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Abstract

Klotho long recognized for its role in anti-aging, is potentially implicated in the pathogenesis
of rheumatoid arthritis, systemic lupus erythematosus, and systemic sclerosis. Aging of the
immune system coincides with the inability of the body to recognize self-antigens, which often
leads to autoimmune responses. The role of K/otho in these autoimmune diseases should be

of high interest; however, few articles have been published exploring the role of Klotho in

the pathogenesis, organ involvement, or clinical manifestation of rheumatoid arthritis, systemic
lupus erythematosus, and systemic sclerosis. Herein, we discuss information gathered from
peer-reviewed publications to describe the emerging role of Kl in these select rheumatologic
autoimmune diseases.
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INTRODUCTION

Autoimmune disease occurs when the immune system mediates an attack on the body’s
organs, leading to tissue injury. Autoimmune disorders are classified as systemic or
organ-specific depending on the degree of their clinical manifestation and pathogenesis.
The autoimmune disorders covered in this review, rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), and systemic sclerosis (SSc) are classified as systemic.! The
prevalence of autoimmune disease increases with age; however, occurrence of RA and
SLE is high during the reproductive years as well. Aging is an important risk factor

for immune system impairment referred to as immunosenescence and is associated with
functional dysregulation and a reduction in immune responsiveness. Specifically, accelerated
T cell aging along with telomeric shortening may predispose to autoimmune responses and
thus explain the amplified vulnerability for chronic inflammatory diseases in the elderly
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population. Costenbader et al. reported that telomere shortening might present a common
biomarker for aging, immunosenescence, and autoimmune disease.3

This review will focus on the protein Klotho (KI), which is known as an anti-aging and anti-
inflammatory factor that may play an important role in the process of autoimmunity. The
specific mechanisms through which Kl expression is downregulated and no longer acting

in an anti-inflammatory manner are still lacking. Elucidating the cellular and molecular
mechanisms of action for increasing Kl at the transcriptional and protein level, along with
uncovering the anti-inflammatory potential of KI may lead to prospective therapies for
autoimmune diseases.

Klotho: aging and inflammation

The human K/otho gene encodes the a-Kl protein, along with the p-KI and -y-Kl isoforms.
a-Kl is produced within the kidney and choroid plexus of the brain.*® Three a-KI protein
types with different functions have been identified: the full-length transmembrane a-KI
(m-Ki), secreted truncated a-KI (s-Kl), and proteolyzed shed a-KI (p-KI) (Figure 1). m-KI
protein consists of a short intracellular domain and an extracellular domain that contains two
internal repeats, KI1 and KI2, which have sequence homology to family 1 B-glycosidases.
m-KI is an essential component of some fibroblast growth factor (FGF) receptor complexes,
being necessary for high affinity binding of FGF23 to its respective receptors.5-8 Osteoblasts
and osteocytes are the major sources for circulating FGF23, and the proximal renal tubules,
along with the pituitary and parathyroid glands are the main sites for m-KI/FGF receptor
interaction.”? s-Kl is generated by the alternative mRNA splicing of Klotho and contains
K11 with an additional C-terminal sequence.1011 p-Kl is cleaved from the extracellular
domain of m-KI by the membrane-anchored proteases a disintegrin and metalloprotease

10 (ADAML10), a disintegrin and metalloprotease 17 (ADAM17), and beta-secretase 1
(BACE1).12 Thus, soluble Klotho protein enters the circulation by alternative mMRNA
splicing (s-KI) and proteolytic cleavage (p-Kl), and can function as a humoral factor with
pleiotropic activities, including inhibiting certain growth factors,13-16 suppressing oxidative
stress,17:18 and regulating ion channels and transportersi®-24 (Figure 2).

Kl is an important anti-aging factor known to suppress aging through multiple mechanisms,
including anti-oxidation, vasculoprotective effects, stem cell preservation, and inhibited
inflammatory responses through modulation of signaling pathways. Aging is characterized
by the progressive loss of tissue and organ function. The oxidative stress theory of aging
emphasizes that this loss of function is due to the accumulation of reactive oxygen

and nitrogen species, which correspondingly leads to decreases in nitric oxide (NO)
bioavailability. One means by which KI reduces oxidative stress is through increased
expression of the mitochondrial anti-oxidant, superoxide dismutase 2 (SOD2).17 Kl protein
first inhibits Forkhead box O (FOXO) phosphorylation by inhibiting the insulin/insulin-like
growth factor 1 pathway. FOXO can then translocate to the nucleus where it binds the
SOD2 promoter, which upregulates SOD2 expression, thereby facilitating the catalysis of
superoxide generated by mitochondrial respiration into hydrogen peroxide.1” This leads to
a decrease in reactive oxygen species, implicating Kl as an important factor in resistance to
oxidative stress.
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The importance of Kl in protecting the vasculature was elucidated when Kl-deficient mice
showed decreased endothelium-dependent vasodilation after treatment with acetylcholine
compared to their wild-type counterparts, indicating that NO had been reduced in the
vascular endothelium.2® They also found that NO metabolites in the urine were decreased
in K/heterozygous mice compared to wild type. An additional study showed that K

may play a role in regulating endothelial Nitric Oxide Synthase (eNOS), the enzyme that
controls NO production in the vascular endothelium. Delivery of mesenchymal stromal cells
overexpressing secreted Kl abolished endothelial dysfunction caused by monocrotaline, and
an increase in secreted Kl levels abolished the monocrotaline-induced down regulation of
eNO0S.26 In patients with chronic kidney disease, decreases in Kl serum levels were found
to correlate with signs of vascular dysfunction, including arterial stiffness, atheroscleraosis,
and vascular calcification.2” Another mechanism by which Kl is capable of asserting
vasculoprotective effects is through the inhibition of autophagy, which is critical for cell
survival.28

One of the most important mechanisms by which Kl functions as an anti-aging factor

is by impeding inflammation. In renal cells and human umbilical vein endothelial cells
(HUVECS), Kl was found to inhibit TNF-a-induced pro-inflammatory cytokine (IL-6 and
IL-8) production and expression of adhesion molecules, while attenuating NF-xB promoter
activity, a critical transcription factor regulating inflammatory responses.2%:30 It was also
discovered that Kl deficiency leads to increased airway inflammation, and soluble Kl was
protective against the pro-inflammatory effects of FGF23 and smoke.3! Furthermore, there
was an inverse correlation between inflammatory TNF-a and Kl as was found when Kl
protein inhibited TNFa-induced expression of adhesion molecules in HUVECs.32 There
was also found to be a significant positive correlation between anti-inflammatory IL-10 and
K1 gene expression in the vascular beds of patients with clinical atherosclerotic disease.32
In human kidney proximal tubular (HK-2) cells, Kl protected against lipopolysaccharide-
induced inflammation injury via decreased reactive oxygen species production and lower
mRNA levels of TNF-a and IL-6, along with inhibition of Wnt and NF-xB pathways.33

Kl further functions as an anti-aging factor by suppressing RIG-I-mediated senescence-
associated inflammation. Intracellular Kl binds RIG-I and blocks its multimerization, which
inhibits RIG-1-induced expression of the inflammatory factors IL-6 and 1L-8.3* Kl also acts
to inhibit the aging process through stem cell preservation. Kl deficient mice had a decrease
in stem cell number and increase in progenitor cell senescence. Wnt exposure triggered
accelerated cellular senescence, and Kl was found to bind to multiple Wnt family members,
with Wnt-KI interaction suppressing Wnt biological activity.3® The role of Kl in suppressing
inflammation is evident and is an essential element of KI’s potent anti-aging effects.

Klotho and autoimmunity

Kl is known to play an important role in aging and one of the most apparent signs of

aging is a decline in the integrity of the immune system; however, data implicating Kl in
immune system function is limited and mostly pertains to murine models. For example,

K/ knockout mice have underdeveloped immune organs and impaired B cell differentiation
and development.436 Aging of the immune system accompanies the inability of the body
to recognize self-antigens, which often leads to autoimmune responses. The role of Kl in
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autoimmune response is recognized in diseases such as rheumatoid arthritis, systemic lupus
erythematosus, and systemic sclerosis.

Rheumatoid arthritis—Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune
disease characterized by joint swelling, pain, and deformity. Systemic manifestations of the
disease include osteoporosis, pleuritis, and pericarditis, as well as inflammation of heart
and blood vessels. Pasztdi et al.3” demonstrated a lower expression level of Kl in synovial
fibroblasts than in synovial membrane samples isolated from the knee joints of RA patients.
Additionally, Kl is an anti-inflammatory modulator negatively regulating NFx-B, decreasing
pro-inflammatory gene transduction. Excessive stimulation of NFx-B activates the immune
response, which is linked to the pathogenesis of RA.38 In RA, the impaired function of
peripheral blood CD4+ lymphocytes is thought to affect the function of the synovium

and induce inflammation. These CD4+ cells are characterized by decreased proliferation
upon stimulation, which is associated with shorter telomeres.3® The peripheral blood

CD4+ lymphocytes of patients with RA are similar to lymphocytes during physiological
aging, which may suggest that RA causes accelerated aging of the T cell population.39
Additionally, the peripheral blood of RA patients contains enlargement of both memory
(CD4+ CD45R0O+) and CD4+ CD28- T cell populations, with CD28 being required for
activation of these lymphocytes upon antigen challenge.4%41 The down-regulation of CD28
expression on the surface of CD4+ cells of both healthy elderly and patients with RA

is dependent on increased levels of TNF-a..#2:43 Witkowski et al.#* showed that KI was
down-regulated at the mRNA and protein levels in CD4+ lymphocytes from healthy elderly
and RA subjects. They also showed that reduced KI mRNA levels occurred in concert

with reduced expression levels of CD28 for RA patients, but there was only a marginal
correlation for healthy individuals. The authors state that although the exact mechanism of
Kl activity for CD4+ cell function is unknown, it may be involved in the anti-inflammatory
processes occurring in young healthy individuals, while being reduced in healthy elderly
and RA patients. Thus, this mechanism of KI down-regulation may underlie a physiological
disease process for T cell aging that occurs in RA patients. Soroczyriska-Cybula et al.#>
showed impaired protein binding activity of the ‘a’ sequence in the promoter that controls
expression of CD28; the corresponding region near the promoter of K/reaches 80%
homology and appears to be binding nuclear proteins similar to the ‘a’ sequence, which
makes them more susceptible to the factors controlling the ‘a’ itself, especially TNF. This
data may suggest the common mechanism decreasing the expression of CD28 is Kl and

the decreased expression of Kl in the resting peripheral blood CD4+ cells of patients with
RA would be a likely indication of their premature aging. Alvarez-Cienfuegos et al.*6
analyzed soluble Kl in a cohort of RA patients and assessed possible links between KI

and different characteristics of the disease. Serum Kl concentrations were significantly
increased in RA patients as compared to the control group. Higher plasma concentrations
of Kl were associated with higher levels of autoantibodies: rheumatoid factor (RF), anti-
citrullinated peptide antibodies (ACPAs), and DAS-28-ESR (an activity score calculated
using the number of swollen and tender joints and the erythrocyte sedimentation rate). The
level of Kl was increased in RA patients undergoing treatment with biological agents. No
correlation was found between Kl and age or hypertension. However, the authors expected
diminished levels of Kl in RA patients because serum Kl has been reported to act as an
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anti-inflammatory molecule.2%47 They concluded the positive correlation between elevated
levels of Kl and disease activity may be a compensatory response to inflammation. This
study was a cross-sectional analysis and expression of Kl in RA tissues was not performed.
From the combined results, there are strong associations between Kl and inflammation in
RA. However, further studies should be performed to elucidate the mechanisms by which
Kl impacts inflammation in RA in order to support translation of these findings into new
therapies.

Systemic lupus erythematosus—Systemic Lupus Erythematosus (SLE) is a
heterogeneous autoimmune disease involving multiple organs, including the skin, joints,
kidneys, lungs, heart, and nervous system. SLE is characterized by autoantibody production,
such as anti-double-stranded DNA antibodies (anti-dsDNA), anti-nuclear antibodies (ANA),
and anti-Smith antibodies, followed by formation of immune complexes deposited in the
kidneys and other organs, causing cellular injury.*8 Previous studies demonstrated higher
levels of pro-inflammatory cytokines and chemokines, including IL-6, IL-8, IL-10, TNF-a,
IFN-y, CCL2/MCP-1, CXCL10/IP-10 in the cerebrospinal fluid (CSF) of patients with
neuropsychiatric SLE (NPSLE).49:50 Ushigusa et al.>! demonstrated that lower levels of
soluble Kl in CSF, lower serum levels of anti-Smith antibodies, and increased serum levels
of C3 were important factors for predicting NPSLE compared to SLE in multivariable
analyses. Additionally, CSF Kl and CSF granulocyte-macrophage colony stimulating factor
were inversely correlated in NPSLE patients. One of the main causes of morbidity in
patients with SLE is end stage renal disease. Previous studies have shown that Kl protein is
highly expressed in the kidneys®2 and has a renal protective effect in glomerulonephritis and
acute kidney injury of mice.53-5% Furthermore, Kl suppresses pro-inflammatory cytokines
such as MCP-1and IL-8 in a human kidney proximal tubular cell line (HK-2); and RANTES
and 1L-6 in the human embryonic kidney 293 cells (HEK?293).30:33 K| down-regulates NF-
xB, known to be activated and constitutively maintained in B lymphocytes from active stage
SLE patients, and the activation of NF-xB is associated with the initiation and progression
of lupus nephritis.56-58 Furthermore, Ye et al.>® demonstrated that down-regulation of Kl

by miR-199a lead to NF-xB activation and inflammatory cytokine secretion in response

to lipopolysaccharide stimulation in human embryonic kidney 293T cells. Whether this
mechanism is involved in immune cells and kidney cells during the pathological process of
lupus nephritis has yet to be determined.

Systemic sclerosis (Scleroderma)—Systemic Sclerosis (SSc) is an autoimmune
disease of the connective tissue characterized by microangiopathy, early inflammation,

and subsequent fibrosis of internal organs and thickening of the skin. Talotta et al.>
evaluated the serum concentration of Kl in patients with SSc and healthy controls. Their
data demonstrated a lower concentration of Kl in the serum of SSc patients (age 63.9 + 13.1)
compared to that of healthy controls (age 50.5 + 10.7), without any significant association
with the clinical manifestations described above or with autoantibody levels. Kl levels in
SSc patient’s serum were not associated with age; however, Kl was directly related to the
age in matched controls. This may suggest that diminished levels of Kl are connected to
premature aging phenotype in SSc rather than to the age of the patient.
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Previous studies showed that Kl is a known co-receptor necessary for FGF23 activity.5”
FGF23/KI signaling inhibits renal phosphate reabsorption, activation of Vitamin D as well
as reduced secretion of parathyroid hormone.0-62 Kotyla et al.63 demonstrated that the ratio
of FGF23 to a-KI was both significantly reduced in SSc patients with the diffuse form of
the disease and significantly correlated with disease activity score according to European
Scleroderma Trials and Research Group (Eustar) 2017 guidelines.54 The authors proposed
this ratio as a potential novel marker of SSc activity.

One manifestation of SSc is Raynaud’s phenomenon or a reduced blood flow to the fingers
resulting from cold exposure. In SSc, this reduction in blood circulation to the fingers

and toes can lead to microangiopathy and digital ulcers. Deficiency of Kl can impair the
healing of digital ulcers related to microvessel damage. The retrospective studies performed
by Tallota et al.55 showed an inverse correlation between serum Kl concentration and the
severity of the nailfold capillaroscopic pattern, a clinical indicator of microangiopathy.
There was no significant correlation between the presence of capillary avascular areas,
megacapillaries, or neoangiogenesis. The main limitations of the study were that no healthy
subjects were enrolled as a control group, only total concentration of KI was evaluated, and
the nailfold capillaroscopic images were assessed qualitatively rather than quantitatively. A
study published by Mazzotta et al.56 demonstrated decreased expression of a-KI in skin
biopsies from patients with SSc at microvascular level. Additionally, a-KI was significantly
diminished in cultured SSc microvascular endothelial cells (MVECs) as compared to healthy
MVECs, and the administration of soluble Kl improved SSc MVEC functions in vitro

by acting as a pro-angiogenic factor. Mechanisms through which Kl expression may be
increased in SSc have yet to be uncovered.

SUMMARY AND CONCLUSION

Kl plays an important role in the process of aging, inflammation, and autoimmunity

(Table 1). A decline in immunocompetence with aging leads to the inability of the body

to recognize self-antigens, which often leads to autoimmune responses. Several clinical
studies demonstrate that KI may function through multiple mechanisms associated with

the pathogenesis and progression of certain autoimmune diseases, including RA, SLE, and
SSc. Accelerated aging of T cell population together with diminished expression of Kl

in CD4+ cells and reduced expression levels of CD28 for RA patients may suggest an
interplay between immunosenescence processes and the anti-aging gene K/ Although the
exact mechanism of Kl in CD4+ cell function is unknown, it may be involved in the
anti-inflammatory processes occurring in young healthy individuals, while being reduced
in healthy elderly and RA patients. Elderly patients with SLE have different clinical and
serological manifestations and poorer prognosis compared with young SLE patients.57

In SSc, processes such as fibrosis, inflammation, and vasculopathy may be accelerated

by aging-associated phenotypes including immune dysregulation, cellular senescence, or
epigenetic modifications. Because patients with active, diffuse SSc have a reduced ratio of
FGF23 to a-KlI, future studies could validate this as a novel marker of disease activity.
Decreased levels of Kl in serum from patients with SLE and SSc, but increased levels of
Kl in serum of RA patients compared to healthy controls reveal there may be differences in
the role of Kl in these autoimmune diseases. However, these discrepancies could also be due
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to the methods used for measuring a-KI. The positive correlation between elevated levels
of Kl and disease activity may be a compensatory response to inflammation.48 Whether
the interference from rheumatoid factor was considered when ELISAs were performed on
serum taken from RA patients is also not known. As shown in Figure 1, there are multiple
forms of a-KI, which adds complexity to measuring Kl levels as each form may play a
different role in varying diseases. Olejnik et al.%8 noted the difficulty of measuring soluble
Klotho in serum, in particular, differentiating between s-Kl and p-KI, suggesting that an
antibody specific for the C-terminal sequence of s-KI may resolve this issue. It is also
pertinent to note that examining the function and activity of Kl instead of solely measuring
levels of KI may help further differentiate its role in these autoimmune diseases. Taken
together, the association between K/gene expression or serum levels (Table 1) and changes
in immune system function suggest a role for Kl in RA, SLE, and SSc; however, further
investigation into the cellular and molecular mechanisms of these associations is necessary
to support translation of these findings into novel treatments. More precise methods for
measurement of the different forms of Kl will allow more rapid progress in determining
these mechanisms.

This work was supported by funding from the Department of Veterans Affairs (101 CXC001248-01A2).
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FIGURE 1.

Forms of a-Klotho (KI).
Three a-KI protein types have been identified: the full-length transmembrane a-KI (m-KI),
secreted truncated a-KI (s-Kl), and proteolyzed shed a-KI (p-Kl). m-KI protein consists

of a short intracellular domain and an extracellular domain that contains two internal
repeats, KI1 and KI2. s-Kl is generated by the alternative mRNA splicing of Klotho and
contains KI1 with an additional C-terminal sequence (orange segment). p-Kl is cleaved
from the extracellular domain of m-KI by the membrane-anchored proteases a disintegrin
and metalloprotease 10 (ADAM10), a disintegrin and metalloprotease 17 (ADAM17), and
beta-secretase beta-APP cleaving enzyme 1 (BACEL), resulting in three different forms of

p-KI depending up where the proteases cleave.
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FIGURE 2.
Functions of Soluble Klotho (KI).

Soluble Klotho affects ion channels and transporters, including Transient Receptor Potential
Cation Channel Subfamily V Member 5 (TRPV5), Renal Outer Medullary Potassium
Channel 1 (ROMK1), Sodium/Potassium ATPase (Na/K ATPase), Transient Receptor
Potential Cation Channel Subfamily C Member 6 (TRPC6), Sodium-Dependent Phosphate
Transport Protein 2A (NPT2A), Pituitary-specific positive transcription factor 1 (PIT1),
Pituitary-specific positive transcription factor 2 (P1T2). Soluble Klotho is also known to
inhibit growth factors, including Insulin-like Growth Factor 1 (IGF1), Transforming Growth
Factor Beta (TGFp), and Wingless-Type MMTV Integration Site Family Member 1 (WNT).
Soluble Klotho further functions to inhibit oxidative stress via increasing Superoxide
Dismutase 2 (SOD2).
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