that DCs are the main source
of TNF secretion within the first 24 h in ischemic kidney injury [8]. Moreover, they are
involved in the recovery after ischemic/reperfusion renal injury, due to their intrinsic
property of shift between pro-inflammatory and anti-inflammatory phenotypes [9]. This
complex DCs renal network plays a pivotal role in the pathogenesis of intrinsic AKIL

Sepsis-associated AKI development is an example of intensive cross-talk between
immune system and kidney. Its pathogenesis is mostly multifactorial and involved an
heterogeneous population of patients with different genetic aspects, age, renal function,
and comorbidities [10,11]. On the one hand numerous molecular processes could be
identified, including cellular death, apoptosis, mesenchymal transition, cellular infiltration,
inflammation, cytokines release, coagulation, and complement activation [11], on the other
hand AKI itself increases the risk of developing an infection, as a consequence of the
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imbalance of cytokines production and clearance, and the impairment of some immune
cells function, such as neutrophils [12].

Since increasing evidence highlighted the central role of the immune system in AKI
pathophysiology, deeper knowledge about the link between AKI and specific population of
immune cells represents an interesting and promising field of research.

4. Aims of the Work

This narrative review aims to describe the role played by DCs in AKI, with a deeper
focus on recent findings suggesting DCs suppression as promising strategy to prevent
AKI negative side effects and to ameliorate renal injury and dysfunction. Furthermore, we
briefly summarize the main features of innovative high-throughput techniques, such as
genomics, transcriptomics, proteomics, and metabolomics in the context of AKIL

5. Material and Methods

A complete research in PubMed and Cochrane databases was carried out by the
following search strings: (acute kidney injury OR (acute kidney damage)) AND (dendritic
cell OR immune cell response OR immune cell), (acute kidney injury OR (acute kidney
damage)) AND (dendritic cell), (immune cell therapy AND AKI therapy) (dendritic cell
AND AKI therapy). Furthermore, PubMed was used to identify narrative or systematic
reviews and published using specific terms to elaborate and add details to our results.
The references of the retrieved papers were used to find more literature. In Figure 1, we
reported exclusion criteria for papers and first choice criteria for article selection (Figure 1).
Furthermore, we expanded Bibliographic research using narrative review about -omics
techniques and biomarkers in AKL

Narrative review: comprehensive literature search

oOom< @ C O

-{acute kidney injury OR {acute kidney damage) ) AND (dendritic cell OR immune cell response OR immune cell)

- (immune celltherapy AND AKI therapy) (dendritic cell AND AKI therapy)

Search String

2380  Exclusion criteria: case-report, s 090
case-series, not english paper, 120
only abstractavaible

12 — 12

-{acute kidney injury OR (acute kidney damage)} AND (dendritic cell) 136

|

First Choice Criteria:

+ * Relevance of topic
* Evaluation of title and abstract
*  Meta-analysis
P *  Clinical Trial
References of the retrieved papers + Original article
* Guidlines report
Systematic review

* Recent papers

Figure 1. Graphical summary of search criteria in the literature.

6. Inmune Cells in the Kidney

The immune system is fundamental to preserving renal homeostasis by means of
numerous resident or circulating effector cells. At least 18 types of cells are present in
human kidney, arranged and located in specific structures and areas of the kidney tissue [13].
This organization allows renal specialized physiologic functions and manages the answer
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INNATE RESPONSE
non-antigenic-specific way

myeloid cells,
neutrophils,
granulocytes,
monocytes/macrophages,
Dendritic cells,

natural killer (NK),

natural killers T (NKT) cells

to damage and injury [14]. Different immune cells are located across the renal interstitium,
and a deep cellular crosstalk exists between them and the specialized renal cells (e.g., renal
tubular epithelial cells) [15-17]. Resident and infiltrated immune cells are crucial in the
maintenance of renal homeostasis. Furthermore, immune cells take part in surveillance
and defense against infection (immune monitoring), tolerance of non-harmful antigens,
regulation of immune-mediated inflammatory pathways, maintaining infection defense
capability and repair processes [15,16,18-21]. They include resident phagocytes, such as
macrophages and dendritic cells, and infiltrated cells, such as neutrophils and lymphocytes,
that might be recruited and enter the kidney from the circulation in response to renal
triggers [16,19,22].

7. Immune Cells in Acute Kidney Injury

Current studies underlined the role of both innate and adaptive immune responses
to endogenous factors released in case of tissue damage or infection [23-25]. During
infection or inflammatory conditions, innate immune system is promptly triggered by a non-
antigenic-specific way, with a primary pro-inflammatory response promoted by myeloid
cells, neutrophils, granulocytes, monocytes, macrophages, DCs, natural killers (NK), and
natural killer T cells (NKT) [23,24]. Adaptive immunity, instead, is a secondary line of
defense that includes cells mediating an antigen-specific response, such as B lymphocytes
and helper- (Tgy), killer- (T¢), and regulatory- (Treg) T cells [26].

In this context, immune effector cells, such as DCs and macrophages, serve both as me-
diator cells between innate and adaptive immunity, producing cytokines, and chemokines,
but also directly as presenting-antigens cells to lymphocytes [27] (Figure 2). Notably, sig-
naling cascades activated by intrinsic and extrinsic factors merge to a singular pathway,
as activation of both innate and adaptive immune responses is regulated by the Toll-like
receptor (TLR) pathways [25,28].

IMMUNE SYSTEM RESPONSE

ADPTATIVE RESPONSE
antigen-specific response

Mzcrophages Dendritic Cells B lymphocytes,
helper- (T,) lymphocytes,
killer- (T.) lymphocytes,
regulatory- (Treg) T lymphocytes

-Cytokines
-Chemokines
-Presenting antigens to lymphocytes

Figure 2. Graphical summary of immune system response.

Different immune cell populations have been described to contribute to AKI patho-
physiology [12,29]. In fact, the pro-inflammatory role of DCs, monocytes/M1 macrophages,
neutrophils, T and B lymphocytes in exacerbating renal injury and dysfunction is well-
known. However, some immune cells, including M2 macrophages, DCs, and regulatory
T cells (Treg), could also show an opposite effect on AKI, suppressing inflammation and
promoting tissue remodeling and repair. Given their bi-directional role, a role of DCs as
modulator to prevent and ameliorate AKI negative side effects is emerging.
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8. Dendritic Cells and the Kidney

DCs are formidable antigen-presenting cells, originating in the bone marrow from
both myeloid and lymphoid precursors [30], closely interacting with other immune cells,
including CD4* and CD8* T lymphocytes, Th, Tregs, and NK cells. DCs act as sentinel
system, with a dual role in controlling the immune system, activating an early immune
response, and the blockage of co-stimulatory signals, with consequent induction of im-
munological tolerance [31,32]. Activation and maturation of DCs are linked to “danger
signals”, including damage-activated molecular patterns (DAMPs), pathogen-activated
molecular patterns (PAMPs), TLR signaling, production of cytokines (such as TNF-c, IL-6,
IL-1p3, IL-23, IL-17A) and IEN-y, reactive oxygen species (ROS), and co-stimulatory proteins
(i.e., CD80, CD86, etc.) (Table 2). Since the immune response can also be modulated by
soluble factors, including complement system, cytokines, chemokines, and TLRs 9 14 15,
DCs represent a fundamental link between the two types of immunity [33].

Table 2. Summary of DCs activity.

DENDRITIC CELLS

- Antigen-presenting cells

- Link between the innate and adaptive immunity

- Interact with CD4* and CD8* T lymphocytes, Th, Tregs, and NK cells

- Initiation of an early immune response

- Blockage of co-stimulatory signals with consequent induction of immunological tolerance
- Response to danger signals

DCs are the most abundant innate immune population in the kidney, where they
constantly probe the environment [34]. They take part in kidney homeostasis, and are
activated during inflammatory conditions (Figure 3). When an antigen is recognized,
DCs trigger an inflammatory response through the direct release of cytokine and co-
stimulatory molecules that recruit neutrophilic granulocytes into the renal district [35] and
the antigen-presentation to naive T cells [36]. Notably, as over-activation of inflammatory
responses can induce tissue damage, DCs also contribute to the maintenance of organ
integrity, generating tolerance through induction of autoreactive T cell or expanding Treg
apoptosis [37]. Moreover, also in healthy kidney, DCs induce apoptosis of T cells specific
to self-antigen or innocuous small molecular weight antigens, to guarantee immunologic
tolerance [36,38].

DENDRITIC KIDNEY CELLS

'\\w}f‘?_/

”~

HOMEOSTASIS:

- Induction of autoreactiveT
cells apoptosis;

- Immune tolerance against
renal autoantigens;

- Immune tollerance against
filtrable antigens.

Figure 3. Renal DCs properties and main activity.

PRO-INFLAMMATORY:

Secretion of inflammatory
citokines;

Uptake and presentation of
non-filtrable antigento T cells;
Promotion of fibrosis;
Recruitment of neutrophilic
granulocytes.

ANTI-INFLAMMATORY:

- Suppression of inflammatory
citokines;

- Limiting renal tissue
damaging;

- Limiting nephrotoxic
nephritis.
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The number of DCs increases during inflammation following renal ischemia-reperfusion
injury (IRI) [39]. Also in IRI condition, DCs have been shown to have a dual role, promoting
inflammation through the production of pro-inflammatory chemokines and cytokines and
preventing excessive tissue damage via anti-inflammatory mechanisms [9,40]. In AKI,
renal endothelial cells (REDs) have been described to be a central target of DCs, such that
DCs-REDs interaction is one of the first steps in the IRI. In fact, REDs injured by IR are
particularly vulnerable to neutrophils and DCs adhesion, migration, and activation, with
consequent release of cytokines, chemokines, and growth factors that promote inflam-
mation. Particularly, TNF-« released by DCs during the first 24 h after IRI, binds REDs,
inducing apoptosis and promoting leukocyte extravasation [41]. Of note, TNF-« levels
have been demonstrated to correlate with the grade of kidney damage [42,43]. In this
context, the role of DCs as modulator to silence unwanted immune responses has been
proposed [26]. Recently, Chopra et al. have reviewed different pharmacological agents
and measures to prevent AKI, providing novel targets and cell-based therapy (CD4*CD25*
T cells, Treg, and DCs) for this purpose [44]. Although a real AKI- preventive strategy
based on DCs targeting is still lacking, the concept of inhibition of DCs maturation and
function to abrogate T-cell activation and proliferation has emerged [44-48] and has been
tested in some animal studies [49,50]. The modulation of DCs to prevent renal injury has
been postulated through different approaches, such as inhibition, blockage, suppression,
tolerance, depletion, deletion, abrogation.

9. Inhibition of Dendritic Cells Function to Prevent Renal Injury

In 1999, Verhasselt et al. investigated for the first time the influence of N-acetyl-
l-cysteine (NAC), an antioxidant molecule, on human DCs, evaluating NF-«B activity,
cytokine production, and expression of co-stimulators both at the basal state and after
activation by either LPS or CD40 engagement. The authors reported several NAC-mediated
consequences on DCs: (i) Inhibition of both constitutive and LPS-induced NF-«B activation;
(if) down-regulation of cytokines production and DCs-specific surface markers expression
(i.e., HLA-DR, CD86, and CD40) both at the basal condition and after activation with
LPS; (iii) inhibition of DCs responses following CD40 engagement. All these findings
revealed NAC was able to indirectly inhibit the primary T-cell responses through its
immunosuppressive action on DCs, offering a potential strategy to prevent undesirable
immune responses [49]. In 2006, NAC capability to inhibit DCs was further studied by Di
Giorno et al. in mice receiving renal IR, mimicking human AKI. Animals have been divided
into two groups, each one receiving a different concentration of NAC before surgery, and
renal function, acute tubular necrosis and immune-phenotyping of infiltrating cells have
been evaluated. Interestingly, mice treated with higher dose of NAC had lower serum
creatinine levels and lower acute tubular necrosis with reduced renal DCs infiltration,
showing NAC pretreatment was beneficial in limiting IR-induced damage [50]. A similar
effect in preventing IRI was described by Okusa et al., when testing a selective agonist
of adenosine 2A (Apa) [46,51]. Apy is an important anti-inflammatory molecule released
during tissue inflammation, whose concentration can increase more than six-fold after only
two minutes of ischemia. The innate immune cells have several types of adenosine-surface
receptors (Apa-Ars) able to modulate the cellular responses inhibiting inflammation [52].
Okusa’s group investigated whether selective activation of Aps-Ars was able to reduce
renal IRI, testing the A5 agonist DWH-146e in rodent models of ischemic AKI. These
models were chosen because of their well-established processes of reperfusion on the
inflammatory pathways [46,51,53]. Results showed that DWH-146e was able to protect the
kidney from IRI, inducing a reduction of plasma creatinine, even when the compound was
administered during reperfusion period [49]. As DWH-146e was described to preserve
both renal function and histology [46], additional studies deepened insight into the possible
mechanisms involved in A2AR-agonist-mediated protection. Another study showed that
DWH-146e administration reduced renal neutrophil accumulation, oxidative activity, and
adhesion in mice subjected to IR 34. Additional works focused on the direct effect that
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another Aj5-ARs agonists (ATL313) had in modulating DCs signaling and activation.
Notably, mice with Ajs-Ars-deficient DCs did not respond to ATL313 agonists and had
worse kidney injury. On the contrary, administration of DCs treated ex vivo by ATL313
ameliorated kidney IRI of wild-type mice owing to the direct suppression of NKT cell
activation. Of note, the fact that DCs could induce both immunity and tolerance according
to the microenvironment condition was well established [52], however, the fact that A,a-
ARs agonist-mediated tolerance was the result of direct suppression of other immune cells
function by DCs was a novel finding. Further progress in understanding the side effects
associated with DCs suppression has been made by Saiga et al., using a graft-versus-host
disease model. Specifically, the authors showed that treatment of mice with a novel DCs-
suppressant (NK026680) allows a reduction in mortality, suppresses cytokine production
(i.e., TNF-«, IFN-y, IL-5, -4, and -2), prevents glomerulonephritis and glomerular damage,
and decreases the rates of proteinuria, hematuria, and blood urea nitrogen [26]. The
mechanisms explaining NK026680-mediated DCs inhibition have been associated with a
decrease in major histocompatibility complex (MHC) class I and II, CD83, and CD86 on
human monocyte-derived DCs during immune system stimulation and the inhibition of
lymphoproliferative T-cell development.

A recent study has revealed both in vitro and in vivo, how overexpression of miR-21
is a self-protective response of the kidney under IR-conditions. Interestingly, this protective
role has been explained through the ability of miR-21 to inhibit the maturation of DCs acti-
vating PDCD4/NEF-xB pathway, with consequent reduction of pro-inflammatory molecules
released by DCs 38. Once again, DCs activity has been proven to be crucial in determining
the severity of kidney IR-induced damages. Similarly to NAC, Paeonol is a molecule with
an anti-oxidant activity. In a murine model of LPS-induced kidney injury, a reduction in
blood urea nitrogen and serum creatinine has been observed and it attenuates the effects of
LPS on dendritic cells, with significant inhibition of pro-inflammatory cytokines release,
and suppression of TLR4 expression and NF-«B signal pathway [54]. Galectin-3 is a sur-
face molecule of DCs crucial in their activation. In animal model it has been observed
that its activation protects from cisplatin-induced AKI by promoting TLR-2-dependent
activation of IDO1/KYN pathway in renal DCs, resulting in an increased expansion of
immunosuppressive Tregs in injured kidneys [55]. Administration of FTY720, a synthetic
sphingosine-1-phosphate, attenuated IRI kidney and reduced inflammation. The beneficial
effect of FTY720 was associated with the expansion of peripheral CD11b(+) CD11c(+) DC
and with maturation of spleen CD11c(+) DC, which showed impaired allostimulatory
capacity. Beneficial effects of FTY720 in IRI may be partially mediated by DC modulation
or by increasing Treg activity [56].

Overall, all these studies support the idea that manipulation of DCs function may
be a promising approach to limit the negative side effects associated with immunological
disorders, secondary to ischemic insults or toxic insults [11,33,52], and this strategy could
be applied to kidney injury, both in native and transplanted kidney. Although these
observations are limited to animal models and their application in humans is not so
straightforward, directly targeting DCs with therapeutical interventions in AKI seems to
be promising.

10. A Possible Role of Matrix Metalloproteinases (MMPs) and Tissue Inhibitors of
Metalloproteinases (TIMPs) in the Activation of Dendritic Cells

Matrix metalloproteinases (MMPs) are enzymes able to degrade [57] and remodel
extracellular matrix components [58], thus driving cell migration [59,60]. Their activity
is regulated by specific tissue inhibitors, called TIMPs (tissue inhibitors of metallopro-
teinases) [61].

Monocyte-derived dendritic cells produce active MMPs and TIMPs, and in particular,
elevated migratory capability is connected to MMP-9, which can be inhibited by TIMPs [62].
Therefore, MMP / TIMP imbalance plays a central role in the control of inflammatory mecha-
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nisms and cell migration, which characterize pathological conditions such as osteoarthritis,
atherosclerosis, and cancer.

Thus, we can hypothesize a possible effect of MMP /TIMP imbalance in the activation
of DC in the setting of acute kidney injury as well. TIMP-2 is a recognized marker of
kidney injury, together with IGFBP7 (insulin growth factor binding protein 7). We can
speculate that increased level of TIMP-2 may represent a response of the body to the MMPs
activation, in order to reduce DC migration, thus limiting renal injury. The development of
synthetic MMP inhibitors may reduce matrix remodeling, thus modulating inflammatory
mechanisms, also implicated in the pathogenesis of acute kidney injury. Further stud-
ies are necessary to better comprehension of the role of MMP/TIMP in the regulation
of DCs migration, particularly in the setting of inflammatory conditions, such as acute
kidney injury.

11. Omics Technology for AKI Diagnosis and Prevention

The prevention of AKl is still a challenge, and therapeutic strategies for AKI are mostly
supportive and nonspecific. In this context, AKI imperatively needs more impactful and
useful prevention and therapeutic interventions.

Recently, research in omics technologies and omics methodologies, ranging from
genomics to metabolomics, has been improved. These innovative approaches investigate
biological molecules, networks, pathways, and final products on a huge scale, using new
generation instruments and computational and bioinformatics approaches.

A comprehensive strategy and integration of multiomic approach could offer a deeper
understanding of molecular dynamics and pathways. This strategy could offer the possi-
bility of new and individualized approaches for early detection, specific treatment, and
effective prevention on an individual basis.

Given the multifaceted features of AKI, -omic analysis, together with clinical data
and disease features, can be helpful to recognize and identify molecules involved in
the mechanism that could be used as biomarkers (for example: prognostic biomarkers,
biomarkers associated with therapy, prediction biomarkers, and biomarkers to develop
precision medicine) [59].

In order to ameliorate patient’s outcome, recognition of biomarkers to identify AKI
progression, to evaluate the need of renal replacement therapy, and to predict the response
to therapy, as well as the grade of renal regeneration or residual CKD post-AKI, would
be useful. Recently, many novel biomarkers have been described as early detectors of
AKI. Unfortunately, the majority of those are associated only and strictly to a single phys-
iopathologic mechanism, for example tubular injury. This observation can clarify why
these markers often have failed in AKI secondary to other pathological processes or with
heterogeneous origin [63].

Recently, the introduction of proteomics and metabolomics highlighted how a single
isolated molecule cannot entirely explain the multifaced pathogenesis of AKL In this
context, integrating different markers in one biomarker panel could be a good and desirable
goal [58]. Numerous biochemical methodologies are used for proteomics research.

The identification of novel biomarkers for a promptly and early diagnosis of AKI is
a promising field of coming research. An ideal biomarker for AKI should meet different
requirements. For example, it should be appropriate in pre-analytical setting, it should be
specific and sensitive, accurate, stable, reliable, standardized, fast, and cheap.

Unique and comprehensive biomarker for AKI will not capture all clinical conditions
caused by AKI [63]. Promising results about -omics application for AKI are mainly available
in the context of sepsis-associated AKI (SA-AKI), with biomarkers aiming to predict the
risk of AKI development [64-66] or worse outcomes [67-69]. Other examples include
biomarkers in the context of AKI after cardiac surgery [70,71], and urinary markers [72-74]
or plasmatic markers associated with renal recovery [75,76]. A complete panel with multiple
and appropriate AKI biomarkers could be successfully applied and improve performance
for AKI diagnosis and could be more sensitive, specific, and predictive with respect to the
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single marker evaluation system [77,78] and could be useful in early identification of AKI
complications, including involvement of other organs (cardio-renal syndrome, hepato-renal
syndrome, etc.).

12. Precision Medicine for Acute Kidney Injury (AKI)

The current progresses in omics technologies permit a more comprehensive under-
standing of AKI pathophysiology and processes. Improvement in this field could allow
the introduction of precision medicine in the clinical approach to AKI. Precision medicine
is an emerging subject with the aim to match treatment and prevention as closely as
possible to single patient features, based on individual biological, genetic, environment,
lifestyle, and clinical variability. Tailored AKI management would be achieved if multiple
phenotypes and sub-phenotypes of AKI would be identified. In particular, molecules
associated with specific AKI sub-phenotypes should be detected and specific biomarkers
could highlight specific pathways and networks. Besides an early diagnosis, stratifying AKI
population in subgroups with specific clinical, biological, and molecular patterns would
help clinician to predict early response to therapy [79,80] and the cases associated with
worse prognosis [71,81]. Chances for employing this method have increased significantly
in the past years, based on the huge amount of information for each subject in genetic
(Genomics, Epigenomics and Transcriptomics) and in molecular setting (Proteomics and
Metabolomics) [82-84].

13. Conclusions

In conclusion, this narrative review describes the role of DCs during AKI and their
putative clinical implications, suggesting DCs suppression as a promising strategy to pre-
vent AKI and its complications, and ameliorating renal injury and dysfunction. Nowadays
evidence on human subject are still lacking, and further data will be necessary for a deeper
knowledge of the role of DCs in AKI, for optimized biomarkers for their identification, and
for future employment of DCs in routine clinical practice.

Furthermore, we briefly summarized new aspects of -omic techniques and precision
medicine in the setting of AKI. Emerging details and continuous research on novel ad-
vanced methods could suggest original diagnostic options for AKI diagnosis, evaluation,
and prevention, owing to the identification of novel biomarkers. With the help of these
promising technologies, an optimized biomarker assessment and multiple biomarker panel
for AKI supporting the clinical decision, influencing time to therapeutic intervention and
improving patient’s outcome could be achieved.

Author Contributions: G.M.V. and A.C.: conception of the study, drafting of the article, revision of
the article; M.M.: rafting of the article and revision of the article; G.G.B. and C.R.: final approval of
the article and M.Z.: providing intellectual content of critical importance to this work. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no specific grant from any funding agency in the public, commercial,
or not-for-profit sectors.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have no conflict of interest to declare. Prof. Claudio Ronco in the
last three years has been consultant, medical advisor, or part of the speaker bureau receiving fees
from the following companies: Asahi Medical, Aferetica, Baxter, B. Braun, Biomerieux, Bioporto,
Cytosorbents, ESTOR, Fresenius Medical Care, GE Healthcare, Kaneka, Medica, Medtronic-Bellco,
Nipro, Spectral, Toray, Jafron.



Appl. Sci. 2023,13, 4276 11 0f 14

References

1. Chen, W.-Y;; Li, L.-C; Yang, ].-L. Emerging Roles of IL-33/ST2 Axis in Renal Diseases. Int. |. Mol. Sci. 2017, 18, 783. [CrossRef]

2. Ronco, C; Bellomo, R.; Kellum, J.A. Acute Kidney Injury. Lancet 2019, 394, 1949-1964. [CrossRef] [PubMed]

3. Walther, C.P,; Podoll, A.S.; Finkel, K.W. Summary of Clinical Practice Guidelines for Acute Kidney Injury. Hosp. Pract. (1995) 2014,
42,7-14. [CrossRef] [PubMed]

4. Zuk, A,; Bonventre, J. V Acute Kidney Injury. Annu. Rev. Med. 2016, 67, 293-307. [CrossRef] [PubMed]

5. Ostermann, M.; Zarbock, A.; Goldstein, S.; Kashani, K.; Macedo, E.; Murugan, R.; Bell, M.; Forni, L.; Guzzi, L.; Joannidis, M.; et al.
Recommendations on Acute Kidney Injury Biomarkers from the Acute Disease Quality Initiative Consensus Conference: A
Consensus Statement. JAMA Netw. Open 2020, 3, €2019209. [CrossRef] [PubMed]

6. Moore, PK,; Hsu, RK.; Liu, K.D. Management of Acute Kidney Injury: Core Curriculum 2018. Am. J. Kidney Dis. Off. ]. Natl.
Kidney Found. 2018, 72, 136-148. [CrossRef] [PubMed]

7.  Jang, H.R.; Rabb, H. Immune Cells in Experimental Acute Kidney Injury. Nat. Rev. Nephrol. 2015, 11, 88-101. [CrossRef]

8. Dong, X.; Swaminathan, S.; Bachman, L.A.; Croatt, A.].; Nath, K.A.; Griffin, M.D. Resident Dendritic Cells Are the Predominant
TNF-Secreting Cell in Early Renal Ischemia-Reperfusion Injury. Kidney Int. 2007, 71, 619-628. [CrossRef]

9. Kim, M.-G,; Boo, C.S.; Ko, Y.S.; Lee, H.Y.; Cho, W.Y,; Kim, HK.; Jo, S.-K. Depletion of Kidney CD11c+ F4/80+ Cells Impairs the
Recovery Process in Ischaemia/Reperfusion-Induced Acute Kidney Injury. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl.
Assoc. Eur. Ren. Assoc. 2010, 25, 2908-2921. [CrossRef]

10. Bagshaw, S.M.; Uchino, S.; Bellomo, R.; Morimatsu, H.; Morgera, S.; Schetz, M.; Tan, I.; Bouman, C.; Macedo, E.; Gibney, N.; et al.
Septic Acute Kidney Injury in Critically Ill Patients: Clinical Characteristics and Outcomes. Clin. J. Am. Soc. Nephrol. 2007, 2,
431-439. [CrossRef]

11.  Molitoris, B.A. Therapeutic Translation in Acute Kidney Injury: The Epithelial/Endothelial Axis. J. Clin. Investig. 2014, 124,
2355-2363. [CrossRef] [PubMed]

12.  Bonavia, A.; Singbartl, K. A Review of the Role of Immune Cells in Acute Kidney Injury. Pediatr. Nephrol. 2018, 33, 1629-1639.
[CrossRef]

13. Hato, T; El-Achkar, TM.; Dagher, P.C. Sisters in Arms: Myeloid and Tubular Epithelial Cells Shape Renal Innate Immunity. Am. .
Physiol. Renal Physiol. 2013, 304, F1243-51. [CrossRef] [PubMed]

14. El-Achkar, TM.; Dagher, P.C. Tubular Cross Talk in Acute Kidney Injury: A Story of Sense and Sensibility. Am. |. Physiol. Renal
Physiol. 2015, 308, F1317-23. [CrossRef]

15. Teteris, S.A.; Engel, D.R.; Kurts, C. Homeostatic and Pathogenic Role of Renal Dendritic Cells. Kidney Int. 2011, 80, 139-145.
[CrossRef]

16. Stewart, B.J.; Ferdinand, ]J.R.; Young, M.D.; Mitchell, T.]J.; Loudon, K.W.; Riding, A.M.; Richoz, N.; Frazer, G.L.; Staniforth, J.U.L,;
Vieira Braga, FA.; et al. Spatiotemporal Immune Zonation of the Human Kidney. Science 2019, 365, 1461-1466. [CrossRef]
[PubMed]

17. Kaissling, B.; Le Hir, M. The Renal Cortical Interstitium: Morphological and Functional Aspects. Histochem. Cell Biol. 2008, 130,
247-262. [CrossRef]

18.  Winfree, S.; Al Hasan, M.; El-Achkar, T.M. Profiling Immune Cells in the Kidney Using Tissue Cytometry and Machine Learning.
Kidney360 2022, 3, 968-978. [CrossRef]

19. Nelson, PJ.; Rees, A ].; Griffin, M.D.; Hughes, J.; Kurts, C.; Duffield, ]. The Renal Mononuclear Phagocytic System. J. Am. Soc.
Nephrol. 2012, 23, 194-203. [CrossRef]

20. Chessa, F.; Mathow, D.; Wang, S.; Hielscher, T.; Atzberger, A.; Porubsky, S.; Gretz, N.; Burgdorf, S.; Grone, H.-].; Popovic, Z.V. The
Renal Microenvironment Modifies Dendritic Cell Phenotype. Kidney Int. 2016, 89, 82-94. [CrossRef]

21. Stamatiades, E.G.; Tremblay, M.-E.; Bohm, M.; Crozet, L.; Bisht, K.; Kao, D.; Coelho, C.; Fan, X.; Yewdell, W.T.; Davidson, A.; et al.
Immune Monitoring of Trans-Endothelial Transport by Kidney-Resident Macrophages. Cell 2016, 166, 991-1003. [CrossRef]
[PubMed]

22. Kolaczkowska, E.; Kubes, P. Neutrophil Recruitment and Function in Health and Inflammation. Nat. Rev. Immunol. 2013, 13,
159-175. [CrossRef] [PubMed]

23.  Shalhoub, J.; Falck-Hansen, M. A.; Davies, A.H.; Monaco, C. Innate Immunity and Monocyte-Macrophage Activation in Atheroscle-
rosis. J. Inflamm. 2011, 8, 9. [CrossRef]

24. Mogensen, T.H. Pathogen Recognition and Inflammatory Signaling in Innate Inmune Defenses. Clin. Microbiol. Rev. 2009, 22,
240-273. [CrossRef] [PubMed]

25. Virzi, G.; Day, S.; de Cal, M.; Vescovo, G.; Ronco, C. Heart-Kidney Crosstalk and Role of Humoral Signaling in Critical Illness.
Crit. Care 2014, 18, 201. [CrossRef] [PubMed]

26. Steinman, R.M. Lasker Basic Medical Research Award. Dendritic Cells: Versatile Controllers of the Immune System. Nat. Med.
2007, 13, 1155-1159. [CrossRef]

27. Kinsey, G.R,; Li, L.; Okusa, M.D. Inflammation in Acute Kidney Injury. Nephron. Exp. Nephrol. 2008, 109, e102-7. [CrossRef]

28. Hou, B.; Reizis, B.; DeFranco, A.L. Toll-like Receptors Activate Innate and Adaptive Immunity by Using Dendritic Cell-Intrinsic
and -Extrinsic Mechanisms. Immunity 2008, 29, 272-282. [CrossRef]

29. Lee, S.A.; Noel, S.; Sadasivam, M.; Hamad, A.R.A.; Rabb, H. Role of Immune Cells in Acute Kidney Injury and Repair. Nephron

2017, 137, 282-286. [CrossRef]


http://doi.org/10.3390/ijms18040783
http://doi.org/10.1016/S0140-6736(19)32563-2
http://www.ncbi.nlm.nih.gov/pubmed/31777389
http://doi.org/10.3810/hp.2014.02.1086
http://www.ncbi.nlm.nih.gov/pubmed/24566591
http://doi.org/10.1146/annurev-med-050214-013407
http://www.ncbi.nlm.nih.gov/pubmed/26768243
http://doi.org/10.1001/jamanetworkopen.2020.19209
http://www.ncbi.nlm.nih.gov/pubmed/33021646
http://doi.org/10.1053/j.ajkd.2017.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29478864
http://doi.org/10.1038/nrneph.2014.180
http://doi.org/10.1038/sj.ki.5002132
http://doi.org/10.1093/ndt/gfq183
http://doi.org/10.2215/CJN.03681106
http://doi.org/10.1172/JCI72269
http://www.ncbi.nlm.nih.gov/pubmed/24892710
http://doi.org/10.1007/s00467-017-3774-5
http://doi.org/10.1152/ajprenal.00101.2013
http://www.ncbi.nlm.nih.gov/pubmed/23515715
http://doi.org/10.1152/ajprenal.00030.2015
http://doi.org/10.1038/ki.2011.129
http://doi.org/10.1126/science.aat5031
http://www.ncbi.nlm.nih.gov/pubmed/31604275
http://doi.org/10.1007/s00418-008-0452-5
http://doi.org/10.34067/KID.0006802020
http://doi.org/10.1681/ASN.2011070680
http://doi.org/10.1038/ki.2015.292
http://doi.org/10.1016/j.cell.2016.06.058
http://www.ncbi.nlm.nih.gov/pubmed/27477514
http://doi.org/10.1038/nri3399
http://www.ncbi.nlm.nih.gov/pubmed/23435331
http://doi.org/10.1186/1476-9255-8-9
http://doi.org/10.1128/CMR.00046-08
http://www.ncbi.nlm.nih.gov/pubmed/19366914
http://doi.org/10.1186/cc13177
http://www.ncbi.nlm.nih.gov/pubmed/24393300
http://doi.org/10.1038/nm1643
http://doi.org/10.1159/000142934
http://doi.org/10.1016/j.immuni.2008.05.016
http://doi.org/10.1159/000477181

Appl. Sci. 2023,13, 4276 12 of 14

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Stockwin, L.H.; McGonagle, D.; Martin, I.G.; Blair, G.E. Dendritic Cells: Immunological Sentinels with a Central Role in Health
and Disease. Immunol. Cell Biol. 2000, 78, 91-102. [CrossRef]

Steinman, R.M. The Dendritic Cell System and Its Role in Immunogenicity. Annu. Rev. Immunol. 1991, 9, 271-296. [CrossRef]
[PubMed]

Banchereau, J.; Steinman, R.M. Dendritic Cells and the Control of Immunity. Nature 1998, 392, 245-252. [CrossRef] [PubMed]
Bajwa, A ; Kinsey, G.R.; Okusa, M.D. Immune Mechanisms and Novel Pharmacological Therapies of Acute Kidney Injury. Curr.
Drug Targets 2009, 10, 1196-1204. [CrossRef]

Weisheit, C.K.; Engel, D.R.; Kurts, C. Dendritic Cells and Macrophages: Sentinels in the Kidney. Clin. |. Am. Soc. Nephrol. 2015, 10,
1841-1851. [CrossRef] [PubMed]

Tittel, A.P; Heuser, C.; Ohliger, C.; Knolle, P.A.; Engel, D.R.; Kurts, C. Kidney Dendritic Cells Induce Innate Immunity against
Bacterial Pyelonephritis. . Am. Soc. Nephrol. 2011, 22, 1435-1441. [CrossRef] [PubMed]

Schraml, B.U.; Reis e Sousa, C. Defining Dendritic Cells. Curr. Opin. Immunol. 2015, 32, 13-20. [CrossRef]

Cadwell, K. Crosstalk between Autophagy and Inflammatory Signalling Pathways: Balancing Defence and Homeostasis. Nat.
Rev. Immunol. 2016, 16, 661-675. [CrossRef]

Gottschalk, C.; Damuzzo, V.; Gotot, J.; Kroczek, R.A.; Yagita, H.; Murphy, KM.; Knolle, P.A.; Ludwig-Portugall, I.; Kurts, C.
Batf3-Dependent Dendritic Cells in the Renal Lymph Node Induce Tolerance against Circulating Antigens. J. Am. Soc. Nephrol.
2013, 24, 543-549. [CrossRef]

Lemley, K.V.; Kriz, W. Anatomy of the Renal Interstitium. Kidney Int. 1991, 39, 370-381. [CrossRef]

Cho, W.Y,; Choi, H.M,; Lee, S.Y.; Kim, M.G.; Kim, H.-K.; Jo, 5.-K. The Role of Tregs and CD11c(+) Macrophages/Dendritic Cells in
Ischemic Preconditioning of the Kidney. Kidney Int. 2010, 78, 981-992. [CrossRef]

Aggarwal, B.B. Signalling Pathways of the TNF Superfamily: A Double-Edged Sword. Nat. Rev. Immunol. 2003, 3, 745-756.
[CrossRef]

Ramesh, G.; Reeves, W.B. TNF-Alpha Mediates Chemokine and Cytokine Expression and Renal Injury in Cisplatin Nephrotoxicity.
J. Clin. Investig. 2002, 110, 835-842. [CrossRef]

Ramesh, G.; Reeves, W.B. TNFR2-Mediated Apoptosis and Necrosis in Cisplatin-Induced Acute Renal Failure. Am. J. Physiol.
Renal Physiol. 2003, 285, F610-8. [CrossRef] [PubMed]

Chopra, T.A.; Brooks, C.H.; Okusa, M.D. Acute Kidney Injury Prevention. Contrib. Nephrol. 2016, 187, 9-23. [CrossRef] [PubMed]
Schlichting, C.L.; Schareck, W.D.; Weis, M. Renal Ischemia-Reperfusion Injury: New Implications of Dendritic Cell-Endothelial
Cell Interactions. Transplant. Proc. 2006, 38, 670—-673. [CrossRef]

Okusa, M.D.; Linden, ].; Macdonald, T.; Huang, L. Selective A2A Adenosine Receptor Activation Reduces Ischemia-Reperfusion
Injury in Rat Kidney. Am. J. Physiol. 1999, 277, F404-12. [CrossRef] [PubMed]

Li, L.; Okusa, M.D. Blocking the Immune Response in Ischemic Acute Kidney Injury: The Role of Adenosine 2A Agonists. Nat.
Clin. Pract. Nephrol. 2006, 2, 432-444. [CrossRef]

Li, L.; Huang, L.; Ye, H.; Song, S.P.; Bajwa, A.; Lee, S.J.; Moser, E.K.; Jaworska, K.; Kinsey, G.R.; Day, Y.J.; et al. Dendritic Cells
Tolerized with Adenosine Ay AR Agonist Attenuate Acute Kidney Injury. J. Clin. Investig. 2012, 122, 3931-3942. [CrossRef]
Verhasselt, V.; Vanden Berghe, W.; Vanderheyde, N.; Willems, F.; Haegeman, G.; Goldman, M. N-Acetyl-L-Cysteine Inhibits
Primary Human T Cell Responses at the Dendritic Cell Level: Association with NF-KappaB Inhibition. J. Immunol. 1999, 162,
2569-2574. [CrossRef]

Di Giorno, C.; Pinheiro, H.S.; Heinke, T.; Franco, M.F.; Galante, N.Z.; Pacheco-Silva, A.; Camara, N.O.S. Beneficial Effect of
N-Acetyl-Cysteine on Renal Injury Triggered by Ischemia and Reperfusion. Transplant. Proc. 2006, 38, 2774-2776. [CrossRef]
Okusa, M.D,; Linden, J.; Huang, L.; Rosin, D.L.; Smith, D.E; Sullivan, G. Enhanced Protection from Renal Ischemia-Reperfusion
[Correction of Ischemia:Reperfusion] Injury with A(2A)-Adenosine Receptor Activation and PDE 4 Inhibition. Kidney Int. 2001,
59, 2114-2125. [CrossRef] [PubMed]

Okusa, M.D.; Li, L. Dendritic Cells in Acute Kidney Injury: Cues from the Microenvironment. Trans. Am. Clin. Climatol. Assoc.
2012, 123, 53-54.

Okusa, M.D,; Linden, J.; Huang, L.; Rieger, ].M.; Macdonald, T.L.; Huynh, L.P. A(2A) Adenosine Receptor-Mediated Inhibition of
Renal Injury and Neutrophil Adhesion. Am. J. Physiol. Renal Physiol. 2000, 279, F809-18. [CrossRef]

Fan, H.-Y,; Qi, D.; Yu, C,; Zhao, E; Liu, T.; Zhang, Z.-K,; Yang, M.-Y.; Zhang, L.-M.; Chen, D.-Q.; Du, Y. Paeonol Protects
Endotoxin-Induced Acute Kidney Injury: Potential Mechanism of Inhibiting TLR4-NF-KB Signal Pathway. Oncotarget 2016, 7,
39497-39510. [CrossRef]

Volarevic, V.; Markovic, B.S.; Jankovic, M.G.; Djokovic, B.; Jovicic, N.; Harrell, C.R.; Fellabaum, C.; Djonov, V.; Arsenijevic, N.;
Lukic, M.L. Galectin 3 Protects from Cisplatin-Induced Acute Kidney Injury by Promoting TLR-2-Dependent Activation of
IDO1/Kynurenine Pathway in Renal DCs. Theranostics 2019, 9, 5976—6001. [CrossRef]

Kim, M.-G,; Lee, S.Y.; Ko, Y.S.; Lee, H.Y.; Jo, S5.-K.; Cho, W.Y.; Kim, H.-K. CD4+ CD25+ Regulatory T Cells Partially Mediate the
Beneficial Effects of FT'Y720, a Sphingosine-1-Phosphate Analogue, during Ischaemia/Reperfusion-Induced Acute Kidney Injury.
Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2011, 26, 111-124. [CrossRef] [PubMed]

Clements, ].M.; Cossins, J.A.; Wells, G.M.; Corkill, D.J.; Helfrich, K.; Wood, L.M.; Pigott, R.; Stabler, G.; Ward, G.A.; Gearing,
AJ.; et al. Matrix Metalloproteinase Expression during Experimental Autoimmune Encephalomyelitis and Effects of a Combined
Matrix Metalloproteinase and Tumour Necrosis Factor-Alpha Inhibitor. J. Neuroimmunol. 1997, 74, 85-94. [CrossRef] [PubMed]


http://doi.org/10.1046/j.1440-1711.2000.00888.x
http://doi.org/10.1146/annurev.iy.09.040191.001415
http://www.ncbi.nlm.nih.gov/pubmed/1910679
http://doi.org/10.1038/32588
http://www.ncbi.nlm.nih.gov/pubmed/9521319
http://doi.org/10.2174/138945009789753174
http://doi.org/10.2215/CJN.07100714
http://www.ncbi.nlm.nih.gov/pubmed/25568218
http://doi.org/10.1681/ASN.2010101072
http://www.ncbi.nlm.nih.gov/pubmed/21757770
http://doi.org/10.1016/j.coi.2014.11.001
http://doi.org/10.1038/nri.2016.100
http://doi.org/10.1681/ASN.2012101022
http://doi.org/10.1038/ki.1991.49
http://doi.org/10.1038/ki.2010.266
http://doi.org/10.1038/nri1184
http://doi.org/10.1172/JCI200215606
http://doi.org/10.1152/ajprenal.00101.2003
http://www.ncbi.nlm.nih.gov/pubmed/12865254
http://doi.org/10.1159/000443152
http://www.ncbi.nlm.nih.gov/pubmed/26881939
http://doi.org/10.1016/j.transproceed.2006.01.059
http://doi.org/10.1152/ajprenal.1999.277.3.F404
http://www.ncbi.nlm.nih.gov/pubmed/10484524
http://doi.org/10.1038/ncpneph0238
http://doi.org/10.1172/JCI63170
http://doi.org/10.4049/jimmunol.162.5.2569
http://doi.org/10.1016/j.transproceed.2006.08.178
http://doi.org/10.1046/j.1523-1755.2001.00726.x
http://www.ncbi.nlm.nih.gov/pubmed/11380813
http://doi.org/10.1152/ajprenal.2000.279.5.F809
http://doi.org/10.18632/oncotarget.8347
http://doi.org/10.7150/thno.33959
http://doi.org/10.1093/ndt/gfq480
http://www.ncbi.nlm.nih.gov/pubmed/20702533
http://doi.org/10.1016/S0165-5728(96)00210-X
http://www.ncbi.nlm.nih.gov/pubmed/9119983

Appl. Sci. 2023,13, 4276 13 of 14

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Damjanovski, S.; Ishizuya-Oka, A.; Shi, Y.B. Spatial and Temporal Regulation of Collagenases-3, -4, and Stromelysin -3 Implicates
Distinct Functions in Apoptosis and Tissue Remodeling during Frog Metamorphosis. Cell Res. 1999, 9, 91-105. [CrossRef]
[PubMed]

Giannelli, G.; Falk-Marzillier, J.; Schiraldi, O.; Stetler-Stevenson, W.G.; Quaranta, V. Induction of Cell Migration by Matrix
Metalloprotease-2 Cleavage of Laminin-5. Science 1997, 277, 225-228. [CrossRef]

Hotary, K.; Allen, E.; Punturieri, A.; Yana, I.; Weiss, S.J. Regulation of Cell Invasion and Morphogenesis in a Three-Dimensional
Type I Collagen Matrix by Membrane-Type Matrix Metalloproteinases 1, 2, and 3. J. Cell Biol. 2000, 149, 1309-1323. [CrossRef]
Gomez, D.M. Diabetic Kidney Disease. Physician Assist. Clin. 2022, 7, 261-272. [CrossRef]

Osman, M.; Tortorella, M.; Londei, M.; Quaratino, S. Expression of Matrix Metalloproteinases and Tissue Inhibitors of Metallo-
proteinases Define the Migratory Characteristics of Human Monocyte-Derived Dendritic Cells. Immunology 2002, 105, 73-82.
[CrossRef]

Marx, D.; Metzger, ].; Pejchinovski, M.; Gil, R.B.; Frantzi, M.; Latosinska, A.; Belczacka, I.; Heinzmann, S.S.; Husi, H.; Zoidakis,
J.; et al. Proteomics and Metabolomics for AKI Diagnosis. Semin. Nephrol. 2018, 38, 63-87. [CrossRef] [PubMed]

Frank, A.]J,; Sheu, C.-C.; Zhao, Y.; Chen, F; Su, L.; Gong, M.N.; Bajwa, E.; Thompson, B.T.; Christiani, D.C. BCL2 Genetic Variants
Are Associated with Acute Kidney Injury in Septic Shock*. Crit. Care Med. 2012, 40, 2116-2123. [CrossRef]

Vilander, L.M.; Kaunisto, M.A.; Vaara, S.T.; Pettild, V. Genetic Variants in SERPINA4 and SERPINAS5, but Not BCL2 and SIK3 Are
Associated with Acute Kidney Injury in Critically Ill Patients with Septic Shock. Crit. Care 2017, 21, 47. [CrossRef] [PubMed]
Sun, J.; Cai, X,; Shen, | ; Jin, G.; Xie, Q. Correlation Between Single Nucleotide Polymorphisms at the 3’-UTR of the NFKB1 Gene
and Acute Kidney Injury in Sepsis. Genet. Test. Mol. Biomark. 2020, 24, 274-284. [CrossRef]

Basu, R K; Standage, S.W.; Cvijanovich, N.Z.; Allen, G.L.; Thomas, N.J.; Freishtat, R.J.; Anas, N.; Meyer, K.; Checchia, P.A ; Lin,
R.; et al. Identification of Candidate Serum Biomarkers for Severe Septic Shock-Associated Kidney Injury via Microarray. Crit.
Care 2011, 15, R273. [CrossRef]

Lin, S.-H.; Fan, J.; Zhu, J.; Zhao, Y.-S.; Wang, C.-J.; Zhang, M.; Xu, E. Exploring Plasma Metabolomic Changes in Sepsis: A Clinical
Matching Study Based on Gas Chromatography-Mass Spectrometry. Ann. Transl. Med. 2020, 8, 1568. [CrossRef]

Binnie, A.; Walsh, C.J.; Hu, P; Dwivedi, D.J.; Fox-Robichaud, A.; Liaw, P.C.; Tsang, J.L.Y.; Batt, J.; Carrasqueiro, G.; Gupta, S.; et al.
Epigenetic Profiling in Severe Sepsis: A Pilot Study of DNA Methylation Profiles in Critical Illness. Crit. Care Med. 2020, 48,
142-150. [CrossRef]

Vilander, L.M.; Vaara, S.T.; Donner, K.M.; Lakkisto, P.; Kaunisto, M.A.; Pettild, V. Heme Oxygenase-1 Repeat Polymorphism in
Septic Acute Kidney Injury. PLoS ONE 2019, 14, e0217291. [CrossRef]

Bai, Y,; Li, Y,; Tang, Z.; Hu, L, Jiang, X.; Chen, J.; Huang, S.; Wu, K.; Xu, W.; Chen, C. Urinary Proteome Analysis of Acute Kidney
Injury in Post-Cardiac Surgery Patients Using Enrichment Materials with High-Resolution Mass Spectrometry. Front. Bioeng.
Biotechnol. 2022, 10, 1002853. [CrossRef] [PubMed]

Martin-Lorenzo, M.; Gonzalez-Calero, L.; Ramos-Barron, A.; Sanchez-Nifio, M.D.; Gomez-Alamillo, C.; Garcia-Segura, ].M.; Ortiz,
A.; Arias, M.; Vivanco, F.; Alvarez-Llamas, G. Urine Metabolomics Insight into Acute Kidney Injury Point to Oxidative Stress
Disruptions in Energy Generation and H(2)S Availability. . Mol. Med. 2017, 95, 1399-1409. [CrossRef] [PubMed]

Hasegawa, S. Urinary Single-Cell Transcriptomics: A Promising Noninvasive Method for Assessing Acute Kidney Injury. Kidney
Int. 2022, 102, 1219-1221. [CrossRef] [PubMed]

Klocke, J.; Kim, S.J.; Skopnik, C.M.; Hinze, C.; Boltengagen, A.; Metzke, D.; Grothgar, E.; Prskalo, L.; Wagner, L.; Freund, P; et al.
Urinary Single-Cell Sequencing Captures Kidney Injury and Repair Processes in Human Acute Kidney Injury. Kidney Int. 2022,
102, 1359-1370. [CrossRef] [PubMed]

Cao, X,; Wang, J.; Zhang, T; Liu, Z.; Liu, L.; Chen, Y.; Li, Z.; Zhao, Y.; Yu, Q.; Liu, T; et al. Chromatin Accessibility Dynamics
Dictate Renal Tubular Epithelial Cell Response to Injury. Nat. Commun. 2022, 13, 7322. [CrossRef]

Zhu, J.; Wu, J.; Chen, P; You, K,; Su, J.; Gao, Z.; Bi, Z.; Feng, M. Acute Kidney Injury Associated with Immune Checkpoint
Inhibitors: A Pharmacovigilance Study. Int. Immunopharmacol. 2022, 113, 109350. [CrossRef]

Clementi, A.; Virzi, G.M.; Battaglia, G.G.; Ronco, C. Multi-Biomarkers Panel in Cardiac Surgery Patients. Blood Purif. 2019, 48, 192.
[CrossRef]

Claure-Del Granado, R.; Macedo, E.; Chévez-fﬁiguez, J.S. Biomarkers for Early Diagnosis of AKI: Could It Backfire? Kidney360
2022, 3, 1780-1784. [CrossRef]

Endre, Z.H.; Mehta, R.L. Identification of Acute Kidney Injury Subphenotypes. Curr. Opin. Crit. Care 2020, 26, 519-524. [CrossRef]
Bhatraju, PK.; Zelnick, L.R.; Herting, J.; Katz, R.; Mikacenic, C.; Kosamo, S.; Morrell, E.D.; Robinson-Cohen, C.; Calfee, C.S.;
Christie, ].D.; et al. Identification of Acute Kidney Injury Subphenotypes with Differing Molecular Signatures and Responses to
Vasopressin Therapy. Am. J. Respir. Crit. Care Med. 2019, 199, 863-872. [CrossRef]

Bhatraju, PK.; Mukherjee, P.; Robinson-Cohen, C.; O’Keefe, G.E.; Frank, A ].; Christie, ].D.; Meyer, N.J.; Liu, K.D.; Matthay, M.A;
Calfee, C.S.; et al. Acute Kidney Injury Subphenotypes Based on Creatinine Trajectory Identifies Patients at Increased Risk of
Death. Crit. Care 2016, 20, 372. [CrossRef] [PubMed]

Dubin, R.E; Rhee, E.P. Proteomics and Metabolomics in Kidney Disease, Including Insights into Etiology, Treatment, and
Prevention. Clin. J. Am. Soc. Nephrol. 2020, 15, 404-411. [CrossRef] [PubMed]


http://doi.org/10.1038/sj.cr.7290009
http://www.ncbi.nlm.nih.gov/pubmed/10418731
http://doi.org/10.1126/science.277.5323.225
http://doi.org/10.1083/jcb.149.6.1309
http://doi.org/10.1016/j.cpha.2021.11.015
http://doi.org/10.1046/j.0019-2805.2001.01349.x
http://doi.org/10.1016/j.semnephrol.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29291763
http://doi.org/10.1097/CCM.0b013e3182514bca
http://doi.org/10.1186/s13054-017-1631-3
http://www.ncbi.nlm.nih.gov/pubmed/28270177
http://doi.org/10.1089/gtmb.2019.0222
http://doi.org/10.1186/cc10554
http://doi.org/10.21037/atm-20-3562
http://doi.org/10.1097/CCM.0000000000004097
http://doi.org/10.1371/journal.pone.0217291
http://doi.org/10.3389/fbioe.2022.1002853
http://www.ncbi.nlm.nih.gov/pubmed/36177176
http://doi.org/10.1007/s00109-017-1594-5
http://www.ncbi.nlm.nih.gov/pubmed/28975359
http://doi.org/10.1016/j.kint.2022.09.006
http://www.ncbi.nlm.nih.gov/pubmed/36411018
http://doi.org/10.1016/j.kint.2022.07.032
http://www.ncbi.nlm.nih.gov/pubmed/36049643
http://doi.org/10.1038/s41467-022-34854-w
http://doi.org/10.1016/j.intimp.2022.109350
http://doi.org/10.1159/000497230
http://doi.org/10.34067/KID.0001012022
http://doi.org/10.1097/MCC.0000000000000772
http://doi.org/10.1164/rccm.201807-1346OC
http://doi.org/10.1186/s13054-016-1546-4
http://www.ncbi.nlm.nih.gov/pubmed/27852290
http://doi.org/10.2215/CJN.07420619
http://www.ncbi.nlm.nih.gov/pubmed/31636087

Appl. Sci. 2023,13, 4276 14 of 14

83. Rodrigues, C.E.; Endre, Z.H. Definitions, Phenotypes, and Subphenotypes in Acute Kidney Injury-Moving towards Precision
Medicine. Nephrology (Carlton) 2022, 28, 83-96. [CrossRef] [PubMed]

84. Hasson, D.; Menon, S.; Gist, KM. Improving Acute Kidney Injury Diagnostic Precision Using Biomarkers. Pract. Lab. Med. 2022,
30, €00272. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/nep.14132
http://www.ncbi.nlm.nih.gov/pubmed/36370326
http://doi.org/10.1016/j.plabm.2022.e00272
http://www.ncbi.nlm.nih.gov/pubmed/35494424

	Introduction 
	AKI: Definition and Etiology 
	Acute Kidney Injury and Immune System 
	Aims of the Work 
	Material and Methods 
	Immune Cells in the Kidney 
	Immune Cells in Acute Kidney Injury 
	Dendritic Cells and the Kidney 
	Inhibition of Dendritic Cells Function to Prevent Renal Injury 
	A Possible Role of Matrix Metalloproteinases (MMPs) and Tissue Inhibitors of Metalloproteinases (TIMPs) in the Activation of Dendritic Cells 
	Omics Technology for AKI Diagnosis and Prevention 
	Precision Medicine for Acute Kidney Injury (AKI) 
	Conclusions 
	References

