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Abstract

Elderly individuals with chronic disorders tend to develop inflammaging, a condition associated with elevated levels of
blood inflammatory markers, and increased susceptibility to chronic disease progression. Native and adaptive immunity are
both involved in immune system senescence, kidney fibrosis and aging. The innate immune system is characterized by a
limited number of receptors, constantly challenged by self and non-self stimuli. Circulating and kidney resident myeloid and
lymphoid cells are all equipped with pattern recognition receptors (PRRs). Recent reports on PRRs show kidney overexpres-
sion of toll-like receptors (TLRs) in inflammaging autoimmune renal diseases, vasculitis, acute kidney injury and kidney
transplant rejection. TLR upregulation leads to proinflammatory cytokine induction, fibrosis, and chronic kidney disease
progression. TLR2 blockade in a murine model of renal ischemia reperfusion injury prevented the escape of natural killer
cells and neutrophils by inflammaging kidney injury. Tumor necrosis factor-a blockade in endothelial cells with senescence-
associated secretory phenotype significantly reduced interleukin-6 release. These findings should encourage experimental
and translational clinical trials aimed at modulating renal inflammaging by native immunity blockade.
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GBM Glomerular basement membrane PBMCs Peripheral blood mononuclear cells
HCV Hepatitis C virus PD Peritoneal dialysis
HD Hemodialysis PDGF Platelet-derived growth factor
HMGB1 High-mobility group box 1 PRRs Pattern recognition receptors
HUVECs Human umbilical vein endothelial PTH Parathyroid hormone
cells RIG-I Retinoic acid-inducible gene-I
hVSMCs Human vascular smooth muscle RIPK3 Receptor interacting protein
cells kinase-3
IDO1 Indoleamine 2,3-dioxygenase- 1 RLRs RIG-I-like helicase receptors
IFN Interferon ROS Reactive oxygen species
IgAN IgA nephropathy SARS-CoV-2 Severe acute respiratory syndrome
IL Interleukin coronavirus 2
IRF Interferon regulatory factor family SASP Senescence-associated secretory
IRI Renal ischemia reperfusion injury phenotype
IV Intravenous sCD163 Soluble CD163
LN Lupus nephritis sIL-6 Soluble IL-6
LP Complement lectin pathway IL-6R IL-6 receptor
LPS Lipopolysaccharides SRs Scavenger receptors
LRR Leucine-rich repeat receptor kinase SS Single-stranded
M1 Classically activated macrophages sTLR2 Soluble TLR2
M2 Alternatively activated TCR T-cell receptor
macrophages TGF-1 Transforming growth factor beta-1
Matrix Gla protein Small vitamin K dependent TIR Intracellular Toll/interleukin-1R
protein (VKDP) involved in bone TLRs Toll-like receptors
calcification TNF Tumor necrosis factor
MDAS Melanoma differentiation associ- TRAF TNF receptor-associated factors
ated gene 5 Tregs Regulatory T cells
MICS Malnutrition-inflammation- TRIF TIR-domain-containing adapter-
cachexia syndrome inducing interferon-f
miRNA MicroRNA
MLKL Mixed lineage kinase like
MN Membranous glomerulopathy Introduction
MNP Mononuclear phagocytes
mRNA Messenger RNA Inflammaging is an age-related long-term result of prema-
MasdSCs Mesenchymal stromal cells ture immune system senescence during a persistent, low-
MyDS88 Myeloid differentiation primary grade, non-resolving inflammatory state. It is associated
response protein 88 with chronic stimulation of the innate and adaptive immune
NCAM Neural cell adhesion molecule systems, driven by aging, in the course of metabolic syn-
NETs Neutrophil extracellular traps drome [1], uremia [2], rheumatic and neurodegenerative
NFkB Nuclear factor kappa-light-chain- disorders [3, 4], viral infections [5, 6] and malignancy [7].
enhancer of activated B cells The term “Inflamm-aging” was first conceived by Franc-
NLRs NOD-like receptors eschi and his group, who suggested that up-regulation of the
NLRP3 NOD-, LRR- and pyrin domain- inflammatory response at an older age results from a low-
containing protein 3 grade, chronic, systemic pro-inflammatory state, and that
NO Nitric oxide this state contributes to age-associated diseases [8]. Aging is
NOD Nucleotide-binding oligomerization  a process involving both the innate and the adaptive immune
domain-like receptor system [9]. Senescence of the adaptive immune system is
NKs Natural killer cells characterized by the loss of naive T cells; as the memory
NS Nephrotic syndrome T cell pool increases, it results in a limited T-cell recep-
PDS Peritoneal dialysis solution tor (TCR) repertoire [10]. The innate immune system also
PMN Polymorphonuclear leukocytes contributes to aging [9]. Native immune cells are the first
PAMPs Pathogen associated molecular line of host defense, constantly challenged by exogenous
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immunological stimuli by a limited number of immune
receptors, resulting in a multitude of effector molecules [11].
Innate myeloid cells, such as tissue-resident macrophages,
are the first line of defense against invading microbial infec-
tion and removing cellular debris [12]. Myeloid cells are
equipped with pattern recognition receptors.

(PRRs) sense pathogen- or danger-associated molecu-
lar patterns (PAMP or DAMP, respectively), that initi-
ate the proinflammatory cascade [13]. Toll-like receptors
(TLRs) are localized either on the cellular membrane (TLRs
1,2,4,5,6,10) or within the lysosomal compartment (TLRs
3,7,9) and recognize defined proteins, lipids, DNA or RNA
[14]. TLRs signal, via the myeloid differentiation primary
response protein 88/TIR-domain-containing adapter-induc-
ing interferon-f (MyD88/TRIF), to activate the nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NFkB)
-related target genes [15]. Interleukin-6 (IL-6) as well as
tumor necrosis factor (TNF) are part of the NFkB-induced
secretome suggesting the involvement of TLR signaling dur-
ing the aging process [16]. NOD-like receptors (NLRs) are
relevant pro-inflammatory native immunity receptors with
the ability to form multi-protein complexes or inflammas-
omes that assemble with the apoptosis-associated speck-like
(ASC) protein and recruit the effector caspase-1, thus ena-
bling the cleavage of IL-1p and IL-18 [17]. Inflammasomes
have been associated with immunosenescence and inflam-
maging [18]. Abnormal complement activation is related to
native kidney glomerular disorders as well as kidney trans-
plant rejection [19].

We will further discuss renal inflammaging, result-
ing from accelerated immunosenescence induced by the
chronic activation of native immunity and its involvement
in the pathogenesis of common age-related renal patholo-
gies (Fig. 1). Recent literature on the involvement of innate
immune system receptors and cells in the progression of
chronic inflammation and aging in renal diseases has been
reviewed.

Innate immune system receptors in chronic
kidney inflammation and accelerated renal

aging
Pattern recognition receptors and proteolysis

PRRs are soluble cell-associated receptors specialized in
virus, bacteria, fungi recognition of PAMPs and DAMPs.
These receptors elicit an immune response resulting in NFkB
activation and cytokine secretion [20]. PRRs are divided into
five classes (TLRs, C-type lectin receptors [CTLRs], NLRs,
RIG-I-like helicase receptors [RLRs], Scavenger receptors
[SRs]) and are expressed by dendritic cells (DCs), natural
killer cells (NKs), neutrophils, epithelial cells and cells of
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Fig.1 PRRs and IL-6 blockade as potential treatment to modulate
inflammaging and accelerated renal aging. PRRs pattern recognition
receptors, TLRs toll-like receptors, CTLRs C-type lectin receptors,
NLRs NOD-like receptors, RLRs RIG-I-like helicase receptors, ROS
reactive oxygen species, /L-6 interleukin-6

the adaptive immune system. Soluble PAMPs bind micro-
organisms by soluble PRR molecules leading to pathogen
proteolytic lysis [21]. PRR cell-associated phagocytosis
of PAMP infectious pathogens proceed in cytokine release
and amplification of the immune response [22]. DAMPs are
released during uncontrolled cell death or necrosis and are
removed by macrophages or other cells of the innate immune
system [23].

Pattern recognition receptors in sterile
inflammation

DAMP sterile inflammation is characterized by the release
of IL-1 family cytokines that enhance NK cytotoxicity and
macrophage phagocytosis function by activating naive
T-cells [24]. The role of these receptors is not only in path-
ogen recognition but also in eradication of dead cells from
the host. The complement cascade and the C-reactive pro-
tein (CRP) are soluble PRRs. When CRP is complexed with

@ Springer



384

Journal of Nephrology (2022) 35:381-395

residues of bacteria, it has the property of activating the clas-
sical and not the alternative complement pathway, resulting
in microorganism opsonisation by adherence to phagocytes
[25]. Microbe phagocytosis and lysis are instead facilitated
by the alternative complement pathway. Over the course of
metabolic diseases like diabetes mellitus, animal studies
on diabetic kidney disease (DKD) have shown that renal
inflammation is mainly characterized by neutrophil inflam-
mation, release of proinflammatory cytokines, PRRs, and
native immunity receptor expression. In such experimental
models, worsening kidney injury has been observed with and
without arterial hypertension, suggesting that inflammation
is a factor required for DKD progression to end-stage renal
disease (ESRD) [26].

Evidence for a role of toll-like receptors
in inflammaging

Toll-like receptors initiating intracellular signaling
cascade

Ten TLRs have been identified in humans [27]. They are dis-
played on the cell surface (TLR1-2, TLR4-6, TLR10) or in
intracellular endosomes (TLR3, TLR7-9) [28]. TLR ligands
include bacterial lipopeptides, lipopolysaccharides (LPS),
dsDNA, viral ssRNA, and flagellin. After ligand engage-
ment and signal transduction promoted by the cytoplasm
protein MyD88, TLRs activate NFkB and members of the
Interferon regulatory factor family (IRF) [29-32] regulating
type I interferon (IFN) genes (e.g. INF-a) [31].

Toll-like receptor expression in human kidney
diseases

TLR1-6 and 9 mRNA expression has been reported in
immortalized human podocytes [33]. Human tubular epi-
thelial cell lines express TLR1-4 and 6, suggesting a role
in the activation of the native immune response in tubu-
lointerstitial injury (e.g. bacterial pyelonephritis, sepsis, and
transplant nephropathy) [34]. Human kidney proximal tubule
cells express TLR2, 4 and 6. Increased detection of such
TLRs has been described after exposure to multiple mye-
loma free light chains via the damage-associated molecular
pattern high-mobility group box 1 (HMGB1) [35]. HMGB1
is a nuclear protein that regulates DNA transcription. In the
course of anti-neutrophil cytoplasmic antibody- (ANCA)
associated vasculitis, increased expression of TLR2 and
TLR4 on glomerular endothelial cells and podocytes has
been detected. TLR2 and TLR4 overexpression correlated
with glomerular segmental necrosis and cellular crescents
[36]. In ANCA-associated vasculitis TLR2 and TLR4 tubu-
lointerstitial immunofluorescence was significantly higher
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when compared to controls. Glomerular TLR4 expression
was also associated with the severity of renal injury [37].
MyD88 gene upregulation in renal tissue and increased
levels of TLR4 mRNA in peripheral blood mononuclear
cells (PBMCs) have been reported as being suggestive of
cell-mediated rejection [38] or graft dysfunction in kidney
transplantation [39]. TLR2 and TLR4 have been identi-
fied as proinflammatory and fibrotic receptors in peritoneal
dialysis (PD), after microbial- and sterile inflammation-
induced responses [40]. A more intense TLR4 expression
was observed in lupus nephritis (LN), glomeruli and tubules
when compared with controls [41]. Activation of the TLR3/
IFN pathway appears to play a pivotal role in chronic kid-
ney disease (CKD). Cylindromatosis stimulation, a ubiq-
uitin-specific protease, in TLR3-activated cultured human
mesangial cells downregulates NFxB thus inhibiting post-
transcriptional regulation of retinoic acid-inducible gene-
I (RIG-I) and melanoma differentiation associated gene 5
(MDA)S) [42]. PBMC TLR3, TLR4 mRNA expression levels
have been reported as being higher in patients with ster-
oid-sensitive nephrotic syndrome (NS) than in those with
steroid-resistant NS [43]. TLR3 and TLR9 have been found
overexpressed in glomerular and tubulointerstitial biopsies
of patients with LN. TLR7 expression was restricted into the
tubulointerstitium of LN biopsies [44]. A negative correla-
tion between PBMC, CD4* T cell and B cell expression of
TLR3, TLRS and proteinuria in children with idiopathic NS
was instead observed [45]. In a mouse model of septic acute
kidney injury (AKI), LPS binding to TLR4 induced proxi-
mal tubular paracellular leakage of the glomerular filtrate,
and oliguria [46]. In vitro evidence also indicated long-term
protection by NF«kB inhibition providing insights for novel
therapeutic strategies for oliguria by protecting proximal
tubular tight junctions [46, 47]. Weak TLRS expression
has been detected in LN glomeruli, but Polymorphonuclear
leukocytes (PMN) TLR7 is not upregulated in ESRD [48].
TLR9 is predominantly expressed by vasculitis podocytes
[36], whereas an increase of TLR9 expression has been
described in the glomeruli [49] and tubular cells [50] of
LN biopsies. These findings suggest that TLRs are involved
in humoral and cellular immune responses during renal
autoimmune diseases [34]. TLR10 is an important innate
immune sensor of influenza virus infection leading to pro-
inflammatory cytokine and interferon induction [51]. TLR
renal expression in inflammatory diseases is summarized
in Table 1.

Toll-like receptor immune aging in experimental
renal diseases

Although data on immune aging associated with human
TLR2 are not available, murine models show that TLR2 is
a key mediator of senescence by promoting cell cycle arrest
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and regulating the induction of acute-phase serum amyloids
A1l and A2 that can function as DAMPs [52]. As apopto-
sis regulates cell death, necroptosis is a process regulating
necrosis that requires protein receptor interacting protein
kinase-3 (RIPK3) and mixed lineage kinase like (MLKL)
and is induced by death receptors, interferons, TLRs and
other mediators. Activated TLR3 forms an endosome plat-
form, which is involved in NFkB activation and induction
of a type I IFN, allowing interaction with RIPK3. TLR3 and
TLR4 stimulation may induce TRIF-mediated necroptosis.
Interesting data reported that RIPK3 deficiency ameliorates
induced renal ischemia reperfusion injury (IRI) and inflam-
mation, prolonging kidney allograft survival. It might sug-
gest that graft cell necroptosis triggering inflammation could
contribute to transplant rejection. If apoptosis is considered
a weak inducer of inflammation, necroptosis is character-
ised by a massive DAMP release, inducing relevant tissue
inflammation [53]. As reported in several human studies
TLR overexpression has been identified in acute and chronic
renal pathologies leading to fibrosis. Animal studies have
found that changes in TLR expression is also associated with
renal aging. Furthermore, higher levels of TLR1-5 found in
elderly rats are associated with NFkB signaling activation,
thus suggesting a role in both renal chronic inflammation
and renal aging [54].

Evidence for a role of C-type lectin receptors
in inflammaging

C-type lectin receptors are mainly expressed by myeloid
cells acting as antigen-uptake receptors via their carbohy-
drate-recognition domain for internalization and subsequent
presentation to T-cells. CTLRs recognize self-antigens such
as DAMPs released from dead cells, leading to the produc-
tion of inflammatory mediators. These receptors promot-
ing extent, duration and outcome of the immune response
can also balance out inflammatory and resolution pathways.
Several authors suggest that CTLR dysregulation leads to
the development of various pathologies such as autoimmune
diseases, allergy and cancer [55, 56]. In kidney transplanted
patients with acute cytomegalovirus (CMV) infection,
increased CTLR expression on NKs and decreased secre-
tion of IFN-y were observed [57]. CTLR renal expression
in inflammatory human diseases is summarized in Table 1.
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Evidence for a role of NOD-like receptors
in inflammaging

Inflammasome-dependent and -independent cell
death

NOD-like receptors are cytoplasmic soluble proteins act-
ing as PAMP receptors. Among the NLRs identified to
date, NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3) is also known as the inflammasome and is an
intracellular NLR complex which is activated by the cleav-
age of pro-caspase-1 to active caspase-1. It is followed by
the activation of pro-inflammatory cytokines IL-1p and
IL-18 and induction of pyroptosis, an inflammatory form
of apoptosis resulting in immune and epithelial cell infec-
tion by intracellular pathogens [58]. NLRP3 inflammas-
ome-dependent pyroptosis is characterized by rapid cell
lysis, associated with the release of cytoplasmic IL-1p and
IL-18 triggering necroinflammation. NLRP3 has also been
implicated in inflammasome-independent functions, such
as in response to TNF/CD95 binding, when the expression
of NLRP3, ASC, and caspase-8 to apoptotic cell death
[59]. The NLRP3 inflammasome has been implicated in
the pathogenesis of several renal conditions including
AKI, CKD, DKD and crystal-related nephropathy. Inter-
esting data show that NLRP3 is critical for the develop-
ment of metabolic diseases like NLRP3 deficiency which
resulted in decreased systemic inflammation, reduced
immune cell activation and improved insulin resistance.
NLRP3 activation is induced by a variety of endogenous
triggers including uric acid, damaged mitochondria and
reactive oxygen species (ROS), aggregated proteins and
lipids, resulting in crystal-related nephropathies and CKD
[59, 60]. Inflammaging is associated with the accumula-
tion of damage-related molecules, suggesting that NLRP3
activation might be the result of several triggers, rather
than a consequence of a single toxic ligand [18].

Inflammasome expression in human kidney
diseases

Several studies have shown NLRP3 expression in human
podocytes, mesangial and intercalated cells. In patients
with AKI urinary IL-18 is associated with tubular inflam-
mation, early acute tubular necrosis and increased dis-
ease severity [51]. Tissues from human renal biopsies
of a wide variety of fibrotic kidney diseases showed that
NLRP3 increased mRNA expression, which was associ-
ated with a decline of renal function. These data suggest
that NLRP3 drives progression of CKD in both inflamma-
some-dependent and -independent manners [59]. NLR and
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inflammasome renal expression in inflammatory human
kidney diseases are summarized in Table 1.

Evidence for a role of RIG-I-like helicase
receptors in inflammaging

RIG-I-like helicase receptors are cytoplasmic sensors, acti-
vated by viral dsRNA via type-I IFN production and DC
activation [61]. HCV RNA-—protein complexes released into
the circulation can reach the glomerular mesangium, and
are often associated with glomerulonephritis. Immunostain-
ing of kidney biopsies from patients with active LN, iden-
tified RLRs in mesangial areas, and the intensity staining
correlated with disease activity [62]. RLR renal expression
in inflammatory human kidney diseases is summarized in
Table 1.

Evidence for a role of scavenger receptors
in human renal inflammaging

Scavenger receptors are cell surface receptors that promote
the removal of non-self or altered-self targets by endocy-
tosis, phagocytosis, adhesion, and signaling. Ten classes
of human SRs (A-L) are currently recognized [63]. CD36
(SR-B2) is a membrane glycoprotein identified on platelets,
mononuclear phagocytes, adipocytes, hepatocytes, myo-
cytes, epithelial cells, and microvascular endothelial cells.
(see comment As cellular receptor binds oxidized lipids and
phospholipids, advanced oxidation protein and glycation end
products. It has a role in inflammatory signalling, apoptosis
and kidney fibrosis). Renal CD36 is mainly expressed in
tubular epithelial cells, podocytes, and mesangial cells, and
is upregulated in CKD [64]. Soluble CD163 (sCD163) is a
SR-B for the hemoglobin-haptoglobin complex or for hemo-
globin alone. Authors found a correlation between plasma
sCD163 and renal dysfunction suggesting that sCD163 may
play arole in the development of AKI in patients with hem-
orrhagic fever infected by Hantaan virus [65]. Interesting
data indicated that glomeruli from patients with small vessel
vasculitis had higher levels of CD163 mRNA than did those
with LN, DKD, or NS. Vasculitis patients expressed CD163
in glomeruli and interstitium, and high urinary CD163 levels
were also measured. Urinary sCD163 levels were associated
with active renal vasculitis [66]. Chemokine (C-X-C motif)
ligand 16 (CXCL16) is a soluble chemokine, an adhesion
molecule and a cell surface SR regulating inflammation, tis-
sue injury and fibrosis. In normal human kidney the C-X-C
motif chemokine receptor 6 (CXCR6, a CXCL16 receptor)
is expressed by proximal tubules, but not by distal tubules
or glomeruli. Reports on CXCL16 in human diseases have
associated its increased expression in distal and collecting

tubules with renal transplant acute tubular necrosis (ATN)
[67]. SR renal expression in inflammatory human kidney
diseases is summarized in Table 1.

Evidence for a role of the complement
system in human renal inflammaging

The complement cascade is classified into three pathways:
the alternative, lectin, and classical pathways (AP, LP and
CP, respectively), merging at the level of C3 cleavage.
Abnormal complement activation and glomerular deposition
of circulating active fragments have been associated with
several glomerular disorders such as LN, C3 glomerulopa-
thy, IgAN, ANCA-associated vasculitis, aHUS, renal trans-
plant rejection, and in AKI-to-CKD transition (Table 1).
Anomalous complement activation causes self-cell lysis, but
also triggers oxidative stress, neutrophil infiltration, and the
cytosol NLRP3 inflammasome, inducing aging by tubular
chronic inflammation and interstitial fibrosis. Several studies
suggest that in IRI-AKI the complement is involved in accel-
erated renal senescence, leading to CKD progression [68].

Evidence for a role of innate immune system
cells in human renal inflammaging

The kidney mononuclear phagocyte (MNP) compartment
of tissue-resident immune cells is characterized by two
monocyte-derived macrophage populations with antibac-
terial function. A smaller, alternatively activated mac-
rophage- (M2) enriched population, similar to fetal kidney
macrophages has also been observed [69].

Myeloid cells
Dendritic cells and macrophages

DCs mediate immune surveillance and antigen presentation
through the initiation of either immune effector-cell func-
tions or the development of tolerance. Macrophages are also
innate immune cells, predominantly acting by phagocytosis
and production of toxic metabolites. However, renal DCs
and macrophage phenotype and functions are often indis-
tinguishable within the kidney, where they overlap surface
markers and functional capabilities. Mouse studies showed
the presence of renal DCs within the interstitium, glomeruli,
and low numbers in the mesangial matrix. Little is known
about the role of DCs in human renal diseases. However,
experimental models of glomerulonephritis, LN, ureteral
obstruction, IRI-induced AKI, and renal transplantation
suggest that intrarenal antigen presentation by DCs to T
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cells and B cells promotes chronic, immune-cell-mediated
inflammatory responses [70]. Macrophages are present in
the normal kidney, and in increasing numbers, in kidney
diseases. Their action is relevant in renal injury, inflamma-
tion, and fibrosis. Macrophage functions are defined by two
main phenotypes referred to as classically activated mac-
rophages (M1) produced by exposure to LPS or IFN-y and
M2, produced by Th2 cytokines such as IL-4 and IL-10.
M1 macrophages produce pro-inflammatory mediators and
mediate antimicrobial defense and antineoplastic immunity
[71]. M2 macrophages have anti-inflammatory functions
and are involved in parasite containment, wound healing,
and fibrosis [72]. M2 macrophages can be further divided
into three subgroups: M2a wound-healing macrophages
induced by IL-4 and/or IL-13, M2b macrophages induced
by immune complexes with LPS or IL-1f that are involved
in immunoregulation, and Th2 activation and M2c mac-
rophages or regulatory macrophages that are involved in
immunoregulation and tissue remodeling [73]. During
AKI, neutrophils and NKs are recruited from tissue injury.
Inflammatory monocytes infiltrate to the site of tissue injury
shortly after neutrophils, where they differentiate and polar-
ize into M1 macrophages by inflammatory mediators, such
as IFN-y released by neutrophils, NKs, and T effector cells
(e.g. Th1/17). Activated M1 macrophages can exacerbate
tissue inflammation and cause tissue damage. Subsequently,
Th2 and regulatory T cells (Tregs) are recruited into the
kidney and switch macrophages to an M2 anti-inflammatory
phenotype contributing to inflammation resolution and tis-
sue repair. Fibrosis may occur, depending on the severity of
injury and whether pro-inflammatory factors continue to be
expressed [74]. In CKD, M1 macrophages are increased in
kidney tissue following neutrophil, NKs, and Th1/17 early
injury and inflammation infiltration. Due to progressive
injury and persistent inflammation, renal fibrosis in CKD is
associated with persistent inflammatory and fibrotic factors
[75]. Fibrosis occurs when epithelial healing is incomplete
or insufficient, such as in the cases of sustained injury and
unresolved renal inflammation. Macrophages promote renal
fibrosis through several mechanisms: M2 macrophages pro-
duce pro-fibrotic factors, e.g. TGF-p1, fibroblast growth fac-
tor-2 (FGF-2) and platelet-derived growth factor (PDGF),
which promote myofibroblast proliferation, and overproduc-
tion of extracellular matrix (ECM). Macrophages also pro-
duce fibronectin and collagen in response to a pro-fibrotic
microenvironment, or transdifferentiate into collagen-pro-
ducing fibrocytes. Activated macrophages damage glomer-
ular and peritubular capillaries, promoting hypoxia-driven
fibrosis [76]. M2a and M2b macrophages have been reported
as predominant sub-populations in kidney tissues of IgAN.
M?2a macrophages appeared to be mainly distributed in the
tubulointerstitium where segmental glomerulosclerosis and
tubular atrophy/interstitial fibrosis were found, while M2c
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macrophages were observed in glomeruli with minor lesions.
This suggests that M2a and M2c macrophages are associated
with the persistent systemic inflammatory pathogenesis of
IgAN [77,78]. In LN, M2 macrophages have also been iden-
tified. It is still not clear whether the macrophage transition
from a more inflammatory to a less inflammatory/reparative
phenotype is associated with excessive repair and fibrosis
[79]. A report on chronic kidney allograft injury showed the
association between CD68" CD163" (SR-B) kidney tissue
immunostaining of M2 interstitial macrophages or elevated
urine CD163™" levels, and renal function associated with
interstitial fibrosis progression [80]. In IRI, tubular cell
necrosis following ROS production leads to sterile inflam-
mation, with the release of DAMPs from dying cells. The
shift from M1 to M2 macrophage phenotype may be induced
during later phases of IRI-induced AKI. Although the patho-
physiological mechanism is unclear [81], macrophages
rather than DCs appear to drive renal fibrosis [67]. Several
authors suggest that translational research on kidney-specific
DC and/or macrophage ablation should be implemented to
obtain renal specific data in acute and chronic inflammatory
kidney diseases, leading to renal aging, immunosenescence
and inflammaging.

Neutrophils

Formation of neutrophil extracellular traps (NETs) is
the mechanism of neutrophil pathogen killing. NETs are
chromatin extruded into the extracellular space, associ-
ated with nuclear, granule, and cytoplasmic proteins that
facilitate pathogen immobilization and killing. NETs are
involved in infectious diseases and in sterile tissue inju-
ries such as thrombosis, tissue necrosis, inflammation,
and autoimmunity. In ANCA-associated kidney vasculitis.
Vascular necrosis induced by neutrophil release of antimi-
crobial proteins and cytotoxic agents along the glomerular
endothelium is a process associated with NETs formation.
In such patients NET components trigger ANCA produc-
tion activating the TLR signaling pathway in both B cells
and DCs. It is common opinion that NETs are a main
mechanism of microvascular necrosis leading to crescent
formation in crescentic glomerulonephritis [82].

Tubular cell necrosis in ischemic AKI is character-
ized by necroinflammation, and following the release
of DAMPs which trigger the release of cytokine and
chemokines, initiates neutrophil infiltration into the kid-
ney. Infiltrating the neutrophils is subject to NET for-
mation, and can be associated with neutrophil death by
necroptosis and histone release, eliciting direct cytotoxic
effects on endothelial cells [83, 84]. Renal myeloid cell
involvement in inflammatory human kidney diseases is
summarized in Table 2.
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Table 2 Inn.ate immune . Myeloid cells Lymphoid
system cell involvement in natural killer
inflammatory human kidney Macrophages Neutrophils cells
diseases
Acute kidney injury 163]*, M1 — M2 [63]* 172, 73] 163, 77, 78]*
Chronic kidney disease
Fibrosis 1T M2 [64] 164] 164]
Inflammation 1T M1 [64] - -
IgA nephropathy 1T M2 [65-67] - -
Lupus nephritis 1T M2 [68] - -
Renal allograft injury TM2 [71] - -
Renal vasculitis - TM2[71] -

1 increased kidney recruitment, M/ M1 macrophages or classically activated macrophages, M2 M2 mac-
rophages or alternatively activated macrophages, * experimental models, — shift, — data not available

Evidence for a role of lymphoid cells
in human renal inflammaging

Natural killer cells

Human NKs are CD37/CD567/CD335 (NKp46™) mono-
nuclear cells further classified according to the expression
levels of CD56 (NCAM) into low density (CD56%™) and
high density (CD56"€") subsets. CD56%™ NKs are the
dominant subset in peripheral blood, acting as cytotoxic
effector cells. CD56"€" NKs have been mainly identified
in lymphoid and peripheral tissues. CD56"¢" NKs mediate
immune responses by secreting pro-inflammatory cytokines
like IFN-y and TNF-a [85].

Several studies suggest that IRI and immune responses to
transplants are the leading cause of delayed graft function
(DGF) and with an increased incidence in acute renal rejec-
tion [86, 87]. Renal IRI triggers an inflammatory response
mediated by the innate immune system. Recent murine
studies reported that around 20% of kidney NKs belong
to a CD49a*DX5™ tissue-resident NK population already
described in the liver, uterus and pancreas. Tissue-resident
NKs appeared to contribute to IRI renal injury [88, 89], and
tubular epithelial cells are potential targets [90] or activa-
tors [91] of NK organ cytotoxicity in IRI kidney transplant
outcomes. Renal lymphoid cell involvement in inflammatory
kidney diseases is summarized in Table 2.

Evidence for a role of native immunity
in hemodialysis

Persistent systemic inflammation has been recognized
as a major contributor to the long-term complications of
CKD and hemodialysis (HD) (e.g. cardiovascular disease,
osteoporosis and frailty) and a predictor of cardiovascu-
lar and total mortality [92, 93]. Indoleamine 2,3-dioxyge-
nase-1 (IDO1) activity has a relevant function on T cell

immunosuppression, Treg activation, and inhibition of NKs.
Elevated nitric oxide (NO) levels are associated with hyper-
activation of macrophage activity. IDO1 activity and NO for-
mation are increased in patients with CKD or under chronic
HD treatment. Data on chronic HD patients treated with
more biocompatible vitamin E-loaded hemofilters showed
reduced IDO1 activity and NO formation when compared
to chronic HD patients treated with polysulfone membrane
dialyzers. These data suggest that vitamin E-loaded dialyzers
might lower HD inflammaging [2] (Table 3). Calcification
occurring within the media of blood vessel atherosclerotic
plaques is the leading cause of cardiovascular mortality
and morbidity in CKD and ESRD. Vascular calcifications
have been found in stage 5 CKD children under conserva-
tive management or chronic dialysis treatment [94]. In HD
children, IL-6 dialysis levels were significantly higher when
compared to the stage 5 CKD group, and both versus healthy
control children. IL-6 levels rose with increased time on
dialysis. It suggested that CKD and the dialysis environment
is associated with increased oxidative DNA damage and pre-
mature senescence of human vascular smooth muscle cells
(hVSMCs) in vivo. It is worth mentioning that such results
were not stratified according to dialysis modality, and that
PD treatment has better biocompatibility when compared
to HD [95].

Promoters of vascular calcification, such as serum para-
thyroid hormone (PTH) [96], CRP [97], TGF-f [98] have
been associated with increased IL-6 levels in CKD, HD and
PD. In a systematic review IL-6, not PTH was significantly
associated with increased ESRD mortality [97]. The role of
high levels of serum IL-6 as a predictor of poor outcome
in HD patients appears even more relevant in patients with
malnutrition-inflammation-cachexia syndrome (MICS) usu-
ally showing suppressed PTH serum levels and severe ather-
osclerotic cardiovascular disease [99]. The relation between
IL-6 and PTH serum levels is also matter of investigation in
the ESRD older candidates to renal transplantation suffering
frailty and sarcopenia [100].
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Table 3 Therapeutic approaches

¢ . ; Kidney disease
aimed at regulating native

Therapeutic approach Outcome

immunity inflammatory
pathways in human and
experimental renal diseases

Hemodialysis [2]

Peritoneal dialysis [97]
Renal ANCA vasculitis [103]

Renal ischemia reperfusion injury

[98, 99]
Streptozotocin DKD [100]

Endothelial cells [101, 102]

Vitamin E-loaded dialyzers | Serum IDOI1 activity
| Serum NO formation
sTLR2

Autologous MSCs

| Peritoneal fibrosis
| IL-6
Clinical remission

Anti — TLR2 mAb | Kidney neutrophil infiltration
| Kidney damage

HMGBI blockade | Albuminuria

| Mesangial expansion

| Glomerular hypercellularity
L IL-6

1eNOS

Anti — TNF-a

IDO1 Indoleamine 2,3-dioxygenase-1 HD, NO nitric oxide; hemodialysis, sTLR2 soluble toll —like recep-
tor 2, ANCA anti — neutrophil cytoplasmic antibody, MSCs mesenchymal stromal cells mAb, monoclonal
antibody, /L-6 interleukin-6, DKD diabetic kidney disease, HMGBI high —mobility group box 1, TNF
tumor necrosis factor, eNOS endothelial nitric oxide synthase

Loss of mineralization inhibitors like fetuin-A, matrix Gla
protein has been demonstrated on heart valves and athero-
sclerotic plaques in CKD, representing key mechanisms in
vascular calcification [101, 102]. However, there is a lack
of clinical evidence of a close association between kidney
disease inflammation markers like IL-6 and such inhibitors
of calcification. Experimental reports have instead shown
that sIL-6 can induce the transformation of hVSMCs into an
osteoblast phenotype potentially linking chronic inflamma-
tion and vascular calcifications [103]. It raises the question
of whether IL-6 inhibitors, like IL-6R antagonists as toci-
lizumab and sarilumab, really slow human vascular athero-
sclerotic calcifications, helping to eventually prevent inflam-
maging and the risk of cardiovascular events and mortality
in CKD and HD patients.

Evidence for a role of native immunity
in COVID-19 kidney injury

A recent observational report on five patients with SARS-
CoV-2 pneumonia and fluid overload treated by CytoSorb
cartridge hemoperfusion showed better clinical outcome
when compared to controls [104]. One out of five Cyto-
Sorb-treated patients died; while only 2 of them were
intubated, all controls required intubation or died. Lym-
phocytopenia worsened in control patients but not in the
CytoSorb group. IL-6, IL-8 and TNF-a decreased after
CytoSorb cartridge hemoperfusion. A prospective study on
701 in-hospital patients with COVID-19 showed that the
prevalence of AKI was 5.1%. Patients with elevated base-
line creatinine levels had significantly higher in-hospital
mortality [105]. Kudose et al. [106] investigated the mech-
anisms underlying COVID-19-associated kidney injury,
evaluating renal histological changes in 14 native and 3
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allograft kidney biopsies from COVID-19 patients who
developed AKI or nephrotic-range proteinuria. Various
glomerular and tubular changes had taken place, includ-
ing collapsing glomerulopathy, minimal change disease,
membranous nephropathy (MN), anti-GBM nephritis,
acute tubular injury, exacerbation of pre-existing autoim-
mune GN and allograft rejection. No definitive evidence
of SARS-CoV-2 in renal biopsy samples was found by
in situ hybridization, immunohistochemistry or electron
microscopy, leading to hypothesize that direct viral infec-
tion of the kidney is an unlikely underlying pathology.
These findings suggest that viral infection, influencing
innate or adaptive immune responses, could trigger glo-
merular diseases such as podocytopathies or anti-GBM
nephritis, facilitating renal aging and immunosenescence
[107]. In the case of COVID-19 this was instead associated
with pre-existing autoimmune or alloimmune conditions
(LN, MN, allograft rejection), further kidney injury might
result from an already developing immunosenescence and
inflammaging [108]. SARS-CoV-2 innate immune system
evasion strategies have been reported; this virus infects
airway epithelial cells by the receptor-binding domain of
the spike glycoprotein that binds to the tip of subdomain
I of the trans-membrane enzyme angiotensin-converting
enzyme 2 (ACE2). While RNA viruses usually activate
TLR3 and/or 7 in intracellular endosomes and RNA sen-
sors RIG-I and MDAS, SARS-CoV-2 effectively sup-
presses the activation of TNF receptor-associated factors
(TRAFs) limiting the activation of NFkB and IRFs and
inhibiting early pro-inflammatory responses by IFN or pro-
inflammatory cytokines like IL-1, IL-6 and TNF-a [109].
Immune complexes consisting of ineffective SARS-CoV-2
antibodies may also be phagocytized by macrophages caus-
ing their infection. In infected macrophages, SARS-CoV-2
can inhibit IFN signaling, allowing pro-inflammatory IL-1,
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IL-6 and TNF-a expression contributing to hyperinflam-
mation and the cytokine storm syndrome [110], eventually
accelerating renal fibrosis.

Summary

The volume and value of data associating chronic stimula-
tion of native immunity with accelerated immune system
senescence and inflammaging is on the rise [1]. Overex-
pression of PRRs and increased activity of innate immunity
system cells are involved in severe impairment of renal func-
tion. This has increased interest in identifying the molecular
pathways regulating the receptor ligands of potential interest
for therapeutic intervention. However, experimental stud-
ies are only available on the TLR2 blockade of chronic
inflammation-induced fibrosis. A mouse model of sterile
peritoneal fibrosis induced by continuous exposure to low-
glucose (1.36% glucose) PDS was characterized by parietal
peritoneal membrane thickening and increased peritoneal
fluid levels of TNF-a, IL-1p, IL-6 and IFN-y [111]. In such
disease model co-administration of PDS + sTLR2 prevented
peritoneal fibrosis, resulting in suppression of PDS-induced
cytokines and fibrotic mediators. NKs mediated neutrophil
infiltration, and subsequent renal damage was prevented in
a murine kidney IRI by local infusion of anti-TLR2 mAbs
[112] or i.v. OPN301, a mouse anti-human TLR?2 antibody
that cross-reacts with mouse TLR2 [113]. HMGB1 block-
ade inhibited the development of albuminuria, glomerular
mesangial matrix expansion, hypercellularity, hypertrophy,
and interstitial fibrosis in streptozotocin-induced DKD mice
[114]. A large amount of evidence indicates the role of TLRs
in the pathogenesis of human renal inflammaging diseases,
and animal studies suggest that the blockade of such recep-
tors could slow the progression to ESRD [115, 116]. The
role of native immunity in modulating renal inflammaging
could also be hypothesized after infusion of autologous
MSC:s, in the course of pANCA renal vasculitis [117]. Dis-
ease remission 12 months after autologous MSC infusion
was associated with the reduction of IFN-vy, IL-6, and TNF
serum levels (Table 3).

Conclusion

Recent evidence suggest that renal inflammaging could be
diagnosed and treated as a clinical disorder. Blockade of
PRRs and cytokines associated with native immunity (e.g.
IL-6) appears to be an opportunity for treatment of renal
inflammaging in animal models, opening a prospective
translation for treating human aging-related kidney inflam-
matory disorders (Fig. 1).
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