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Preface to ”Extracellular Chaperones and Related
miRNA as Diagnostic Tools of Chronic Diseases”

Chaperones and related miRNAs are actively involved in crucial biological processes such as cell

differentiation, tissue homeostasis, and organ remodeling throughout the life span of an individual.

An impairment of their function, if not counterbalanced by rescue mechanisms, can lead to the

rise and/or perpetuation of human diseases by several—mostly unknown—etiopathophysiological

mechanisms.

Magdalena Gorska-Ponikowska, Francesco Cappello, Claudia Marino, Francesca Rappa

Editors
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Molecular chaperones are a family of proteins that are highly conserved during
phylogenesis. They are among the oldest molecules since the appearance of life on Earth,
and it is believed that they contributed to the survival of protocells in response to several
stressors, both chemical and physical (radiation, temperature, pH, osmolarity, etc.) [1].
Further, these proteins are critically involved in cell proliferation and differentiation, tissue
homeostasis, and organ remodeling [1,2].

Since chaperones are very important in preserving cell physiology and tissue home-
ostasis, their malfunction (for genetic or environmental factors) can result in the pathogen-
esis of several diseases [3–9]. Many illnesses, either congenital or not, are now referred to
as “chaperonopathies” including a few neurodegenerative disorders, cancers, and autoim-
mune diseases [10]. This novel classification as chaperonopathies could serve as a guide
for physicians and biomedical researchers toward the design of novel diagnostic tools or
better disease-modifying therapies.

It has only been a few decades since the discovery that molecular chaperones can be
actively released by cells and can have a variety of functions in the extracellular environ-
ment [11–13]. The most attentive is the interaction between these molecules and the im-
mune system, thus leading to either triggering or modulating the immune response [14,15].
However, other paracrine roles have also been proposed, e.g., in tumorigenesis, favoring tu-
mor cell survival and metastasizing [16]. This latter discovery promoted increasing interest
in elucidating not yet fully understood secretory pathways of molecular chaperones [17,18].
Among them, the multivesicular bodies pathway is gaining growing attention as exosomes
were “re-discovered” in the last decades.

More recently, a growing interest among the scientific community aims to explore
the significance of miRNA secretion by exosomes. Interestingly, a link has been found
between these miRNA and molecular chaperones’ expression in target cells [19]. This
fact increased enormously the interest in the field of chaperonology, as supported by the
increased number of experimental protocols that have been proposed to test molecular
chaperones as novel diagnostic tools of human diseases [20].

This Special Issue includes several examples of studies conducted in this sense [21–28].
Further, the goal of this issue is to provide novel scientific perspectives and experi-
mental protocols that can be considered in the study of extracellular chaperones and
related miRNA.

Funding: M.G.-P. is supported by the ST46 grant funded by Polish Ministry of Science and Higher
Education, Medical University of Gdansk, Gdansk, Poland funding. All other authors received no
external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Brain tumors have a poor prognosis and progress must be made for developing efficacious
treatments, but for this to occur their biology and interaction with the host must be elucidated beyond
current knowledge. What has been learned from other tumors may be applied to study brain tumors,
for example, the role of Hsp60, miRNAs, and extracellular vesicles (EVs) in the mechanisms of cell
proliferation and dissemination, and resistance to immune attack and anticancer drugs. It has been
established that Hsp60 increases in cancer cells, in which it occurs not only in the mitochondria but
also in the cytosol and plasma-cell membrane and it is released in EVs into the extracellular space
and in circulation. There is evidence suggesting that these EVs interact with cells near and far from
their original cell and that this interaction has an impact on the functions of the target cell. It is
assumed that this crosstalk between cancer and host cells favors carcinogenesis in various ways.
We, therefore, propose to study the triad Hsp60-related miRNAs-EVs in brain tumors and have
standardized methods for the purpose. These revealed that EVs with Hsp60 and related miRNAs
increase in patients’ blood in a manner that reflects disease status. The means are now available to
monitor brain tumor patients by measuring the triad and to dissect its effects on target cells in vitro,
and in experimental models in vivo.

Keywords: chaperone system; molecular chaperones; chaperonopathies; Hsp60; miRNAs; extracellu-
lar vesicles; high-grade glioma; glioblastoma; meningioma; liquid biopsy; tumor biomarkers

1. Introduction

Primary brain tumors are among the top 10 causes of cancer-related deaths [1].
Glioblastoma is a common malignant primary brain tumor, representing approximately
57% of all gliomas and 48% of all primary malignant tumors of the central nervous system
(CNS) [2]. Because of the poor clinical outcomes, glioblastoma multiforme (GBM) is among
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the most challenging human tumors for patients and physician alike [3]. The possibility of
long-term survival is remote and much of the focus and treatment decisions are based on
cognitive and quality of life issues. The overall survival is usually around 9–12 months and
the overall 5-year survival is less than 5% [4–7]. The dismal GBM clinical outcome, owing to
highly infiltrative growth, intra-tumor heterogeneity, and high recurrence rates, has made
it an urgent subject of cancer research for identification of novel factors associated with its
development [8,9]. With the advancement in the knowledge of the molecular pathology
of malignant gliomas, it is now evident that epigenetic abnormalities and variations in
gene expression are closely related to the occurrence of these tumors and may provide
key targets for developing novel means for diagnosis, assessing prognosis, and disease
monitoring [8].

Meningiomas are also common primary intracranial tumors and, in most cases, they
are histologically benign (WHO grade I). Due to a lack of prospective, randomized trials,
standardized treatment guidelines are difficult to formulate. A gross total resection (GTR)
remains the gold standard, though a complete removal is not always achievable. A sig-
nificant subgroup of patients (WHO grades II and III) cannot be submitted to GTR, but
less radical resection and postoperative adjuvant radiotherapy and systemic therapies are
indicated. Thus, gliomas and meningiomas constitute a great challenge for physicians and
a hopeless situation for many patients who are still awaiting the development of efficacious
treatments.

In the last several years, cancerology has progressed along several lines, one of which
is the understanding of the chaperone, or chaperoning system (CS) and its role in carcino-
genesis. The CS of an organism is composed of the entire set of molecular chaperones,
some of which are Heat Shock Proteins (Hsps), co-chaperones, chaperone co-factors, and
chaperone interactors, and receptors [10]. The canonical function of the CS is maintenance
of protein homeostasis and, in this, its main collaborators are the ubiquitin–proteasome
system and the chaperone-mediated autophagy [11,12]. In addition, the CS has other
functions that involve interaction with the immune system and pertain to carcinogenesis,
and inflammatory and autoimmune conditions [13]. Therefore, a full understanding of the
biology and pathology of a variety of cancers should include the study of the CS role in
their initiation and progression, as well as in their regression when pertinent. It must be
borne in mind that the CS has multiple components that interact with one another and with
molecules widespread in the body, so a chaperone, for instance, can exit its cell of origin,
reach the intercellular space, and enter in the circulating fluids’ lymph and blood, in which
it can travel to its destination near or far. For instance, the chaperone Hsp60 is increased in
some human brain cancers [14–17], and its depletion in in vivo models of GBM WHO grade
IV tumors is associated with intracranial tumor regression [18]. Hsp60 levels are under
the control of regulatory molecules, such as microRNAs (miRNAs) [19–24], which are
noncoding small RNAs that play various roles in oncogenesis acting as oncogenes or tumor
suppressors in certain tumors, including meningiomas and gliomas [25–27]. The Hsp60
chaperone in its physiological or pathological migrations travels alone or in extracellular
vesicles (EVs), can interact with cells near and far from the cell of origin and may change
their functions [28–35]. For these reasons, Hsp60 and other chaperones can be considered
biomarkers potentially useful in diagnosis, and in assessing prognosis and response to
treatment [36–40].

It is clear from the existing data that the triad Hsp60 and related miRNAs and EVs play
critical roles in tumorigenesis and are promising biomarkers for monitoring patients. Based
on this information and considering the need for precise diagnostic tools applicable to brain
tumors, we have standardized a battery of techniques to measure the three biomarkers in
liquid biopsies from patients with glioblastomas and meningiomas. The methods generate
a set of complementary results that reveal patient status and clues on disease mechanisms.
In this short report, we describe the methods and the kind of information they provide.
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2. Materials and Methods

The procedures described are the result of various standardization efforts done over
time to define the best parameters for each of them and are explained in detail for the
benefit of future users in clinical pathology and research.

2.1. Samples

To test the standardized methods, a total of 34 patients with gliomas (n = 16) or
meningioma (n = 18) were recruited within the period December 2016 to October 2018
(Table 1A,B). The project was approved by the Palermo Ethics Committee I (number
11\2018). Written informed consent was obtained from each subject. The study included
only patients without a systemic infection or other tumors and capable of providing consent
on their own. The GBM patients selected were only those desiring to participate in the
study and in which a maximal safe tumor removal was deemed feasible considering neu-
rological status, including neuroradiological imaging evaluation (Table 1A,B). Brain glial
tumors with corpus callosum infiltration were excluded. For meningiomas, we included
patients with primary diagnosis of meningiomas, without previous radiotherapy. All brain
surgeries were performed by the same neurosurgical team, including the Neurosurgical
Unit Chairman D.G.I., senior author of the manuscript and his collaborator F.G. Blood and
pathological tissue samples were taken from each patient on the day of the surgery. For
each patient, blood samples were collected at different time points, just before surgery
(Before Surgery, BS), and at one week (After Surgery 1, AS1), and one month (After Surgery,
AS2) after surgical tumor resection, and were processed for serum separation. A brain
MRI post-gadolinium within 72 h (when feasible) and at one week, and at three months
from discharge, was performed to verify tumor recurrence for correlation with the results
of our analysis. Patients affected by GBM, after the definitive histopathological analysis,
underwent the STUPP protocol therapy as usual [41,42]. Patients affected by brain menin-
giomas WHO GI or II after complete tumor removal were followed at our Outpatient
Clinic. Patients affected by anaplastic meningiomas underwent oncological management
and radiotherapy.

Table 1. (A) Key data on GMB patients and follow-up. (B) Key data on meningioma patients and follow-up.

(A)

Pt a Sex/Age
(years) Brain Site Histopathology b

Follow-Up

Molecular
BS-AS1-AS2 Clinical/Months

1 M/65 Left temporal-peritrigonal HGG GBM IV WHO NOS: GFAP+, IDH+, Synaptofisin-;
Ki67+ <10% C 14

2 M/57 Right frontal HGG GBM IV WHO NOS: p53+, GFAP+, CAM 5.2-; Ki67 > 60% C 10
3 M/60 Left temporo-parietal LGG II WHO: GFAP+, Synaptofisin+, Ki67+ < 3% C 12
4 M/55 Left fronto-temporal HGG GBM IV WHO NOS: GFAP++, PanCK+, Ki67+ > 30% C 8

5 F/65 Right fronto-temporo-parietal
HGG GBM IV WHO IDH mutant: Framments HGG: GFAP+,

IDH+, p53+ > 3%; Ki67+ > 30%: Framments Anaplastic
Astrocitoma: Ki67+ < 5%

C 9

6 F/70 Left fronto-temporal-peritrigonal

HGG III WHO NOS: High differentiated elements: GFAP +,
S-100+, synaptofisin +, rounded cells. CD57+, vimentin+, GFAP-,

NSE-, synaptofisin- with Ki67 15%, CAM 5.2 -, PanCK -, p53 -,
factor XIII -, desmin -, CD68 -, CD45 -

I 5;D

7 F/58 Right frontal HGG GBM IV NOS: GFAP+; S-100+; Synaptofisin-; NSE-; CD34-;
Ki-67+: 30% C 4; D

8 M/60 Left temporo-parietal HGG GBM IV NOS: GFAP (+/-), S100 (+), p53 (+/-), synaptofisin -,
CD57 -, CD99 -, Cam 5.2-, bcatenin -, CD45-, Ki67 30% C 12

9 M/67 Left frontal HGG GBM IV NOS: GFAP+, Synaptofisin-, NSE+/-, Vimentin +/-;
Ki-67+: 30% S-100+ C 10

10 F/56 Right temporo-parietal HGG GBM IV IDH mutant: GFAP+, S100+, synaptofisin-, PanCK+,
p53+, IDH+; Ki67 > 35% C 14

11 M/68 Left frontal HGG GBM IV NOS: GFAP+, synaptofisin+, PanCK+, Ki67 30% I 5; R
12 F/58 Left frontal HGG GBM IV NOS: GFAP+++; synaptofisin -; Ki67 + 25% I 5

13 M/63 Right temporo-parietal

HGG GBM IV NOS: LARGE CELLS GFAP+, S100+, PanCK+,
p53+/-, synaptofisin-, c-myc-, CD45-, CD20-, CD57-, NSE-,

CD99+/-, neurofilaments-. SMALL CELLS GFAP-, S100 -/+,
PanCK-, p53+/-, synaptofisin-, c-myc-, CD45-, CD20-, CD57-,

NSE-/+, CD99+/-, neurofilaments-

C 18

14 M/72 Right parietal HGG GBM IV IDH wild type: GFAP+, synaptofisin-, Ki-67+ 20%. C 6; R

15 M/59 Left frontal HGG GBM IV IDH MUTANT: GFAP+, synaptofisin-, IDH +,
CD34+, Ki67 30% C 10

16 M/64 Left fronto-parietal HGG GBM IV NOS: GFAP+, CD34-, synaptofisin-, Ki67 30% C 8; R
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Table 1. Cont.

(B)

Pt a Sex/Age
(years) Anatomical Site Histopathological Classification b

Follow-Up

Molecular
BS-AS1-AS2

Clinical
/Months

1 M/60 Right temporal convexity Angiomatous meningioma G I C 14
2 F/55 Right convexity frontal Fibrous meningioma G I C 10
3 M/60 Left parietal convexity Atypical meningioma G II C 12
4 F/54 Fronto-basal/Olfactory groove Angiomatous meningioma G I C 8
5 F/60 Parafalcine parietal convexity Transitional meningioma G I C 9
6 F/70 Temporal CPA Meningothelial meningioma G I C 10
7 M/60 Right convexity frontal Atypical meningioma G II C 12
8 M/68 Occipital/Tentorial Transitional meningioma G I C 12
9 F/62 Left temporal convexity Meningothelial meningioma G I C 10

10 F/50 Occipital-Foramen Magnum Fibrous meningioma G I C 14
11 M/72 Left frontal convexity Atypical meningioma G II C
12 F/65 Right temporal-sphenoid wing Atypical meningioma G II C 5
13 M/68 Fronto-basal/Planum Transitional meningioma G I C 18

14 M/71 Parafalcine frontoparietal
convexity Atypical meningiomas G II C 12; D

15 F/59 Skull base/olfactory groove Atypical meningioma G II C 10

16 M/67 Parafalicine left parietal
convexity Atypical meningioma G II C 8

17 F/48 Temporal-CPA Fibrous meningioma G I C 12
18 M/69 Right frontal convexity Meningothelial meningioma G I C 10

(A) a Abbreviations: GBM, glioblastoma multiforme; Pt, patient; HGG, high-grade glioma; LGG, low-grade glioma; M, male; F, female;
C, complete; I, incomplete; D, Death; R, recurrence; NOS, not otherwise specified; GFAP, Glial fibrillary acidic protein; IDH, Isocitrate-
dehydrogenases; PanCK, Protein kinase; NSE, Neuron-Specific Enolase; BS time 0- before surgery; AS1 time 1- at 1 week from surgery; AS2
time II- at one month from surgery (see text for details). b According to WHO 2016 guidelines. (B) a Abbreviations. Pt, patient; M, male; F,
female; G, grade; CPA, cerebellopontine angle; C, complete; D, death; BS time 0- before surgery; AS1 time 1- at 1 week from surgery; AS2
time II- at one month from surgery (see text for details). b According to WHO 2016 guidelines.

2.2. Histopathology

A basic tenet of our standardization strategy was the histological characterization of
the brain tumors. These were classified following the guidelines of the WHO classifica-
tion 2016.

2.3. Tissue Processing and Immunomorphological Analysis

The samples of pathological tissues were embedded in paraffin and used for immuno-
histochemistry. Hematoxylin-eosin (H&E) staining was applied for pathologic assessment.
Immunohistochemistry was performed on 5 µm thick sections, which were dewaxed in
xylene for 30 min at 60 ◦C and rehydrated at 23 ◦C by sequential immersion in a graded
series of alcohols. For antigen retrieval, the sections were immersed for 8 min in sodium
citrate buffer (pH 6) at 95 ◦C and, afterwards, immersed for 8 min in acetone at −20 ◦C to
prevent the detachment of the sections from the slide. After washing the sections with phos-
phate buffer saline (pH 7.4), protein detection was performed by the streptavidin–biotin
complex method, using a Histostain®-Plus Third Gen IHC Detection Kit (Life Technologies,
Frederik, MD, USA; Cat. No. 85–9073). For the detection of Hsp60, mouse anti-Hsp60
monoclonal antibody (Sigma, St. Louis, MO, USA; catalogue No. H4149, dilution 1:200)
was used by immunohistochemistry as previously described [43]. After deparaffinization,
sections were treated with Peroxidase Blocking Reagent (Cell and Tissue Staining Kit, R&D
Systems, Inc., Minneapolis, MN, USA) to inhibit endogenous peroxidase activity and with
serum-blocking reagent D (Cell and Tissue Staining Kit) to block non-specific antigenic sites.
Then, the sections were treated with avidin-blocking reagent following the kit instructions
(Cell and Tissue Staining Kit), and incubated overnight at 4 ◦C with primary antibody,
as pertinent. After washings, the sections were incubated with biotinylated secondary
antibody (Cell and Tissue Staining Kit) for 60 min and, subsequently, with high-sensitivity
streptavidin-conjugated HRP (HSS-HRP) in the dark for 5 min with the DAB chromogen.
Nuclear counterstaining was carried out using hematoxylin (Hematoxylin REF 05-06012/L
Bio-Optica, Milano, Italy). Finally, the slides were prepared for observation with coverslips,
using a permanent mounting medium (Vecta Mount, Vector, H-5000).
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The examination of the sections was performed with an optical microscope (Leica DM
5000 B) connected to a digital camera (Leica DC 300F), at a magnification of 400X and the
percentage of positive cells was calculated in a high-power field (HPF) and repeated for
10 HPF. From these data, the total percentages of cells positive for Hsp60 were determined.

2.4. EV Isolation and Characterization

Blood samples were collected following a standard procedure as previously de-
scribed [43,44]. EVs isolation from plasma was carried out by several steps of differential
ultracentrifugation and by ultrafiltration. Briefly, 3 mL of plasma were centrifuged at
11,000× g for 30 min to remove cell debris. The supernatant was diluted with PBS, then
filtered through a 0.2 µm filter (Millex GP, Millipore, Darmstadt, Germany), followed by
a two-step ultracentrifugation at 110,000× g for 2 h to pellet the EVs. The EVs were then
washed in cold PBS and resuspended in 100 µl of PBS for morphological evaluations or in
70 µl of RIPA (radioimmunoprecipitation assay) lysis buffer (0.3M NaCl, 0.1% SDS, 25 mm
HEPES pH 7.5, 1.5 mm MgCl2, 0.2 mm EDTA, 1% Triton X-100, 0.5 mm DTT, 0.5% sodium
deoxycholate) for Western blotting (WB) [44].

In order to estimate their morphology, EVs were examined with Transmission Electron
Microscopy (TEM) (JEOL JEM 1220 TEM at 120 kV); Atomic Force Microscopy (AFM),
using a multimode scanning probe microscope driven by a nanoscope V controller (Digital
Instruments, Bruker, Kennewick, WA, USA); and Dynamic Light Scattering (DLS), using a
Brookhaven Instrument BI200-SM goniometer; as previous described [43,44].

Western Blot was performed to detect the EVs markers Alix (mouse anti-Alix, 1A12
clone, Santa Cruz Biotechnology, Inc., Dallas, TX, USA); Hsp70/Hsc70 (mouse anti-
Hsp70/Hsc70, W27 clone, Santa Cruz Biotechnology); and CD81 (mouse anti-CD81, B-11
clone, Santa Cruz Biotechnology) [43,44].

2.5. Western Blot

The EVs Hsp60 was assessed by WB, using equal amounts of protein (50 µg) for
each sample, anti-Hsp60 monoclonal antibody (mouse anti-Hsp60, LK1 clone, Sigma, St.
Louis, MO, USA), and horseradish peroxidase-conjugated sheep anti-mouse antibody
(GE Healthcare Life Science, Milan, Italy). WBs were detected using the Amersham
enhanced chemiluminescence substrate (GE Healthcare Life Science, Marlborough, MA,
USA), following the manufacturer’s instructions. Densitometric analyses of WB were
performed using the National Institutes of Health Image J analysis program (version 1.40.
National Institutes of Health, Bethesda, MD, USA).

2.6. MicroRNAs Extraction and Real-Time PCR

Total RNA, including small RNA, was isolated from EVs using the miRNeasy Mini Kit®

(Qiagen, Hilden, Germany, Cat No: 74104), following the manufacturer’s instructions. The
online public miRNA bioinformatic program, TargetScan (http://www.targetscan.org/;
last accessed on 6 August 2020), was used to predict miRNAs that can potentially bind
to 3′UTR of human Hsp60 mRNA [45]. Next, measurement of miRNAs was performed
with the miScript II RT Kit (Qiagen, Cat No: 218161) and the miScript SYBR Green PCR
Kit (Qiagen). The reactions assessing the miRNAs levels were performed using the Rotor-
gene™ 6000 Real-Time PCR Machine (Qiagen).

The target miRNA expression Ct (Cycle threshold) was normalized with the miR-16
Ct and the mean of Ct values of target and mean of Ct values of miR-16 were compared.
The calculation was based on ∆∆Ct (Livak method), and fold change values of all samples
were calculated as compared to reference [46].

2.7. Statistics

All experimental results are presented as the mean ± S.E.M, with at least three inde-
pendent replications. The statistically significant difference between groups was tested by
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one-way analysis of variance (ANOVA). Values of p ≤ 0.05 were considered statistically
significant.

3. Results

The standardized methods described above were applied to the study of a small set of
clinical samples, and the type of results they provide are reported below:

3.1. Patients Follow-Up

A total of 34 patients were studied, 14 with GBM, 1 with LLG (low-grade glioma),
1 with HGG (high-grade glioma) III and 18 with meningioma (Table 1A,B). Follow-up via
blood sampling was completed in 31 patients. Three GBM and 1 meningioma patients died
within the period of this investigation.

3.2. Immunomorphological Analysis

Hsp60 levels were assessed in healthy cortical brain tissue derived from autopsy, and
in tumor biopsies of GBM and meningioma (Figure 1). As approved by the Palermo Ethics
Committee 1, the healthy cortical brain tissue samples were taken from the histopatholog-
ical archives of the University Hospital Forensic Medicine. Since the samples of healthy
cortical brain tissue were obtained from the autopsy of subjects who had died of causes un-
related to brain disease, they were considered as the control group. The hematoxylin-eosin
stain showed a high proliferation rate and the immunohistochemical reactions showed high
levels of Hsp60 in tumor samples compared with controls. A strong, diffuse cytoplasmic
positivity for the Hsp60 protein was present in 100% of the tumor specimens examined
(Figure 1).

Figure 1. Illustrative examples of the histological and immunohistochemical images provided by the
methods used when applied to the study of control and tumor tissues. Top three panels. Hematoxylin-
eosin (H&E)-stained tissue sections of Control, and GBM IV, and Meningioma II grade tissues. Bottom
three panels. (Hsp60). Immunohistochemical demonstration of Hsp60 in Control, and GBM IV, and
Meningioma II grade. Magnification of 200×; insert magnification of 400× Bar = 100 µm.

3.3. Characterization of EVs from GBM and Meningioma II Grade

EVs obtained from plasma of patients with GBM and meningioma G II, before and
after surgery, were characterized by TEM, AFM, and DLS to assess size and morphology
(Figure 2A–C); and by Western blot to determine the presence of the typical EV markers
(protein Alix, Hsc70, and CD81) (Figure 2D). The results all agreed, demonstrating the
identity of the EVs.
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Figure 2. EV characterization. Representative TEM (A) and AFM (B) images showing the typical characteristics of EVs
isolated from the plasma of patients with GBM IV (left) and Meningioma II grade (right). (C) Table showing the size,
measured by DLS, of the EVs isolated from blood of patients at different times of follow-up: BS, Before Surgery; AS1, 7 days
After Surgery; AS2, 30 days After Surgery. (D) Evaluation by WB of EVs markers in the EVs from patients with GBM IV
(left) and Meningioma II grade (right), at different times of follow-up.

3.4. Hsp60 and Related miRNAs Levels in EVs

The levels of Hsp60 and related miRNAs were assessed in the EVs isolated from the
plasma of patients before and at various times after surgery. Hsp60 levels in EVs from
GBM patients were successfully measured in all the samples, with the results showing high
levels throughout (Figure 3A). The Hsp60 levels in EVs isolated from plasma of patient
with atypical meningiomas (WHO G II) were also successfully measured and the results
showed that the methods applied can distinguish variations in the chaperonin levels in
different patients/situations. For instance, 7 days after surgery, the Hsp60 levels were
significantly lower than before surgery, and at 30 days after surgery, a significant increase
could be detected (Figure 3A1).

TargetScan prediction revealed that the 3′ UTR of HSPD1 (the Hsp60 gene) contains
a putative miR-1 and miR-206 binding site. Therefore, our attention was focused on
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miR-1 and miR-206 (Figure 3B), which are predicted to regulate Hsp60 expression [45]
(confirmed by experimental data [20–24]), and miR-663, considered an in vivo GBM prog-
nostic biomarker [47]. MiR-16 level was used for the normalization of all miRNAs levels
(Table 2). The methods applied measured miRNAs successfully and the results indicated
that they can detect their quantitative variations. For example, in GBM EVs, the levels of
miR-206 and miR-663 did not change during the period tested, whereas the level of miR-1
was increased 30 days after surgery in comparison with the levels at 7 days after surgery
(Figure 3C). Furthermore, in meningiomas, miR1, miR-206, and miR-663 showed different
levels at the various time points tested. miR-1 levels were low at 7 days after surgery but
were again high at 30 days. In contrast, MiR-206 and miR-663 were low at 30 days after
surgery (Figure 3C1).

Figure 3. Measurement of Hsp60 and related miRNAs levels in EVs. Western blots and corresponding histograms showing
the presence and levels of Hsp60 in EVs from patients with GBM IV (A) and in patients with meningioma II grade, at
different times of follow-up (A1). BS, Before Surgery; AS1, 7 days After Surgery; AS2, 30 days After Surgery. Visible are
the high levels of Hsp60 revealed by the standardized procedure in EVs from patients with GBM IV and from patients
with meningioma II grade. In the latter, the method revealed differences of Hsp60 levels before and after surgery that were
statistically significant (data are presented as the mean ± S.D. * p < 0.05; # p < 0.01). (B) Predicted miR-1 and miR-206
binding sites detected in the HSPD1 3′ UTR region by TargetScan and the underlined base pairs indicate the target region
we adopted. (C) Examples of results of our measurements with real-time PCR of the levels of miR1, miR-206, and miR-663
in EVs isolated from blood of GBM IV and from meningioma II grade patients (C1) The data in the horizontal histograms
were normalized with the reference genes, according to the Livak method (2−∆∆CT). Data are presented as the mean ± S.D.
* p < 0.05; # p < 0.01.
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Table 2. Primers used for real-time PCR.

Name Sequence

Hs_miR-1_2 5′-UGGAAUGUAAAGAAGUAUGUAU
Hs_miR-206_1 5′-UGGAAUGUAAGGAAGUGUGUGG

Hs_miR-663b_2 5′-GGUGGCCCGGCCGUGCCUGAGG
Hs_miR-16 5′-AGCAGCACGUAAAUAUUGGCG

4. Discussion

Brain tumors have as a rule a poor prognosis and treatments are mostly of limited
efficaciousness. Therefore, there is a desperate need for disease biomarkers and relevant
methods that can offer insight into pathogenesis and be useful in theranostics [37,48]. To
address this issue, in this work we focused on three elements pertinent to brain tumor
biology, i.e., Hsp60, microRNAs that regulate Hsp60 expression [19–24], and EVs, and we
standardized a battery of techniques for measuring these elements. The standardized meth-
ods provided quantitative and qualitative information on the three elements. For example,
the methods were useful for determining morphology, size distribution, and the presence
of specific EVs markers (Alix, Hsc70, and CD81) in the EVs isolated from plasma. The
purified vesicles showed typical characteristics of small (<100 nm) and medium (<200 nm)
size EVs [49]. The EVs isolated from the plasma of GBM patients were more homogeneous
in size distribution during follow-up compared to EVs from atypical meningioma. This
variation in size of EVs from plasma of patients with atypical meningioma could be due to
disease progression, and is in line with the high variability in biochemical and biophysical
properties of tumor cells-derived EVs [50–53]. The standardized methodology revealed
quantitative variations of Hsp60 during time, for example, before and after ablative surgery,
allowing surveyance of response to treatment.

A major limitation in brain tumor diagnosis stems from the impossibility of molecular
profiling using tissue biopsies. A viable alternative is liquid biopsy, which can be obtained
via a minimally invasive method such as drawing venous blood. This provides enough
material for isolating EVs from plasma to measure their contents in Hsp60 and miRNAs.
However, purification and characterization of EVs must be carefully done for the informa-
tion to be of use to clinicians and surgeons, and to scientists willing to penetrate the secrets
of the malignancy of some brain tumors. There are pitfalls that must be avoided that pertain
to blood collection; plasma extraction; and specimen manipulation, storage, and testing,
and these include type of anticoagulant, sample processing time and temperature, and
number of freeze–thaw cycles, just to name a few. Various strict criteria should be met while
assessing the physical and biochemical characteristics of EVs for the information obtained
to be reliable and reproducible. Currently, the method we recommend for isolating EVs
from plasma is ultracentrifugation, including density gradient-based ultracentrifugation.
This approach, based on the density of the EVs, ensures a high level of purity, higher than
the size-based methods, such as size-exclusion chromatography. Moreover, differential
ultracentrifugation can be complemented with ultrafiltration steps to increase the yield,
but this imposes a pre-established cutoff. These procedures allow the isolation of defined
subpopulations of EVs, such as exosomes, excluding the EVs of larger size. However, the
latter larger EVs can also provide useful biomarkers. The EVs population may be highly
heterogeneous, depending on the type and/or the state of the cell from which the vesicles
derive. Therefore, validation and standardization of the EVs isolation and characterization
methods must be carefully done, before applying them to the management of brain tumors
patients [49]. Furthermore, the EVs cargo includes a wide range of biomarkers that can be
different between EVs subtypes, a diversity not yet fully characterized for all tumors and
conditions [49].

In the present work, we propose a set of standardized methods that produce a plethora
of complementary results, providing a quantitative picture of three key disease players,
Hsp60 and related miRNAs and EVs that can easily be sampled by liquid biopsy (Figure 4).
The methods are now available to study more samples from more patients to reveal the
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quantitative profiles of the triad components comparing results at various times after
surgery with pre-operatory data. In this way, standard curves will be obtained for general
application when the adequate number of cases has been tested.

A limitation of our study is that it focused on only one CS component, namely, Hsp60.
Most likely other CS components such as chaperones of the Hsp70 and Hsp90 families and
other chaperonins, e.g., CCT, also play a role in brain carcinogenesis. Our methodology
can be applied to measure them with the pertinent adaptations, which should easily be
implemented since they will consist mostly of the use of specific antibodies and primers.

Figure 4. Drawing representing the hypothetical dynamics of Hsp60 from the tumor to the peripheral blood that could
be investigated with the methodology described. Hsp60 and related miRNAs can be quantified with the methods used
in this study in liquid biopsies containing EVs released by the tumor. This approach is doable in routine settings and
would provide a wealth of information of practical and scientific interest that could help in finding ways to improve the
management of patients with brain tumors.
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Abstract: Hsp60 is one of the most ancient and evolutionarily conserved members of the chaperoning
system. It typically resides within mitochondria, in which it contributes to maintaining the organelle’s
proteome integrity and homeostasis. In the last few years, it has been shown that Hsp60 also occurs
in other locations, intracellularly and extracellularly, including cytosol, plasma-cell membrane, and
extracellular vesicles (EVs). Consequently, non-canonical functions and interacting partners of Hsp60
have been identified and it has been realized that it is a hub molecule in diverse networks and
pathways and that it is implicated, directly or indirectly, in the development of various pathological
conditions, the Hsp60 chaperonopathies. In this review, we will focus on the multi-faceted role of
this chaperonin in human cancers, showing the contribution of intra- and extracellular Hsp60 in
cancer development and progression, as well as the impact of miRNA-mediated regulation of Hsp60
in carcinogenesis. There are still various aspects of this intricate biological scenario that are poorly
understood but ongoing research is steadily providing new insights and we will direct attention
to them. For instance, we will highlight the possible applications of the Hsp60 involvement in
carcinogenesis not only in diagnosis, but also in the development of specific anti-cancer therapies
centered on the use of the chaperonin as therapeutic target or agent and depending on its role, pro-
or anti-tumor.

Keywords: Hsp60; chaperonopathies; carcinogenesis; extracellular vesicle (EV); miRNA; chaper-
onotherapy

1. Stress Responses and the Chaperoning System

Since their first appearance on Earth, living organisms have been oppressed by physi-
cal and chemical stressors, such as radiations, extreme temperatures and pH, and hypoxia.
These challenges required adaptation, including the development of anti-stress mecha-
nisms. Today, it is possible to observe the success of these protection strategies, since living
beings are observable in a wide range of ecosystems, even in those seemingly incompatible
with life, such as sulfurous lakes, deep depth of the oceans, and permafrost [1–8].

One of the most important cellular anti-stress machineries is the chaperoning (or chap-
erone) system, which is highly conserved in the three phylogenetic domains, Bacteria,
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Archaea, and Eucarya [9]. It is composed of molecular chaperones and co-chaperones,
and their co-factors, interactors, and receptors, which form functional networks working
together to ensure protein homeostasis, under normal and stressful conditions [10,11].
The genes of many molecular chaperones are constitutively expressed, but others, named
Heat shock protein (Hsp), are transcriptionally upregulated by exposure to stressors (e.g.,
heat, hyperthermia, hypoxia, heavy metals, ethanol, infections, radiation, and UV) and,
thereby, protect against protein misfolding and aggregation and maintain proteins in their
functional native state [12–15]. Hsps are commonly classified according to their molecular
weight, and, even if not all the chaperones can be considered Hsps, the two terms are
commonly used as synonymous [16–18].

Hsp60, One of the Most Ancient Anti-Stress Molecules

Hsp60 belongs to one of the oldest and evolutionarily most conserved protein fam-
ilies of the chaperoning system [19–21]. These proteins are present in all living species,
including plants, where they were first discovered [22–24], and, considering their unique
molecular characteristics, they were named “chaperonins” to distinguish them from other
chaperones [25].

The canonical classification divides chaperonins into two main groups. Group I
chaperonins are found in bacteria, as well as inside eukaryotic organelles of endosymbiotic
origin (mitochondria in animal cells, and chloroplasts in plant cells), and work together
with a co-chaperonin which helps the closing of the folding cage. Group II chaperonins are
found in the eukaryotic cytosol and in Archaea, and do not require a co-chaperonin since
they have a built-in lid [26]. More recently, a third group (Group III chaperonins) has been
discovered and it is now under characterization [27,28].

In humans, the Group I chaperonin is Hsp60 (or Cpn60, or HSPD1), and the Group
II chaperonin is CCT (chaperonin-containing TCP-1) or TRiC (T-complex protein Ring
Complex). The former typically resides inside mitochondria but also occurs in various
other locations intra- and extracellularly, while CCT is in the cytosol.

Hsp60 and CCT form macromolecular double-ring complexes with a central internal
cavity in which polypeptides in need of assistance for folding or refolding are encapsulated
and assisted to achieve their functional final conformation (native state) via an ATP-
dependent mechanism [29–31].

A considerable part of our knowledge about how human chaperonins assemble and
work derives from the study of their bacterial homologues. The bacterial counterpart
of human Hsp60 is the chaperonin GroEL [32], which, together with the co-chaperonin
GroES (the bacterial counterpart of human the Hsp10 or Cpn10), forms a tubular, double-
ring complex with a central cavity similar to that described above for the eukaryotic
Hsp60 and CCT complexes, inside which protein folding occurs [33,34]. Human Hsp60
has been found in various conformations (monomer, single heptameric ring, double-ring
tetradecamer), depending on their concentration, levels of ATP, and presence of Hsp10
and substrate [21,35–37]. Early studies showed that human Hsp60 can assist in productive
protein folding without forming a macro-double ring-complex [38,39]. However, more
recent studies, based on transmission electron microscopy and X-ray crystallographic
investigations, have provided strong evidence that it likely uses both double- and single-
ring intermediates during its ATPase cycle [40–42].

Hsp60 has been found in extramitochondrial sites, such as cytoplasm and plasma-cell
membrane, as well as in extracellular sites, inside extracellular vesicles (EVs), in circulation,
and in body fluids [43–49]. Consequently, in addition to its canonical chaperoning function,
Hsp60 also performs various other non-canonical activities, “moonlighting functions” un-
related to protein quality control. (Figure 1) [21,49–51]. For instance, it has been observed
that increased amounts of Hsp60 on the surface of cancer cells act as a signal to stimulate
the immune system, leading to the activation and maturation of dendritic cells and the gen-
eration of an antitumor T-cell response [52–54]. A non-canonical function of human Hsp60
that is still under scrutiny is the regulation of cell apoptosis [55]. Some studies suggested a
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pro-apoptotic role, involving pro-caspase 3 proteolytic activation [56,57], whereas other
investigations support an anti-apoptotic role, involving various mechanisms: the seques-
tration of Bax-containing complexes [58,59], the maintenance of mitochondria integrity and
ATP generation [60], and the triggering of the IKK/NF-κB survival pathway [61]. This dual
role in cell apoptosis/survival regulation has been observed both in normal and tumor
cells [59,62], thus it may affect cancer progression either positively or negatively.
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Figure 1. Hsp60 plays multiple roles intra- and extracellularly. Its canonical functions pertain to maintenance of protein
homeostasis inside mitochondria, whereas its non-canonical roles are unrelated to protein quality control and are played in a
variety of locations (shown with a yellow star). The chaperonin (small dark-pink cylinder) is typically in the mitochondrion
matrix (1) in which it assists in the folding of intra-mitochondrial proteins, for instance those of the electron transport system,
and therefore it is a vital molecule for maintaining cell viability and organismal physiology under normal conditions and in
the face of stress. Consequently, Hsp60 chaperonopathies are usually serious conditions. The non-canonical functions of
Hsp60 displayed in a variety of locations beyond the mitochondria, for example in the cytosol (2), are also vital. One example
is regulation of apoptosis, which can be in either direction pro- or anti-apoptotic with implications for carcinogenesis.
The anti-apoptotic effect of Hsp60 helps cancer cells to become immortal. In the plasma-cell membrane (3), Hsp60 can be
recognized by immune cells and antibodies and generate immune reactions that damage the cell, which is a welcome event
if the target cell is a cancerous one, but it is a pathogenic reaction when the cell is a normal one, a vascular epithelial cell, for
instance, generating autoimmune conditions. Hsp60 exits cells (4) via different mechanisms and can, thus, reach molecules
in the extracellular space and other cells nearby and far away, the latter via blood free or on particles, such as platelets, red
cells, and microvesicles, like exosomes. In this manner, Hsp60 plays a role in intercellular communication, as illustrated by
the microglia activation that occurs in some neurodegenerative diseases via the Hsp60-TLR-4-NF-κB signaling pathway.
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2. Hsp60 Chaperonopathies

Hsp60 is multifaceted and plays diverse physiological roles but when abnormal
in structure and/or function it can become pathogenic and cause diseases, the Hsp60
chaperonopathies [63,64].

In genetic chaperonopathies, there are pathogenic variants, e.g., missense mutations, in
the Hsp60 gene, whereas in the acquired chaperonopathies the gene is normal but the Hsp60
protein is altered structurally and/or functionally. Genetic chaperonopathies are infrequent
and typically have an early clinical onset, while the acquired ones are more common, mostly
occur in adults, and are often associated with other pathological conditions, especially age-
related diseases [65,66]. Another classification of practical value sorts the chaperonopathies
according to quantitative parameters pertaining to concentration and functionality into by
defect, by excess, and by mistake or collaborationism (Table 1) [65,66].

Table 1. Classification of chaperonopathies according to pathogenic mechanism.

Chaperonopathies Mechanism Example References

Excess

Quantitative variation, in
which a gene is dysregulated

or overexpressed.
Qualitative variation, with a

gain of function.

e.g., Alzheimer’s
disease, Parkinson’s

disease, Huntington’s
disease.

[65]

Defect

Quantitative variation with
gene downregulation.

Qualitative variation, due to
structural defect (genetic or

acquired)

e.g., Charcot–Marie–
Tooth disease, Spastic

paraplegia,
Hypo-myelinating

leukodystrophy

[65]

Mistake or
collaborationism

The chaperone is normal but
the pathway in which it is
involved may promote cell

pathology.

e.g., certain tumor
types, autoimmune

conditions, prion
disease

[65]

Acquired chaperonopathies can be caused by aberrant post-translational modifica-
tions (PTMs) that have an impact on the structure/function of the chaperone molecule.
The Hsp60 amino acid sequence contains various critical sites that can be affected by
PTMs [67]. Possible PTMs are phosphorylation, O-GlcNAcylation, nitration, acetylation,
S-nitrosylation, citrullination, methylation, oxidation, biotinylation, and ubiquitination [51].
Hsp60 PTMs can have beneficial or deleterious effects. For instance, Hsp60 hyperacetyla-
tion in the course of anti-osteosarcoma treatment lead to death of the malignant cells [68].
Hyperacetylation disrupted the Hsp60/p53 complex, restored replicative senescence, and
diminished or stopped tumor growth [69]. Phosphorylated Hsp60 on the surface of breast
cancer cells induced α3β1 integrin activation, resulting in enhanced motility and adhesion
of these cells [70]. Tyrosine phosphorylation of Hsp60 helps malignant cells to escape
immune surveillance by NK and CD8 T cells [71].

Chaperonopathies by mistake include all those pathological conditions in which a
chaperone is normal as far it can be determined by current methodologies but contributes
to the initiation and/or progression of disease, as it has been observed in various types of
cancer, and autoimmune, inflammatory, and neurologic disorders [66].

Other examples of chaperonopathies by mistake are those autoimmune conditions in
which human Hsp60 acts as auto-antigen. This situation has been described for various
autoimmune conditions such as Behçet’s disease [72,73], diabetes mellitus [74], systemic
lupus erythematosus and vasculitis-associated systemic autoimmune disorders [75–78],
atherosclerosis [79–82], and rheumatoid arthritis [83]. The pathogenic autoimmune mecha-
nism for some of these disorders is triggered by the presence of Hsp60 on the plasma-cell
membrane where it becomes a target accessible to autoantibodies and, thereby, leads to
apoptosis [75,76]. However, in other situations Hsp60 has shown cytoprotective activ-
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ity, which reiterates the concept that this chaperonin can play apparently opposing roles
(Table 2).

In view of the above considerations, it becomes evident that (1) the kind of activity
the Hsp60 chaperonin undertakes depends on its context, i.e., it is determined and/or
modulated by the composition of its surroundings, namely, by the receptors and interactors
within its reach; and (2) Hsp60 has not only canonical functions, which pertain to protein
quality control, but also displays other functions unrelated to protein homeostasis that
are also important in health and disease. Therefore, advances in the treatment of Hsp60
chaperonopathies ought to include the development of modulators of the chaperonin in
situ. Two types of chaperonin inhibitors are currently being investigated: type I that block
the binding and hydrolysis of ATP, and type II that bind cysteine covalently [84]. Natural
and synthetic compounds potentially useful have already been identified with various
degrees of anti-cancer, anti-inflammatory, or anti-autoimmune potency [63,84].

3. Hsp60 in Carcinogenesis

An indication of Hsp60 involvement in carcinogenesis is its altered expression and
localization observed in certain human cancers [47,49,85]. However, the exact role of
Hsp60 in cancer remains undefined and seems to change depending on the molecular
and cytological context (Table 2). Hsp60 was found increased in various malignancies:
cervical and ovarian [86–90], breast [91,92], colorectal [93], lung [94,95], prostate [96],
gastric [97,98], and thyroid cancers [99,100]; and in leukemias [101], and glioblastoma
multiforme [102–104]. The data in general suggest that Hsp60 is actively involved in
carcinogenesis as a pro-tumorigenic factor, because its increase and location changes
positively correlated with tumor development and malignancy. Moreover, in some cancers,
the Hsp60 increase was also associated with a heightened resistance to anti-cancer drugs
and other treatments [89,105], and with metastasization and angiogenesis [106,107]. It has
to be emphasized that the quantitative variations of Hsp60 in cancer cells, particularly its
increase, may reflect the heightened need of the chaperone system by the malignant cells
with their rapid and intensive metabolism and proliferation. Thus, the Hsp60 quantitative
patterns observed would be the consequence of the disease but not a distinct etiological
factor. We argue that even so, Hsp60 aids the tumor in what we call a chaperonopathy
by mistake or collaborationism because the tumor depends on its help. What is the
value of this concept? It puts Hsp60 in the stage’s center and presents it as a target for
developing treatment strategies aimed at inhibiting-blocking this collaborator with the
enemy from the inside. For example, Hsp60 downregulation by chemical compounds
suppressed cancer-cell proliferation and tumor progression and enhanced the beneficial
effects of anti-cancer treatments [62,69,90,108–112]. It was observed that Hsp60 knockdown
inhibited tumor progression by altering mitochondrial homeostasis and inactivating the
mTOR pathway, in ovarian cancer and glioblastoma [90,109]. In colorectal cancer, Hsp60
inhibition promoted the tumor-suppressive activity of insulin-like growth factor binding
protein 7 (IGFBP7) [108]. Treatment of a neuroblastoma cell line with curcumin caused cell
death by diminishing the cellular level of Hsp60 [111]. It was suggested that this cytotoxic
effect was induced through the downregulation of survivin, whose expression was shown
to be positively correlated with the expression of CCAR2 and Hsp60 in neuroblastoma
tissues and cell lines [113]. Thus, it is becoming clear that the positive correlation between
Hsp60 overexpression and increase in cancer cell proliferation and survival depends on
the interaction of the chaperonin with proteins involved in cell cycle and apoptosis. In
cancer cells lines, Hsp60 played a cytoprotective and pro-survival role by stabilizing
the mitochondrial level of survivin and blocking p53-mediated apoptosis [62,113], or by
inhibiting the intracellular isoform of clusterin [114]. In other cases, the pro-tumorigenic
role of Hsp60 involved blocking the caspase-dependent apoptosis through the negative
regulation of mitochondrial permeability transition [102], or the inhibition of pro-caspase 3
proteolytic activation [115,116].
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However, others have reported that in some types of cancer, Hsp60 was decreased,
downregulated not increased or, if increased, caused tumor suppression not enhance-
ment [117,118]. For instance, Hsp60 was decreased in hepatocellular carcinoma (HCC)
tissue compared to peritumor tissue, and this pattern positively correlated with high serum
AFP (alpha-fetoprotein) level and poor overall survival. Conversely, increased Hsp60
inhibited invasion and migration of HCC cells both in vitro and in vivo, correlating with a
better prognosis [118].

All the above observations (Table 2) make clear that Hsp60 has different roles in
carcinogenesis that deserve investigation to elucidate the molecular mechanisms involved,
particularly those determining whether the chaperonin acts against or for the cancer cell.

Some data in the literature support the assumption that Hsp60 acts as a pro-tumor
protein, considering its role in the modulation of anti-apoptotic factors. It is known
that during tumorigenesis, cells undergo complex transcriptional events that lead to a
dysregulation of numerous factors. In this scenario, transformed cells show the typical
phenotype of the proteotoxic stress, in which the consequent Hsp60 overexpression is a
key event because of its central role in the regulation of protein homeostasis. Conversely,
the observation that, in several types of tumors, such as lung cancer, Hsp60 levels are
reduced, further demonstrate that its functioning is not only related to protein folding and
the maintenance of protein homeostasis, but is complex and dependent on the cell and
tissue type, its molecular interactors and its localization inside or outside the mitochondria
and the cell. Thus, the multifaceted and at times contradictory functions of Hsp60 in cancer
are still poorly understood and deserve active investigation, considering the importance of
the chaperonin for survival of cells, normal or malignant.

Table 2. Hsp60 in human cancers.

Cancer Hsp60 Level, Location and/or Status Effect Reference

Lung carcinoma

Presence of Hsp60 on cancer-cell
plasma-cell membrane and on

membrane of cancer cell-derived
exosomes

Possible involvement in cell-to-cell
communication and anti-tumor immune

response stimulation
[47,48]

Decrease of intracellular Hsp60 level
and increase of Hsp60 acetylation level

after doxorubicin treatment

Hsp60/p53 complex dissociation and
restoration of cancer-cells replicative

senescence
[69]

Decrease of intracellular Hsp60 level
after CubipyOXA treatment

Dissociation of the Hsp60/pro-Caspase-3
complex and cancer-cell apoptosis [116]

Increased Hsp60 level Positive correlation with cancer progression
and poor prognosis [94,96]

Oral cancer Presence of Hsp60 on cell surface Interaction with gamma-delta T cells and
transduction of anti-cancer immune response [52]

Osteosarcoma
Hyperacetylation and loss of

mitochondrial Hsp60 after
Geldanamycin treatment

Decreased viability and augmented cancer-cell
death [68]

Breast cancer

Increase of phosphorylated surface
Hsp60

α3β1 integrin activation and enhancement of
cancer cells motility and adhesion [70]

Increased cytosolic Hsp60
Enhanced cancer-cell proliferation and reduced

apoptosis; positive correlation with worse
disease-free survival and poor prognosis

[91,92]

Bronchial carcinoma Decreased Hsp60 level Positive correlation with bronchial cancer
development and progression [85,119]

Cervical cancer Increased Hsp60 level Positive correlation with cancer progression
and malignancy [86–110]
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Table 2. Cont.

Cancer Hsp60 Level, Location and/or Status Effect Reference

Ovarian cancer Increased Hsp60 level
Positive correlation with cancer progression

and severity (poor prognosis and resistance to
anti-cancer treatment)

[89,90,105]

Colorectal cancer

Increased Hsp60 level Positive correlation with cancer progression
and malignancy [93,120]

IGFBP7-dependent down-regulation of
intracellular and extracellular Hsp60

level

Involvement in tumor suppressive activity of
IGFBP7 [108]

Prostate cancer Increased Hsp60 level Positive correlation with tumor progression
and hormone resistance [96]

Gastric cancers Increased Hsp60 level Positive correlation with cancer progression,
invasiveness, and poor overall survival. [97,98]

Leukemia
Presence of Hsp60 on the cell surface Activation/maturation of dendritic cells and

generation of potent anti-tumor T-cell response [53]

Increased Hsp60 level Positive correlation with lower complete
remission rate and shorter survival [101]

Glioblastoma
multiforme

Increased Hsp60 level Cytoprotective and pro-survival role [102]

Decreased Hsp60 level Reduced cancer cell proliferation and tumor
growth [109,112]

Hepatocellular
carcinoma

Decreased Hsp60 level Positive correlation with cancer progression
and poor prognosis [118]

Increased exosomal release of Hsp60
after anti-cancer treatment Activation of anti-tumor immune response [121]

Pancreatic cancer Increased Hsp60 level
Positive correlation with cancer-cell
proliferation and tumor growth and

progression
[111]

Bladder carcinoma
Increased Hsp60 level Positive correlation with resistance to

anti-cancer treatment [105]

Decreased Hsp60 level Positive correlation with higher tumor stage
and cancer recurrence [122]

Renal cell carcinoma Decreased Hsp60 Disruption of mitochondria homeostasis and
positive correlation with cancer progression [117]

Large bowel cancer Increased intracellular and exosomal
Hsp60 level

Positive correlation with tumor development
and progression [123]

Thyroid cancers Increased intracellular and exosomal
Hsp60 level Positive correlation with tumor progression [99,100]

3.1. Hsp60 in Extracellular Vesicles in Carcinogenesis

Extracellular vesicles (EVs) are membranous particles with a diameter of 30–150 nm,
which are found in blood, urine, cerebrospinal fluid, breast milk, and saliva, and are
released by normal and tumor cells. The International Society for Extracellular Vesicles
(ISEV) classify EVs considering their biogenesis pathways and specific markers received
from the cells in which they originate, into exosomes, microvesicles, oncosomes, and
apoptotic bodies; and considering size into “small EVs” (sEVs) and “medium/large EVs”
(m/lEVs) [124]. However, considerable morphological and biochemical heterogeneity
exists among the EVs and, to complicate matters even more, many publications do not
provide detailed descriptions and/or use non-standardized terminology. Because of this,
we will use here EVs and exosomes as synonyms. EVs are involved in physiological and
pathological processes as mediator of cell-to-cell communication by carrying proteins,
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lipids, and nucleic acids (DNA, mRNA, and miRNAs), that affect recipient cells and modify
their functions [125–131]. Their content may vary depending on the cell type that produces
them, but in general EVs carry a range of diverse proteins, such as tumor susceptibility
gene 101 (TSG101); integrins; and tetraspanins such as CD9, CD53, CD63, CD81, and
CD82 [132,133]. EVs are thought to play a role in the remodelling of the pericellular
microenvironment that is crucial in maintaining tumor growth and recurrence [123,134].
MicroRNAs transported by EVs are being considered the main players in the modulation
of target cell functions [135,136]. Therefore, tumor-derived EVs are attracting attention
from scientists interested in molecules that might be used as biomarkers for diagnosis and
patient follow up. In addition, EVs are candidates for delivering anti-cancer compounds
to specific target tissues because their content can be modified; they show some tissue-
specificity; and their immunogenicity is low when they are isolated from the same patient,
thus presenting slow risk of generating anti-EV immunity [137–139].

Our research group provided the first evidence that tumor cells actively release
Hsp60 via exosomes, through a secretion mechanism that requires the translocation of
the chaperonin molecule to the plasma-cell membrane and its association with lipid rafts
(Figure 2) [47,48]. The exosomal release of Hsp60 by human tumor cells can be enhanced
by anti-cancer treatment. For instance, histone deacetylase inhibitors SAHA causes cell
cycle arrest and death in a human lung-derived carcinoma cell line; this cytotoxic effect was
associated with generation of oxidative stress, mitochondrial damage, and diminution of
the intracellular level of Hsp60, which became nitrated and was released via exosomes [110].
It has been suggested that the released Hsp60 interacts with the immune system, generating
an anti-tumor response that potentiates the effect of SAHA. In this manner, exosomal Hsp60
could modulate the tumor microenvironment and, from the practical standpoint it could
be consider for use as a diagnostic and prognostic biomarker [123]. Indeed, it was found
that the plasma levels of exosomes with Hsp60 diminished after anti-cancer treatment that
caused tumor mass reduction in bowel cancer and thyroid papillary carcinoma [100,123].
Additionally, treating hepatocellular carcinoma with anti-cancer drugs caused the release
of a larger amount of exosomes containing Hsps, including Hsp60, which was followed by
an enhanced anti-tumor immune response mediated by natural killer cells [121].

3.2. Hsp60 and miRNAs Correlations and Implications for Carcinogenesis

MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene expres-
sion post-transcriptionally by translational inhibition and/or mRNAs destabilization [140].
MiRNAs regulate most protein coding genes, and thus they virtually control all biological
processes [141,142]. MiRNAs dysregulation following amplification or deletion of miRNA
genes, abnormal transcriptional control of miRNAs, dysregulated epigenetic changes, or
defects in the miRNA biogenesis process, are associated with pathological conditions,
including cancer [143,144]. Dysregulated, abnormal miRNAs can affect all hallmarks of
cancer (e.g., continued proliferative signalling, evasion of growth suppressors, cell death
resistance, invasiveness and metastasization, and angiogenesis) by acting either as onco-
miRs or tumor suppressors, with inhibition of tumor suppressive mRNAs or oncogenic
mRNAs, respectively [145,146]. For this reason, miRNAs are considered for use not only as
diagnostic and prognostic biomarkers, but also as potential targets or agents in anti-cancer
treatment [147].

MiR-9 and miR-221 have been classified as onco-miRs because an increase in their
levels paralleled increased risk for tumorigenesis and resistance to chemotherapeutics in
primary cancers [148–151]. In breast cancer, miR-9 and miR-221 increased levels correlated
with poor outcome and promoted tumor progression and aggressiveness by favoring
epithelial-mesenchymal transition (EMT) and breast cancer stem cell phenotypes [152].
Therefore, they have been suggested as potential biomarkers for breast cancer progression
and targets for treatment.
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Figure 2. Diagram representing the Hsp60 secreting mechanism. Hsp60 (pink cylinder) is encoded in a single nuclear gene
(1). After translation (2), Hsp60 is translocated to the mitochondrion matrix, in which it performs its canonical chaperoning
function (3). In tumor cells, Hsp60 accumulates in the cytosol (4), and/or reaches the plasma-cell membrane, near lipid rafts
(yellow) (5). The membrane-associated Hsp60 is internalized through a mechanism of endocytosis into early endosomes (6),
and then secreted via exosomes after the fusion of multivesicular bodies (MVBs) with the plasma-cell membrane (7). Hsp60
is also exported extracellularly via the classic Golgi-mediated secretion pathway (8). Exosomal Hsp60 (9) and free Hsp60
(10) can reach other cells, e.g., tumor cells and immune cells, nearby or in distant sites via circulation.

miR-30 was found decreased in prostate cancer and acted as tumor suppressor by tar-
geting the EMT-associated gene ERG (Ets-related gene) [153]. Conversely, when increased,
miR-30 suppressed EMT and inhibited cell migration and invasion, suggesting it could be
used as a therapeutic agent (Table 3) [153].

Hsps, including Hsp60, are also targets for regulation by miRNAs and this has been in-
vestigated in various cancers [154–157]. miR-1 and miR-206 increase in rat cardiomyocytes
contributed to glucose-mediated apoptosis by diminishing Hsp60 and IGF-1 expression
and inhibiting the IGF-1/IGF-1R/PI3 K/Akt pathway [158]. Conversely, treatment of
cardiomyocytes with carvedilol, a non-selective β-adrenergic receptor antagonist, inhibited
miR-1, which resulted in increased levels of Hsp60 and apoptosis prevention (Table 3) [159].

MiR-29a was found augmented in the serum of breast cancer patients [155]. Downreg-
ulation of miR-29a in a breast cancer cell line promoted apoptosis by causing an increase
in the level of Hsp60 and a decrease of Hsp27, Hsp40, Hsp70, and Hsp90, suggesting
that downregulation of this miRNA is a promising strategy to sensitize cancer cells to
chemotherapy [155]. It is likely that the anti-cancer effects observed with the increase
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of Hsp60 were related to the known pro-apoptotic role of the chaperonin [56,57], or to
its ability to stimulate an anti-tumor immune response when exposed on cell surface or
released extracellularly [53,54,121]. The level of miR-644a l was found low in hepatocellular
carcinoma tissues and cell lines, and negatively correlated with tumor diameter and TNM
(Tumor-Node-Metastases) stages [156]. In vitro, an increase in miR-644a promoted cancer
cell apoptosis by inhibiting HSF1, Hsp90, Hsp60, Bcl-2, and Bcl-xL proteins while increasing
the levels of BID, BAD, BIM, SMAC, Apaf-1, and cleaved caspases-3 and -9, which are all
mediators of cell apoptosis [156]. In view of all these observations, miR-644a was suggested
as potential prognostic biomarker and therapeutic target in HCC (Table 3) [156]. It is likely
that Hsp60 typically displays a pro-tumorigenic activity that can be suppressed by its
miRNA-mediated inhibition [157–159]. A further confirmation of the role of miRNAs in the
regulation of Hsp60 level in cancer emerged from a study of the pro-tumorigenic activity
of miR-17a in gastric lymphoma [160]. The expression of miR-17 was found significantly
higher in gastric lymphoma than in normal tissues, which promoted tumor development,
progression, and metastasization by regulating the Hsp60/TNFR2 pathway [160]. There-
fore, the latter pathway emerges as a potential target for the diagnosis and treatment of
gastric lymphoma (Table 3).

Table 3. Examples of miRNAs involved in Hsp60 regulation.

Tissue miRNAs and
miRNAs Status Effect Reference

Rat cardiomyocytes

miR-1 and miR-206
high-glucose-

dependent
up-regulation

Increased cell apoptosis induced
by Hsp60 and IGF-1

down-regulation and
IGF-1/IGF-1R/PI3 K/Akt

pathway inhibition

[158,159]

Breast cancer miR-29a in vitro
down-regulation

Increased cancer cell apoptosis
and sensitization to anti-cancer

treatment induced by Hsp60
up-regulation

[155]

Gastric Lymphoma miR-17 higher level
Increased malignancy via

regulation of Hsp60/TNFR2
pathway

[160]

Hepatocellular
carcinoma

miR-644a in vitro
up-regulation

Increased cancer-cell apoptosis
induced by Hsp60 inhibition [156]

4. Concluding Remarks

The involvement of molecular chaperones, including Hsp60, in carcinogenesis has
been suggested by various findings [107,161,162]. Molecular chaperones have been found
increased in tumor tissues and closely associated with tumor growth and aggressiveness.
Along the same lines, decreased levels and expression of chaperones have been found
associated with reduced cancer cell proliferation, motility, survival, and metastasization,
and with decreased neoangiogenesis and resistance to anti-tumor immune response and
treatment [163–167]. The quantitative variations of Hsp60 during carcinogenesis, especially
its increase, may be simply the reflection of increased metabolic and proliferative activities
of the cancer cell, which would require more chaperonin molecules than a normal cell at its
physiological level of metabolism and proliferation. Nevertheless, the role of Hsp60 can
still be considered pro-tumoral even if it is not a distinct carcinogenic factor. It would be
an example of chaperonopathy by mistake or collaborationism, meaning that the human
molecule helps the tumor to grow, proliferate, metastasize, and resist stressors such as
anti-cancer drugs. It is crucial to visualize this situation because it then appears very
clearly that therapeutic strategies aiming at inhibiting-blocking the chaperonin (negative
chaperonotherapy) in tumor cells may offer efficacious ways to defeat cancer. Therefore,
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negative chaperonopathy, aiming to inhibit or block pro-tumorigenic molecular chaperones
deserves investigation [63,168,169].

The role of Hsp60 in carcinogenesis is not yet fully understood, and its elucidation
is complicated because it seems to vary depending on the tumor type, tissue affected,
stage, and other unidentified factors. While some reports indicate that Hsp60 displays
a protumor role others show the contrary [85,90,98,117–119,122]. While the exact role
of Hsp60 in every tumor in which its levels and location changes is being studied, the
quantitative variations and tissue distribution of the chaperonin may be used as biomarkers
potentially useful for diagnosis, prognostication, and disease monitoring [120,123,170,171].
Additionally, investigations on Hsp60 chaperonotherapy in its various forms should be
performed and aiming at standardizing the use the chaperonin as a therapeutic target
or agent [63]. Some possibilities are to (i) identify compounds and/or methods that will
induce a antitumor immune response by promoting the presence of Hsp60 on the surface
of tumor-cells [172]; (ii) develop Hsp60 vaccines exploiting its potential for inducing
the production of cytokines by interaction with monocytes and macrophages, and by
manipulating its ability to bind and activate TLR-2 in CD4+CD25+ regulatory T cells and
TLR-4 in B cells [173]; and (iii) identify compounds able to modulate Hsp60 expression,
in order to reduce or enhance its activity in those tumors in which it displays a pro-or
anti-tumorigenic role, respectively. Understanding the mode of action of Hsp60 and its
regulation by miRNAs in different tissue and tumor types will help in the development
of novel therapeutic strategies for cancer therapy [68,112,174]. Moreover, the utilization
of advanced drug delivery systems, as exosome-like vesicles promise to be, to deliver
molecules, such as miRNAs known to regulate Hsp60, and internalize them in the target
cells, should be actively investigated to standardize the particles and their contents as well
as their isolation from cancer patients.
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82. Bodolay, E.; Prohászka, Z.; Paragh, G.; Csipő, I.; Nagy, G.; Laczik, R.; Demeter, N.; Zöld, E.; Nakken, B.; Szegedi, G.; et al.
Increased levels of anti-heat-shock protein 60 (anti-Hsp60) indicate endothelial dysfunction, atherosclerosis and cardiovascular
diseases in patients with mixed connective tissue disease. Immunol. Res. 2014, 60, 50–59. [CrossRef]

83. Mantej, J.; Polasik, K.; Piotrowska, E.; Tukaj, S. Autoantibodies to heat shock proteins 60, 70, and 90 in patients with rheumatoid
arthritis. Cell Stress Chaperones 2019, 24, 283–287. [CrossRef]

84. Meng, Q.; Li, B.X.; Xiao, X. Toward developing chemical modulators of Hsp60 as potential therapeutics. Front. Mol. Biosci. 2018,
5, 35. [CrossRef]

85. Cappello, F.; Di Stefano, A.; D’Anna, S.E.; Donner, C.F.; Zummo, G. Immunopositivity of heat shock protein 60 as a biomarker of
bronchial carcinogenesis. Lancet Oncol. 2005, 6, 816. [CrossRef]

86. Cappello, F.; Bellafiore, M.; Palma, A.; Marciano, V.; Martorana, G.; Belfiore, P.; Martorana, A.; Farina, F.; Zummo, G.; Bucchieri, F.
Expression of 60-kD Heat Shock Protein Increases during Carcinogenesis in the Uterine Exocervix. Pathobiology 2002, 70, 83–88.
[CrossRef]

32



Appl. Sci. 2021, 11, 1175

87. Castle, P.E.; Ashfaq, R.; Ansari, F.; Muller, C.Y. Immunohistochemical evaluation of heat shock proteins in normal and preinvasive
lesions of the cervix. Cancer Lett. 2005, 229, 245–252. [CrossRef] [PubMed]

88. Hwang, Y.J.; Lee, S.P.; Kim, S.Y.; Choi, Y.H.; Kim, M.J.; Lee, C.H.; Lee, J.Y.; Kim, D.Y. Expression of heat shock protein 60 kDa is
upregulated in cervical cancer. Yonsei Med. J. 2009, 50, 399–406. [CrossRef] [PubMed]

89. Hjerpe, E.; Egyhazi, S.; Carlson, J.; Stolt, M.F.; Schedvins, K.; Johansson, H.; Shoshan, M.; Åvall-Lundqvist, E. HSP60 predicts
survival in advanced serous ovarian cancer. Int. J. Gynecol. Cancer 2013, 23, 448–455. [CrossRef] [PubMed]

90. Guo, J.; Li, X.; Zhang, W.; Chen, Y.; Zhu, S.; Chen, L.; Xu, R.; Lv, Y.; Wu, D.; Guo, M.; et al. HSP60-regulated Mitochondrial
Proteostasis and Protein Translation Promote Tumor Growth of Ovarian Cancer. Sci. Rep. 2019, 9, 12628. [CrossRef] [PubMed]

91. Bodoor, K.; Abu-Sheikha, A.; Matalka, I.; Alzou’bi, H.; Batiha, O.; Abu-Awad, A.; Jalboush, S.A.; Fayyad, L.M.; Qadiri, E.; Jarun,
Y.; et al. Immunohistochemical analysis of heat shock proteins in triple negative breast cancer: HSP60 expression is a marker of
poor prognosis. Eur. J. Gynaecol. Oncol. 2018, 39, 926–934.

92. Kim, S.K.; Kim, K.; Ryu, J.W.; Ryu, T.Y.; Lim, J.H.; Oh, J.H.; Min, J.K.; Jung, C.R.; Hamamoto, R.; Son, M.Y.; et al. The novel
prognostic marker, EHMT2, is involved in cell proliferation via HSPD1 regulation in breast cancer. Int. J. Oncol. 2019, 54, 65–76.
[CrossRef]

93. Cappello, F.; Bellafiore, M.; Palma, A.; David, S.; Marcianò, V.; Bartolotta, T.; Sciumè, C.; Modica, G.; Farina, F.; Zummo, G.; et al.
60 KDa chaperonin (HSP60) is over-expressed during colorectal carcinogenesis. Eur. J. Histochem. 2003, 47, 105–109. [CrossRef]

94. Xu, X.; Wang, W.; Shao, W.; Yin, W.; Chen, H.; Qiu, Y.; Mo, M.; Zhao, J.; Deng, Q.; He, J. Heat shock protein-60 expression was
significantly correlated with the prognosis of lung adenocarcinoma. J. Surg. Oncol. 2011, 104, 598–603. [CrossRef]
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Abstract: The chaperone (or chaperoning) system (CS) constitutes molecular chaperones, co-chaperones,
and chaperone co-factors, interactors and receptors, and its canonical role is protein quality control.
A malfunction of the CS may cause diseases, known as the chaperonopathies. These are caused
by qualitatively and/or quantitatively abnormal molecular chaperones. Since the CS is ubiquitous,
chaperonopathies are systemic, affecting various tissues and organs, playing an etiologic-pathogenic
role in diverse conditions. In this review, we focus on chaperonopathies involved in the pathogenic
mechanisms of diseases of the central and peripheral nervous systems: the neurochaperonopathies
(NCPs). Genetic NCPs are linked to pathogenic variants of chaperone genes encoding, for example,
the small Hsp, Hsp10, Hsp40, Hsp60, and CCT-BBS (chaperonin-containing TCP-1- Bardet–Biedl syn-
drome) chaperones. Instead, the acquired NCPs are associated with malfunctional chaperones, such
as Hsp70, Hsp90, and VCP/p97 with aberrant post-translational modifications. Awareness of the
chaperonopathies as the underlying primary or secondary causes of disease will improve diagnosis
and patient management and open the possibility of investigating and developing chaperonotherapy,
namely treatment with the abnormal chaperone as the main target. Positive chaperonotherapy would
apply in chaperonopathies by defect, i.e., chaperone insufficiency, and consist of chaperone replace-
ment or boosting, whereas negative chaperonotherapy would be pertinent when a chaperone actively
participates in the initiation and progression of the disease and must be blocked and eliminated.

Keywords: chaperone system; molecular chaperones; chaperonopathies; nervous system; neurochap-
eronopathies; Hsps; neurodegeneration; neuromuscular disorders; chaperonotherapy

1. Introduction

A better understanding of neurodegenerative diseases may be achieved by examining
them as part of the broad area of protein quality control, since they show signs of pro-
tein pathology. Indeed, a common feature in neuropathology is protein misfolding with
subsequent formation of protein aggregates and precipitates, and various neurological
disorders are proteinopathies or have a proteinopathy component [1–4]. In these, one or
more proteins are pathogenic and prone to aggregate because of a genetic or acquired
abnormality. In genetic proteinopathies, the gene encoding the pathologic protein bears
a variant which makes its product pathogenic, whereas in the acquired proteinopathies
the gene is normal, but the encoded protein may undergo a post-translation modification
(PTM). In either case, aggregates formed by some of the abnormal proteins are cytotoxic
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and cause disease. Through evolution, humans, as well as other organisms, have developed
mechanisms to deal with proteinopathies. These mechanisms include protein-degradation
and autophagic machineries, for instance the ubiquitin-proteasome system (UPS) [5–7]
and chaperone-mediated autophagy (CMA) [8–10]. In addition, organisms have devel-
oped means to ensure that all proteins fold correctly, translocate to the place in which
they function, resist the damaging effect of stressors, and regain activity after reversible
damage and aggregation, namely all mechanisms that maintain protein homeostasis. Major
players in protein-quality control are a variety of molecular chaperones, some of which
are called Hsp (heat shock protein) that form groups of phylogenetically related proteins,
such as the small-heat shock protein (sHsp), Hsp40(DnaJ), Hsp70(DnaK), Hsp90, and
heavy Hsp families. In addition, there is a class of protein chaperones of about 60 kDa,
also called chaperonins, of which two groups are distinguished, I (Hsp60, or Cpn60 for
chaperonin 60) and II (CCT for chaperonin-containing TCP-1; also called TriC, for TCP-1
ring complex). All these chaperones typically function as multimolecular complexes of
various sizes and degrees of complexity [11–17] and are part of the chaperone system (CS),
which also includes co-chaperones, chaperone co-factors, and chaperone interactors and
receptors [18–20]. The main functional partners of the CS in protein-quality control are the
UPS and the CMA machineries. When the CS malfunctions, for example because of an
abnormal chaperone, disease may ensue: a chaperonopathy [18,21] (free access updates
at http://www.chaperones-pathology.org/). In many instances chaperonopathies have a
pathogenic impact on the nervous system and contribute to the mechanisms underpinning
neuropathies [20,22–24]. In this article, we will briefly discuss examples of neuropathies in
which chaperonopathies play an etiologic-pathogenic role. These conditions we will call
neurochaperonopathies (NCPs).

2. Types of Chaperonopathies in NCPs

NCPs are a heterogeneous group of diseases with complicated etiological and pathogenic
features, among which failure of the CS can contribute to various degrees, depending on
the disease and the patient considered. Here, we will briefly discuss some salient aspects
of NCPs we considered useful to pathologists and physicians for understanding these
conditions and for managing these patients.

The canonical functions of the CS pertain to maintenance of protein homoeostasis
together with the CMA and the UPS, while its non-canonical functions are unrelated
with the former and mostly co-involve the immune system (IS) [20,21]. A deficiency in
a component of the CS, for example a chaperone, may cause disease, a chaperonopathy,
which can be genetic or acquired [18,21]. In the former, a genetic variant, for example
a mutation, results in the production of a defective, malfunctional chaperone, which
may lead to tissue lesions and disease (illustrative examples and pertinent bibliography
are provided in Table 1). Instead, in acquired chaperonopathies the gene encoding the
affected chaperone is normal, but the gene product, namely the protein chaperone, is
not. Chaperone abnormalities, genetic and acquired can also be classified considering the
level of the chaperone’s concentration and/or physiological activity by defect, excess, and
mistake. In the chaperonopathies by defect, a chaperone deficit is the distinctive feature,
which can be qualitative, quantitative or both. In the former, the affected chaperone may
be at the right concentration, but its function is impaired because of a structural defect,
for example; or the chaperone may be at a concentration below the normal range and
it cannot reach the physiological level of functionality; or both deficits may coincide,
below-normal concentration and functional ability, a situation often occurring in genetic
chaperonopathies. In this regard, it should be emphasized that in neuropathies with
abundant protein aggregates and precipitates, the level of chaperones available to deal
with the excessive demand from misfolding clients may not be sufficient. This generates a
chaperonopathy by defect caused by a disproportionate demand even when chaperone
production is normal. The pool of useful chaperone molecules may be even further
depleted by their being sequestered in the aggregates and precipitates [21] (free access
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updates at http://www.chaperones-pathology.org/). The opposite parameters occur in
the chaperonopathies by excess, namely the affected chaperone is either quantitatively
above the normal range of concentrations or is qualitatively abnormal, displaying abnormal
functions (gain of function).

The chaperonopathies by mistake include disorders in which a chaperone, apparently
normal according to the results of tests currently available, plays a pathogenic role: it partic-
ipates in the mechanism of disease as it occurs in various types of cancer and inflammatory
and autoimmune conditions. In these instances, the pathogenic chaperone may have been
structurally modified post-transcriptionally, for example by a post-translation modification
(PTM), and thereby its intrinsic properties and functions changed. This is a field that
calls for intensive research to develop means to detect PTMs and measure their impact
on the chaperone molecule’s properties and functions in single cells or using minimal
amounts of chaperone. A case in point is the chaperone Hsp60, which plays a variety of
roles, canonical and non-canonical, physiological, and pathogenic, even though there is
only a single Hsp60 gene in the human genome. How this multifunctionality is generated
when there is only a single Hsp60 molecular type? One mechanism could be through
post-translational modifications, a possibility that deserves further investigation [25].

Table 1. Examples of genetic neurochaperonopathies.

Mol. Chap. Mutation Disease M. I. Ref.

HSPA9

Homozygous c.376C-T transition in exon 4
resulting in p.Arg126Trp substitution EVEN-plus syndrome AR [26]

Compound heterozygous for a c.383A-G
transition in exon 4 resulting in p.Tyr128Cys
substitution, and a 2-bp deletion in exon 8
(c.882_883delAG) causing a frameshift and
resulting in a premature termination codon

at amino acid 296

EVEN-plus syndrome AR [26]

HSPB8

Heterozygous c.421A-G transition in exon 1
resulting in p.Lys141Glu substitution dHMN2A ADo [27,28]

Heterozygous c.423G-C transversion in
exon 1 resulting in p.Lys141Asn substitution dHMN2A ADo [28,29]

c.423G-T transversion in exon 1 resulting in
p.Lys141Asn substitution CMT2L ADo [30,31]

HSPB1

c.100G-A transition in exon 1 resulting in
p.Gly34Arg substitution dHMN2B Sporadic [32]

c.116C-T transition in exon 1 resulting in
p.Pro39Leu substitution dHMN2B/CMT2F ADo [32,33]

c.121G-A transition in exon 1 resulting in
p.Glu41Lys substitution dHMN2B ADo [32]

c.250G-C transversion in exon 1 resulting in
p.Gly84Arg substitution dHMN2B/CMT2F ADo [33–35]

Homozygous c.295C-A transversion in exon
1 resulting in p.Leu99Met substitution dHMN2B/CMT2F AR [33]

c.379C-T transition in exon 1 resulting in
p.Arg127Trp substitution dHMN2B/CMT2F ADo [36,37]

c.404C-G transversion in exon 1 resulting in
p.Ser135Cys substitution dHMN2B/CMT2F ADo [38,39]

c.404C-T transition in exon 1 resulting in
p.Ser135Phe substitution dHMN2B/CMT2F ADo [33,36,40]

c.406C-T transition in exon 2 resulting in
p.Arg136Trp substitution CMT2F ADo [36]

c.407G-T transversion in exon 2 resulting in
p.Arg136Leu substitution dHMN2B/CMT2F Sporadic [32]
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Table 1. Cont.

Mol. Chap. Mutation Disease M. I. Ref.

c.418C-G transversion in exon 2 resulting in
p.Arg140Gly substitution dHMN2B/CMT2F ADo or

sporadic [33]

c.421A-C transversion in exon 2 resulting in
p.Lys141Gln substitution dHMN2B ADo [41]

c.452C-T transition in exon 2 resulting in
p.Thr151Ile substitution dHMN2B ADo [36]

c.490A-G transition in exon resulting in
exon 3 resulting in p.Thr164Ala substitution CMT2F ADo [42]

c.539C-T transition in exon 3 resulting in
p.Thr180Ile substitution dHMN2B/CMT2F ADo [32,43]

c.544C-T transition in exon 3 resulting in
p.Pro182Ser substitution dHMN2B ADo [44]

c.545C-T transition in exon 3 resulting in
p.Pro182Leu substitution dHMN2B ADo [36]

c.562C-T transition in exon 3 resulting in
p.Arg188Trp substitution CMT2F Sporadic [32]

HSPE1 Heterozygous c.217C-T transition in exon 2
resulting in p.Leu73Phe substitution

Undefined neurologic
disorder Sporadic [45]

DNAJB2

Homozygous c.14A-G transition in exon 1
resulting in p.Tyr5Cys substitution CMT2F/DSMA5 AR [46]

Homozygous G-A transition in intron 4
(c.229+1G-A) dHMN/DSMA5 AR

recessive [46]

Homozygous G-A transition in the donor
splice site of exon 5 (c.352+1G-A) DSMA5 AR [47]

DNAJC5

Heterozygous c.344T-G transversion in exon
3 resulting in p.Leu115Arg substitution CLN4B ADo [48–51]

Heterozygous 3-bp deletion in exon 3
(c.346_348del) resulting in p.Leu116del CLN4B ADo [48–51]

HSPD1

Homozygous c.86A-G transition in exon 2
resulting in p.Asp29Gly substitution

HLD4 or MitCHAP-60
disease AR [52,53]

Heterozygous c.292G-A transition in exon 3
resulting in p.Val98Ile substitution SPG13 ADo [54]

Heterozygous c.1381C-G transversion in
exon 10 resulting in p.Gln461Glu

substitution
SPG13 ADo [55]

CCT5

Homozygous c.440A-G transition in exon 4
resulting in a His147Arg substitution

Hereditary sensory
neuropathy with

spastic paraplegia
AR [56,57]

Homozigous c.670C>G transversion in exon
5 resulting in Leu224Val substitution

Demyelinating
neuropathy with severe

motor disability.
AR [58]

BBS6

c.110A-G transition in exon 1 resulting in
p.Tyr37Cys substitution BBS AR [59,60]

c.155G-A in exon 1 transition resulting in
p.Gly52Asp substitution BBS AR [61]

c.169A-G transition in exon 1 resulting in
Thr57Ala substitution BBS AR [59]

Homozygous 1-bp deletion (c.281del) in
exon 2 resulting in a frameshift after amino

acid Phe94 (p.Phe94fs), terminating the
protein at amino acid 103

BBS AR [59,61]
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Table 1. Cont.

Mol. Chap. Mutation Disease M. I. Ref.

Homozygosity for a complex 2-bp deletion
(c.429_430del and c.433_434del) in exon 2
resulting in a frameshift and a premature

termination of the protein at amino acid 157

BBS AR [59,61]

Nonsense mutation leading to premature
termination (c.442C-T transition in exon 2

resulting in p.Gln148Ter)
BBS AR [60]

c.792T-A transversion in exon 3 resulting in
a premature termination (p.Tyr264Ter) BBS AR [61]

c.830C-T transition in exon 3 resulting in
p.Leu277Pro substitution BBS AR [59]

c.1496G-C transversion in exon 3 resulting
in p.Cys499Ser substitution BBS AR [60]

BBS10

c.32T-G transversion in exon 1 resulting in
p.Val11Gly substitution BBS AR [62]

c.101G-C transversion in exon 1 resulting in
p.Arg34Pro substitution BBS AR [63]

1-bp insertion in exon 2 (c.271dupT) leading
to premature termination (p.Cys91fsTer95) BBS AR [63,64]

c.273C-G transversion in exon 2 resulting in
p.Cys91Trp substitution BBS AR [64]

4-bp deletion in exon 2 (c.909_912del)
resulting in premature termination

(p.S303fsTer305)
BBS AR [63]

c.931T-G transversion in exon 2 resulting in
p.Ser311Ala substitution BBS AR [62,63]

2-bp deletion in exon 2 (c.1044_1045del)
resulting in a frameshift and premature

termination (p.Pro350fs)
BBS AR [64]

BBS12

Homozygous 3-bp deletion in exon 2
(c.337_339del) resulting in p.Val113del BBS AR [65]

Homozygous c.865G-C transversion in exon
3 resulting in p.Ala289Pro substitution BBS AR [65]

c.1063C-T transition in exon 3 resulting in a
nonsense mutation (p.Arg355Ter) BBS AR [65]

2-bp deletion in exon 3 (c.1115_1116del)
resulting in frameshift and premature

termination of the protein
(p.Phe372fsTer373)

BBS AR [65]

2-bp deletion in exon 3 (c.1483_1484del)
resulting in frameshift and premature

termination (p.Glu495fsTer498)
BBS AR [65]

Abbreviations: Mol. Chap., molecular chaperones; M.I., mode of inheritance; Ref., reference; ADo, autosomal dominant; AR, autosomal
recessive; dHMN2A/2B, distal Hereditary Motor Neuropathy type 2A/2B; CMT2L/2F, Charcot-Marie-Tooth type 2L/2F; DSMA5,
Distal Spinal Muscular Atrophy-5, CLN4B, Ceroid Lipofuscinosis Neuronal 4B; SPG13, Spastic Paraplegia 13; HLD4, Hypomyelinating
leukodystrophy-4; BBS, Bardet–Biedl syndrome.

All the above-mentioned types of chaperonopathies, involving the chaperones listed
in Table 1 have been implicated in neurological disorders and some examples of these
NCPs are discussed below.

3. Genetic NCPs
3.1. Small Heat Shock Proteins

Diverse neurological and muscular disorders have been associated with mutations
in sHsps. The sHsp α-crystallin family includes 10 members and one related protein
(HSP16.2/HSPB11) [66] that, in addition to the chaperoning function, participate in cy-
toskeleton stabilization and possess anti-aggregation and anti-apoptotic activities [67–71].
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Most of the mutations found in the sHsps are located in the highly conserved α-
crystallin domain, which is an 80–100 amino-acid-long domain responsible for the as-
sociation/dissociation of sHsp dimers and for the formation and stabilization of large
multisubunit homo- and hetero-oligomers [72]. These mutations lead to protein aggrega-
tion and cell death. Two hypotheses have been proposed to explain the pathologic findings:
the mutated sHsp molecules may acquire an intrinsic toxicity (gain of toxic function), or
they may suffer a loss of function with abolition of their protein quality control activity [73].
Two representative examples are the mutations occurring in the HSPB8 and HSPB1 genes
that have been associated with the neuromuscular disorders Charcot-Marie-Tooth (CMT)
disease and distal hereditary motor neuropathies (dHMN) (Table 1). The term CMT is
used to indicate a clinically and genetically heterogeneous group of hereditary motor and
sensory neuropathies, characterized by degeneration of peripheral nerves and subdivided
in two subgroups: demyelinating (CMT1) and axonal (CMT2) [74]. dHMNs are genetically
heterogenous characterized by degeneration of distal lower motor neurons, resulting in
muscle weakness and atrophy [75]. However, in many forms of dHMN there may also
be minor sensory abnormalities and/or a significant upper-motor-neuron involvement.
For this reason, there is often an overlap not only with axonal forms of CMT, i.e., CMT2,
but also with juvenile forms of amyotrophic lateral sclerosis, Kennedy’s disease, spinal
muscular atrophy, and hereditary spastic paraplegia [76].

Various types of chaperonopathies can occur, as follows: CMT type 2L is caused by
mutations in HSPB8 and CMT type 2F is caused by mutations in HSPB1, while dHMN
type IIA is caused by mutations in HSPB8 and dHMN type IIB is caused by mutations in
HSPB1 [27–44]. Often, a single mutation in HSPB1 or HSPB8 gives rise to one of these condi-
tions. However, in many cases the same mutation was found associated with both diseases,
such as the p.(Lys141Asn) substitution in HSPB8 [28,31], and the p.(Ser135Phe) [38,54] and
p.(Arg127Trp) substitutions in HSPB1 [36,37,77]. Moreover, there are also examples of
mutations found in patients with an unclear phenotype, as shown in Table 1.

For both HSPB8 and HSPB1, the identified mutations in most cases occur in the
highly conserved α-crystallin domain, likely destabilizing the proteins structurally and
functionally [78]. To elucidate the molecular mechanisms responsible for the association
between mutated forms of HSPB8 and HSPB1 and neuromuscular disorders, in vitro
studies have been performed. For instance, it was reported that the expression of HSPB8
mutants p.(Lys141Asn) and p.(Lys141Glu) in motor neurons resulted in a reduction in
average length and number of neurites per cell, without inducing cell death. In contrast,
these abnormalities were very moderate in sensory neurons, and absent in cortical neurons
and glial cells [79]. Thus, motor neurons appear to be more sensitive to HSPB8 dysfunction
compared to sensory neurons, as indicated by the predominant motor neuron phenotype
in dHMN and CMT2L. Moreover, both HSPB8 mutant forms tend to associate with HSPB1
mutant proteins, forming intracellular aggregates [28].

Studies in vitro with HSPB1 mutants demonstrated that some of the substitutions
affecting the α-crystallin domain reduced motor neuron viability, impaired neurofila-
ment assembly, destabilized microtubules, and disrupted the axonal transport of specific
cellular cargoes and of mitochondria [36,80–84], events that can be responsible for the
premature axonal degeneration, typical of both CMT and dHMN [85]. In addition, in vivo
studies have shown that overexpression of HSPB1 mutants in neurons is sufficient to
cause pathological and electrophysiological changes typically observed in patients with
motor neuropathy [86].

3.2. DnaJ(Hsp40)

Mutations in members of the Hsp40(DnaJ) family have been associated with neuro-
logic and muscular disorders. Two examples are variants of the DNJAB2 and DNAJC5
genes, encoding members of the subfamilies B and C, respectively. DNAJB2 is mainly
expressed in neurons and plays anti-protein aggregation and neuroprotective roles, as
shown in models of neurodegenerative disorders [87–89]. The mutation c.352+1G-A in
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DNAJB2 was found associated with autosomal recessive distal spinal muscular atrophy-5
(DSMA5), a type of dHMN with young adult onset and characterized by progressive distal
muscle weakness and atrophy with gait impairment and loss of reflexes [47] (Table 1). This
genetic variant reduced or abolished chaperone expression, with a consequent accumu-
lation and aggregation of misfolded proteins, which would cause lower motor neurons
degeneration [47]. The same DNAJB2 variant was found in patients diagnosed with CMT2,
and careful examination of phenotype and clinical evolution showed that pure motor
impairment occurred early in the disease course, with no initial sensory symptoms, but
sensory disturbances in the lower limbs appeared as the disease progressed [90]. Two other
DNAJB2 gene variants were found in two families (Table 1). One (c.229+1G-A) showed a
dHMN phenotype, with signs of distal muscular atrophy and paresis; the other, causing
the missense mutation p.(Tyr5Cys), showed a CMT2 phenotype, with a noticeable sensory
involvement, extending the group of DNAJB2-related diseases to include sensory neuropa-
thy [46]. However, another evaluation of the phenotypes associated with these two latter
genetic variations has classified them as DSMA5 (for details see the corresponding page on
ClinVar database).

DNAJC5, also known as cysteine string protein (CSP), is abundant in neuronal cells
and is a key element of the synaptic molecular machinery [48]. Two different genetic
variations, an amino acid deletion and an amino acid substitution, were found associated
with autosomal dominant adult-onset neuronal ceroid lipofuscinosis-4B (CLN4B), also
known as Kufs’ disease [48–51]. These mutations affect two evolutionarily conserved
leucine residues located in a conserved region of the cysteine-string domain that is involved
in palmitoylation and membrane targeting of the protein [91]. CLN4B belongs to the group
of neuronal ceroid lipofuscinosis (NCLs), a genetically heterogeneous group of at least
nine neurodegenerative disorders, clinically characterized by progressive cognitive and
motor impairment, visual impairment, epileptic seizures, and premature death. Despite
the different ages of onset, all forms presented a common feature, i.e., the lysosomal
accumulation of auto-fluorescent lipo-pigment in neuronal cells and peripheral tissues,
which caused progressive and selective neurodegeneration and gliosis with secondary
white matter lesions [92,93]. To clarify the molecular mechanisms responsible for the
negative effects of the identified CSP mutations in neuronal cells, functional in vitro studies
were performed. It was shown that both mutants had an abnormal intracellular localization
and were less efficiently palmitoylated compared to the wild type protein. Moreover, they
formed aggregates, causing CSP depletion that, in turn, could be responsible for the
inhibition of synapse formation and synaptic transmission [49,94].

3.3. Hsp70(DnaK)

Pathogenic mutations in one of the members of the Hsp70(DnaK) family have been
reported [26]. This chaperone family is composed of at least 17 members [95] but thus far
only one of them, the mitochondrial mtHsp70, also named mortalin or HSPA9, has been
found mutated and causing disease. Two mutations of this chaperone were associated
with a syndrome very similar to CODAS (Cerebral, Ocular, Dental, Auricular, Skeletal
Syndrome), which is caused by a mutation in the LONP1 gene, however it differs in
that it also shows severe microtia, nasal hypoplasia, and other malformations. These
characteristics are indicated by the name given to this new condition: EVEN-PLUS (from
Epiphyseal, Vertebral, Ear, Nose, Plus associated findings) syndrome.

3.4. The Chaperonins

The best-known examples of genetic neurochaperonopathies are those involving
members belonging to the family of chaperonins, including the group I chaperonin Hsp60
(HSPD1, of which a few pathogenic variants have been identified in humans) and the
group II chaperonin CCT.

Chaperonins of Group I. The chaperonin HSPD1 is typically expressed within the
mitochondrion where it assists the folding of proteins destined to the matrix together
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with the co-chaperonin Hsp10 (HSPE1) [45,96,97]. HSPD1 plays a key role not only in the
maintenance of protein homeostasis in mitochondria, but also in sustaining cellular viabil-
ity, since complete loss of the protein impaired mammalian development and postnatal
survival, as demonstrated by an in vivo model of mice homozygous for an inactivation of
HSPD1 gene [98]. In humans, missense mutations of the HSPD1 gene have been found
associated with severe and chronic nervous system diseases. These include: 1) a dom-
inantly inherited form of Spastic Paraplegia (SPG13) affecting motor neurons with the
longest axons in the spinal cord and caused by either one of two missense mutations
occurring at different positions, i.e., p.(Val98Ile) and p.(Gln461Glu), [54,55,99] (Table 1);
and 2) a recessively inherited hypo-myelinating leukodystrophy (HLD4), also known as
MitCHAP60 disease, which is a fatal early-onset neurodegenerative disorder character-
ized by pronounced cerebral hypomyelination and is caused by a single specific missense
mutation, i.e., p.(Asp29Gly) [52,53] (Table 1). In vitro and in vivo studies have shown that
these mutations destabilized the chaperonin oligomeric complex and reduced its ATPase
and folding activities compared to the wild type form [100,101]. In addition to these two
well-known neurological conditions, many others of various degrees of severity may be
caused by other HSPD1 mutations that are known to occur in human genomes [97,102].

A point missense mutation, p.(Leu73Phe), in the gene encoding the co-chaperonin
Hsp10 or HSPE1 (hsp10 or HSPE1 gene), has been found in a patient with a history of
infantile spasms, hypotonia, developmental delay, a slightly enlarged liver, macrocephaly,
and mild non-specific dysmorphic features [45] (Table 1).

The association between neurological disorders and HSPD1/E1 genes mutations is
related to the great sensitivity of neuronal cells to mitochondrial dysfunction, since they
have a metabolism mainly based on oxidative phosphorylation [103]. In vitro studies have
shown that the expression of HSPD1 variants alters mitochondrial morphology, dynamics,
and functionality [104,105].

Chaperonins of Group II. This group includes the CCT family, which in humans
is composed of nine subunits: 1 through 8, with two versions of subunit 6; plus, three
chaperones named BBS6, BBS10, and BBS12, which are involved in cilia biogenesis; and two
other evolutionarily related molecules, CCT8L1 and CCT8L2, of which little is known [106]
(Figure 1).
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Here, we will consider chaperonopathies of the subunit CCT5 and those of the
BBS cluster. BBS stands for Bardet–Biedl syndrome, which is the pathological condi-
tion caused by abnormalities in any one of these three chaperones. BBS6 is also called
MKKS, because the disease associated with mutations in this gene is also called McKusick–
Kaufmann syndrome.

The CCT subunits form functional hexadecamers with two octameric rings joined by
their openings, which results in a barrel-like structure with a central cavity inside which
polypeptide folding occurs [15]. This complex is also named TRiC, for TCP-1 ring complex,
where TCP-1 stands for Tailless Complex Polypeptide 1. The integrity and functionality of
this complicated multimolecular machine greatly depends on the integrity and functionality
of all its individual components, the CCT subunits. For instance, a mutation in one of
them may disrupt ring formation and hexadecamer assemblage or make the assemblage
unstable and prone to dissociation, especially under the action of stressors.

A mutation occurring in subunit 5 of CCT was found to be associated with mutilating,
distal sensory neuropathy [56,57] (Table 1). The functional CCT complex is composed of two
hetero-octameric rings associated in a hexadecamer. The reported mutation, p.(His147Arg),
occurred in subunit 5 (CCT5), and the disease was characterized by severe atrophy of
the posterior tract of the spinal cord [56,57]. In vitro studies with human and archaeal
purified molecules showed that the mutation, which occurs in the equatorial domain of
the chaperonin subunit, impairs some of its properties and functions, resulting in poor
oligomeric assembly [107–109].

More recently, a new disease was described associated with a different missense
mutation, p.(Leu224Val), in CCT5 [58]. While the previously described mutation His147Arg
caused a distal sensory neuropathy more pronounced in adulthood, the newly found
mutation is associated with a motor neuropathy of early onset. Noteworthy is the different
location of the mutations: His147Arg is in the equatorial domain, whereas Leu224Val is in
the intermediate domain and appears to have an impact on the conformation of the apical
domain, which is involved in substrate recognition and binding, namely functions quite
distinct from those of the equatorial domain.

The disorders caused by mutations in the BBS genes affect ciliogenesis. Cilia are
built with the participation of the BBSsome, an octameric complex composed of seven BBS
proteins—BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9—and the protein BBIP10 [110].
BBS6, BBS10, and BBS12 serve as chaperones for BBSome assembly. Defects in the process
of ciliogenesis and, consequently, in cilia structure and/or function, lead to a group of
disorders called ciliopathies [24,111]. The Bardet–Biedl syndrome is a genetic disorder with
autosomal recessive inheritance, highly prevalent in inbred/consanguineous populations,
and with numerous primary and secondary clinical manifestations, including obesity,
retinal degeneration, olfactory deficits, nephropathy, polydactyly, development delay, and
cognitive or other neurological impairments [24,112]. About 70–80% of all cases of Bardet–
Biedl syndrome result from mutations in BBS1 to BBS18 genes, with frequent mutations in
BBS1 and BBS10 genes, especially in populations of European and Caucasian descent [113].

The BBS proteins excluded from the BBSome, i.e., BBS6, BBS10, and BBS12, have been
classified as chaperonins, since they have high sequence similarity with members of the
CCT family [63,65,106,114] (Figure 1). Even if these proteins are not components of the
BBSome, mutations in their encoding genes also lead to the same phenotype resulting
from the loss or abnormalities of BBSome subunits [24,65,115]. Moreover, BBS patients
bearing pathogenic variants in the BBS6, BBS10, and BBS12 genes develop a more severe
phenotype, with earlier disease onset and greater prevalence of all BBS primary diagnostic
features typical of ciliopathies than patients with variants only in the non-chaperonin BBS
genes [24,116]. The reason for this increased pathogenic severity associated with variants
of the BBS chaperonin genes could be the malfunctioning of these three proteins, which are
critical for BBSome assembly [24,117].

The Bardet–Biedl syndrome caused by mutations in the genes encoding for the
chaperonin-like BBS proteins can be included in the group of genetic chaperonopathies [24],
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and in particular within the neurochaperonopathies if we consider the associated neuro-
logical abnormalities. In a mouse model of BBS, the morphological evaluation of brain
neuroanatomy revealed ventriculomegaly of the lateral and third ventricles, thinning of
the cerebral cortex, and reduced volume of the corpus striatum and hippocampus [118].
These abnormalities could be related to defects in the cilia of the ependymal cells, affecting
cilia assembly, structure, and/or function [118,119].

Numerous genetic mutations in the genes encoding BBS6, BBS10, and BBS12 have been
found [24,59–65,120]. Illustrative examples are listed in Table 1. Mutations in the BBS6 gene
have been associated with typical BBS and with another similar disorder, the McKusick–
Kaufman syndrome, and it was suggested that both syndromes are different allelic forms
of the same clinical entity [59,121,122]. Moreover, in different families affected by BBS,
many of the genetic variants in the BBS6 gene were found in the same individual [61] or
associated with mutations in genes encoding BBS2 and other BBS proteins, suggesting a
triallelic inheritance model for penetrance of the BBS phenotype [60,120]. BBS10 is, together
with BBS1, the major contributor to BBS [113]. The most common mutation in the BBS10 is
the 271dupT, occurring in 46% of mutant alleles [63].

Many of the BBS10 genetic variants were found in the same individual [62,64] or
associated with mutations in the BBS1 gene [63]. Variants of BBS12 account for 8%–11% of
the total cases of BBS in most of the cohorts reported [115].

4. Acquired Neurochaperonopathies
4.1. Hsp70(DnaK)

The Hsp70 family is composed of at least 17 members [95], and they are targets of a
variety of PTMs such as phosphorylation, acetylation, ubiquitination, AMPylation, and
ADP-ribosylation [123]. The only one human Hsp70 AMPylator enzyme containing Fic
(Filamentation induced by cAMP) domain is the FICD enzyme, also known as Huntingtin
yeast partner E (HYPE), able to catalyze the transfer of AMP onto a serine, threonine, or
tyrosine residue of the substrate protein [124]. The consequences of Hsp70 AMPylation
are poorly understood and, although there is no information on its impact on neurode-
generation to date, some interest in this regard has developed because of observations
made using Saccharomyces cerevisiae, a eukaryote free of endogenous AMPylation machin-
ery, and Caenorhabditis elegans models manipulated for the FIC-1 enzyme orthologous of
human FICD (or HYPE) [125]. Induction of C. elegans FIC-1 (E274G) and Homo sapiens
HYPE (E234G) in S. cerevisiae, in absence of stress, inhibited Hsp70 activity leading to
decreased cell growth, toxic protein aggregation, and misfolding. These results suggest
that AMPylation somehow modulates the Hsp70 protein folding machinery. Furthermore,
other experiments confirmed AMPylation of a human Hsp70 family member, HSPA5, in
a FICD-dependent manner, indicating that a high number of neuronal proteins involved
in neuronal differentiation are AMPylated by FICD enzyme [126]. In addition, the fly
Drosophila’s dFic AMPylator was shown to be essential for maintaining the levels of AMPy-
lated Hsp70 BiP (the Hsp70 family member that resides in the endoplasmic reticulum (ER)),
which are crucial for the photoreceptor’s resistance against stress; flies deprived of dFic are
blind and unable of postsynaptic activation [123].

On the other hand, C. elegans models for Alzheimer’s disease (AD) and Parkinson ’s
disease (PD) showed the formation of large protein aggregates when AMPylation of three
Hsp70 family members was FIC-1 induced [127] (Table 2). Strikingly, the larger aggregates
were more strongly cytoprotective than the smaller ones, extending the nematode’s life.
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Table 2. Effects of PTM on molecular chaperones produced by in vivo and in vitro wild type and disease models.

Model Status Molecular
Chaperone

Human
Ortholog PTM Effect Ref.

Drosophila Wt Bip Grp78 (HSPA5) AMPylation Blindness [123]

Saccha-romyces
cerevisiae Wt Hsp70 HSPA AMPylation

Decreased cell growth;
protein misfolding; toxic

protein aggregation
[125]

Caeno-rhabditis
elegans AD; PD HSP-1; HSP-3;

HSP-4 HSPA AMPylation Large cytoprotective
protein aggregates [127]

PC12 cells Wt Hsp90 HSPC Nitration ALS [128,129]

PC12 cells Wt VCP p97 Phosphorylation
and acetylation

Neurite retraction and
shrinkage [130]

Abbreviations: PTM, post-translation modification; Ref., reference; Wt, wild type; Hsp or HSP, heat shock protein; AD, Alzheimer’s disease;
PD, Parkinson’s disease; ALS, amyotrophic lateral sclerosis; VCP, valosin-containing protein.

4.2. Hsp90 (HSPC)

The human Hsp90 (HSPC) family is composed of various members: two are cytosolic,
one resides in the ER, and the other in the mitochondrion (references in [21]). Hsp90 chap-
erones have multiple sites for phosphorylation, acetylation, SUMOylation, methylation,
O-GlcNAcylation, ubiquitination, and other PTMs [128]. Nitration of tyrosine has been
associated with apoptosis of motor neurons in amyotrophic lateral sclerosis (ALS) patients
and superoxide dismutase (SOD)-transgenic animal models [129] (Table 2). Nitration of
five of the 24 tyrosine residues of HSPC2 and HSPC3 impaired ATPase chaperone activity.
Nitrated tyrosine at position 56 of HSPC3 was identified in spinal cord sections of an
ALS patient and of a mutated mouse model. The nitrated HSPC induced cell apoptosis
by activation of P2 × 7 receptor-mediated calcium influx which induced Fas pathway in
PC12 cells [129]. Several chronic and acute conditions causing oxidative stress induced the
nitration of Hsp90 family members. However, the impact of Hsp90 nitration depends on
the position of the nitrated tyrosine. In PC12 cells and motor neurons from rat embryo, it
was observed that nitration of tyrosine at position 56 causes a gain of function, which is
cytotoxic, whereas nitration of tyrosine at position 33 impairs mitochondrial activity [131].

Hsp90 collaborates with the Cell Division Cycle 37 (Cdc37) co-chaperone, forming a
HSPC/Cdc37 complex, which binds almost 60% of the kinome preventing aggregation
of activated regulators [132]. The co-chaperone Cdc37 is also a target of PTMs [133].
Phosphorylation at serine 13 of Cdc37 by CK2 (casein kinase II) affects the Hsp90/Cdc37
complex in performing its kinases homeostasis activity. In addition, the casein kinases 1
and 2 which involved AD, PD, and ALS pathogenesis have been reported to impair the
interaction between Hsp90 and Cdc37 [134,135].

4.3. VCP/p97

The valosin-containing protein (p97 or VCP) is a homohexameric AAA+ ATPase
protein of about 97 kDA. It is an abundant and ubiquitous molecule involved in cell cycle
regulation [136], autophagy [137], DNA repair [138], and ER-associated and ubiquitin-
mediated protein degradation [139]. VCP has been found within protein aggregates in PD,
ALS, AD, and in polyglutamine aggregates [130]. Polyglutamine disease is characterized
by deacetylation of histones H3 and H4 and a correlation of this deacetylation with VCP
activity has been suggested [130]. VCP was found in the PC12 cell nucleus in protein
aggregates with polyglutamine expansions, showing PTM, such as phosphorylation at Ser-
612 and Thr-613, and acetylation at Lys-614 [130]. Nuclear, post-translationally modified
VCP is associated with neurite retraction and shrinkage, features which have been found
also in PC12 cells expressing protein aggregates with polyglutamine expansions [130].
Therefore, it has been suggested that VCP could be a mediator of histones H3 and H4
deacetylation, even if the underlined mechanism remains to be elucidated. VCP appears
to be essential for the clearance of “occasionally” aggregated proteins, promoting the
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deacetylation of H3 and H4 and, in turn, reducing the transcription of de novo proteins;
however, during chronic and prolonged protein aggregation, nuclear translocation and
post-translational modification of VCP could induce neurodegeneration and cause an
atrophic phenotype as observed in the Drosophila experimental model [130].

5. Discussion

In the last few years, an increasing number of scientific reports have highlighted the
involvement of members of the CS in the pathogenesis of diverse neurological disorders. It
was found that genetic and/or acquired malfunction (or lack of function) of members of
the CS are implicated in the pathogenic mechanisms underlying NCPs (Figure 2).
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The heterogeneity of these disorders and the difficulties implied in the study of the
nervous system in humans are the major challenges for physicians and other investigators
willing to elucidate the relevant molecular mechanisms and to develop efficacious treat-
ment strategies. The data reported thus far, some of which has been briefly discussed in the
previous sections, indicate that pathogenic variants of members of the sHsp, DnaJ(Hsp40),
and CCT families, and of the Hsp60 gene, tend to cause predominantly motor disorders,
although sensory and mental functions may also be affected [24,28,32,33,36,46,49,52,54].
For example, a missense mutation of the subunit number 5 of CCT, CCT5, was reported
to be accompanied by a phenotype characterized mostly by distal sensory mutilating
neuropathy [56,57]. In contrast, another recently discovered mutant located in a different
structural domain of CCT5 was associated with a motor distal neuropathy without mutila-
tion [58]. Thus, the impact of the mutation on the properties and functions of the chaperone
molecule, and the accompanying tissue abnormalities and lesions observed in patients may
greatly differ, depending on the location of the mutant amino acid, but other elements, e.g.,
environmental and nutritional factors that may also contribute to the generation of diverse
phenotypes cannot be excluded.

Other genetic NCPs discussed are caused by variants of a subfamily of CCT genes
composed of the BBS6 (MKKS), BBS10, and BBS12 genes [24,59–61,63–65]. Cognitive deficit
was recorded only in patients with pathogenic variants of the CCT5 (the newly reported
mutation p.(Leu224Val)), DNAJC, and BBS genes (Figure 2).

Only one of the members of the Hsp70(DnaK) family, the mitochondrial Hsp70
(mtHsp70 also named mortalin or HSPA9) has been reported with pathogenic mutations
causing a syndrome that can be classified as NCP. Other members of this family, such
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as the HSPA1A and HSPA1B, whose genes are organized in tandem within the so called
HSPA1-cluster [140] are stress-inducible and have been implicated in the pathogenesis of
several diseases, such as cancer and neurodegenerative conditions, but their genes were
normal [141,142]. This pathogenicity of the Hsp70 molecules fits the description of acquired
chaperonopathies by mistake or collaborationism, in which apparently normal chaperones
help the disease rather than protect from it. The lack of genetic NCPs associated with
mutations in HSPA1A and HSPA1B genes could be related to their vital roles suggested
also by their evolutionary conservation [95]. This is also suggested by the fact that the
majority of polymorphisms identified in the human HSPA1-cluster are in the UTR regions,
and the most common SNPs occurring in the coding regions are synonymous and thus,
do not affect the proteins’ amino acid sequences [143,144]. A few studies experimentally
investigated the impact of human HSPA1A-1B mutations on the function/expression of
the encoded proteins [145–148]. The functional analysis of six naturally occurring variants
of the HSPA1A gene revealed that these variants result in significant functional alter-
ations, affecting ATP-hydrolysis rate and substrate-binding ability, likely by altering the
allosteric communication between its two major domains. However, they are rare mu-
tations, with very low penetrance in the human population. All these results support
the notion that the HSPA1A gene is under strong selection and that its functions must be
conserved [149], which would explain why no patients with pathogenic mutations of this
gene have been found.

The Hsp90 (HSPC) family, including five members and various isoforms expressed in
specific cellular organelles, is highly conserved from early eukaryotes to humans and plays
important roles in protein homeostasis (references in [21]). Hsp90 chaperones have a wide
array of client proteins and, together with their co-chaperones and co-factors, participate
in cell survival, cell-cycle control mechanisms, hormone signaling and other signaling
pathways, and apoptosis [150]. In addition, Hsp90 has been implicated in the pathogenesis
of Alzheimer’s disease and Parkinson’s disease [151,152]. However, it is noteworthy that
no Hsp90 mutations have been described yet as an etiological-pathogenic factor in NCPs.
The same message is given by analysis of Hsp90 genetic polymorphisms. Polymorphic
variants in introns and exons of the human Hsp90beta (HSPC3) gene have been detected
with no apparent effects on phenotype [153].

In recent years, along with genetic NCPs, attention has also been directed to acquired
NCPs associated with molecular chaperones with PTMs. For instance, in vivo studies
demonstrated that changes in the AMPylation balance of molecular chaperones could
influence cell fate in physiological [125] and pathological conditions, such as PD and
AD [127]. Human FICD AMPylates various amino acids in the Hsp70, DNAJB1, and
Hsp90 chaperones. AMPylation levels regulate the correct neurogenesis and neuronal
conduction [123,126]. So far there are no data suggesting that chaperone AMPylation may
be disruptive and contribute to the pathogenic mechanism of neurological disorders.

Nitration of Hsp90 (HSPC) family members in relation to ALS disease is an example
of the differential outcomes one can expect depending on the site and level of the PTM.
Furthermore, considering the importance of mitochondrial activity in neuronal cells, one
may assume that nitrated Hsp90 may be associated with acquired NCPs in addition to
those for ALS. Acquired NCPs could be the result of PTMs in molecular chaperones and of
PTMs in co-chaperones, chaperone co-factors or chaperone interactors, as illustrated by the
consequences of phosphorylation of Hsp90/Cdc37 complex [133,135].

Two coexisting PTMs, phosphorylation and acetylation, in the VCP in the nucleus
may promote histone deacetylation [138]. VCP could also undergo methylation and S-
glutathionylation, two modifications that occur during oxidative stress with impairment of
ATPase activity [139]. Since oxidative stress is a prevalent feature of neurodegenerative
diseases, it is possible that modified VCP also plays a pathogenic role in NCPs.

Pathogenic chaperones with aberrant PTMs associated with NCPs, other than those
described above, have not been reported. Most of the naturally occurring or induced PTMs
in Hsp60 (HSPD1) with a pathogenic role have been implicated in carcinogenesis [154–157],
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apoptosis signaling regulation [158,159], and immune system regulation [160], but none
has been associated with NCPs [25,161]. However, an involvement of Hsp60 (HSPD1) in
AD and PD is under scrutiny. It is possible that Hsp60 with aberrant PTMs and/or with
abnormal levels and location, i.e., intra- or extracellular, and when intracellular intra- or
extramitochondrial, may be pathogenic in neurological disorders [25].

The number of multiple PTMs that can occur on a molecular chaperone is strikingly
high, e.g., 60% and 56% of the T, Y, and S residues of Hsp70 (HSPA8) and Hsp90, respec-
tively, could be phosphorylated [123] (Figure 3).
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In addition, the same residue could be subjected to different PTMs, and several PTMs
can also occur on the relevant co-chaperones and collaborators. All these modifications
create the “Chaperone Code” that regulates chaperone functions, physiologically and
pathologically (e.g., in cancer, viral infections, chronic inflammation, and neurodegenera-
tive disorders). This flexibility and diversity of potential functions in health and disease of
a single chaperone type, together with the variety of chaperone types, opens exciting novel
avenues for investigating the mechanisms involved in acquired NCPs, for example those
characteristics of ageing and AD and PD [135].

6. Conclusions and Future Perspective

Why is it worthwhile to determine if any given neurological patient bears a chaper-
onopathy? Firstly, the CS is present in all cells, tissues, and organs, therefore, a deficiency
in any of its components may have a pathogenic impact in various anatomic areas and
physiological systems, including the nervous system, and the probability of causing signs
and symptoms is high. Secondly, the CS participates in a variety of physiological mech-
anisms, both as guardian of protein homeostasis and protector against stressors, and as
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the effector of many other cellular processes unrelated to protein quality control, i.e., non-
canonical functions, including critical interactions with the immune system. This also
increases the probability of deficiencies in the CS having clinical manifestations. Thirdly,
detection of a chaperonopathy opens the door to investigate the possibility of applying
chaperonotherapy in any of its modes, which is a significant prospect considering that
most chaperonopathies are serious diseases still awaiting efficacious treatment [20,164–167].
It would be beneficial for many patients if physicians would bear in mind the concept
of hidden chaperonopathies, particularly in those cases in which the clinical signs and
symptoms do not quite fit within the expected clinical picture for any given neurological
disorder [168]. To unveil this hidden pathogenic factor, physicians should add a search for
a chaperonopathy to the differential diagnosis algorithm.
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Abstract: Neuroinflammation is implicated in central nervous system (CNS) diseases, but the molec-
ular mechanisms involved are poorly understood. Progress may be accelerated by developing a
comprehensive view of the pathogenesis of CNS disorders, including the immune and the chaperone
systems (IS and CS). The latter consists of the molecular chaperones; cochaperones; and chaperone
cofactors, interactors, and receptors of an organism and its main collaborators in maintaining protein
homeostasis (canonical function) are the ubiquitin–proteasome system and chaperone-mediated
autophagy. The CS has also noncanonical functions, for instance, modulation of the IS with induction
of proinflammatory cytokines. This deserves investigation because it may be at the core of neu-
roinflammation, and elucidation of its mechanism will open roads toward developing efficacious
treatments centered on molecular chaperones (i.e., chaperonotherapy). Here, we discuss information
available on the role of three members of the CS—heat shock protein (Hsp)60, Hsp70, and Hsp90—in
IS modulation and neuroinflammation. These three chaperones occur intra- and extracellularly, with
the latter being the most likely involved in neuroinflammation because they can interact with the
IS. We discuss some of the interactions, their consequences, and the molecules involved but many
aspects are still incompletely elucidated, and we hope that this review will encourage research based
on the data presented to pave the way for the development of chaperonotherapy. This may consist
of blocking a chaperone that promotes destructive neuroinflammation or replacing or boosting a
defective chaperone with cytoprotective activity against neurodegeneration.

Keywords: chaperone system; molecular chaperones; Alzheimer’s disease; Parkinson’s disease; Hunting-
ton’s disease; amyotrophic lateral sclerosis; multiple sclerosis; chaperonotherapy; chaperonopathies

1. Introduction

Neuroinflammation occurs in brain injury and chronic neurodegenerative diseases
affecting the central nervous system (CNS) [1–5]. The CNS is characterized by two main
types of cells: neurons and neuroglia. The former’s function is impulse transmission
and signaling, while the latter play other roles [6]. For instance, microglia and astrocytes,
resident antigen-presenting cells (APCs), rapidly respond to tissue damage that compro-
mises the homeostasis of the local brain parenchyma [7]. Microglia activation is a highly
regulated process involved in the generation of different and complex phenotypes, the
reorganization of cell surface markers, and the release of soluble pro-and anti-inflammatory
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factors. Neuroinflammation is a complex cellular and biochemical response that increases
inflammatory mediators (such as cytokines and chemokines) and activates glial cells and
leukocyte invasion of brain tissue. These events have been correlated with an increased
permeability of the blood–brain barrier (BBB). Microglial cells can remain activated for long
periods, which causes the release of large amounts of cytokines and neurotoxic molecules
that contribute to neurodegeneration [8]. It is important to bear in mind that inflammation
is not necessarily deleterious because moderate inflammatory reactions are involved in
diverse phenomena that protect cells and tissues from a variety of noxae [9]. Whether
inflammation is good or bad for the organism depends mostly on the intensity and duration
of the inflammatory reaction: the more intense and long lasting the reaction, the higher
the probability of disease development or aggravation. In inflammatory and immune
reactions, molecular chaperones interact with the immune system, especially when they
are activated under stress conditions in different organs, including the brain. Molecular
chaperones, many of which are heat shock proteins (Hsps), are the main components
of the chaperone system [10,11]. They are ubiquitously expressed, and their canonical
role is to assist in the folding of nascent polypeptides avoiding protein misfolding and
aggregation, and to deliver damaged proteins to protein degradation machineries [10,12].
The levels of some chaperones change in response to stressors, for example, oxidative
stress and DNA damage [13]. Typically, chaperones are cytoprotective, but they can also be
pathogenic when they are structurally and/or functionally abnormal and can contribute to
the mechanism of diseases termed chaperonopathies [10]. Chaperonopathies are involved
in the development of some neurodegenerative diseases in which neuroinflammation is
implicated. The role played by chaperones in neuroinflammation is under scrutiny and con-
stitutes a promising area of research because it may lead to the discovery of novel treatment
strategies centered on chaperonotherapy, namely, the use of chaperones as therapeutic
targets or agents [14,15]. Here, we discuss molecular chaperones within the context of
neurodegenerative diseases/neuroinflammation and the interactions between the immune
system and the chaperoning system, focusing on extracellular Hsp60, Hsp70, and Hsp90 in
Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD),
Huntington’s disease (HD), and multiple sclerosis (MS).

2. Immunomodulatory Function of Extracellular Hsp60, Hsp70, and Hsp90

Hsp60, Hsp70, and Hsp90 interact with the immune system in many ways and thereby
have an impact on neurodegenerative diseases. Extracellular Hsp60, Hsp70, and Hsp90
influence both the innate and the adaptive immune responses. Generally, extracellular Hsp–
receptor interaction involves specific receptors expressed on macrophages and dendritic
and microglia cells, including toll-like receptors (TLRs), scavenger receptors (SR), and other
molecules [16]. For example, Hsp70 and Hsp90 can interact with the SR LOX-1 [17], and
Hsp70 interacts also with multiple members of the SR family [18]. The SR are expressed on
different types of cells and they are involved in the binding and internalization of stress
proteins [18]. Extracellular Hsp60, Hsp70, and Hsp90 can modulate the innate immune re-
sponse, causing the secretion of proinflammatory cytokines by APCs [19]. This interaction
elicits a proinflammatory response that involves mainly nuclear factor-kappa B (NF-kB).
These chaperones are endogenous ligands for TLRs, and by interacting also with CD14
molecules, they can induce the production of cytokines (e.g., interleukin 1 beta (IL-1β), IL-6,
inducible isoform of nitric oxide synthase (iNOS)) [20,21]. TLR4 is a receptor expressed on
the microglia plasma cell membrane with a key role in the generation of immune responses
in the nervous system, responses that are implicated in the development of neurodegen-
erative disorders [22]. For instance, Hsp60 can mediate neuroinflammation through a
MyD88-dependent pathway by interacting with TLR4 on the microglia surface [21] and by
inducing the production of proinflammatory factors via microglial LOX-1 [23]. Intrathecal
injection of Hsp60 lead to neurodegeneration and demyelination by the activation of TLR4-
MyD88 signaling in microglial cells [24]. Hsp70 can interact with microglia, dendritic cells,
and macrophages through TLR2 and TLR4, leading to proinflammatory NF-kB activation
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and its associated pathways [25]. Hsp90 interacts with an extensive list of key mediators in-
volved in pathways regulating inflammatory and immune responses. For example, among
the protein clients of Hsp90, there is the receptor-interacting protein (RIP) kinase, which is
involved in the innate immune response and in the cell-death signaling pathway. [26] RIP,
following TLR4 activation, induces the expression of proinflammatory cytokines by NF-kB
signaling [27] (Figure 1).
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Figure 1. Heat shock protein (Hsp)60, Hsp70, and Hsp90 modulate inflammatory reactions by interacting with factors
involved in the regulation of innate and adaptive immune responses. Stressors can activate the immune system and, in turn,
promote neurodegeneration by inducing Hsps in brain tissue as a mechanism of protection. Extracellular Hsp60, Hsp70,
and Hsp90 interact with receptors present on the surface of cells of the neural tissue’s immune compartment (e.g., microglia)
and elicit pro- or anti-inflammatory responses, depending on the local cellular status. The interaction of extracellular Hsp60,
Hsp70, and Hsp90 with toll-like receptor (TLR)2/4 induces the activation of the nuclear factor-kappa B (NF-kB) inhibitor
protein, which in turn triggers the activation of the NF-kB pathway, promoting an inflammatory response. Hsp60, Hsp70,
and Hsp90 form complexes with antigens (represented by triangles) mediating their presentation via the CD91 cell surface
receptor on antigen-presenting cells (APCs) [28]. Hsp90 plays a proinflammatory role through the interaction with its client
proteins, such as members of the receptor-interacting protein (RIP) kinases and, thereby, activates the NF-kB pathway. Under
physiological conditions, intracellular Hsp90, by blocking heat shock factor (HSF)1, prevents the transcription of Hsp genes,
such as Hsp70, or other genes that code for anti-inflammatory molecules. The pharmacological inhibition of Hsp90 can lead
to upregulation of the transcription of intracellular Hsp70 and of anti-inflammatory molecules by its release. Abbreviations:
MMP, matrix metalloproteinase; TLR, toll-like receptor; IKK, inhibitor of κB kinase; RIP, receptor interaction protein; CD,
cluster of differentiation; lkB, inhibitory subunit I kappa B-alpha; NF-kB, nuclear factor kappa-light-chain-enhancer of
activated B cells; HSF1, heat shock factor 1; P, phosphate; Hsp, heat shock protein; iNOS, inducible isoform of nitric oxide
synthase.

Extracellular Hsp60, Hsp70, and Hsp90 can also help antigen presentation in the
adaptive immune responses by upregulating the expression of major histocompatibility
complex (MHC) molecules and their load [29,30]. Extracellular Hsp70 and Hsp90 com-
plexed with antigens elicit the responses of cluster of differentiation (CD)8+ or CD4+ T
cells by adaptive receptors [16], while Hsp60 by itself can stimulate regulatory CD4+ and
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CD 25+ T cells (Tregs), leading to an immunosuppressive adaptive response without APC
participation [16,31]. In addition, the chaperone–peptide complexes can also recognize
the CD91 receptor of macrophages/dendritic cells and facilitate antigen presentation [28]
(Figure 1). The activation of the adaptive response via Hsp70 might represent a negative
reaction for the cell, but it could be considered advantageous for the development of
immunological memory in preparation for rapid reaction against subsequent insults [32].
In contrast to the proinflammatory function of extracellular Hsp70, intracellular Hsp70
has an anti-inflammatory effect in the brain, especially when overexpressed following
brain damage. Thus, Hsp70 can be anti-inflammatory because it can block the expression
of proinflammatory molecules, such as matrix metalloproteinases [33], and it can also
promote the reduction or the inhibition of NF-kB activity [34,35] (Figure 1). In addition,
intracellular Hsp70 interferes also with genes involved in various neuronal pathways such
as transmission of nerve impulses [36]. Therefore, extracellular Hsp70 could in principle
have anti-inflammatory and neuroprotective effects similar to those of the intracellular
counterpart [37]. Consequently, it is likely that an increase of intracellular Hsp70 will
lead to an increase of functional extracellular Hsp70, contributing to the reduction of the
inflammation associated with neurodegeneration. Pharmacological increase of the Hsp70
level in neurons and microglia by 17-N-allylamino-17-demethoxygeldanamycin (17-AAG)
reduced the hemorrhagic volume in a mouse model of traumatic brain injury [38]. Likewise,
17-AAG inhibition of Hsp90 induced the expression of Hsp70 and Hsp60 [39]. Thus, it may
be said that Hsp70, Hsp60, and Hsp90 promote inflammatory responses and, consequently,
neuronal damage and are implicated in neuroinflammation and neurotoxicity. Cytosolic
Hsp60 has been shown to directly interact with the inhibitor of κB kinase (IKK), promoting
activation of NF-kB-dependent gene transcription by tumor necrosis factor-α (TNFα) [40]
(Figure 1). Hsp90 can induce a proinflammatory response in different ways, for example,
by sequestering the regulator transcriptional factor heat shock factor (HSF)1 and thereby
inhibiting the expression of Hsps (e.g., Hsp70) or activating the NF-kB pathway through
the activation of its protein clients RIP [41] (Figure 1). In view of these results, Hsp60 and
Hsp90 modulators appear as potentially useful agents for controlling inflammation in the
nervous system [42,43]. Currently, numerous compounds have been designed to inhibit
Hsp90 activity, but few have been developed for Hsp60 [15]. Hsp90 inhibitors have been
developed to directly act on the chaperone or on its client proteins. Some inhibitors block
the Hsp90 folding activity linked to adenosine triphosphate (ATP)-dependent conformation
changes [44], while others inactivate its client proteins via proteasomal degradation [45].
For example, geldanamycin induces the degradation of Hsp90 client proteins of the RIP
family with the consequent inhibition of TNF-mediated IkB kinase and NF-kB activa-
tion [41]. Furthermore, Hsp90 forms a complex with HSF1, blocking its translocation to
the nucleus and, thereby, impedes the upregulation of Hsp70 and other anti-inflammatory
molecules [46] (Figure 1). Most of the compounds that inhibit Hsp70 function by targeting
its ATP hydrolysis activity or specific cysteine residues [47].

3. Extracellular Hsp60, Hsp70, and Hsp90 in Acute Nervous System Injury and
Chronic Neurodegenerative Diseases

Neurodegenerative diseases are accompanied by inflammatory responses aimed at
eliminating dead and damaged neuronal cells to restore the compromised area to its normal
status [7]. It should be borne in mind that while short-lived inflammatory responses gener-
ally have a beneficial effect, excessive and persistent release of inflammatory mediators can
be harmful to brain tissue [9]. Moreover, prolonged activation of microglia and astrocytes
could also lead to the alteration of their beneficial functions, which they display under
normal conditions [48]. Therefore, it is not surprising that neuroinflammation contributes
to CNS diseases [49]. Although different in their origins, many neurodegenerative con-
ditions are characterized by shared cellular responses that promote the upregulation of
molecular chaperones as the first line of defense against misfolded, dysfunctional, and
aggregation-prone proteins [50]. There is increasing evidence for the release of Hsp60,
Hsp70, and Hsp90 into the extracellular environment, with functions that are complemen-
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tary or independent of those of their intracellular counterparts. Since these chaperones
lack a secretion signal in their sequences, the mechanisms by which they are released
are poorly understood. In vitro and in vivo studies with Hsp60 have unveiled secretion
pathways, involving lipid rafts and exosomes, which would explain the presence of Hsp60
in extramitochondrial sites such as interstitial space, cellular membrane, and biological
fluids [51]. Similarly, nontraditional secretion mechanisms participate in the membrane
delivery and release of Hsp70, involving lipid rafts [52] and lysosomes [53], in line with
its role as a lysosomal stabilizer [54]. Secretion of Hsp90 via exosomes depends on its
ATPase function and on the open or closed conformational state of the Hsp90 dimer: the
open state promotes Hsp90 release via exosomes, whereas the closed state blocks this
process [55]. Different types of CNS cells, including neurons and glial cells, can release
exosomes with their cargo of specific molecules that could affect the function of acceptor
cells [56]. At the extracellular level, Hsp60 is known to contribute to neuroinflammation
with possible negative implications: this chaperone is highly expressed in activated mi-
croglia, and when released extracellularly, it induces neuroinflammation with neuronal
cell death [57]. For this reason, inhibition of Hsp60 expression and its release represents a
possible therapeutic mechanism applicable to neurodegenerative diseases. The pro- and
anti-inflammatory effects of extracellular Hsp60, Hsp70, and Hsp90 in AD, PD, ALS, HD,
and MS are summarized in Table 1 and discussed in the following paragraphs.

Table 1. Anti- and proinflammatory effects of extracellular Hsp60, Hsp70, and Hsp90 in neurodegen-
erative diseases.

Disease Hsp60 Hsp70 Hsp90

Alzheimer’s disease (AD) Anti- Anti- Pro-
Parkinson’s disease (PD) Pro- Anti- Pro-

Huntington’s disease (HD) Anti- Anti- Pro-
Amyotrophic lateral sclerosis (ALS) Not reported Anti- Not reported

Multiple sclerosis (MS) Pro- Pro- Pro-

3.1. Alzheimer’s Disease

AD is a neurodegenerative disorder in which the amyloid-β peptide (Aβ) accumulates
in extracellular deposits named plaque, whereas neurofibrillary tangles (NFTs) occur
intracellularly with hyperphosphorylated tau [12,58]. Under pro-aggregating conditions
(37 ◦C and stirring), extracellular Hsp60 inhibits the onset of Aβ cross-β-structure formation
that typically accompanies the peptide assembly toward higher ordered structures [59]. The
hypotheses formulated on the possible role of Hsp60 in the formation of protein deposits
are mainly based on its holding activity. For instance, Hsp60 could act as a noncatalytic
inhibitor of polypeptide aggregation by sequestering unfolded monomers via hydrophobic
interactions. However, the stoichiometric ratio of the Aβpeptide/Hsp60 and the limitation
of the methods applied for these measurements put a question mark on the validity of
the results. In fact, the inhibition of amyloid formation appears discontinuous when
passing from a 75:1 to 50:1 molar ratio. Furthermore, the method used, size-exclusion
chromatography, cannot distinguish between Aβ monomers or peptide oligomers of very
low molecular weight, such as dimers or trimers, nor can it discriminate between on-
pathway and off-pathway species. These data suggest that Hsp60 exerts its inhibitory action
only under stress conditions and, in particular, in the presence of other factors such as high
temperature and stirring, which favor the formation of on-pathway seeding species. [59].
Higher levels of Hsp60 were found in lymphocytes isolated from AD subjects [60,61]. αβ
immunization with peptides derived from Hsp60 induced a decrease of cerebral amyloid
burden in a mouse model [62]. Like Hsp60, extracellular Hsp70 also interacts with Aβ

oligomers, blocking their oligomerization into fibers and reducing their toxicity [63]. The
engineered form of secreted Hsp70 (secHsp70) in Drosophila protects against the toxicity
induced by Aβ42 deposits in the extracellular milieu [64]. Exogenous Hsp90 was found
to induce microglial activation and to facilitate phagocytosis and clearance of Aβ directly
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via the TLR4 pathway, but when bound to the Aβ oligomers, it induced the production of
IL-6 and TNF-α [65]. In another work, it was revealed that Hsp90 modulates the formation
of the STIP1 (or Hsp70/Hsp90 organizing protein (HOP))/PrPC complex, which inhibits
the neuroprotective role of STIP1 against amyloid-beta peptide [66]. However, it is still
unclear whether extracellular Hsp70/Hsp90/STIP1 in AD brain exists separately or as a
complex with the Aβ aggregate [66]. All these observations indicate that the understanding
of Hsp90′s role in neurodegeneration deserves further investigation.

3.2. Parkinson’s Disease

PD is characterized by movement disorders and loss of dopaminergic neurons in
the brain’s substantia nigra pars compacta [67,68]. The disease is also characterized by
aggregated α-synuclein that forms nuclear inclusions called Lewy bodies [69]. A study in
yeast cells has shown that null mutations in the Hsp60 gene are linked with defects in the
folding of mitochondrial proteins, with accumulations of misfolded peptides analogous to
the α-synuclein aggregates of PD [70]. Hsp60, Hsp70, and Hsp90 interact with α-synuclein
in the Lewy bodies in PD patients. These inclusions consist not only of α-synuclein aggre-
gates but also contain molecular chaperones which have been sequestered in the aggregates
while attempting to impede or correct protein misfolding and aggregation [71,72]. This
sequestration leads to a deficit of chaperones available for maintaining protein homeostasis,
namely, a chaperonopathy by defect occurs, which contributes to the aggravation of the
pathologic process leading to neurodegeneration. The interaction between Hsp70 and
α-synuclein involves the central hydrophobic region of the pathological protein and the
substrate-binding domain Hsp70 and is crucial for inhibiting assembly before the elonga-
tion stage [73]. The neuroprotective function of overexpressed Hsp70 has been confirmed
in experimental models in vivo [74]. There is less information regarding the protective role
of Hsp90 in the regulation of α-synuclein aggregation. Like in AD, Hsp60, Hsp70, and
Hsp90 contribute to neuronal toxicity in PD. Hsp90 abolishes the binding of α-synuclein
to vesicles and promotes the formation of fibrils [75]. In in vivo and in vitro models of
PD, it was found that Hsp60 expression gradually decreased after 6-hydroxydopamine
(6-OHDA) injection into dopaminergic neurons (DA). This result may be explained by the
release of Hsp60 by the damaged neurons, as suggested by its presence in the cell culture
medium [76]. In PD models and patients, activation of microglia plays a key role in the
release of proinflammatory factors that aggravate the loss of DA neurons [77]. Astrocytes,
which are the predominant glial cell type in the CNS, are also critically affected by stressors.
The expression of Hsp60 on the surface of activated microglia suggests that Hsp60 is
involved in the progression of PD. Extracellular release of Hsp60 from CNS cells under-
going necrotic or apoptotic death activates microglia in a TLR4- and MyD88-dependent
manner [21]. Hsp60 was released from degenerated neurons to activate microglia in a rat
PD model, providing a novel idea for developing a therapeutic strategy to slow or stop PD
progression by preventing the release of Hsp60 or interfering with the interaction between
Hsp60 and microglia [76].

3.3. Amyotrophic Lateral Sclerosis

ALS is a chronic inflammatory demyelinating disease that affects motor neurons and
is characterized by atrophy and paralysis of muscles, with progressive aggravation over
the years [78]. This disease occurs sporadically, but a small percentage is familial with
mutations in specific genes, such as the gene encoding the free-radical-scavenging enzyme
superoxide dismutase-1 (SOD1) [79]. An important aspect of SOD1-associated ALS is the
deposition of SOD1 in large insoluble aggregates in motor neurons. The SOD1 mutated
protein mediates the induction of the disease through the dysregulation of the heat shock
response (HSR)–apoptosis axis [80]. The development of ALS is linked to the formation
of intracellular aggregates of misfolded proteins [78]. Few data are available regarding
the involvement of molecular chaperones in ALS onset. Motor neurons of ALS patients
have an intrinsic deficit in the ability to activate the HSR and, consequently, do not readily
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regulate Hsp expression, as shown, for example, for Hsp70 [81]. It has been observed
that the Hsp70/Hsp40 pair is complexed with the mutant form of the SOD1 protein in
cultured neuronal cells [82]. However, data indicate that the increase of Hsp70 level alone is
not sufficient to ameliorate mutant SOD1-protein-mediated toxicity in mouse models [83].
Histamine is neuroprotective through the HSR in motor neurons and microglia cell cultures,
and in vivo in spinal cord and cortex from symptomatic SOD1-G93A mice [84]. These
results emphasize the relevance of histidine-induced Hsp70 stimulation for preserving
motor function [84]. Further, the intraperitoneal administration of human recombinant
exogenous Hsp70 increased lifespan, delayed the onset of symptoms, preserved locomotor
function, and prolonged motoneuron survival in a mouse model of ALS [85]. Extracellular
Hsp70 stimulates the survival of neurons following injury [86] and overexpressed Hsp70
induces the survival of astrocytes [87]. Under stress, astrocytes increase the release of
exosomes enriched in Hsp70, with positive implications on the survival of nearby neu-
rons [88]. Interestingly, exosomes derived from cancer cells express Hsp70 on their surface,
which allows their interaction with target cells carrying surface Hsp receptors [15]. Hsp70
(DnaJC5/Hsc70 complex) is also believed to be involved in the extracellular release of
proteins associated with neurodegenerative disease as part of its chaperoning functions [89].
Exogenous Hsp70 protects from oxidative damage death in motor neurons through binding
and sequestration of toxic proteins [90].

3.4. Huntington’s Disease

HD is a progressive neurodegenerative disease caused by excess repeats of glutamine
residues, called polyQ repeats, in the huntingtin (Htt) protein, causing protein misfold-
ing [91]. The accumulation of misfolded Htt is associated with cognitive decline and motor
defects [92]. Few studies have investigated the involvement of Hsp60 in HD. For instance,
Hsp60 plays a protective role in HD by inhibiting polyglutamine aggregate formation and
toxicity in vitro [93]. In HD, using confocal microscopy, it was observed that exogenous
Hsp70 helps to reduce the number and size of polyQ inclusions [94]. Under normal condi-
tions, the Htt proteins are under the quality control of the chaperone system, particularly
Hsp90 and Hsp70. Hsp90 co-immunoprecipitates with both mutant and wild-type forms
of Htt, and its inhibition blocks the interaction [95]. Hsp90 preferentially binds the mutant
huntingtin (mHtt) rather than normal Htt proteins and also binds other proteins, such as the
transcriptional repressor RE1-silencing transcription factor (REST) [96]. REST is normally
quiescent in differentiated neurons, but its levels and activity increase as a consequence
of neuronal damage [97]. Under physiological conditions, Htt indirectly regulates REST
nuclear traffic through the formation of a complex that causes REST retention in the cyto-
plasm, whereas under pathological conditions, the binding of mHtt to this complex induces
a conformational change that leads to the release of REST and its subsequent translocation
to the nucleus [96]. A direct effect of this pathological transport of REST is the repression
of neuronal genes containing RE1 sequences, including the brain-derived neurotrophic
factor (BDNF), a survival factor for striatal neurons. Hsp90-specific inhibitors dramatically
reduce Htt stability and REST levels, providing neuroprotective activity [96]. Given the
complexity of the mechanism regulating REST expression and the way by which REST
modulates the expression of its target genes, further studies are needed to understand the
Hsp90–mHtt and Hsp90–REST interactions. Other studies report the involvement of Hsp70
in the pathogenesis of HD. Hsp70 has not only a neuroprotective role as an intracellular
chaperone but it has also important extracellular functions. Extracellular Hsp70 can reach,
for example, the hippocampus, leading to the initiation and propagation of generalized
tonic–clonic seizures [98,99].

3.5. Multiple Sclerosis

MS is a disease of the CNS with autoimmune components that provoke the damage
of myelin around nerves and axons, impairing the transmission of information between
brain and the rest of the body [100]. There is little information on the role that chaperones
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might play in MS. For example, it is not yet established if Hsp60 plays a role in the
immunopathogenesis of MS. Serum and cerebrospinal fluid (CSF) samples with untreated,
relapsing–remitting MS showed antibody signatures targeting epitopes of various proteins,
including Hsp60 [101]. Although extracellular Hsp70 is associated with neuroprotective
functions in AD and PD as it helps in lowering the levels of misfolded proteins, in MS,
it may intensify the immune response. Hsp70 has been found in MS lesions, often in
association with the two major myelin proteins of the myelin sheath, namely, myelin
basic protein (MBP) and proteolipid protein (PLP) [102]. In the experimental autoimmune
encephalomyelitis (EAE) model, Hsp70 promotes an immunological response mediated by
its myelin peptide adjuvant capacity [103]. Moreover, Hsp70 overexpression in vitro leads
to enhanced presentation of MBP in an MHC class-II-dependent manner [104]. It may be
hypothesized that the association of Hsp70 with myelin proteins would be required also
for remyelination during the repair process, and that its deficiency could compromise this
process. This view is supported by findings with autopsy tissue of MS lesions which show
a quantitative reduction of Hsp70 compared with normal brain tissues, a reduction that
parallels the impairment of the remyelination process [105]. Oligodendrocyte precursor
cells (OPCs) are the targets of autoimmune attack in MS, which prevents remyelination.
CSF from MS patients contains antibodies that can specifically recognize Hsp90 molecules
located on OPCs with consequent activation of the complement and significant reduction of
the OPCs [106]. These features indicate that the use of Hsp90 inhibitors could be beneficial
in EAE and probably also in MS.

4. Conclusions

Neuroinflammation and protein misfolding and aggregation are currently recognized
as important players in neurodegenerative diseases. The chaperone system, the main
component of which are molecular chaperones, is critical for maintaining protein home-
ostasis. While protein quality control encompasses the canonical functions of chaperones,
these also have noncanonical functions, and both have an impact on the nervous system
in health and disease. A malfunction of a chaperone may cause disease, a chaperonopa-
thy. Thus, while normal chaperones are typically cytoprotective, abnormal ones can be
pathogenic and contribute to the initiation–progression of neuropathies. This knowledge
opens the road for considering chaperonotherapy as a therapeutic resource in the field
of neurodegenerative diseases. If the chaperones are working in a cytoprotective mode,
namely, promoting protein folding, preventing misfolding and aggregation, and dissolving
reversible aggregates, their levels ought to be enhanced if necessary, for example, when
they become quantitatively insufficient because of excessive demand and/or depletion
because of sequestration in the aggregates. In these chaperonopathies by defect, positive
chaperonotherapy would be appropriate and would involve administration of chaperone
stimulators or the chaperones themselves as proteins or via gene therapy. The same would
apply in other instances of chaperonopathies by defect, for example, when a chaperone is
structurally damaged by mutation or by an aberrant post-translation modification. If, on
the contrary, a chaperone plays an etiologic–pathogenic role and favors development of
neuroinflammation and neurodegeneration, negative chaperonotherapy would be required.
The pathogenic chaperone protein or its gene should be blocked or eliminated. These
are options now open for investigating novel therapeutic approaches targeting neuroin-
flammation and neurodegeneration. For example, arimoclomol, which induces expression
of chaperone genes, is a potential agent to potentiate neuroprotection in ALS [107–109].
Progress in these kinds of therapeutic strategies centering on chaperonotherapy is desper-
ately needed, considering the severity of most neurodegenerative diseases and the current
scarcity of efficacious treatments.
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Abstract: MicroRNAs (miRNAs), a class of non-coding RNAs, seem to play a key role in complex
diseases like multiple sclerosis (MS), as well as in many cognitive functions associated with the disease.
In a previous cross-sectional evaluation on pediatric MS (PedMS) patients, the expression of some
miRNAs and their target genes were found to be associated with the scores of some neuropsychiatric
tests, thus suggesting that they may be involved in early processes of cognitive impairment. To verify
these data, we asked the same patients to be re-evaluated after a 1-year interval; unfortunately, only
nine of them agreed to this further clinical and molecular analysis. The main results showed that 13
differentially expressed miRNAs discriminated the two time-points. Among them, the expression
of miR-182-5p, miR-320a-3p, miR-744-5p and miR-192-5p significantly correlated with the attention
and information processing speed performances, whereas the expression of miR-182-5p, miR-451a,
miR-4742-3p and miR-320a-3p correlated with the expressive language performances. The analysis of
mRNA expression uncovered 58 predicted and/or validated miRNA-target pairs, including 23 target
genes, some of them already associated with cognitive impairment, such as the transducing beta
like 1 X-linked receptor-1 gene (TBL1XR1), correlated to disorders of neurodevelopment; the Snf2
related CREBBP activator protein gene (SRCAP) that was found implicated in a rare form of dementia;
and the glia maturation factor beta gene (GMFB), which has been reported to be implicated in
neurodegeneration and neuroinflammation. No molecular pathways involving the most targeted
genes survived the adjustment for multiple data. Although preliminary, these findings showed
the feasibility of the methods also applied to longitudinal investigations, as well as the reliability
of the obtained results. These findings should be confirmed in larger PedMS cohorts in order to
identify early markers of cognitive impairment, towards which more efficient therapeutic efforts can
be addressed.

Keywords: pediatric multiple sclerosis; microRNA; gene target; high-throughput
next-generation sequencing

1. Introduction

Multiple sclerosis (MS) is a demyelinating autoimmune disease of the central nervous system
(CNS) that usually affects young adults [1]. As in other complex multifactorial diseases, in MS
the possibility to identify reliable biomarkers that are predictive of the disease course has so far been
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elusive due to the multifactorial nature of MS, which involves environmental factors, several genes and
their epigenetic interactions [2]. Lately, the evidence that up to 5% of patients with MS experience their
first clinical symptoms/signs before the age of 18 years [3] has offered the opportunity to investigate
the very early steps of this heterogeneous disease, also helping to disentangle the complex molecular
scenario of the latest phases and possibly leading to more targeted therapeutic efforts. To this aim,
integrated approaches using deep sequencing technologies of next-generation sequencing (HT-NGS)
provide valuable support, e.g., to assess the differential expression of microRNAs (miRNAs), which are
epigenetic factors, the functions of which have been associated with MS and its phenotypic features [4].

Following these suggestions, in a previous study performed on a selected group of 19 pediatric
MS (PedMS), 12 upregulated and 1 downregulated miRNAs resulted, compared to 20 age-matched
controls [5]; six miRNAs were confirmed in an adult MS population (n = 58 patients versus n = 20
controls) suggesting that they may be considered as distinctive markers of the disease independently
of their age [6]. It is also worth noting that the expression of 11 miRNAs correlated with the scores
obtained in different cognitive tests; although none of them passed the 0.05 threshold of statistical
significance, they seemed to point in the direction of a possible impact of miRNAs in PedMS cognitive
performance [7].

To verify these findings, we asked the same PedMS population to be re-evaluated after 1-year by
following the same clinical, neuropsychological and molecular protocols.

2. Subjects and Methods

The criteria for the recruitment of PedMS patients were detailed previously [5]. The study was
approved by the Ethical Committee of Azienda Ospedaliera Policlinico, University of Bari. Since
the PedMS patients were under the age of 18, their legal guardians signed written informed consent
forms (according to the Declaration of Helsinki) at the time of the evaluations.

For the clinical, molecular, bioinformatic and biostatistical analyses, we followed the same methods
used for the first study [5]. Briefly, the clinical disability of each patient was scored by expanded
disability status scale (EDSS) [8], whereas their neuropsychological performances were tested by
a validated battery exploring several cognitive domains [9]. Peripheral blood samples of PedMS
patients were collected in PAXgene blood RNA tubes, coded, anonymized and frozen at−20 ◦C until use.
Total RNA was isolated using a PAXgene blood RNA kit (PreAnalytiX Qiagen/BD, Hilden, Germany)
and sequenced by an Illumina HiSeq2500 platform, after the opportune processing of smallRNA (sRNA)
and mRNA libraries. The HT-NGS data were analyzed with an integrated bioinformatics pipeline,
developed by our group, that includes both miRNAs and genes expression estimation using mirDeep2,
Bowtie, STAR and RSEM; differential expression analysis using edgeR and DESeq2; miRNA-target
gene interaction evaluation using both experimentally validated microRNA–target interaction
databases (DIANA–Tarbase and miRTarBase) and miRNA-target genes prediction algorithms (miRanda,
RNAhybrid, RNA22, miRDB and TargetScan); pathway enrichment analysis using Database for
Annotation, Visualization and Integrated Discovery (DAVID v6.8 https://david.ncifcrf.gov) tool that
provides a large series of functional annotation tools and pathways databases, such as KEGG.

The EDSS score and the individual scores obtained by each administered neuropsychiatric test, at
the study entry and after the follow-up period, were analyzed by a non-parametric Wilcoxon signed
rank test for paired samples. Spearman’s correlation test was also applied to miRNA expressions and
to the scores of the cognitive tests.

3. Results

Only 9 out of 19 PedMS patients (3 males and 6 females) agreed to this further evaluation
after a mean interval of 1.3 ± 0.6 SD years from the first exams (baseline demographic and clinical
characteristics are summarized in Table 1A); five of them had started Interferon beta-1a (IFNβ-1a)
treatment in an average of 140 days (range 21–576 days) from the study entry.
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The neuropsychiatric scores registered at the second time point suggested a trend to deterioration
particularly in the domains of attention and information processing speed, visual–spatial memory,
executive functioning and expressive language (Table 1B). However, no significant changes of clinical
and cognitive abilities were recorded within the observational interval.

Table 1. A: demographic and clinical features of the investigated pediatric multiple sclerosis (PedMS)
patients (at baseline). B: Mean scores (± SD) obtained at the neuropsychiatric tests (baseline and
follow-up).

A.

PedMS (No. 9) Mean ± SD

Age at onset (years) 14.1 ± 2.1

Disease duration (years) 2.2 ± 2.0

EDSS 2.7 ± 0.9 (range 1.5–4.5)

FSS 3.1 ± 2.0

CDI 5.4 ± 1.8

Schooling (years) 10.2 ± 2.0

B.

Cognitive Domains and Tests Baseline
(Mean ± SD)

Follow-Up
(Mean ± SD)

Verbal memory

SRT-LTS 30.4 ± 12 30.8 ± 10.8

SRT-CLTR 22 ± 12.6 23.6 ± 11.2

SRT-D 6.7 ± 2.2 6.8 ± 2.1

Visual-spatial memory

SPART 21 ± 4.9 20.6 ± 3.2

SPART-D 7.3 ± 2.2 7.1 ± 1.6

Attention, IPS

SDMT 40.9 ± 7.9 42.9 ± 8.9

TMT-A 41.8 ± 12.7 41.8 ± 11.8

TMT-B 97.4 ± 46.3 93.6 ± 45.7

Executive functioning

TOL 25.4 ± 5.2 25 ± 4.7

Expressive language

SVFT 24.6 ± 10.6 22.6 ± 8.6

PVFT 15.6 ± 5.7 17.4 ± 4.9

Abbreviations: EDSS = expanded disability status scale; FSS = fatigue severity scale; CDI = children depression
inventory; IPS = information processing speed; SRT-LTS = selective reminding test long-term storage; SRT-CLTR =
selective reminding test consistent long-term retrieval; SRT-D = selective reminding test—delayed; SPART = spatial
recall test; SPART-D= spatial recall test—delayed; SDMT = symbol digit modalities test; TMT = trail making test
(TMT-A and TMT-B); TOL = Tower of London test; SVFT = semantic verbal fluency test; PVFT= phonemic verbal
fluency test.

The multidimensional scaling (MSD) plot of dispersion index between the miRNA expressions of
all PedMS subjects at baseline and at follow-up reported a definite separation between T0 and T12 that
was due to 13 significantly differentially expressed (DE) miRNAs (adjusted p-value < 0.05, absolute
log2 fold change >1) (Table 2; Supplementary Figure S1). Since the clinical features of the examined
PedMS patients did not significantly change during the interval, we could not verify whether any of
these miRNAs might be considered as suggestive markers of the disease progression. However, it
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is interesting to note that the expression of miR-182-5p, miR-320a-3p, miR-744-5p and miR-192-5p
significantly correlated with the scores at follow-up of the Trailing Making Test A (TMT-A) whereas
the expression of miR-182-5p, miR-451a, miR-4742-3p and miR-320a-3p correlated with the scores
obtained at the SVFT test (Spearman’s rho correlation test, p < 0.05; Supplementary Table S1 for
details). Unfortunately, no adjustments for variables such as sex and concomitant Disease-Modifying
Treatments (DMTs) (type and duration of treatment) were allowed due to the small sample size.

Table 2. miRNAs whose expression (logFC) results were statistically significantly different between
the observational interval (adjusted p-value< 0.05) and their published associations with MS and/or
other neurodegenerative disorders.

TRANSCRIPT ID LogFC Adjusted
p-Value

Reported Associations (References, See
Supplementary Files)

hsa-miR-26b-5p 2.254118 0.009

Upregulated in AD [10]
Upregulated in AD vs. FTD vs. HC [11]
Upregulated in ADHD [12]
Downregulated in SPMS [13]
Downregulated in AD [14]
Downregulated in ALS [15]
Related to A-beta expression in cortical neurons
animal model [16]

hsa-miR-127-3p −6.144506 <0.0001 Downregulated in FTD [17]
Upregulated in PPMS exosomes [4]

hsa-miR-182-5p 1.341916 0.01

Upregulated in PedMS [5]
Downregulated in prion disease and AD [18]
Downregulated in ALS [19]
Inhibition of oxidative stress and apoptosis in
inflammatory disease [20]

hsa-miR-192-5p 1.14595 0.03

Upregulated in ALS vs. MS [21]
Regulatory factor in AD [22]
Related to A-beta expression in cortical neurons
animal model [16]

hsa-miR-320a-3p −0.862674 0.03 Downregulated in schizophrenia [23]

hsa-miR-451a 1.435193 0.02

Upregulated in RR [4]
Upregulated in YOAD [24]
Upregulated in depression [25]
Downregulated in ALS [15]
Downregulated in MDD [26]
Downregulated in AD [27]

hsa-miR-486-5p −1.332208 0.03 Upregulated (NC) in MS with low BPV [19]
Upregulated in HD [28]

hsa-miR-501-3p −1.562031 0.002 Downregulated in sera AD [29]
Upregulated in brain tissue—progression [29]

hsa-miR-576-5p 1.74505 0.004
Upregulated in Relapse MS and ON vs. HC [30]
Downregulated in NMOSD [30]
Downregulated in active inflammation [31]

hsa-miR-744-5p −0.817595 0.04

hsa-miR-1275 −1.241061 0.01

hsa-miR-4742-3p 1.418434 0.03 Downregulated in ASD [32]

hsa-miR-548o-3p 1.391054 0.03

Abbreviations: FC = fold change; AD = Alzheimer’s disease; FTD = frontotemporal dementia; HC = healthy
controls; ADHD = attention deficit hyperactive disorders; SPMS = secondary progressive multiple sclerosis; ALS =
amyotrophic lateral sclerosis; PPMS = primary progressive multiple sclerosis; PedMS = pediatric multiple sclerosis;
BD = bipolar disorder; RRMS = relapsing remitting multiple sclerosis; ASD = autism spectrum disorders; MDD =
major depressive disorders; HD = Huntington’s disease; NMOSD = neuromyelitis optica spectrum disorders.
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The analysis of mRNA expression from RNA-Seq data identified 64 DE genes (adjusted p-value
< 0.05, absolute log2 fold change >1). The DE miRNAs and genes were used for the miRNA-target
analysis, under the assumption that changes in miRNA expression may influence the expression of
their target/s. This analysis uncovered 58 predicted and/or validated miRNA-target pairs, including
23 target genes (Figure 1, Supplementary Table S2); most of them were genes already reported
associated with several neuropsychiatric and neurodegenerative disorders, such as TBL1XR1 (targeted
by miR-576-5p, miR-26b-5p, miR-182-5p, miR-451a, miR-4742-3p, miR-548o-3p), SRCAP (by miR-127-3p,
miR-1275, miR-320a-3p, miR-486-5p, miR-744-5p) and GMFB (targeted by miR-182-5p, miR-548o-3p),
as discussed below.
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Figure 1. Graphical representation of miRNA-target genes interaction network using Cytoscape
v3.7.2. The node intensity color is proportional to the log2 fold change values in the DE analysis (red:
under-regulated; green: upregulated); the node size is proportional to the number of miRNA/mRNA
connections. Please note that only downregulated genes were selected as targets of upregulated
miRNAs (in the lower semicircle) and vice versa for downregulated miRNAs (in the upper semicircle).

No molecular pathways involving the most targeted genes survived the adjustment for multiple
data; the only trend to significance was obtained by the KEGG chemokine signaling pathway that
enclosed the genes GNG10, GNG11 and PPBB (p = 0.034, adjusted p> 0.05).

4. Discussion

The possibility that miRNA pathways (including their mRNA gene targets) are involved in
the modulation of MS during the developmental age carries the chance to actively interfere with novel
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and selective therapeutic strategies in order to prevent detrimental effects due to the progression of
the disease or its disabling symptoms like the cognitive impairment. In the same direction, genetic
variants (SNPs) within the genes coding for suggestive miRNAs or located in a miRNA-binding site
of a target gene were evaluated as well, following the suggestion that they may impact the “normal”
miRNA functions [33].

The hypothesis that there may be a molecular signature associated with the cognitive dysfunctions
also in PedMS is more than plausible [7]. Several pieces of evidence also reported significant changes of
selective miRNA/mRNA expression under the treatment available for MS, such as IFNβ, one of the first
approved DMTs since 1996, in the adult MS population [34]. These data, together with the numerous
clinical evidences showing significant improvement of the MS cognitive performances under the IFNβ

therapy [35], suggested that novel therapeutic strategies should be considered, with the final aim to
target the dysregulated molecular pathways possibly identified during the MS cognitive performances.

Unfortunately, the small number of PedMS patients available for this further evaluation did not
allow us to reach conclusive findings on this hypothesis, even in the evaluation of possible interference
of the concomitant IFNβ in both the transcriptomic and the cognitive profiles of the studied PedMS
cohort. However, in our view, several useful pieces of information were provided as well.

First of all, the neuropsychiatric evaluation showed that over an interval of 1-year, in the domains
of attention and information processing speed, visual–spatial memory, executive functioning and
expressive language, results were more compromised in the PedMS subjects than in the general MS
population [36,37]. It is also worthy to note that for some other cognitive tests, the follow-ups registered
slight improvements in the correspondent functions, without any concomitant cognitive rehabilitation,
confirming once more that the interval for performing longitudinal investigation should be longer
to avoid any interferences due to learning curve processing, especially in younger MS patients, as
reported in other investigations [38].

Looking at the molecular results, our data demonstrated that the two time points differed
significantly in the expression of 13 miRNAs. Among them, it is worthwhile to note that the expressions
of miR-182-5p and miR-320a(-3p) were preliminarily associated with cognitive dysfunctions in
the original cohort of 19 PedMS patients [7], whereas those of miR-26b-5p, miR-192-5p, miR-451a,
miR-486-5p and miR-576-5p were already mentioned in adult MS populations [4,13,19,21]. Some of
these significant miRNAs were reported jointly dysregulated in previous analyses, as they were part
of common molecular pathways; this was observed, e.g., for miR-26b-5p, miR-182-5p and miR-451a
in ALS [15]. Further investigations in larger sample sizes and possibly over a reasonably longer
interval, as well as functional studies in MS and other neurodegenerative diseases, will shed light on
the possibility that these significant miRNAs may be considered markers of some clinical changes
over time.

Other intriguing tips derived from the analysis of mRNA expressions that led to several target
genes of interest, some of which were already reported as associated with diseases that impair
the cognitive performances. We cannot speculate on these preliminary results either, since they also
suffer for the same weaknesses of the small-RNA data, as summarized below. However, in our view,
they might be considered as key actors of a more complex molecular pathway underlying the cognitive
functions that, especially in MS, still needs to be disentangled. For example, the most influenced gene
(targeted by 6 miRNAs) is the transducing beta-like 1X-linked receptor 1 (TBL1XR1), which has been
found associated with autism [39], mental retardation and disorders of neurodevelopment [40]. Five
miRNAs targeted the Snf2 related CREBBP activator protein gene (SRCAP) that was found implicated
in a rare form of AD [41]. Interestingly, SRCAP impacts the transcription of CREB, involved with its
transcription factors in memory retention and consolidation by hippocampal neurogenesis. Finally,
although targeted only by two miRNAs, we would direct attention to the glia maturation factor beta
gene (GMFB), a growth and differentiation factor for both glia and neurons, since it has been considered
as a candidate therapeutic target for both neuroinflammatory and neurodegenerative diseases, given
its role in mediating apoptosis and neuroinflammation [42].
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Limitations of the study have been mostly already mentioned; despite the efforts of the investigators
and the high motivations of the PedMS patients and their families during the first time period, only
some of them were available for the follow-up. A longer interval would had been preferred for
other inclusions, as well as for revealing further changes in the cognitive performances; however, this
time extension was not possible due to several technical reasons (related to the incoming deadline of
the financed project). Another unfortunate event was that we were not able to examine the second set
of MRI scans, so we could not verify the associations between the miRNA expressions and the regional
volumetric measurements of the brain, together with the molecular data, as we did at the baseline [7].

On the other hand, this strategy provided a unique opportunity to analyze simultaneously for
the first time the miRNAs and their targeted mRNAs in a selected pediatric population of MS patients,
which was confirmed as an amazing and reliable source of data and information. In fact, the study of
miRNome and Targetome in pediatric patients enabled us to understand how genetic dysregulation
during the developmental age could lead to autoimmune disorders and how a differential genetic
expression may represent a substrate of the phenotype heterogeneity observed during the MS lifespan.
Since children with MS can be considered environmentally naïve, we believe that their genetic load
may provide more significant information than adult patients, especially about those factors that
modulate their phenotypes.

Further investigations and collaborative efforts will be critical, as well as comparisons with other
cognitive disorders of developmental ages, in order to test the possibility that they may share some of
the molecular pathways implicated in cognitive dysfunctions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/22/8274/s1,
Figure S1: Multidimensional scaling plot of Dispersion Index in longitudinal miRNA expressions, Table S1:
Spearman’s correlations between miRNA expressions and scores obtained at the individual cognitive tests, Table
S2: Significant miRNAs/mRNAs pairs resulted from the analysis.
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Abstract: Primary and metastatic brain tumors are usually serious conditions with poor prognosis,
which reveal the urgent need of developing rapid diagnostic tools and efficacious treatments. To achieve
these objectives, progress must be made in the understanding of brain tumor biology, for example,
how they resist natural defenses and therapeutic intervention. One resistance mechanism involves
extracellular vesicles that are released by tumors to meet target cells nearby or distant via circulation
and reprogram them by introducing their cargo. This consists of different molecules among which are
microRNAs (miRNAs) and molecular chaperones, the focus of this article. miRNAs modify target
cells in the immune system to avoid antitumor reaction and chaperones are key survival molecules for
the tumor cell. Extracellular vesicles cargo reflects the composition and metabolism of the original
tumor cell; therefore, it is a source of markers, including the miRNAs and chaperones discussed in this
article, with potential diagnostic and prognostic value. This and their relatively easy availability by
minimally invasive procedures (e.g., drawing venous blood) illustrate the potential of extracellular
vesicles as useful materials to manage brain tumor patients. Furthermore, understanding extracellular
vesicles circulation and interaction with target cells will provide the basis for using this vesicle for
delivering therapeutic compounds to selected tumor cells.

Keywords: brain tumors; extracellular vesicles; miRNA; molecular chaperones; diagnostic tools;
drug delivery

1. Introduction

Brain tumors entail high mortality and morbidity worldwide, with 296,851 new cases and 241,037
deaths in 2018, according to the Global Cancer Observatory [1]. Currently, the diagnosis of brain
tumors is based on neuroimaging techniques complemented by biopsy. However, these methods are
not always applicable because of the type and/or the localization of the tumor. Therapeutic choices
include surgery, and radio-, chemo-, and immunotherapy. However, several complications can occur,
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such as venous thrombosis, pulmonary embolism, intracranial bleeding, wound and systemic infection,
seizures, depression, deteriorating neurologic conditions, and adverse drug reaction [2]. This worrying
scenario points to the need for novel methods that will allow earlier and more accurate diagnosis and
better patient monitoring and treatment than those currently available.

Remarkable achievements in the molecular and genetic fields have opened new frontiers in the
management of brain tumors, including the identification of new diagnostic and prognostic molecular
biomarkers released by the tumor. Noteworthy examples of these biomarkers are carried by extracellular
vesicles (EVs), released by tumors. EVs, which are considered mediators of intercellular communication,
carry bioactive molecules between cells close by or distant, affecting physiological and pathological
processes in recipient cells [3–9]. MicroRNAs (miRNAs) and molecular chaperones are among the
bioactive molecules carried by EVs that affect, either directly or indirectly, cancer initiation, cell
proliferation and growth, and metastasization [10–14]. Consequently, specific miRNAs and molecular
chaperones have been suggested as targets for analysis that can provide useful information for differential
diagnosis, assessing prognosis and response to treatment, and for developing novel therapies [15]. One
added advantage is that EVs can be obtained from biological fluids with minimally invasive procedures.

Here, we discuss the role of EVs in the pathogenesis of brain tumors, summarizing current
knowledge regarding their miRNAs and molecular chaperones cargo. We examine their role in the
development of brain tumors, and their impact on the tumor microenvironment.

2. Intercellular Communication: EVs

Cells can share between them biological information using lipids, proteins, or nucleic acids as
mediators, which are carried within small, nano-to-micrometer lipid-membraned EVs released by
them [16]. EVs are present in biological fluids, including blood, urine, milk, saliva, and cerebrospinal,
amniotic, and seminal fluids [17].

EVs play a key role in intercellular communication in physiological and pathological cellular
processes [18,19] and are considered a valuable source of useful biomarkers [20–22].

The International Society for Extracellular Vesicles (ISEV) encourages the use of the term “extracellular
vesicles (EVs)” as a generic term for all secreted vesicles, considering the lack of consensus for the
identification of specific markers to distinguish between the different subtypes of EVs [23]. Formerly,
the nomenclature assigned to EVs subgroups was based on differences in the size and formation
mechanism [23], and classified them into three main groups: 1. shedding microvesicles, with a size
range of 100–1000 nm [24]; 2. apoptotic bodies (1–5 µm diameter), released into the extracellular
environment by dying cells [25]; and 3. exosomes, small vesicles between 30–150 nm in size produced
from the endosomal compartment [23].

However, distinguishing between the various groups is still problematic, so in this review, we
refer to EVs, regardless of the classification used in the works cited, which often do not report specific
data that would allow a precise identification of EVs subtypes.

It is known that EVs are involved in numerous physiological and pathological processes, including
immune response, signal transduction, tumor progression, and inflammation [4]. Consequently, EVs
have potential as carriers of molecular biomarkers for diagnosis and prognosis in a range of conditions,
including cardiovascular, renal, and neurodegenerative diseases, and cancer [26], or as transporters of
therapeutic agents [27,28].

EVs carry proteins, lipids, mRNA, and miRNAs, and their contents depend on the type and
function of the cell in which they originate [29].

EVs contain substantial amounts of different RNA species, such as miRNA, mRNA, ribosomal
RNA, long noncoding RNA, transfer RNA, and small nuclear RNA [30]. Although mRNAs are the most
abundant class of RNAs in EVs, many studies have focused on miRNAs because of their apparent role in
cancer progression. Vesicular miRNAs were suggested as novel diagnostic, prognostic, and predictive
biomarkers in several common cancers [31].
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Exosomes are highly enriched in proteins with various functions, such as proteins associated with
cell membrane interaction, invasion, and fusion, e.g., the tetraspanins CD9, CD63, CD81, and CD82.
The tetraspanins CD9, CD63, and CD81 are used as specific markers [23]. Furthermore, EVs contain
proteins involved in maintenance of cell homeostasis and protection of cells against stress/apoptosis,
e.g., molecular chaperones, some of which are called heat shock proteins (Hsp). Hsp60, Hsp70, and Hsp90
are the most commonly present Hsps in EVs and are among the most used vesicular markers [32].

3. miRNAs and Molecular Chaperones in Brain Tumors

Brain tumors are a heterogeneous group of neoplasms that differ in etiology, morphology, clinical
manifestations, prognosis, and treatment. They were initially classified by the World Health Organization
(WHO) according to their histologic features and presumed cellular origin. This type of characterization
was the main tool used for many years in the diagnosis and management of patients, including decision
on treatment strategy [33–36] (Table 1). However, increasing genetic and epigenetic discoveries have
shown that a classification only based on histopathological findings fell short of the mark. For this
reason, in 2016, the WHO formulated an updated classification, which went beyond the old principle
of diagnosis based only on microscopy and incorporated molecular parameters to define brain tumors
entities. This new classification allows a more objective and accurate diagnosis, ensuring a more
accurate assessment of prognosis and treatment response than the old one [37].

Brain tumors can be either benign (noncancerous), or malignant (cancerous). The latter can be
distinguished into primary, arising directly within the brain, and secondary, namely metastatic brain
tumors derived from other parts of the body that have metastasized to the brain [2,38–40] (Table 1).
Up to half of the metastatic brain tumors derive from lung cancer. Other types of tumors that commonly
spread to the brain include melanoma, and breast, kidney, and colon cancer, although determining the
site of the primary tumor is often difficult [38,41–44].

Genetic and environmental factors are implicated in the onset of primary brain tumors. The former
are exemplified by neurofibromatosis types 1 and 2, adenomatous polyposis syndrome, tuberous
sclerosis, nevoid basal cell carcinoma syndrome, Turcot syndrome, Li–Fraumeni syndrome, and von
Hippel–Lindau syndrome, whereas those linked to environmental factors are exemplified by those
caused by ionizing radiation, and they are all considerably less frequent than secondary tumors
(Table 1) [45–51] (Table 1).

Table 1. Characteristics of the most common primary brain tumors.

Tumor Cell of Origin Molecular Features Clinical Features Ref.

Astrocytomas
Diffuse astrocytoma (WHO Grade II);

Anaplastic astrocytoma (WHO
Grade III); Pilocytic astrocytoma
(WHO Grade I); Glioblastoma
multiforme (WHO Grade IV);

Gliosarcoma (WHO Grade IV) 1.

Astrocyte

p16 deletion
p53 mutation

PTEN mutation
EGFR amplification

IDH1 mutation

Astrocytomas,
oligodendrogliomas,

and ependimomas are
gliomas that originate in the

glia and are extremely
invasive and malignant.

Main symptoms are
headache, seizures, nausea,

vomiting, disturbed
vision, tingling

sensations, weakness,
difficult ambulation.

[52–64]

Oligodendrogliomas
Oligodendroglioma (WHO Grade II);

-Anaplastic Oligodendroglioma;
(WHO Grade III).

Oligodendrocyte

PEG3 deletion
EGFR amplification

p53 mutation
p16 deletion

IDH1, IDH2 mutation
Ependymomas

Subependymoma (WHO Grade I);
-Myxopapillary ependymoma (WHO

Grade I); Ependymoma (WHO
Grade II); Ependymoma, RELA

fusion-positive (WHO Grade II or III);
Anaplastic ependymoma

(WHO Grade III).

Ependymal cell

NF2 mutation
MT3 underexpression
hTERT overexpression

miR-485-5p downregulation
IGF1 upregulation

p16 deletion
EGFR amplification
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Table 1. Cont.

Tumor Cell of Origin Molecular Features Clinical Features Ref.

Meningiomas
Meningioma (WHO Grade I);
Atypical meningioma (WHO

Grade II); Anaplastic meningioma
(WHO Grade III).

Meningeal cell

NF2 mutation
DAL1 loss

PTEN mutation
p16 deletion

EGFR overexpression

Meningiomas are tumors of
the meninges. Main

symptoms are headache,
seizures, psychotic–motor

disabilities, mental
weakening, personality

changes, visual disorders,
language dysfunction.

[37,65–69]

Medulloblastomas
Medulloblastoma (WHO Grade IV);

Desmoplastic/Nodular
Medulloblastoma (WHO Grade IV);

Medulloblastoma with Extensive
Nodularity (WHO Grade IV);
Anaplastic Medulloblastoma

(WHO Grade IV).

Neuron

p53 mutation
TRKC, ERBB2, FSTL5

overexpression
PTCH1, CTNNB1 mutation

MYC amplification
DDX3X mutation

Medulloblastomas are
tumors of the cerebellum.

Main symptoms are
headache, morning

vomiting, ataxia.

[70–78]

1 WHO, World Health Organization.

Current diagnostic approaches are based on imaging methods with subsequent histological
examination of a biopsy. However, these approaches are limited by tumor localization and heterogeneity.
Treatment choices can vary depending on tumor type and location, malignancy potential and patient’s
conditions, and include surgery, radiotherapy, chemotherapy, or a combination. Complete safe surgical
resection, followed by radio/chemotherapy, represents the most common initial treatment for many
primary brain tumors. The main aims are to achieve an accurate histological diagnosis, define the
tumor’s molecular genotype, reduce the mass effect and tumor burden, improve patient’s quality of
life, and prolong survival time [2,79,80].

Despite efforts to develop new therapeutic strategies, including surgical procedures, and radio-,
chemo-, and immunotherapies, brain tumors continue to be a substantial source of morbidity and
mortality worldwide, a situation compounded by late diagnosis and the development of resistance to
anticancer agents [81–83].

For this reason, repeated attempts have been made over the last few years to identify specific
biomarkers that could be detected/measured using noninvasive methods and that would allow early
diagnosis and disease monitoring, including controlling the response to treatment [84].

Among the diagnostic and prognostic markers currently under investigation, miRNAs and molecular
chaperones released by EVs hold promise, considering their roles in physiology and pathology. For example,
they are implicated in the regulation of the cellular proteome at transcriptional and post-transcriptional
levels. Thus, it is likely that cancer cells may use miRNAs and chaperones by delivering them to other
cells and influence them in ways favoring tumorigenesis.

3.1. miRNAs in Brain Tumors

MicroRNAs are short noncoding single stranded RNA (ssRNA) molecules, 19–25 nucleotides long,
which regulate the expression of target genes post-transcriptionally by affecting either the stability or
the translation of their mRNA [85].

The biogenesis of miRNAs consists of two highly regulated cleavage events [86]. The first one,
occurring within the nucleus, generates a long hairpin-shaped RNA molecule called pre-miRNA [87–92]
which is exported to the cytoplasm, in which the second step occurs, producing a shorter double
stranded RNA [93–97]. One of the strands, the star (*) strand or passenger strand, is degraded. The other
strand (the guide strand or mature miRNA) forms the miRNA-induced silencing complex (miRISC) that
specifically recognizes a target mRNA, and downregulates gene expression by repression of translation
or by mRNA cleavage [98–104]. However, in recent years it became clear that the passenger strand may
not be degraded and could act as miRNA. Thus, according to a more recent nomenclature proposed
by the miRBase registry, the two miRNA strands produced after the second cleavage are referred to
as predominant product (indicated without *) and the strand from the opposite arm of the precursor
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(indicated with *). When the data are not sufficient to determine which sequence is predominant,
the strands are indicated as 5p, i.e., present in the forward (5′–3′) position, and 3p, i.e., located in the
reverse (3′–5′) position [105].

Since their discovery over 30 years ago in the nematode Caenorhabditis elegans [106,107], a myriad
of new miRNAs have been identified and annotated in the miRbase registry, and their number
continuously increases thanks to the development of new high-throughput sequencing technologies
and computational and bioinformatics prediction methods, which facilitate identification of miRNAs
targets and their biological functions [108–114].

Currently, in humans over 2000 miRNAs have been annotated and validated, which regulate the vast
majority of protein encoding genes, and thus most if not all biological events [115–121]. For this reason,
any alteration of a miRNA normal expression profile was often related to pathology, including cancer as
firstly suggested by the depletion or downregulation of miR-15a and miR-16a genes in the majority of
B-cell chronic lymphocytic leukemia [122]. Typically, when miRNAs expression is amplified in cancer cells,
they function as oncogenes and promote cancer development by negatively regulating tumor suppressor
genes and/or genes that control cell differentiation or apoptosis. Conversely, when downregulated,
miRNAs act as tumor suppressors and may inhibit tumorigenesis by regulating oncogenes and/or genes
that control cell differentiation or apoptosis [123,124]. There are several mechanisms inducing miRNAs
dysregulation in cancer, such as (i) miRNAs genes amplification or deletion [122,125]; (ii) abnormal
transcriptional regulation of miRNA genes [126,127]; (iii) epigenetic alterations, such as aberrant DNA
methylation and histone acetylation of miRNAs genes, which, in turn, affect miRNAs levels [128,129]; and
(iv) defects in miRNAs biogenesis and maturation pathways, which can alter their expression [130,131].

MicroRNAs with expression levels different in the tumoral tissues as compared with the normal
tissue counterparts were identified for several tumor types, for instance glioblastoma [132–134].

More than 70 percent of all brain tumors are gliomas that are classified according to the type of the glial cell
involved, and include astrocytoma (astrocytoma, anaplastic astrocytoma, and glioblastoma), ependymomas
(anaplastic ependymoma, myxopapillary ependymoma, and subependymoma), and oligodendrogliomas
(oligodendroglioma, anaplastic oligodendroglioma, and anaplastic oligoastrocytoma) (Table 2). Microarray
studies on miRNAs have shown significant changes of their expression profile in gliomas, both in children
and in adults [135,136] (Table 2).

Compared to normal brain tissues, miRNA-155 (miR-155) was found overexpressed in glioma
tissues, and its overexpression was associated with poor overall survival rates, suggesting that
monitoring its expression levels could be a way to assess prognosis [137]. The positive correlation
between miR-155 expression level and glioma malignancy was further established by in vitro and
in vivo studies [138]. In vitro, miR-155 promoted tumor cells proliferation, invasion, and migration by
downregulating two components of the mitogen-activated protein kinase (MAPK) signaling pathway
and, in turn, enhancing secretion of matrix metalloproteinases 2 (MMP2) and MMP9 [138]. Moreover,
it competed with miR-185 to induce ANXA2 (annexin A2), which exhibited oncogenic functions in
glioblastoma multiforme (GBM) [139]. In vivo studies showed that miR-155 facilitated the progression
of glioblastoma and confers drug resistance by modulating Six1 expression [140]. These results confirm
the role of miR-155 as oncomiR and suggest its potential use as biomarker and as an anticancer
drug target. In fact, its knockdown sensitized glioma cells to temozolomide, a common anticancer
drug, through the induction of MAPK13, MAPK14, and Six1, and mediated oxidative stress and
apoptosis [138,140] (Table 2).

The other two miRNAs proposed as oncomiRs, and potential prognostic biomarkers, are miR-221
and miR-222, whose high levels of expression are positively correlated with glioma aggressiveness and
poor prognosis [141,142]. Among miR-221 and miR-222 targets that are involved in these protumorigenic
effects are the tissue inhibitor of metalloproteinase (TIMP3), which is downregulated concomitantly
with miR-221 and miR-222 overexpression, promoting glioma cell invasion [141], and the Akt pathway,
which is activated, promoting cancer cell proliferation [143]. Conversely, cosuppression of miR-221
and miR-222 suppresses human glioma-cell growth and proliferation by a mechanism involving the
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upregulation of the cell cycle inhibitor p27Kip1 both in vitro and in vivo [144]. Moreover, as reported
for the oncomiR-155, downregulation of miR-221 and miR222 sensitizes glioma cells to temozolomide
by increasing the expression of proapoptotic factors [145] (Table 2).

There are also several examples of miRNAs considered tumor suppressors of malignant gliomas.
Low plasma level of miR-185 is a signature of a glioma that correlates with poor survival [146]. Its
inhibition after miR-155 overexpression in GBM promoted ANXA2 expression and tumor growth and
progression [139]. Similarly, serum miR-205 expression was significantly lower in patients with glioma
than in healthy controls, as well as in other brain tumor cohorts, and its serum level appeared inversely
correlated with pathological grades and overall survival, since patients with glioma at an advanced
pathological grade (grade III or IV) and a higher miR-205 serum level had a longer overall survival than
those with a lower miR-205 serum concentration [147]. Thus, miR-185 and miR-205 were identified
as tumor suppressors and were proposed as biomarkers with predictive prognostic potential to be
used with noninvasive tools for monitoring cancer progression and response to treatment [146–149]
(Table 2).

Glioblastoma multiforme (WHO grade IV astrocytoma) is characterized by poorly differentiated
glial cells with polymorphism, nuclear atypia, and high mitotic activity, and is the most common
malignant primary brain tumor, with an incidence of 3.19 cases per 100,000 person/year and a remarkably
poor prognosis due to the still limited therapeutic options [150]. Therefore, the identification of new
diagnostic and prognostic biomarkers is necessary to develop novel and personalized therapeutic
treatments. Also, in this case, great interest was elicited by miRNAs, which often show an altered
expression level in GMB patients compared to healthy controls, as already discussed for miR-155 and
miR-185. It was observed that the serum level of miR-203 is decreased in GBM patients compared
with low grade glioma (LGG) patients and healthy controls, and it positively correlates with poor
overall survival [151]. These results confirm the tumor-suppressor activity of miR-203 in GMB,
whose low expression level in two human GBM cell lines was previously shown to induce their
epithelial–mesenchymal transition and confer them chemoresistance [152] (Table 2).

Similarly, miR-605 has a reduced expression level in GMB tissues and cell lines, and this was
correlated with patients’ poor survival [153]. Conversely, increased levels of miR-605 inhibited cancer cell
proliferation and growth in vitro and in vivo, by directly targeting SOX9 (SRY-box 9) and by inhibiting
the activation of the PI3K (phosphatidylinositol 3-kinase)/Akt (protein kinase B) pathway [153] (Table 2).

Compared to GBM, much less is known about circulating miRNAs as useful indicators for diagnosis
and prognosis of meningiomas. In addition, for these tumors, miRNAs have been identified that act as
oncogenes or tumor suppressors. For instance, miR-200a has been implicated in the pathogenesis of
meningiomas and was found downregulated in sporadic benign human meningioma tumors (WHO
grade I), compared to the arachnoid tissues from which these tumors arise [154]. This miRNA functions
as a potential tumor suppressor since its upregulation inhibits Wnt/β-catenin signaling, involved in cell
proliferation, through two complementary mechanisms: a) direct targeting of the β-catenin mRNA,
which reduces the levels of β-catenin, acting as the main activator of the Wnt signaling; and b) targeting
the mRNAs for ZEB1 (Zinc Finger E-Box Binding Homeobox 1) and SIP1 (Smad Interacting Protein
1), which negatively regulate the expression of the E-cadherin gene, with a consequent upregulation
of E-cadherin levels and sequestration of β-catenin [154]. Another mir-200a target is the nonmuscle
myosin heavy chain IIb (NMHCIIb), involved in regulation of cells motility. NMHCIIb downregulation
concomitantly with miR-200a overexpression in malignant meningioma cells significantly reduced the
rate of cancer cells migration, and thus tumor invasiveness [155].

The expression level of miR-145 appears significantly reduced in atypical and anaplastic tumors as
compared with benign meningiomas [156]. In vitro, the overexpression of miR-145 reduced meningioma
cells proliferation and motility, thanks to the associated downregulation of collagen type V alpha
(COL5A1) and induced apoptotic cell death [156]. These effects translated into a decreased growth of an
orthotopic tumor in a nude mice model, with reduction in tumor cell infiltration upon overexpression
of miR-145 [156] (Table 2).
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The microRNA miR-335 is overexpressed in meningiomas and acts as an oncomiR. It has been
shown that elevated levels of miR-335 in vitro increased tumor cell growth by directly targeting the
signaling pathway of the tumor suppressor Rb1, whereas reduction of the miR-335 levels had the
opposite effect on tumor growth and progression, leading to cell cycle arrest in the G0/G1 phase [157].

The oncogenic role of miR-335 was observed also in astrocytoma, a type of glioma deriving from
astrocytes or astroglial precursors; it was overexpressed in astrocytoma cells, promoting their growth
and invasiveness by targeting the tumor suppressor disheveled-associated activator of morphogenesis
1 (Daam1), a member of the formin protein family acting downstream of Wnt signaling, and responsible
for the regulation of cell polarization, migration, proliferation, and tissue morphogenesis during
embryonic development [158]. On the contrary, miR-335 inhibition suppressed growth and induced
apoptosis of astrocytoma cells in vitro and in vivo, suggesting its potential use as therapeutic target [158]
(Table 2).

The microRNA miR-224 level was found higher in meningioma tissues compared to normal brain
and was positively correlated with advanced pathological grade [159]. miR-224 could be a promising
therapeutic target for treating malignant meningiomas, since its downregulation in vitro suppressed cell
growth and increased apoptosis through the activation of the ERG2-BAK-induced apoptosis pathway [159]
(Table 2). Six miRNAs (miR-106a-5p, miR-219-5p, miR-375, miR-409-3p miR-197, and miR-224) were
identified in serum from patients with meningioma [160]. The serum levels of miR-106a-5p, miR-219-5p,
miR-375, and miR-409-3p were increased in meningioma patients compared to healthy controls and
decrease after tumor removal. On the contrary, the serum levels of miR-197 and miR-224 were markedly
decreased in meningioma patients but significantly increased in the postoperative samples of the same
patients. Therefore, the use of this panel of miRNAs was suggested as potentially useful for the diagnosis
and the evaluation of clinical outcomes during management of meningioma patients [160] (Table 2).

Similarly, very recently the use of miRNAs profiling was proposed as novel tool to predict meningiomas
recurrence, and improve patients’ clinical management [161].

MicroRNA profiling in brain tumor biology has been conducted considering not only the miRNAs
expressed in malignant tissues and in blood from patients, but also the miRNAs released in the
cerebrospinal fluid (CSF). CSF is considered the ideal source of nervous tissue-specific miRNAs to
use as diagnostic biomarkers for brain tumors, since it is in direct contact with the entire central
nervous system, and has the advantage of containing fewer miRNAs than blood plasma or serum,
which, flowing throughout the body, collect miRNAs generated by all tissues [162–167]. Recently,
a screening was conducted, using CSF samples from patients with glioblastoma, low-grade glioma,
meningioma, and brain metastasis, and from nontumor patients as controls, with the aim of identifying
specific CSF miRNA patterns that could differentiate brain tumors from one another [166]. CSF miRNA
signatures were identified for all the cancer types studied, which revealed the potential of CSF miRNAs
for diagnosis of brain tumors, especially in cases with borderline or uncertain imaging results [166]
(Figure 1).

Table 2. MicroRNAs in brain tumors.

Tumor miRNA Function
Quantity

Ref.
Level Tissue/Cell

Glioma

miR-21 OncomiR
Increased GBM cells and derived EVs 1 [168–174]

Increased Blood; GBM cells
derived EVs [175]

miR-148a OncomiR Increased
Glioma tissues; glioma cell

line; GBM specimens
and cell line

[137–140]

miR-155 OncomiR Increased Blood; Glioma cell line [141–145]
miR-221/222 OncomiR Increased Blood [176]

miR-301a OncomiR Increased GBM patient’s serum [177]
miR-222, miR-124-3p,

miR-221, miR-320,
miR-574-3p,

and miR-301a

Positive diagnostic
biomarkers Increased Astrocytoma cells [158]

89



Appl. Sci. 2020, 10, 6961

Table 2. Cont.

Tumor miRNA Function
Quantity

Ref.
Level Tissue/Cell

Glioma

miR-335 OncomiR Increased GBM cells and derived EVs [168]

miR-451 OncomiR Increased in cells
and released in EVs GBM cells and derived EVs [178]

miR-1238 OncomiR Low levels in cells GBM cells and derived EVs [179]
miR-1 Tumor suppressor Released in EVs GBM cells derived EVs [180]

miR-151a Tumor suppressor Low levels Blood; GBM specimens
and cell line [139,146,149]

miR-185 Tumor suppressor Decreased GBM cell lines and blood [151,152]
miR-203 Tumor suppressor Low levels Blood [147,148]
miR-205 Tumor suppressor Low levels GBM tissues and cell lines [181,182]
miR-454 Tumor suppressor Low levels GMB tissues and cell lines [153]
miR-605 Tumor suppressor Increased Meningioma tissues [159]

Meningioma

miR-224 OncomiR Increased Meningioma tissues;
meningioma cell [157]

miR-335 OncomiR Low levels
Atypical and anaplastic

meningiomas;
meningioma cell

[156]

miR-145 Tumor suppressor Low levels Benign meningioma tissue [154,155]

miR-200a Tumor suppressor
Increased Malignant meningioma cells [154,155]

High levels Blood [160]
miR-106a-5p, miR-219-5p,
miR-375, and miR-409-3p

Diagnostic and prognostic
biomarkers Low levels Blood [160]

miR-197 and miR-224 Diagnostic and prognostic
biomarkers

Increased
following
recurrence

Tumor samples [161]

miR-15a-5p, miR-146a-5p,
and miR-331-3p Prognostic biomarkers [161]

1 GBM, glioblastoma multiforme.
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3.2. Molecular Chaperones in Brain Tumors

Molecular chaperones are the main components of the chaperoning (chaperone) system (CS) of an
organism, which is also constituted of co-chaperones, chaperone cofactors and chaperone receptors
and interactors, forming different functional networks [183,184]. Some chaperones are called Hsp
(from heat shock protein), since they increase in response to heat shock and other stressors [185–188].
Although not all chaperones are Hsps and vice versa not all Hsps are chaperones, both terms have been
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used indistinctly for years, as if they were true synonyms. This unfortunate confusion is practically
impossible to eradicate from the literature and continues to thrive. Therefore, we use the terms chaperone
and Hsp interchangeably in this work.

The canonical functions of chaperones pertain to protein homeostasis and quality control [189–198].
However, chaperones have also noncanonical functions unrelated to the maintenance of protein
homeostasis, including participation in immune and inflammatory reactions [12,199–201].

The CS interacts with the immune system and when malfunctional, it becomes a pathogenic
factor in autoimmune and inflammatory diseases. The diseases in which components of the chaperone
system play an etiological–pathogenic role are the chaperonopathies [202].

As for most diseases, chaperonopathies can be genetic or acquired, with the former being the result
of a gene variant, e.g., mutation, while the acquired chaperonopathies are characterized by structural and
functional abnormalities in the chaperone protein, but its gene is normal. In addition, chaperonopathies
can be classified according to its main feature as by defect, by excess, and by mistake [203]. Typically,
chaperonopathies associated with cancer are by mistake, namely the pathogenic chaperone helps the
tumor cell rather than defend the human host against it. Since chaperones are classically considered
cytoprotective and guardians of protein homeostasis, their helping malignant cells to grow, proliferate,
and disseminate appear as mistaken activities, so to speak. This concept has played a key role in alerting
physicians and pathologists to the fact that chaperones may be determinant pathogenic factors and
should be looked upon as tumor biomarkers and targets for treatment, with negative chaperonotherapy
being the modality of choice most often, which consists of inhibiting, blocking, or eliminating the
“mistaken” chaperone.

Molecular chaperones can confer resistance against chemo- and radiotherapies, and support glial tumor
growth and invasion, i.e., the typical role of “mistaken” chaperones that characterize the chaperonopathies
by mistake, underpinning carcinogenic mechanisms in certain types of tumors [13,204–208] (Table 3).

A positive correlation between Hsp27 expression level and the growth rate of different types of
high-grade astrocytoma, including glioblastoma, has been reported, suggesting its involvement in
promoting tumor growth [209,210]. Hsp27 is an important regulator of F-actin polymerization and it
was shown that p38MAPK activation, followed by Hsp27 phosphorylation, was required for Phorbol
12-myristate 13-acetate (PMA)-induced migration of glioblastoma cells, suggesting that this chaperone
is a potential target of negative chaperonotherapy to inhibit cancer invasion and progression [211].
This hypothesis was further supported by findings showing that Hsp27 downregulation synergizes the
anticancer effects of different drugs and treatments, reducing GBM cell proliferation and promoting
caspase 3-mediated apoptosis [212–214].

Another Hsp involved in glioblastoma tumorigenesis is Hsp47. Hsp47 was found overexpressed in
glioma tissues and cell lines and associated with glioma tumor grade [215]. Moreover, its expression level
was positively correlated with tumor vascularization, since its silencing consistently decreased VEGF
expression in glioma cells, and reduced glioma vasculature [215]. Hsp47 knockdown also inhibited glioma
cell growth, migration, and invasion in vitro and in vivo [216]. Contrarily, in vivo Hsp47 overexpression
promoted primary glioma cell tumor formation and stemlike properties maintenance, as well as tumor
invasion and angiogenesis, thanks to the upregulation of extracellular matrix related genes, such as CD44,
LAMC1m COL4A2, ITGB1, FN1, and MMP9, through the TGF-β pathway [217]. These data indicate
a key role of Hsp47 in glioma angiogenesis, suggesting its potential use as therapeutic target to treat
glioma tumors (Table 3).

In addition, the involvement of the mitochondrial chaperonin Hsp60 in glioblastoma tumorigenesis
and progression has been studied. The Hsp60 expression level was found higher in glioblastoma patients
and cell lines, with an antiapoptotic and a prosurvival role [218,219]. Hsp60 through its interaction with
cyclophilin D, Hsp90, and other cofactors, modulates tumor growth and prevents apoptosis in vivo [218].
Moreover, the chaperonin downregulation in glioblastoma cells leads to epithelial–mesenchymal
transition and increases production of reactive oxygen species (ROS), ultimately suppressing cell growth
and proliferation through the ROS/AMPK/mTOR pathway [219]. The protumorigenic role of Hsp60 was
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suggested also by immunohistochemical analysis on a subset of human brain neoplasms by comparing
the levels of Hsp60 and Hsp70, another Hsp commonly implicated in carcinogenesis [220–222].
The results showed a significant difference between Hsp60 and Hsp70 levels in neuroepithelial tumors,
while levels of both molecules did not differ among each other in meningeal neoplasms. It was
suggested that Hsp60 is not increased by a passive phenomenon, but may play an active role in tumor
progression, although other studies are needed to fully understand this issue [220,223,224].

Hsp70 is another chaperone that is thought to play a role in carcinogenesis, since it was found
abundantly expressed in malignant cells, and with different roles [225]. For instance, the cytosolic,
membrane-bound, and extracellular forms of Hsp70 are augmented in primary glioblastomas [226],
and its increase was associated with increased proliferation, migration, and invasion rates, as well
as with acquisition of radio resistance by human glioblastoma cell lines [227,228]. It has been shown
that Hsp70 promotes survival of C6 and U87 glioma cells, by protecting ATF5 from proteasome and
caspase-dependent proteolytic degradation [229]. Moreover, in a rat model of GBM (C6 cells), Hsp70
elicited cytoprotective activity and rescued glioblastoma cells from oxidative stress and death by
sequestrating the aggregation-prone GAPDH, which is usually responsible for pathogenic aggregation
of proteins after cell exposure to oxidative stress. The protective power of the chaperone could be
abolished by specific inhibitors of Hsp70 expression [230] (Table 3).

Another Hsp with a protumorigenic role in glioma is Hsp90, which through different signaling
pathways, promotes cancer cell motility and invasion [231–234]. In addition to migration, Hsp90 regulates
other protumorigenic processes in GBM cells, such as cell-survival mechanisms and apoptosis. Consequently,
a combined treatment with Hsp90 and PI-3 kinase inhibitors has been shown to increase the apoptotic death
of GBM cells, likely by disrupting AKT signaling and promoting G2/M arrest [235]. In agreement with these
results, several works demonstrated the efficacy of Hsp90 inhibitors in counteracting malignant gliomas,
proposing their use, alone or in combination with other traditional anticancer drugs, as potential therapeutic
agents in gliomas treatment—all examples of negative chaperonotherapy [208,236–238] (Table 3).

Compared to malignant gliomas, less is known about the role played by Hsps in other brain tumors.
Two different studies investigated different Hsps on paraffin-embedded sections from medulloblastoma
patients using immunohistochemistry and found substantial amounts of them [239,240]. However,
these data are still preliminary and further studies, involving a larger series of patients, are necessary
to clarify the relationship of Hsps with tumor aggressiveness and prognosis [239,240] (Figure 1).

Table 3. Reported roles of Hsp27, Hsp47, Hsp60, Hsp70, and Hsp90 in gliomas.

Chaperone/Hsp Role in Gliomas Ref.

Hsp27 Promotes tumor growth, and cancer-cell proliferation and motility [209–214]
Hsp47 Promotes tumor growth, invasiveness, and angiogenesis [215–217]

Hsp60 Promotes tumor progression by enhancing cancer-cell proliferation, preventing
apoptosis, and inhibiting the antitumor immune response [218–220]

Hsp70 Promotes cancer cell proliferation, migration, and invasion, and protects cancer
cells from apoptosis and anticancer drugs [227–230]

Hsp90 Promotes cancer-cell motility, tumor invasiveness, and drug resistance [231–235]
CCT6 Promotes GBM cell invasion and has a negative association with patient survival 1 [241]

1 GBM, glioblastoma multiforme.

4. The Release of miRNAs and Chaperones through EVs as Molecular Signaling and Source
of Biomarkers

Intercellular communication between tumor cells and their neighboring structures, including
other cells, is vital for cancer growth and progression, and EVs are key elements in this crosstalk.
However, the mechanisms involved are still poorly understood, which stands in the way of progress
in cancer treatment. The involvement of brain tumor-derived EVs in the modulation of the tumor
microenvironment has been suggested by studies that revealed in those vesicles functionally active
molecules that can play a role in cancer progression.
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The release of Hsps inside vesicles has been reported for different brain tumor cell lines [242].
Moreover, it has been found that Hsp27, Hsp70, and Hsp90 can also be present on the surface of brain
tumor-derived EVs [243,244], which indicate their potential as tumor biomarkers [245,246]. However,
although molecular chaperones have been described as key players in brain tumor biology, in the
current literature there are still very few data about the possible role of extracellular Hsps in these
tumors. On the contrary, the role of miRNAs carried by EVs released by brain tumor cells is currently
under active investigation and debate. MicroRNAs in EVs are abundant by comparison with other
cargo molecules [247] and their expression patterns reflect their source, thus providing information
about their cells of origin [248]. For instance, gliomas secrete EVs that transport receptors and signaling
molecules for oncogenes [16,249,250]. The EV-mediated transfer of miRNAs appears to be a way for the
tumor to communicate with distinct sets of surrounding nontumor cells, including neurons and glial
and vascular cells, which are thus reprogrammed to modify the tumor microenvironment to make it
suitable to tumor growth and dissemination [251]. For example, it has been shown that glioma-derived
EV saltered synaptic activity in neurons, contributing to tumor growth [251]. In addition, several
studies have pinpointed the specific role of certain vesicular miRNAs on target cells, which in essence
consisted in mediating the aggressive properties of gliomas [178–180,252]. The microRNAs miR-451 and
miR-21 are present at very high levels in the EVs produced by primary GBM cells, and are uptaken by
microglia, which is followed by a phenotype change of the recipient cell accompanied by upregulation
of cytokines, chemokines, and matrix metallopeptidases (MMP), all of which promote growth and
invasion of GBM cells while lessening of the immune response [168]. MiR-21 transferred by GBM–EVs
to microglia regulates the expression of the Btg2 gene, involved in the control of cellular proliferation
and differentiation [169]. The dysregulation of c-Myc and Btg2 attests that the GBM–EVs have a
functional activity on neighboring target cells. Several studies suggest the oncogenic effect of miR-21,
whose overexpression occurring in many tumor types favors the establishment of tumor-permissive
pathways in glioblastoma [170,171]. It has been observed that malignant brain tumor-derived EVs
support neoangiogenesis through miR-21/VEGF signaling [172].

MicroRNAs can cross the blood–brain barrier (BBB) and reach far target sites through the circulation.
For instance, the vesicular miR-21 has been identified in the blood [250] and CSF [173,174], suggesting
that these EVs carrying miRNAs could have diagnostic and prognostic usefulness.

Both miR-105 [253] and miR-181c [254] have the ability to disrupt the blood–brain barrier and
function as pro-oncogenes by downregulating tumor suppressor genes, and thereby favor invasiveness
and metastasization. It has also been reported that miR-148a delivered by EVs promotes glioma-cell
proliferation and metastasis via targeting CADM1 to activate the STAT3 pathway [175].

The content in miRNAs within EVs released by a tumor can vary depending on the stage of
tumor progression, thus providing key diagnostic indicators, which is particularly convenient when
it is possible to isolate the EVs from biological fluids such as plasma [163]. For instance, miR-222,
miR-124-3p, miR-221, miR-320, miR-574-3p, and miR-301a were found to be increased in EVs derived
from serum of high-grade glioma patients [176,177] and their distinctive quantitative patterns allowed
for distinguishing between tumoral and control samples [177].

The pathogenic role of some miRNAs depends on their tissue localization. For instance, miR-454
may act as an oncogene in gastric cancer [255], but is a tumor suppressor in gliomas [181]. The microRNA
miR-454 is elevated in EVs from preoperative sera when compared with its levels after surgery, indicating
that cancer cells can differentially secrete specific miRNAs into the circulation in EVs, which support
the idea that these vesicles and their contents have potential as useful biomarkers accessible with
minimally invasive procedures [182].

Despite their fundamental role in cell homeostasis and the knowledge that molecular chaperones
are differentially expressed in cancer, little is known about the secretion of these proteins by brain
tumors via EVs. The stress response of tumor cells, included those of brain tumors, consists of the
overexpression of Hsps and their release in the extracellular environment also by EVs. However, little
is known on the role of molecular chaperones in the brain tumor microenvironment; one working
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hypothesis postulates that the release of chaperones via EVs could be a defense mechanism from
injury [242,256].

CCT6A, a subunit of the molecular chaperone CCT (Chaperonin-containing Tcp-1) is present in
EVs from glioma cells derived from surgical specimens [241]. Secretion of CCT6A via EVs could be
linked to GBM cell invasion and has a negative association with patient survival [241] (Figure 1).

After their release in the extracellular space, EVs can either perform a local autocrine/paracrine
signalling, targeting other nearby tumor cells and nervous-system cells (neurons and astrocytes),
or cross the blood–brain barrier and reach distant cells through the systemic circulation. In both cases,
EVs release their cargo into the cytoplasm of recipient cells by fusing with the target-cell membrane.
At this point, the delivered molecules can mediate many physiological and pathological processes.
EVs cargo reflects the characteristics of the cells from which they originate. Therefore, it is likely that
both miRNAs and Hsps normally produced by tumor cells may be selected for the sorting into the
released EVs and affect the tumor microenvironment and other distant tissues. As indicated in the
bracket at the top right half of Figure 1, miRNAs may act either as oncomiR, favoring tumor cells
proliferation and migration, or as tumor suppressor, by inhibiting cancer cells survival and proliferation.
In both cases, the role is mediated by the post-transcriptional regulation of factors involved in the
control of the cell life cycle and is correlated to the level of the pertinent miRNA. On the contrary,
Hsps act mainly as protumorigenic factors (i.e., chaperonopathies by mistake), since Hsps promote
cancer cell proliferation and motility (Hsp27); tumor growth, invasiveness, and angiogenesis (Hsp47);
prevent tumor cell apoptosis and inhibit antitumor immune response (Hsp60); and confer resistance to
anticancer treatment (Hsp70 and Hsp90).

5. Conclusions and Perspectives

Tumor-derived EVs with their miRNA and molecular chaperone contents have potential applications
in medicine for diagnostic purposes, for monitoring patients, and for designing and implementing
novel therapeutic procedures. Methods for isolating EVs and for characterizing their cargo have been
developed over the last few years and interest has increased in their possible role as intercellular
messengers. Tumor-derived EVs are considered a potential source of biomarkers, reflecting the status
and metabolism of the cells from which they originate. Because of this and of their availability via
minimally invasive sampling procedures, EVs have a promising future in brain tumor management,
including early diagnosis and patient follow up. It is hoped that as knowledge about these vesicles and
their physiological and pathogenic roles progresses, mechanistic insights will be gained that will pave
the way for developing novel treatment strategies and drugs. Here, we have discussed two components
of the EVs cargo, miRNAs and molecular chaperones, the key functions of which in carcinogenesis
and in the fight of the organism against malignancies, and vice versa, are becoming increasingly clear.
Therefore, measurement and characterization of miRNA and chaperones in EVs from brain tumors in
liquid biopsies are promising endeavors in research and medical practice, particularly in neurosurgery.
Furthermore, learning about EVs from brain tumors and their migrations within the brain and the rest
of the body will tell whether these vesicles have potential as vectors for delivering anticancer drugs to
specific cell targets.

The efficacy of EV-carried noncoding RNAs has been examined in neurodegenerative diseases [257]
and in tumors [258]. Systemically administered engineered EVs, targeting the transferrin receptor,
were found to bind glioblastoma cells and enhance the action of the antisense miRNA oligonucleotide
produced to inhibit endogenous miR-21 [259].

Natural or artificially constructed EVs carrying chaperones have been tested for their ability to
enhance the antitumoral immune response. For example, Hsp70 contained in EVs from dendritic
cells activated T lymphocytes toward becoming glioma-specialized cytotoxic T lymphocytes [260].
Chaperone-enriched EVs have been tested in glioma immunotherapy in an in vivo model and have
shown strong induction of the CD4+ and CD8+ T cell activity and enhancement of T cell infiltration in
intracranial glioma tissues, causing inhibition of tumor growth [261].
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Other advances in EVs application in tumor therapy are their use as target-specific carriers to deliver
tumor suppressor miRNAs or miRNA-mimic molecules. Some miRNA-mimic molecules have the
capability of targeting and reducing the protumoral effect mediated by Hsps. This has been demonstrated
in a triple-negative breast cancer model, in which miR-134-enriched EVs reduced the levels of Hsp90,
a chaperone that favors the survival of cancer cells by stabilizing oncogenic proteins [262]. This treatment
resulted in reduced cell migration and invasion, and enhanced sensitivity to anti-Hsp90 drugs in breast
cancer cells [262]. Delivery of specific miRNAs or anti-miRNA molecules played important roles in the
modulation of the expression of Hsps, with therapeutic effects in cancer [263]. In the vascular endothelial
cells of gliomas, miR-144 targeted directly Heat Shock Factor 2, which regulates Hsps expression,
modifying the permeability of the blood–tumor barrier, which opens a potential new way in glioma
treatment centered on the regulation of Hsp expression by Heat Shock Factors [264].

These findings point the way for future research aiming at finding and producing miRNAs and
miRNA-mimic molecules targeting Hsps in brain tumors. Thus, EVs and miRNA and chaperones in their
cargo have potential not only in diagnosis and patient monitoring but also for brain cancer treatment.
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Abstract: Exosomal heat shock proteins (Hsps) are involved in intercellular communication both
in physiological and pathological conditions. They play a role in key processes of carcinogenesis
including immune system regulation, cell differentiation, vascular homeostasis and metastasis
formation. Thus, exosomal Hsps are emerging biomarkers of malignancies and possible therapeutic
targets. Adolescents and young adults (AYAs) are patients aged 15–39 years. This age group,
placed between pediatric and adult oncology, pose a particular challenge for cancer management.
New biomarkers of cancer growth and progression as well as prognostic factors are desperately
needed in AYAs. In this review, we attempted to summarize the current knowledge on the role of
exosomal Hsps in selected solid tumors characteristic for the AYA population and/or associated with
poor prognosis in this age group. These included malignant melanoma, brain tumors, and breast,
colorectal, thyroid, hepatocellular, lung and gynecological tract carcinomas. The studies on exosomal
Hsps in these tumors are limited; however; some have provided promising results. Although further
research is needed, there is potential for future clinical applications of exosomal Hsps in AYA cancers,
both as novel biomarkers of disease presence, progression or relapse, or as therapeutic targets or tools
for drug delivery.

Keywords: exosomes; heat shock proteins; cancer; adolescents and young adults; AYA

1. Introduction

1.1. Pathophysiological Role of Heat Shock Proteins

Heat shock proteins (Hsps) are ubiquitously expressed housekeeping chaperones responsible for
maintaining homeostasis. Hsps associate in protein folding and protection of the proteome against
misfolding and aggregation dangers under physiological conditions. Hsps also promote survival of
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cells exposed to hypoxia, infection, increased temperature, and chemical and physical factors [1–3].
Consequently, Hsps have been found to be upregulated in cells subjected to various proteotoxic
stressors as an adaptive response in order to promote cell survival.

Hsps overexpression seems to be well correlated with cancer development and resistance to
chemotherapy, making Hsps promising tumor biomarkers [4,5]. Indeed, Hsps molecular chaperone
levels have been found to be elevated in many cancers, and their overexpression has been associated
with poor overall survival and poor response to therapy in specific cancer types [6–10].

The three major families of Hsps whose expressions and activities are abnormally enhanced
in cancer are the Hsp60, the Hsp70, and the Hsp90 families [11]. Small Hsps and Hsp40 are also
upregulated in malignancies. The small Hsps family includes molecules with a molecular weight of
12–43 kDa, e.g., Hsp20, Hsp22, and Hsp27 [12].

The most abundant eukaryotic Hsp protein is Hsp90, which is a ubiquitously expressed protein
with a molecular weight of 90 kDa. Its expression level is estimated to be 1–2% of total proteins under
physiological conditions [13–15]. Two cytoplasmic isoforms, Hsp90 alpha (Hsp90AA1, Hsp90a, HspC1)
and Hsp90 beta (Hsp90AB1, Hsp90b, HspC3), and the ER homolog, glucose-regulated protein 94
(GRP94, Hsp90B1), have been distinguished [14,15]. Hsp90 alpha and Hsp90 beta are both constitutively
expressed isoforms. However, Hsp90 alpha is believed to be more inducible in response to great
variety of stimuli [14,16]. An increased level of Hsp90 alpha seems to be principally associated with
tumor progression and sustained cancer cell proliferation. Hsp90 beta is primarily responsible for
development of drug resistance and long-term cellular adaptations [17]. Hsp90 is expressed at 2–10 fold
higher levels in cancer cells compared to normal cells and is suggested to be one of the key factors
implicated in promotion of cancer cell survival and metastases [18].

Hsp70 is a chaperone that, together with Hsp90, constitutes part of the major chaperone machinery.
Several Hsp70 family members have been distinguished in humans, including stress-inducible
Hsp70 (Hsp72, HspA1) and constitutively expressed HSC70 (Hsp73, HspA8) [19,20]. Each Hsp70,
similar to Hsp90 proteins, is an ATP-dependent chaperone. Hsp70 and Hsp90 proteins are believed
to be antiapoptotic heat shock proteins. However, the mechanisms of their action still remain
controversial. Hsp70 family members may be involved in passing the newly synthesized unfolded
proteins to Hsp60 proteins under physiological conditions. Hsp70s are engaged in protein translocation,
facilitating degradation, and control of the activity of a great number of proteins, mainly transcription
factors [20–22].

Hsp60 is a highly conservative chaperonin that is primarily found in mitochondria. Mitochondrial
Hsp60 functions as an oligomer of fourteen 60 kDa subunits. It cooperates with the heptameric 10 kDa
Hsp10 complex, which forms a lid, closing the Hsp60 tetradecamer opening [23,24]. This Hsp60/Hsp10
complex is responsible for mitochondrial protein homeostasis, including active folding of unfolded
proteins and ATP-dependent proteolysis of denatured or misfolded proteins [25,26]. It has been shown
that mitochondrial production of Hsp60 is significantly increased under stress conditions. However,
small amounts of Hsp60 protein have also been detected in the cytosol [26]. Cytosolic Hsp60 can be
detected as a monomer, but only oligomers can be active [24]. The role of cytosolic Hsp60 is not clear;
however, many studies have indicated its involvement in either pro- or anti-apoptotic processes [27–30].
Extracellular release of Hsp60 either through secretion or as a result of cell necrosis has been reported
as well [31,32].

One of the best known small Hsps is Hsp27 with a molecular weight of 27 kDa. It is a
multi-functional and ATP-independent protein that can be found in the nucleus and cytoplasm in
nearly all tissues. However, the function of Hsp27 as a protein chaperone has not been extensively
examined compared to other Hsps [33]. HSP27 is composed of the WDPF domain, α-crystallin domain,
PSRLFDQXFGEXLL sequence, and C-terminus. The α-crystallin domain with an active structure is
associated with oligomerization [34,35]. Hsp27 is able to form multimeric aggregates (alone or with
other small Hsps, e.g., Hsp20) and thus stabilize different proteins by facilitating the refolding of
denatured proteins into active forms [36] and protect cells from death [37]. Hsp27 is also involved
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in regulation of apoptosis mediated by increasing antioxidant defense of cells and interactions with
STAT3, cytochrome c-1 and pro-caspase 3 [38–40]. It was shown that Hsp27 is overexpressed in
various physiological (cell development, differentiation, aging) and pathological conditions, including
cancers. High expression of Hsp27 is associated with increased tumorigenic potential of neoplastic
cells, leading to a poor prognosis in many cancer types [41–49]. Moreover, upregulated Hsp27 is
associated with resistance to cytostatics in neoplastic cells [50–55] and inhibits the apoptosis caused by
radiation [56–58]. Hsp27, as a significant molecule involved in apoptosis, seems to be an interesting
target in cancer therapy.

The Hsp40 family is a large group of a co-chaperones. Hsp40 has been found in the cytosol,
nucleus, mitochondria, ribosomes, endosome and endoplasmic reticulum. It is involved in protein
translation, folding, unfolding, translocation, and degradation. There are three subclasses of Hsp40:
A, B and C. Subclasses A and B work independently of ATP and reduce stress in cells by inhibition of
protein aggregation. Moreover, subclass A of Hsp40 can bind proteins and prevent their aggregation
without Hsp70. Subclass B binds protein independently of Hsp70; however, it must be connected
with Hsp70 to prevent the aggregation of proteins [59]. Subclass C of Hsp40 is strictly dependent on
Hsp70 [59,60]. The complex of Hsp40-Hsp70 together with Hsp90 takes part in upregulation of the Akt
pathway, associated with upregulation of cellular survival. However, the role of the Hsp40 family in
cancers has not been extensively investigated and current data are rather controversial. Some authors
underlined that Hsp40 co-chaperones are involved in tumor growth [61]. Furthermore, studies on
different cell lines suggest that high expression of Hsp40 is correlated with invasion and progression of
cancer cells [62–64]. From another point of view, the inhibition of neoplastic cell proliferation induced
by overexpressed Hsp40 has been reported [65]. Therefore, further studies are important to understand
the role of Hsp40 in the biology of malignancies.

1.2. The Role of Heat-Shock Proteins in Tumor-Associated Hypoxia and in Metastasis Formation

Hypoxia is a characteristic feature of solid tumors. It is caused by insufficient oxygen supply,
not meeting the demands of rapidly proliferating cells. Both the production and extracellular release
of Hsps are strongly dependent on the hypoxic tumor microenvironment [66–68]. Various Hsps
have been found to be overexpressed upon hypoxic conditions, including Hsp27 [69], Hsp70 [70],
and Hsp90 [71,72]. The main hypoxia-modulated proteins responsible for downstream induction of
Hsps are heat shock factor 1 (HSF1) and hypoxia-inducible factor 1 (HIF1) [72,73].

On the other hand, Hsps are also involved in HIF1 regulation. HIF1, acting via downstream
factors like vascular endothelial growth factor (VEGF) and nitric oxide synthase (NOS), induces
neo-angiogenesis [74]. Both Hsp70 and Hsp90 were found to stabilize HIF1 subunit α (HIF1α), VEGF
and NOS [75,76]. One of the reported mechanisms of HIF1α stabilization is direct binding of Hsp70
to its oxygen-dependent degradation domain [77]. In glioma, the modulation of HIF1 by Hsp90 was
found to be involved in maintaining the tumor stem cell phenotype. The HIF1 stabilization led to
increased expression of stem cell markers, including CD133 and nestin. Consequently, inhibition
of Hsp90 impaired the HIF1 expression and resulted in the loss of stemness by glioma cells [78].
Thus, the Hsps undergo complex interactions with other hypoxia-induced factors, playing a significant
role in tumor progression via promoting neo-angiogenesis and maintaining the stemness of cancer cells.

The hypoxia-induced Hsps are also known to promote cell motility both in physiological
conditions and in cancer. It was reported that HIF1 induced the extracellular secretion of Hsp90α,
which stimulated the migration of fibroblasts [72,79]. The secreted Hsp90α binds to the specific
receptors on the membranes of target dermal and epidermal cells [80]. Hsps may also interact with
extracellular matrix (ECM) proteins. Hsp90 was found to alter the fibronectin expression in prostate
cancer and mediate the matrix metalloproteinase 2 (MMP2) activity in fibrosarcoma [81,82]. Hsp72
expressed on exosomes released from tumor cells may also activate myeloid-derived suppressor cells
(MDSCs), contributing to the immune evasion of the tumor [83]. These mechanisms are involved in
tumor invasiveness and metastasis formation.
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1.3. Exosomal Heat Shock Proteins as Biomarkers of Cancer Progression and Efficacy of Anticancer Therapy

Exosomes are nanometer-sized bioactive vesicles secreted by a diverse range of cells and present in
body fluids, such as: blood, urine, cerebrospinal fluid, breast milk and saliva, as well as bronchoalveolar
lavage, ascitic and amniotic fluids [84].

Exosomes under an electron microscope have a “cupped” or “saucer-like” morphology [85,86].
There are various validated methods for exosome extraction. In most studies, exosomes were isolated
from various cell lines [87–98], autologous tumor cells [99], blood [95,100,101], urine [95], or ascites
samples [92,102]. Supernatants were separated by serial centrifugation at low speed to eliminate
cellular debris and filtration [87–90,95,99–101]. Then, exosomes were ultracentrifuged and washed in
phosphate-buffered saline solution. The assessment of the exosomal fraction was performed by electron
microscopy [87,89,93,97,99,100,102], Western blot analysis [87–89,96,98–103], Bradford assay [89,91],
bicinchoninic acid (BCA) assay [92,94], NanoSight LM10 tracking system [95,97], or acetylcholinesterase
assay [100].

The molecular content of exosomes reflects the specialized functions of the original cells. However,
the fate of exosomes remains enigmatic. They are able to bind target cells and/or exchange molecules,
thus modulating the activity of other cells. Many families of proteins are expressed on the surface of
exosomes, such as targeting/adhesion molecules, membrane and cytoskeleton molecules, Hsps and
signal transduction proteins [104–106].

It has been demonstrated that various cancerous cells release exosomes containing Hsps—either
by passive release, e.g., from damaged, stressed, or dead cells, or active release, including secretion of
Hsp-containing exosomes [91,107–109]. It has been hypothesized that pathological conditions, such as
fever and acidosis, would increase the leakiness of exosomes and release of Hsps e.g., Hsp60 [110].
As reported by the Knowlton group, different stimuli will result in different proteins being released in
exosomes from the same cell type. They showed that exosomes may form in the multivesicular body,
which either traffics to the lysosome or fuses with the plasma membrane, emptying its contents of
exosomes into the extracellular space [110]. However, the regulation of the release of exosomal Hsps,
remains to be elucidated.

These exosomal Hsps play many important roles in cancer, including: immune
system regulation [91,111,112], cell differentiation [113,114], vascular homeostasis [109],
angiogenesis, epithelial–mesenchymal transition (EMT), cell migration, invasion and metastasis
formation [76,88,115–119]. Moreover, exosomes also contain lipids, and various types of RNA and
DNA, which may be used for malignant growth and dissemination [120–126].

Several studies have reported that elevated levels of Hsps can protect malignant cells against
therapy-induced apoptosis [3,127]. It has been suggested that exosomes released by tumor cells are
essential factors involved in the resistance-associated secretory phenotype (RASP) of cells. Molecular
co-transfer of Hsps with oncogenic factors to recipient cells can promote cancer progression and
resistance against stresses such as hypoxia, radiation, drugs, and immune systems. In addition,
the RASP of tumor cells can eject anticancer drugs, targeted therapeutics, and immune checkpoint
inhibitors with oncosomes [128].

Recent studies have also confirmed that Hsps localized on the surface of exosomes, secreted
by normal and tumor cells, are the key players in the intercellular cross-talk during the course of
cancer. It has been reported that microvesicles expressing Hsp70 on their surface activate immune
system cells, including natural killer (NK) cells [91,129] and macrophages [130]. Increased levels of
exosomal Hsps, including Hsp90, Hsp70, and Hsp60 have been associated with poor outcome in
several malignancies [3].

Therefore, it seems that exosomal Hsps offer significant opportunities for clinical applications,
as potential novel biomarkers of the diagnoses or prognoses of different diseases, or for therapeutic
applications and drug delivery.
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1.4. Adolescents and Young Adults (AYA)

In this review we focus particularly on the role of exosomal Hsps as biomarkers in cancers
developing in adolescents and young adults (AYA). AYA comprises patients aged 15–39 years.
The most common cancers in AYA include: carcinomas (of the thyroid, breast, cervix, ovary, colon and
liver), melanoma, brain and other central nervous system (CNS) tumors, germ cell tumors, sarcomas
and lymphomas [131–133]. The distribution of particular tumors differs in the age subgroups of 15–19,
20–29 and 30–39 year-old patients [133].

The AYA age group, placed between pediatric and adult oncology, poses a particular challenge
for diagnostics and therapy [134]. Consequently, the results of oncological treatment in AYA have
been, for decades, worse than in other age groups with the same cancers. In addition, the progress in
management of cancers occurring in AYA, measured as the mortality rate reduction, has been much
smaller than in other age groups for many years [135]. Therefore, new biomarkers of cancer growth
and progression as well as prognostic factors to predict response to therapy and final outcome are
desperately needed in AYA.

2. Materials and Methods

A MEDLINE/PubMed database search was performed to identify studies reporting the role of
exosomal Hsps (small Hsps, Hsp40, Hsp60, Hsp70 and Hsp90 families) in selected AYA cancers.
The following key words were searched together with their appropriate synonyms, abbreviations and
MeSH terms: “heat shock proteins” and “chaperones” combined with “exosomes” and “extracellular
vesicles”. All terms were searched in selected AYA neoplasms: carcinomas of the thyroid, breast, cervix,
endometrium, ovary, colon, liver, lung, melanoma and malignant CNS tumors. The search was limited
to manuscripts published in English from I’ 1990 to V’ 2020. The reference lists in all publications
were also searched for additional studies. Articles in languages other than English, studies analyzing
exosomal Hsps in benign diseases and malignancies not included in this review, studies analyzing the
exosome-detection methodology only, studies not defining the precise location of analyzed Hsps and
reviews were excluded from analysis. Summary of the methodology of the exosomes’ determination
and the clinical values of reviewed studies is presented in Table 1 and in Figure 1.
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3. Exosomal Heat Shock Proteins as Biomarkers of Cancer Progression and Efficacy of Anticancer
Therapy in AYA

3.1. Central Nervous System Tumors

Malignant CNS tumors are one of the most prevalent cancer types and the third most common
cause of cancer-related death in AYA [131,150]. This heterogenous group consists of a variety of tumors;
among them the major categories are gliomas, intracranial germ cell tumors and, in younger patients,
embryonal tumors typical for pediatric age, such as medulloblastoma (MB). The prognosis in CNS
malignancies in AYA is poorer than in children and the survival rates decrease with age [150].

The research on Hsps in malignant CNS tumors addressed mainly MB and high-grade gliomas.
Various Hsps, including Hsp27, Hsp40, Hsp60, Hsp70, and Hsp90α were found to be expressed in
MB specimens [151,152]. One study reported that expressions of particular Hsps significantly differed
between MB histological subtypes [151]. In another, Hsp90β was one of the proteins detected in MB,
but not in benign pilocytic astrocytoma [153].

The studies on glioblastoma multiforme (GBM) confirmed the high expressions of Hsps, including
Hsp27, Hsp40, Hsp60, Hsp70, Hsp72, and Hsp90α in tumor specimens and GBM stem cells [154–159].
These proteins were found to be involved in pathways responsible for glioma cell invasiveness and
motility and their overexpression may be associated with treatment resistance [160]. The spontaneous
and radiation- or heat-shock induced release of Hsp27 and Hsp70 from glioma cells was also
reported [87,161–163]. Some studies suggested the key role of extracellular Hsp90 in GBM metastasis
formation [164–166]. These findings translated into in vitro and animal model studies on Hsps
inhibitors and Hsp-peptide complex vaccines in GBM treatment [167–172]. Some of them recently
reached the I and II phases of clinical trials [173–176].

Several studies also analyzed the role of exosomes in both pediatric and adult CNS tumors
with a focus on the microRNA role [177,178] and the possible use of other exosomal proteins
as biomarkers [179,180]. However, the field of exosomal Hsps in CNS malignancies was not
extensively studied.

Graner et al. were the first to report the exosomal pathway of Hsp27, Hsp60, Hsp70, and Hsp90
secretion from malignant CNS tumor cells (adult glioma and murine anaplastic astrocytoma) [87].
Later, various Hsps were detected in the proteomic analysis of extracellular vesicles released by
eight glioma cell lines [136]. However, the role of exosomal release of these proteins is not fully
understood. McCready et al. confirmed that exosomal Hsp90α is released from various malignant
cell lines, including glioma cells [88]. They also reported that, additionally to previously known
mechanisms of activating matrix metalloproteinase 2 (MMP2) [81] and human epidermal growth factor
receptor 2 (HER2) [181], extracellular Hsp90α increases motility of the tumor cells by also activating
plasmin. Interestingly, Hsp90α-containing exosomes enhanced the movement of the glioma cells more
than Hsp90α protein alone, which indicates the cooperation of Hsp90α with other exosomal proteins
in promoting GBM progression and metastasis formation. Another study, however, showed the
antitumor immune-stimulating function of exosomes carrying Hsp70. The glioma-derived exosomes
were incubated with dendritic cells, leading to stimulation of the glioma-specific cytotoxic CD8+

T-cell response [99]. Further research is needed to better understand these mechanisms and, possibly,
allow one to target exosomal Hsps in experimental therapies.

3.2. Melanoma

Malignant melanoma (MM) is one of the most prevalent cancers in AYA, constituting 14% of all
malignancies in this age group. In general, it is associated with favorable prognosis, with 5-year overall
survival rates exceeding 85% [131]. However, the biology and clinical course of MM in AYA have not
been comprehensively studied. Young patients diagnosed at advanced stages of disease face specific
obstacles, including lack of treatment standards and limited accessibility to clinical trials [182].
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The aberrant expressions of Hsps, including Hsp27, Hsp40, Hsp60, Hsp70, Hsp90, and glycoprotein
gp96 were reported in skin, conjunctival and uveal melanoma cells [183–191]. The expressions of
Hsps were associated with clinical features of MM: worse prognosis (Hsp40 and Hsp90) [183,190,192],
more advanced stage (Hsp40, Hsp60 and Hsp90) [186,190,191], and better response to treatment
with bevacizumab (Hsp27) [193]. Based on these observations, some experimental studies
evaluating the efficacy of Hsps inhibitors in MM treatment in vitro and on animal models were
performed [183,194–197]. Some of them have been translated into clinical studies [198,199].
Immunotherapies based on tumor-derived Hsp peptide complexes (HspPCs) also reached clinical
trials [200–204]. However, the role of extracellular Hsps released from MM cells in exosomes has not
been extensively investigated.

Several studies detected various Hsps, including Hsp70 and Hsp90, in MM-derived
exosomes [89,137]. The chaperones were more abundant in exosomes in comparison to microvesicles
and apoptotic vesicles obtained from the same cell lines [138]. Exosomes containing Hsp70 and Hsp80
were also detected in malignant ascites in patients with solid tumors, including two with advanced
MM [102]. The studies evaluating the role of MM-derived exosomes carrying Hsp70 yielded conflicting
results. Elsner et al. found that Hsp70-overexpressing MM cells release Hsp70-positive exosomes,
which in vitro activate mouse natural killer (NK) cells to kill mouse lymphoma and human melanoma
cells expressing NK-activating receptors. Therefore, they suggested that Hsp70-carrying exosomes play
a role in the inhibition of MM progression and dissemination [90]. Conversely, Gobbo et al. suggested
that exosomal Hsp70 played a role in the inhibition of antitumor immune responses. They reported
that MM-derived exosomes presenting Hsp70 on their surfaces might bind to toll-like receptor 2
(TLR2) on the myeloid-derived suppressor cells (MDSC), leading to their activation. In this study,
inhibition of the extracellular domain of exosomal Hsp70 with specific peptide A8 led to the blockage
of Hsp70/TLR2 association, decreasing the ability of exosomes to activate MDSCs. Consequently,
treatment of melanoma-bearing mice with A8 peptide reduced the number of MDSCs in the mice
spleen, inhibited MM progression and potentiated the antitumor effect of cisplatin [95].

3.3. Colorectal Carcinoma

Colorectal carcinoma (CRC) in AYA is rare. However, in contrary to the older patients benefiting
from screening programs, the CRC incidence in this age group is constantly increasing. Moreover, due to
experienced diagnostic delays, AYA are more likely to be diagnosed in the advanced stage of disease.
The diagnosis of CRC in the young may be a sign of an underlying genetic disorder, such as familial
adenomatous polyposis (FAP) or Lynch syndrome; however, most cases occur sporadically [205].

Many studies reported altered expression of various Hsps, including Hsp 20 [206], Hsp 40 [207],
Hsp60 [208–210], Hsp70 [207,211], and Hsp90 [212] in the CRC specimens. The tissue Hsp status was
found to be associated with tumor grade, lymph node involvement, distant metastases, response to
CHT, recurrence and overall survival [206,209,212,213]. The serum concentration of Hsp60, Hsp70 and
Hsp90α were assessed as possible CRC biomarkers [214–217]. Consequently, several in vitro trials
with Hsps inhibitors have been conducted, yielding promising results [44,119,211,218,219]. However,
the data regarding the presence and function of Hsps in the circulating exosomes released from CRC
cells is scant.

Merendino et al. for the first time reported that Hsp60 is actively released from cancer cells
via the exosomal pathway [107,108]. These studies were based on previous research reporting
increased expression of Hsp60 in preneoplastic colon lesions and CRC, suggesting its role in
tumorigenesis [208–210]. Subsequently, the same research group reported the presence of Hsp60
in the exosomes obtained from the peripheral blood of patients with CRC. Hsp60 was also detected
in the inflammatory natural killer (NK) cells and macrophages within the tumor microenvironment.
The levels of Hsp60 in the exosomes were significantly increased at diagnosis but comparable to healthy
controls after the tumor removal. Moreover, Hsp60 was detected in the membrane of exosomes before
the tumor excision, but neither in the same patients after the surgery nor in healthy controls [100].
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The authors therefore suggest that the exosomal Hsp60 blood levels could serve as a promising
biomarker of CRC recurrence.

Another chaperone that was found in exosomes derived from human CRC cell lines is
Hsp70 [91,95,139]. Being presented at the exosomal plasma membrane, it was found to induce
natural killer (NK) lymphocyte anti-tumor activity [91]. Later, Guo et al. reported that Hsp70-rich
exosomes from a mice CRC cell line also elicit an immune anti-tumor response via inducing
Hsp70-dependent interleukin (IL)-6 secretion from dendritic cells. The exosomes secreted after
heat stress had higher concentration of Hsp70 and were more effective immune stimulators than
exosomes released spontaneously [92].

3.4. Hepatocellular Carcinoma

Primary hepatic malignancies are very rare in AYA. Among them, HCC predominates.
In developed countries, the incidence of HCC in AYA has been constantly increasing during the
last decades [132,133].

HCC in AYA has distinct pathological and clinical features compared to older patients. In countries
with low rates of hepatitis B virus (HBV) infections, it is usually of a fibrolamellar pathological subtype
and not related to cirrhosis or underlying liver disease [220,221]. However, HCC has been observed
in patients with Fanconi’s syndrome and metabolic diseases (hereditary tyrosinemia, Wilson disease
and glycogen storage disease type IA) [222–224]. As most patients are asymptomatic for a long time,
the final diagnosis is delayed and the prognosis is poor [131,220].

There are several reports about exosomes in HCC [93,129,140,225–229]. They suggest that
exosomes may be a new biomarker in diagnosis of early-stage HCC and potential target for the
treatment of this type of the tumor. However, only single studies concern exosomal Hsps and their
role in the biology and aggressiveness of HCC.

Yukawa et al. detected Hsp70 expression on the surface of hepatoma G2 (HepG2) cell-derived
exosomes. They confirmed that exosomal Hsp70 can be considered as significant molecules connected
with angiogenesis and immune response in HCC [93]. Another study found increased release
of Hsp70-containing exosomes from HCC cell lines after the treatment with an inhibitor of DNA
methyltransferase, 5-Aza-2′-deoxycytidine [141]. Lv et al. reported that release of Hsp60, Hsp70,
and Hsp90 was enhanced in HCC cells under antineoplastic treatment. Additionally, secretion of
exosomal Hsps caused by HCC cell-resistant anticancer drugs, such as carboplatin and irinotecan
hydrochloride, was remarkably higher than sensitive drugs. The authors showed that Hsps released
from exosomes can trigger activity of natural killer (NK) cells resulting in augmented cytolytic activity
against targeted cells and stronger immune response [129].

Another group investigated the effect of the epigenetic drug MS-275 on exosomes from HepG2
cells [94]. The study revealed that MS-275 was responsible for higher secretion of Hsp70 in exosomes,
resulting in enhancement of the exosome-induced cytotoxic activity of NK cells. Findings reported
by Lv et al. and Xiao et al. can contribute to the innovative and effective treatment of HCC. Notably,
further efforts are required in this field, in particular, studies on the fibrolamellar subtype of HCC,
characteristic for AYA patients, are lacking.

3.5. Thyroid Cancer

Thyroid cancer (TC) is one of the most common cancers in AYA, especially in 15–24-year-old
patients [133]. In this age group, TC accounts for approximately 13% of all malignant neoplasms [230].
A significant increase in the incidence of TC has been observed in recent decades [231]. There are
four histological types of TC: papillary, follicular, medullary, and anaplastic. They can develop de
novo or in individuals previously treated for cancer. Medullary TC can also be present in hereditary
syndromes like type 2 multiple endocrine neoplasia (MEN) syndromes MEN2A, MEN2B, and the
related multigenerational familial MTC (FMTC) syndrome.
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The overall survival rate of TC is one of the highest among AYA cancers [232,233], but in anaplastic
TC it is still unsatisfactory [234]. For this reason, there is a continuing need to understand the biology
of thyroid cancer, find clinically useful biomarkers and develop novel therapies.

One of the promising options for therapeutic targets in TC are Hsps, which are overexpressed
in thyroid malignancies. Many studies reported altered expression of various Hsps, including
Hsp27 [235,236], Hsp60 [237], Hsp70 [238–242], and Hsp90 [241,243–245]. There were studies that
showed that KU711 and WGA-TA, inhibitors of Hsp90, decrease migration and invasion of anaplastic
TC cells in vitro. Moreover, these molecules lead to downregulation of β-catenin, BRAF, Akt,
and phospho-Akt, leading to induction of apoptosis [246–248]. Kim et al. showed that apoptosis of
anaplastic TC cells can be induced not only by inhibition of Hsp90, but also by Hsp70 inhibitors [247].
However, data on the role of exosomal Hsps in TC cells is scarce.

To our knowledge there is only one study on exosomal Hsps in TC. Bavisotto et al. for the first
time reported significantly higher levels of Hsp27, Hsp60, and Hsp90 in tissue of papillary TC than in
peritumoral tissue and non-toxic goiter. Moreover, the same Hsps were increased in exosomes obtained
from plasma in patients with papillary TC. Furthermore, it was noticed that exosomal levels of Hsp27,
Hsp60, and Hsp90 were higher before ablative surgery than after this procedure. These results suggest
that exosomal Hsps play a role in carcinogenesis and may have clinical implications for the prognostic
analysis and treatment of patients with TC. However, in the same study, no differences in Hsp70 level
were found in thyroid cancer tissue and benign goiter. This is why the evaluation of Hsp70 in exosomes
was not done [101]. The results obtained by the authors are interesting, but further studies are needed.

3.6. Gynecological Cancer

Exosomes play a significant role in intercellular female genital tract cancer interactions. They have
shown immense impact on the early diagnosis, drug resistance, prognostic evaluation, metastasis
and target therapies [249–251]. Exosomal proteins seem to be effective cancer biomarkers [250,252].
In gynecologic oncology, there are reports regarding tumor expression of Hsp22, Hsp27, Hsp60, Hsp70,
and Hsp90 in ovarian, cervical and endometrial cancers as potential biomarkers [253]. However, there
are only a few reports of exosomal HSP levels in these malignancies, mainly in ovarian cancer.

Ovarian cancer, with the high resistance to chemotherapeutic agents, remains the foremost cause
of death in women globally. More than half of ovarian cancer patients are in an advanced stage at
the moment of diagnosis [254] because there are no symptoms of early stage disease nor effective
screening procedures. For this reason, finding a novel diagnostic method would have an impact on the
treatment results.

Wyciszkiewicz et al. showed that the Hsp22 expression in peritoneal fluid samples and
serum-derived exosomes in patients with ovarian cancer in comparison with endometrial cancer
was higher, but the difference was statistically significant only in peritoneal fluid. They also found
a positive correlation between markers of cytotoxic immune response (perforin and granzyme B)
and exosomal Hsp20 and Hsp22 levels [142]. Chaperones, including Hsp70 and Hsp80, were also
detected in exosomes isolated from ascites effusions in patients with advanced ovarian papillary
adenocarcinoma [102]. Moreover, Stope et al. reported release of exosomal Hsp27 by ovarian cancer
cell lines (OVCAR-3 and SK-OV-3). They found concentration-dependent incorporation of Hsp27 into
exosomes, which suggests that Hsp27, liberated by exosomes from ovarian cancer cell lines, could serve
as a noninvasive biomarker of ovarian cancer [96].

One study reported release of exosomal Hsp70 and Hsp90 from cervical cancer cells. It was
suggested that these Hsps may interact with survivin, allowing for its release and intercellular transport
in exosomes [145].

3.7. Breast Cancer

Breast cancer is the most common malignancy in women worldwide, representing about 25%
of all cancers [255,256]. It is also the most prevalent cancer in AYA women, especially in the older
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subset of patients. Breast cancer in AYA is more often associated with familial cancer predisposition
syndromes compared to older patients. Young females are also more likely to present with large
tumors, unfavorable histological and molecular characteristics, and disseminated disease at diagnosis.
Consequently, the outcomes in this age group are relatively unfavorable [257,258].

The studies on Hsps in breast cancer revealed altered expressions of Hsp90, Hsp70 and Hsp27 in
human breast cancer tissues [259–261]. Yano et al. showed that a Hsp90α homolog may be involved in
cell proliferation, while Hsp90ß was correlated with poor differentiated breast carcinomas [259]. Hsp27
has been also considered as a predictor for hormone sensitivity in breast cancer and also has been
associated with short disease-free survival (DFS), similar to Hsp70 [260]. Heat shock proteins may
be induced in response to anoxia. It has also been proven that exposure to hypoxia increases release
of exosomes from breast cancer cells to promote their invasion [4,97]. However, only a few studies
analyzing the role of Hsps secreted via the exosomal pathway in breast cancer have been published
to date.

McCready et al. reported exosomal Hsp90α presence and secretion from solid tumor cells,
including breast cancer. They found that Hsp90α alone does not affect tumor cell motility and
invasiveness, unlike the addition of exosomes. This study is thoroughly described in the CNS tumors
section [88]. Exosomes containing Hsp70 and Hsp80 were also detected in ascites fluid in two patients
with advanced-stage ductal adenocarcinoma [102]. Bausero et al. reported that exosomal Hsp72
is released from breast cancer cells after interferon-γ stimulation and may be involved in tumor
surveillance mechanisms [146]. Recently, a report from a pilot study ExoDiag (NCT02662621) was
published. This project aims to establish whether it is possible to identify and quantify Hsp70-exosomes
in blood and urine samples in patients with solid cancers, including breast, ovarian, and non-small
cell lung cancer. This could help demonstrate that exosomal Hsp70 is a valuable biomarker of tumor
presence, progression or recurrence [103,143,144].

3.8. Lung Cancer

Despite being the leading cause of cancer-related deaths in the entire population, lung cancer is
exceedingly rare in AYA. Patients below 40 years of age make up only less than 1% of all lung cancer
cases. In this age group, non-small cell lung cancer (NSCLC) predominates, with adenocarcinoma
histology significantly more prevalent than in older adults. Probably due to better overall performance
status, the prognosis in AYA with lung cancer is better than in older patients [262,263]. There are no
reports of exosomal Hsps detection being performed on AYA patients’ tumors. However, some more
general studies on the role of exosomal Hsps in lung cancer have been published.

Campanella et al. reported that treatment of the lung carcinoma-derived cells with cytotoxic
suberoylanilide hydroxamic acid (SAHA) resulted in posttranslational modification and increased
exosomal release of Hsp60. They also suggested a possible role of this modified exosomal Hsp60 in
immune antitumor stimulation [147]. Gobbo et al. described a higher level of exosomal Hsp70 in lung,
breast and ovarian cancer patient urine samples than in healthy voluntary donors and reported exosomal
Hsp70 correlation with tumor progression [95]. Exosomal Hsps were also found in malignant ascites in
a patient with lung adenocarcinoma [102]. Ostheimer et al. showed a significant correlation between
Hsp70 serum levels and treatment response and elevated level of osteopontin—a biomarker related to
hypoxia in patients with NSCLC. Post-therapeutic plasma exosomal Hsp70 promoted a positive clinical
result, defined as a better response to radio and chemotherapy. This study did not investigate exosomal
Hsp70 directly; however, plasma Hsp70 was detected in two fractions: free Hsp70 and lipid-bound
Hsp70, the latter corresponding to the exosomal Hsp70 [148]. Li et al. reported a relationship between
lung cancer cell (A549)-derived exosomal Hsp70 presence and induction of the pro-inflammatory
phenotype in mesenchymal stem cells (MSCs) by triggering TLR2 signaling and activation of the NF-κB
pathway. This may facilitate lung cancer invasion and tumor growth [98]. Moreover, the elevated
levels of Hsp70 and Hsp90 were detected in exosomes derived from Rab27a-overexpressing non-small
cell lung carcinoma cells. These exosomes, via upregulating major histocompatibility complex class
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II (MHCII) and co-stimulatory molecules on dendritic cells, were found to elicit potent antitumor
immune responses [149].

Engineered exosomes have been also considered as a potential cargo for specific delivery of
anticancer therapeutic drugs. Exosomes being loaded with Celastrol, which inhibits Hsp90 signaling
pathways, showed higher antitumor potency in lung cancer cells. [264].

4. Conclusions and Future Directions

Exosomes and their molecular content, including Hsps, seem to be key players in intracellular
communication. Notably, they can modulate antitumor immunity and may serve as potential tumor
vaccines or immunotherapeutic vesicles. The future clinical application of exosomes also includes their
use as plausible biomarkers for the diagnoses, prognoses and follow-up of different diseases, including
cancer [106].
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Abstract: Exosomes are extracellular vesicles (EVs) belonging to the nanovesicles family that function
as signaling molecules between cells. After their first description in the late 1960s, interest in
their potential as a research target has steadily increased. They are small secreted organelles with
a single membrane that are well enriched in lipids, proteins, nucleic acids, and glycoconjugates.
Exosomes take part in a larger communication network in which cells communicate between one
another by DNA shuttling, proteins, RNA, and membrane-bound factors. The machinery of protein
quality control occurs through the process termed “exosome biogenesis”. Furthermore, the pathway
involved in intercellular movement of vesicles is vital in various aspects of human health and diseases.
Due to their inherent properties, exosomes are currently being developed as potential therapeutic
agents in a wide range of diseases including infectious and non-infectious diseases. Exosomes and
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other EVs sourced from Mesenchymal stem cells (MSCs) have been shown in different studies to
possess therapeutic effects in diverse disease models either in vivo or in vitro. Some mechanisms
and/or pathways that MSC-derived exosomes use to illustrate their therapeutic effect against some
diseases have also been summarized. This review aims to highlight the recent findings and potential
therapeutic application of exosomes in different diseases such as autoimmune, cardiovascular, obesity,
neural, soft tissues, bone, and cartilage.

Keywords: exosomes; adipose-derived stem cell released exosomes; tumor-derived exosomes;
metabolic diseases; mesenchymal stem cells

1. Introduction

Before the late 1960s, little was known about exosomes until their first description by two
investigators namely Bonucci and Anderson [1,2]. Right from these early studies, they were known
to be the initiators of hydroxyapatite crystals which were formed as a result of direct budding of the
plasma membrane [2]. Furthermore, in the 1980s, the term, exosome biogenesis was revealed following
a study conducted by Trams et al. [3] who discovered that exosomes in the seminal fluid were derived
from prostrate/epididymis.

Exosomes are extracellular vesicles (EVs) that function as signaling molecules between cells.
These exosomes are secreted organelles with a single membrane usually small in size with a diameter
of ∼30 to 200 nm. They are well enriched in lipids, proteins, nucleic acids, and glycoconjugates.
Structurally, exosomes are a series of membrane-associated, oligomeric complexes of protein with a
marked molecular diversity formed by budding in endosome and plasma membranes [4]. The term
EV includes exosomes, prostasomes, ectosomes, microvesicles, microparticles, tolerosomes, apoptotic
bodies, and nanovesicles. Currently, available technology cannot separate exosomes from the other
EVs mentioned earlier. Thus, exosomes isolated from cells and used for research related activities are
best regarded as EVs, as stated in the guidelines formulated by the International Society of Extracellular
Vesicles (ISEV) [5]. Cell-based membrane vesicles deliver microRNA (miRNA), messenger RNA
(mRNA), and proteins through intracellular organelles. Microparticles, microvesicles (100–1000 nm),
and exosomes (20–200 nm) are three examples of membrane vesicles [6]. Exosomes undergo a cycle
called exosome biogenesis to ensure quality control. Once they are released, exosomes have diverse
activities such as extracellular matrix remodeling and signal transmission. Intercellular vesicles play
vital roles in various health and disease aspects including immunity, cancer, tissue homeostasis, and
neurodegenerative diseases. Additionally, pathogens such as viruses utilize exosome biogenesis
pathways viz-a-viz by establishing host permissiveness and by assembling infectious particles [7].
Exosome isolation from diverse body fluids such as plasma, cerebrospinal fluid, semen, blood, amniotic
fluid, saliva, urine, epididymal and synovial fluid, breast milk, and bronchoalveolar lavage makes
them an ideal model for the development of therapeutic agents against multiple diseases [8].

Exosomes are particularly regulated indifferent organisms during stresses [9,10], and they
participate in a larger communication network in which cell connects to each other by DNA shuttling,
proteins, RNA, and membrane-bound factors. Exosomes derived from tumors, commonly known
as Tumor-derived exosomes (TEX), affect the surrounding tumor microenvironment (TME). As a
result of the deep distribution of TEX in the blood and lymph, they have a big role in remote tissue
sites and in the creation of their pre-metastatic niche referred to as the tumor macroenvironment
(TMaE) [11]. TEX delivers tolerogenic signals to immune cells, prevents the proliferation of immune
cells, interferes with the differentiation of monocyte, and induces apoptosis in activated CD8+ T
lymphocytes leading to immune suppression via paracrine effect [12]. TEX exhibit some ligands
(e.g., programmed death-ligand 1 (PD-L1)) to produce beneficial endocrine signals which provide
pre-metastatic TMaE, expanding far from the primary tumor [11]. Furthermore, it was shown that
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the expression of PD-L1 is enhanced in melanoma cells exposed to interferon-γ (IFNγ), leading to the
expression of PD-L1 in circulating melanoma exosomes derived from humans (HMEX) [13].

2. Biogenesis of Exosomes

According to the International Society for Extracellular Vesicles (ISEV), extracellular vesicle
(EV) is the generic name used to refer to particles naturally released from a cell that is composed
of a lipid bilayer and is unable to replicate (lack of functional nucleus). It is difficult to assign an
EV to a particular pathway of biogenesis, except that the process was observed using live imaging
techniques [5]. The nomenclature of exosomes is derived in 3 different ways: based on their biogenesis,
physiological functions within cells, and lastly, empirical definition based on isolation [14]. In this
review, exosomes will be defined by their biogenesis. Cells are professionals in producing and exporting
molecular products, for instance, transporting insulin to the bloodstream [15]. Before transportation,
these molecules are sent first for cell packaging, and they are the exosomes that are first released
intracellularly. Multivesicular endosomes (MVEs) also encompass endosomes which are then formed.
There are three ways in which exosome biogenesis is formed. First, vesicular budding into discrete
endosomes with multivesicular body (MVB) maturation, which releases exosomes after plasma
membrane fusion. Second, their immediate release from the plasma membrane by vesicular budding,
and lastly, its release is delayed due to budding at the intracellular plasma membrane-connected
compartments (IPMCs) after which there is a deconstruction of IPMC necks [16], as shown in Figure 1.
Several molecules—such as endosomal sorting complexes required for transport (ESCRT) machinery,
tetraspanins, and lipids—were involved in intraluminal vesicle (ILV) biogenesis, [17]. Whereas two
different mechanisms, namely inducible release and trans-Golgi network, were assumed to participate
in exosome secretion [18].
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Figure 1. Biogenesis of exosomes.

Intracellular exosomes are fused into MVEs in the cytoplasm. The mechanisms for exosome
generation and release have been well described [19]. Interestingly, exosomes are released into the
extracellular matrix after the fusion of the MVEs with the cell membrane [20]. The peripheral membrane
proteins (Rab GTPases) were found to facilitate the fusion of the MVEs with plasma membranes
including RAB11 and RAB35 after which flotillin- and other cell-specific protein-rich exosomes are
released [21], while the second mechanism facilitating the release of exosomes loaded with CD63,
TSG1010, and ALIX involves RAB27A and RAB27B [19]. Microvesicles undergo a different mode of
biogenesis in contrast to exosomes. They are formed by direct blebbing from the plasma membrane.
In summary, diverse complex pathways are used to generate exosomes from endosomes. The formation
of the exosomes also varies considerably depending on the type as well as the physiological state of
the origin of the cell [22].
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Limited MVB is subjected to internal budding leading to late endosome formation, which in
turn generates exosomes in a constitutive way. The formation of intraluminal vesicles (ILVs) within
MVBs from late endosomal membranes is caused by invagination [23]. During invagination, some
proteins are incorporated into the membrane and the cytosolic components are engulfed and enclosed
in ILVs. The release of ILVs is indicated in the extracellular space after fusion with the exosome’s
plasma membrane. Degradation of the components occurs in the lysosomes. Canonical exosomes are
biconcave in shape produced by artificial drying, but they appeared spherical when viewed using
transmission electron microscopy [4].

Recent scientific evidence indicates the role of the alternative pathway in exosomal cargo into
MVBs. This process occurs in an ESCRT-independent manner dependent upon microdomains based
on raft. These microdomains are enriched by sphingomyelinases that form ceramides [24]. Hydrolytic
removal of phosphocholine moiety results in the formation of ceramides which is known to promote
lateral phase separation and microdomains coalescence. Tetraspanins are proteins that play a key role in
protein loading and exosome biogenesis. In the plasma membrane, tetraspanin-enriched microdomains
(TEMs) are specialized platforms for protein signaling and receptor compartmentalization. Tetraspanin
CD8+ and TEM together play a key role in sorting target receptors and intracellular components into the
exosomes [25]. Bioactive molecules sorting into exosomes occurs either through ESCRT-dependent or
ESCRT-independent mechanisms depending on the cell type origin. Plasma membrane-budded
microvesicles (MVs) are a heterogeneous group of membrane vesicles that are produced with
exosomes. They are generated by external budding of the plasma membrane and are of variable shapes,
100–1000 nm in size and are products of endothelial cells, red blood cells, and platelets. The small size
and shape of exosomes make it easier for them to escape from the mononuclear phagocytic system
cells, allowing them to stay longer in the general circulation [26].

3. Therapeutic Potential of Exosomes in Different Diseases

Attention is currently focused on the clinical application of exosomes for the treatment of disease.
Exosomes may be included in useful applications for managing some diseases, including cardiac
regeneration, obesity, soft tissues, bone/cartilage injury, brain/neural injury, etc. Figure 2 presents a
pictorial presentation of certain conditions of disease in which exosomes were used. Exosomes and
other EVs have been also used in stem cell therapy. Several reports have documented the application
of Mesenchymal stem cells (MSCs) derived from secretome in various diseases such as skeletal, cardiac,
nervous, ovarian, renal, hepatic, infectious, pulmonary, and soft tissue diseases. A list of some of the
commonly used stem cells, their application, and mechanisms of actions are presented in Table 1.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 21 

Limited MVB is subjected to internal budding leading to late endosome formation, which in turn 

generates exosomes in a constitutive way. The formation of intraluminal vesicles (ILVs) within MVBs 

from late endosomal membranes is caused by invagination [23]. During invagination, some proteins 

are incorporated into the membrane and the cytosolic components are engulfed and enclosed in ILVs. 

The release of ILVs is indicated in the extracellular space after fusion with the exosome’s plasma 

membrane. Degradation of the components occurs in the lysosomes. Canonical exosomes are 

biconcave in shape produced by artificial drying, but they appeared spherical when viewed using 

transmission electron microscopy [4]. 

Recent scientific evidence indicates the role of the alternative pathway in exosomal cargo into 

MVBs. This process occurs in an ESCRT-independent manner dependent upon microdomains based 

on raft. These microdomains are enriched by sphingomyelinases that form ceramides [24]. Hydrolytic 

removal of phosphocholine moiety results in the formation of ceramides which is known to promote 

lateral phase separation and microdomains coalescence. Tetraspanins are proteins that play a key 

role in protein loading and exosome biogenesis. In the plasma membrane, tetraspanin-enriched 

microdomains (TEMs) are specialized platforms for protein signaling and receptor 

compartmentalization. Tetraspanin CD8+ and TEM together play a key role in sorting target receptors 

and intracellular components into the exosomes [25]. Bioactive molecules sorting into exosomes 

occurs either through ESCRT-dependent or ESCRT-independent mechanisms depending on the cell 

type origin. Plasma membrane-budded microvesicles (MVs) are a heterogeneous group of membrane 

vesicles that are produced with exosomes. They are generated by external budding of the plasma 

membrane and are of variable shapes, 100–1000 nm in size and are products of endothelial cells, red 

blood cells, and platelets. The small size and shape of exosomes make it easier for them to escape 

from the mononuclear phagocytic system cells, allowing them to stay longer in the general circulation 

[26]. 

3. Therapeutic Potential of Exosomes in Different Diseases 

Attention is currently focused on the clinical application of exosomes for the treatment of 

disease. Exosomes may be included in useful applications for managing some diseases, including 

cardiac regeneration, obesity, soft tissues, bone/cartilage injury, brain/neural injury, etc. Figure 2 

presents a pictorial presentation of certain conditions of disease in which exosomes were used. 

Exosomes and other EVs have been also used in stem cell therapy. Several reports have documented 

the application of Mesenchymal stem cells (MSCs) derived from secretome in various diseases such 

as skeletal, cardiac, nervous, ovarian, renal, hepatic, infectious, pulmonary, and soft tissue diseases. 

A list of some of the commonly used stem cells, their application, and mechanisms of actions are 

presented in Table 1. 

 

Figure 2. Applications and use of exosomes in different disease conditions. Figure 2. Applications and use of exosomes in different disease conditions.

140



A
pp

l.
Sc

i.
20

20
,1

0,
44

28

Ta
bl

e
1.

A
su

m
m

ar
y

of
so

m
e

th
er

ap
eu

ti
c

ap
pl

ic
at

io
ns

of
M

es
en

ch
ym

al
st

em
ce

lls
(M

SC
)-

de
ri

ve
d

ex
os

om
es

an
d

ot
he

r
ex

tr
ac

el
lu

la
r

ve
si

cl
es

in
di

ff
er

en
td

is
ea

se
s.

St
em

C
el

ls
St

ud
y

Ta
rg

et
ed

Ti
ss

ue
/C

el
ls

M
ec

ha
ni

sm
R

ef
er

en
ce

Te
nd

on
St

em
C

el
ls

in
vi

tr
o

an
d

in
vi

vo
Te

nd
on

he
al

in
g

Th
ro

ug
h

ba
la

nc
in

g
sy

nt
he

si
s

an
d

de
gr

ad
at

io
n

of
th

e
te

nd
on

ex
tr

ac
el

lu
la

r
m

at
ri

x
[2

7]

N
eu

ra
lS

te
m

C
el

l
in

vi
tr

o
an

d
in

vi
vo

Sp
in

al
co

rd
R

ed
uc

e
ne

ur
on

al
ap

op
to

si
s,

in
hi

bi
tn

eu
ro

in
fla

m
m

at
io

n,
an

d
pr

om
ot

e
fu

nc
ti

on
al

re
co

ve
ry

in
SC

Im
od

el
ra

ts
at

an
ea

rl
y

st
ag

e
by

pr
om

ot
in

g
au

to
ph

ag
y

[2
8]

Bo
ne

m
ar

ro
w

m
es

en
ch

ym
al

St
em

C
el

ls
(B

M
SC

s)
in

vi
vo

Br
ai

n
m

iR
N

A
12

9-
5p

’s
an

ti
-i

nfl
am

m
at

io
n

an
d

an
ti

-a
po

pt
os

is
eff

ec
ts

vi
a

qu
en

ch
in

g
th

e
ac

ti
vi

ty
of

H
M

G
B1

-T
LR

4
pa

th
w

ay
.

[2
9]

Bo
ne

M
ar

ro
w

M
es

en
ch

ym
al

St
em

C
el

ls
in

vi
vo

Sp
in

al
co

rd
in

ju
ry

In
hi

bi
ti

ng
co

m
pl

em
en

tm
R

N
A

sy
nt

he
si

s
an

d
re

le
as

e
an

d
by

in
hi

bi
ti

ng
SC

I-
ac

ti
va

te
d

N
F-
κ

B
by

bi
nd

in
g

to
m

ic
ro

gl
ia

[3
0]

Bo
ne

M
ar

ro
w

M
es

en
ch

ym
al

St
em

C
el

ls
in

vi
vo

Sp
in

al
co

rd
Ex

os
om

e
ta

rg
et

M
2-

ty
pe

m
ac

ro
ph

ag
es

at
th

e
si

te
of

SC
I,

su
pp

or
tt

he
id

ea
th

at
ex

tr
ac

el
lu

la
r

ve
si

cl
es

[3
1]

Bo
ne

M
ar

ro
w

M
es

en
ch

ym
al

St
em

C
el

ls
(B

M
SC

s)
in

vi
vo

C
ho

nd
ro

cy
te

s/
os

te
oa

rt
hr

it
is

R
es

to
ra

ti
on

of
ca

rt
ila

ge
an

d
su

bc
ho

nd
ra

lb
on

e
vi

a
th

e
ad

en
yl

at
e

ki
na

se
an

d
nu

cl
eo

si
de

-d
ip

ho
sp

ha
te

ki
na

se
-d

ep
en

de
nt

pa
th

w
ay

s
[3

2]

Bo
ne

M
ar

ro
w

M
es

en
ch

ym
al

St
em

C
el

ls
in

vi
tr

o
an

d
in

vi
vo

D
ia

be
te

s-
in

du
ce

d
co

gn
it

io
n

im
pa

ir
m

en
t

N
A

[3
3]

Bo
ne

M
ar

ro
w

M
es

en
ch

ym
al

St
em

C
el

ls
(B

M
SC

s)
in

vi
tr

o
an

d
in

vi
vo

O
va

ry

m
iR

-6
44

-5
p

ca
rr

ie
d

by
BM

SC
-d

er
iv

ed
ex

os
om

es
in

hi
bi

te
d

th
e

ap
op

to
si

s
of

ov
ar

ia
n

gr
an

ul
os

a
ce

ll
by

ta
rg

et
in

g
p5

3
of

ce
lls

,
su

gg
es

tin
g

th
at

m
iR

-6
44

-5
p

ha
d

th
e

po
te

nt
ia

lt
o

tr
ea

tP
O

F
an

d
re

st
or

e
ov

ar
ia

n
fu

nc
ti

on
.

[3
4]

A
di

po
se

-d
er

iv
ed

m
es

en
ch

ym
al

St
em

C
el

ls
in

vi
tr

o
C

ar
di

om
yo

cy
te

s
R

ed
uc

ed
ap

op
to

si
s

in
m

yo
ca

rd
ia

lc
el

ls
su

bj
ec

te
d

to
ox

id
at

iv
e

st
re

ss
[3

3]

A
di

po
se

ti
ss

ue
,b

on
e

m
ar

ro
w

,a
nd

um
bi

lic
al

co
rd

bl
oo

d
m

es
en

ch
ym

al
St

em
C

el
ls

in
vi

tr
o

an
d

in
vi

vo
M

yo
ca

rd
iu

m
N

A
[3

5]

A
di

po
se

-D
er

iv
ed

St
em

C
el

ls
(A

D
SC

s)
in

vi
tr

o
an

d
in

vi
vo

A
di

po
se

ti
ss

ue
Ex

os
om

es
fr

om
A

D
SC

s
tr

an
sf

er
re

d
in

to
m

ac
ro

ph
ag

es
to

in
du

ce
an

ti
-i

nfl
am

m
at

or
y

M
2

ph
en

ot
yp

es
th

ro
ug

h
th

e
tr

an
sa

ct
iv

at
io

n
of

ar
gi

na
se

-1
by

ex
os

om
e-

ca
rr

ie
d

ac
ti

ve
ST

A
T3

.
[3

6]

U
m

bi
lic

al
co

rd
m

es
en

ch
ym

al
St

em
C

el
ls

in
vi

tr
o

an
d

in
vi

vo
Br

ai
n

D
ec

re
as

ed
in

fla
m

m
at

io
n-

re
la

te
d

ge
ne

s
an

d
pr

o-
in

fla
m

m
at

or
y

cy
to

ki
ne

s.
Ex

os
om

es
in

te
rf

er
ed

w
it

hi
n

th
e

To
ll-

lik
e

re
ce

pt
or

4
si

gn
al

in
gs

of
BV

-2
m

ic
ro

gl
ia

,a
s

th
ey

pr
ev

en
te

d
th

e
de

gr
ad

at
io

n
of

th
e

N
Fκ

B
in

hi
bi

to
r

Iκ
Bα

an
d

th
e

ph
os

ph
or

yl
at

io
n

of
m

ol
ec

ul
es

of
th

e
m

it
og

en
-a

ct
iv

at
ed

pr
ot

ei
n

ki
na

se
fa

m
ily

in
re

sp
on

se
to

LP
S

st
im

ul
at

io
n

[3
7]

U
m

bi
lic

al
co

rd
m

es
en

ch
ym

al
St

em
C

el
ls

(3
D

)
in

vi
tr

o
an

d
in

vi
vo

C
ar

ti
la

ge
St

im
ul

at
e

ch
on

dr
oc

yt
e

pr
ol

if
er

at
io

n,
m

ig
ra

tio
n,

an
d

m
at

ri
x

sy
nt

he
si

s,
an

d
in

hi
bi

ta
po

pt
os

is
[3

8]

m
iR

N
A

-2
9b

-m
od

ifi
ed

m
es

en
ch

ym
al

St
em

C
el

ls
in

vi
vo

Sp
in

al
co

rd
Im

pr
ov

ed
SC

I,
in

cl
ud

in
g

in
cr

ea
se

d
BB

B
sc

or
e,

N
F2

00
,a

nd
G

A
P-

43
po

si
tiv

e
ne

ur
on

s,
as

w
el

la
s

de
cr

ea
se

d
co

nt
ra

ct
ile

ne
rv

e
ce

ll
nu

m
be

rs
an

d
G

FA
P

po
si

ti
ve

ne
ur

on
s

[3
9]

141



A
pp

l.
Sc

i.
20

20
,1

0,
44

28

Ta
bl

e
1.

C
on

t.

St
em

C
el

ls
St

ud
y

Ta
rg

et
ed

Ti
ss

ue
/C

el
ls

M
ec

ha
ni

sm
R

ef
er

en
ce

Li
po

po
ly

sa
cc

ha
ri

de
-p

re
co

nd
iti

on
ed

hu
m

an
de

nt
al

pu
lp

St
em

C
el

ls
Sc

hw
an

n
ce

lls
Pr

om
ot

e
th

e
pr

ol
if

er
at

io
n,

m
ig

ra
tio

n
an

d
od

on
to

ge
ni

c
di

ff
er

en
tia

tio
n

of
SC

s
[4

0]

H
um

an
Bo

ne
M

ar
ro

w
M

es
en

ch
ym

al
St

ro
m

al
C

el
ls

(M
SC

s)
in

vi
tr

o
an

d
in

vi
vo

R
en

al
ce

lls
Ex

tr
ac

el
lu

la
r

ve
si

cl
es

(E
V

s)
de

ri
ve

d
fr

om
m

ur
in

e
an

d/
or

hu
m

an
BM

-M
SC

s
re

ve
rs

ed
th

e
ra

di
at

io
n

da
m

ag
e

to
m

ar
ro

w
he

m
at

op
oi

et
ic

ce
lls

bo
th

in
vi

tr
o

an
d

in
vi

vo
.

[4
1]

H
um

an
U

m
bi

lic
al

C
or

d
bl

oo
d

M
es

en
ch

ym
al

St
em

C
el

ls
(h

U
C

B-
M

SC
s)

in
vi

tr
o

an
d

in
vi

vo
H

ep
at

ic
ce

lls

hU
C

B-
M

SC
s

re
le

as
ed

ex
os

om
es

th
at

tr
an

sf
er

re
d

m
iR

-1
24

6
to

he
pa

to
cy

te
s

an
d

su
bs

eq
ue

nt
ly

pr
od

uc
ed

a
pr

ot
ec

ti
ve

eff
ec

ta
ga

in
st

he
pa

ti
c

IR
Iv

ia
re

gu
la

ti
ng

G
SK

3β
-m

ed
ia

te
d

W
nt

/β
-c

at
en

in
si

gn
al

in
g

pa
th

w
ay

[4
2]

H
um

an
-i

nd
uc

ed
Pl

ur
ip

ot
en

tS
te

m
C

el
ls

in
vi

tr
o

an
d

in
vi

vo
C

ar
di

om
yo

cy
te

s
ti

PS
C

-P
g-

de
ri

ve
d

EV
is

eff
ec

tiv
e

in
th

e
tr

ea
tm

en
to

fC
H

F,
po

ss
ib

ly
,i

n
pa

rt
,t

hr
ou

gh
th

ei
r

sp
ec

ifi
c

m
iR

N
A

si
gn

at
ur

e
an

d
th

e
as

so
ci

at
ed

st
im

ul
at

io
n

of
ca

rd
io

pr
ot

ec
ti

ve
pa

th
w

ay
s

[4
3]

In
du

ce
d

Pl
ur

ip
ot

en
tS

te
m

C
el

ls
(i

PS
C

)
in

vi
tr

o
an

d
in

vi
vo

C
ar

di
ac

ce
lls

Th
e

iP
SC

-d
er

iv
ed

EV
s

in
du

ce
d

an
gi

og
en

ic
,m

ig
ra

to
ry

,a
nd

an
ti

ap
op

to
ti

c
pr

op
er

ti
es

in
ca

rd
ia

c
en

do
th

el
ia

lc
el

ls
in

vi
tr

o;
an

d
in

du
ce

d
su

pe
ri

or
in

fa
rc

tr
ep

ai
r

in
vi

vo
co

m
pa

re
d

w
it

h
iP

SC
s

[4
4]

H
um

an
-i

nd
uc

ed
Pl

ur
ip

ot
en

tS
te

m
C

el
ls

(i
PS

C
s)

in
vi

tr
o

H
um

an
M

es
en

ch
ym

al
St

em
C

el
ls

(M
SC

s)

Pu
ri

fie
d

EV
s

se
cr

et
ed

fr
om

bo
th

iP
SC

s
an

d
yo

un
g

M
SC

s
al

le
vi

at
ed

se
ne

sc
en

ce
-a

ss
oc

ia
te

d
ce

llu
la

r
ph

en
ot

yp
es

of
ag

ed
M

SC
s

th
ro

ug
h

re
du

ci
ng

in
tr

ac
el

lu
la

r
R

O
S

le
ve

lv
ia

th
e

ex
os

om
al

tr
an

sf
er

of
PR

D
X

s
[3

3]

H
um

an
M

es
en

ch
ym

al
St

em
C

el
ls

(M
SC

s)
in

vi
tr

o
an

d
in

vi
vo

A
ut

oi
m

m
un

e
uv

eo
re

ti
ni

ti
s

In
hi

bi
ti

ng
th

e
m

ig
ra

ti
on

of
in

fla
m

m
at

or
y

ce
lls

an
d

[4
5]

Bo
ne

m
ar

ro
w

st
ro

m
al

ce
lls

(B
M

SC
s)

In
vi

vo
Br

on
ch

op
ul

m
on

ar
y

dy
sp

la
si

a
Pa

ra
cr

in
e

m
an

ne
r

vi
a

th
e

re
le

as
e

of
im

m
un

om
od

ul
at

or
y

fa
ct

or
s

to
am

el
io

ra
te

th
e

pa
re

nc
hy

m
al

an
d

va
sc

ul
ar

in
ju

ry
[4

6]

Ex
os

om
es

de
ri

ve
d

fr
om

M
yc

ob
ac

te
ri

um
bo

vi
s-

in
fe

ct
ed

m
ac

ro
ph

ag
es

In
vi

vo
M

ac
ro

ph
ag

es
pr

om
ot

e
D

C
ac

ti
va

ti
on

as
w

el
la

s
ge

ne
ra

ti
ng

an
an

ti
ba

ct
er

ia
lT

ce
ll

re
sp

on
se

[4
7]

H
um

an
um

bi
lic

al
co

rd
m

es
en

ch
ym

al
st

em
ce

lls
In

vi
tr

o
an

d
in

vi
vo

H
ep

at
oc

yt
es

H
uc

M
SC

-E
x

am
el

io
ra

te
C

C
l4

-i
nd

uc
ed

liv
er

fib
ro

si
s

by
in

hi
bi

ti
ng

ep
it

he
lia

l-
to

-m
es

en
ch

ym
al

tr
an

si
ti

on
(E

M
T)

an
d

pr
ot

ec
ti

ng
he

pa
to

cy
te

s.
[4

8]

N
A

:
N

ot
av

ai
la

bl
e

re
st

or
at

io
n

of
ho

m
eo

st
as

is
in

bi
oe

ne
rg

et
ic

s
an

d
ce

ll
m

et
ab

ol
is

m
/r

es
to

ra
ti

on
of

ca
rt

ila
ge

an
d

su
bc

ho
nd

ra
l

bo
ne

ad
en

yl
at

e
ki

na
se

an
d

nu
cl

eo
si

d
e-

d
ip

ho
sp

ha
te

ki
na

se
-d

ep
en

de
nt

pa
th

w
ay

s.

142



Appl. Sci. 2020, 10, 4428

Nucleic acids and proteins are naturally carried by exosomes making them potential vehicles for
the intentional incorporation of proteins and nucleic acids for therapeutic purposes [49]. Synthetic
nanoparticles, numerous small chemotherapeutic molecules, and natural compounds are other
therapeutic molecules that are efficiently delivered via exosomes [49]. Altogether, these stacks of
therapeutic cargos loaded into exosomes are delivered efficiently to host cells with diverse effects [50].
However, concerns are that exosomes may generate immune responses. Therefore, to overcome this
challenge, certain factors must be taken into consideration such as the cell source and site of formation.
Exosomes should be carefully selected from the donor cells. In recent times, clinical application and use
of exosomes in therapeutics have grown rapidly. The targeted use of exosomes is one of the promising
methods for treating cancer [51], and these applications have also been extended to other disease
conditions such as soft tissues [52], cardiovascular disease [53], obesity [54], autoimmune diseases [55],
and others. In summary, we can say that exosomes are potential carriers of minor interfering RNAs
and have a great potential for clinical uses in treatments, and some of these useful applications will be
discussed as follows.

3.1. Therapeutic Potential of Exosomes in Bone and Cartilage

Skeletal health is dependent on the fact that successful blood vessels and muscle generation are
physiological processes that also include exosomal signals. Exosomes are composed of significant
amounts of transforming growth factor-β1 (TGF-β1), promyogenic molecules (VEGF), proangiogenic,
human T-cell factor 4 (TCF4), miR-494, interleukin-8 (IL-8), IL-6, miR-181, multiple miRNAs, and
hepatocyte growth factor (HGF), most of which were thrown by Mesenchymal stem cells (MSCs) [56].
MSC-derived exosomes arising either from bone marrow, adipose tissue umbilical cord, or stimulating
stem cells can enhance the bone differentiation of MSCs or primary bone cells. This is illustrated by the
osteogenic genes and osteocalcin upregulation and elevated osteoblast multiplication and migration [57].
The changes in gene expression in MSCs, following MSC-derived exosomes absorption, indicates cell
adhesion activation, PI3K-Akt signaling, and ECM-receptor interaction pathways, which are finally
related to bone differentiation [53]. Exosomes originated from MSCs can also be absorbed immediately
by osteoblasts, enhancing their multiplication and stimulating protein synthesis associated with the
GLUT3 and MAPK pathways [58]. Adaptation to MSC-derived exosomes leads to tissue changes, such
as increased matrix vascularization and mineralization along with bone restoration in rats with bone
disorders [59]. Strikingly, MSC-derived exosomes are directly bound to fibronectin and type I collagen
proteins [60]. The development of matrix mineralization shows a feature of late exosomes rather than
the early stage of bone differentiation. Tendon stem cell (TSC) and exosome injections in rodents led to
a decrease in the matrix metalloproteinases (MMP)-3 expression and an increase in the collagenase I
(1a1) expression as well as the tissue metalloproteinase-3 (TIMP-3) inhibitor [20]. Furthermore, in vitro
studies using 2D-Exo and 3D-Exo umbilical Mesenchymal stem cell (MSC) cultures indicated that both
cultures stimulated the proliferation and migration of chondrocytes as well as matrix synthesis and
apoptosis inhibition [25]. Finally, exosomes also appear to be part of cartilage growth. Exosomes have
an altered miRNA cargo produced by MSCs derived from bone marrow with an activated chondrogenic
phenotype (marked by a reduction in miR-6891-5p and miR-377-3p and an elevation in miR-1290,
miR-92a, miR-1246, miR-320c, and miR-193a-5p levels), and hence promote chondrogenesis [60]. The
most obvious chondrogenic event due to miR-320c exosomal is controlled by the up-regulation of
SOX9 and the down-regulation of MMP13 metalloproteinase [61,62].

3.2. Therapeutic Potential of Exosomes in Myocardial Diseases

Exosomes play a crucial participatory role in the pathophysiological pathway of the cardiovascular
system, and can become effective targets for clinical applications [63]. Vascular endothelial dysfunction
is a critical primary mechanism at the onset of atherosclerosis (AS), and intercellular communication
has been identified as a significant part of the pathological process [64,65]. First, endothelial cells
(ECs) can express vesicles, as well as absorbing vesicles derived from EC under oxidative pressure,
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reducing the production of nitric oxide (NO) that has a protective role [66]. Furthermore, it was
observed in a previous study that endothelial microbes of coronary artery disease (CAD) were diffused
in patients containing miR-92a-3p; a fine vesicle in selected CAD patients, largely controlled by
vesicular performance and internal integrity [67]. Similarly, atherosclerotic stimuli as IL-6 or ox-LDL
(oxidized low-density lipoprotein) that specifically enhance miR-92a-3p encapsulation in EMV, and
EMVs mediated with EMV-3p eventually strengthen the vascular responses in targeted ECs through a
THBS1-based mechanism (thrombospondin 1) [68]. Additionally, the information exchange between
cracker and plaque cells involves the modification of the endothelial balance. In a previous study, for
example, it was observed that AS endothelial apoptosis was caused by growth mass specificity following
exosomal lncRNA GAS5 transfer from macrophages to ECs. Furthermore, endothelial apoptosis
is initiated by exosomal lncRNA GAS5-overexpressing THP-1 cells while exosomal lncRNA GAS5
knockout cells inhibit this pathway [69]. Meanwhile, the krüppel-like factor 5 (KLF5) up-regulates
ox-LDL in vascular smooth muscle cells (SMCs), resulting in endothelial dysfunction. Vascular
remodeling is regulated by zinger fingers and KLF5, a known transcription factor. Studies have
found that SMCs expressing KLF5 affect the endothelial functions by controlling multiple microRNAs.
Of these multiple microRNAs, the most important of them is miR-155 (a known proinflammatory
factor). The resulting exosomes produced by KLF5-overexpressing SMCs are well enriched with
miR-155. Poor barrier function and weak reproductive capacity are expressed by the ECs [70,71].
Nevertheless, these effects can be prevented by miR-155 suppression or KLF5 disability. In addition,
exosomes resulting from SMC (SMC-exos) enriched with miR-221/222 have been identified to interrupt
autophagy of endothelial cells through the PTEN/Akt signaling mechanism making ECs more likely
to stimulate atherosclerosis. Exosomes derived from platelets help to maintain the function of
endothelial vasculature, but whether the modulatory effect is harmful or beneficial is still contested [72].
Some results suggest that the absorption of external platelets can lead to endothelial adhesion and
programmed cell death, while others draw inconsistent conclusions [73]. For instance, platelet-exos
enriched with miR-320 or miR-223 inhibited inflammation and EC mobility by reducing the appearance
of ICAM-1 in EC recipients [74,75]. The reason for the discrepancies is related to the complexity of the
packed charges in the platelets, especially the ubiquitin/protease system found in the outer platelets
that stimulate the degradation of the inflammatory substances [76,77]. Exosomes from adipose-derived
stem cells have been shown to express CD9 and CD29 proteins that protect cardiomyocytes during
oxidative stress [22]. Furthermore, exosomes obtained from adipose tissue-derived Mesenchymal stem
cells (ADMSCs) promoted cardiac function, particularly myocardium, by inhibiting cardiomyocytes
apoptosis and promoting angiogenesis [32]. Finally, induced pluripotent stem cells (iPSCs) obtained
from EVs ensure the cardioprotection of the cardiac cells with reference to the left ventricular function
in vivo [33]. Prolonged cholesterol precipitation in macrophages leads to atheroma. Exosomes are
believed to be incorporated in lipid modulation. Studies on neurodegenerative diseases have shown
that the reproductive mechanism of cholesterol-enriched exosomes serves as a balance regulating the
homeostasis of intracellular cholesterol. Finally, macrophage foam mediated by exosomes has gained a
lot of attention in recent times [78,79].

3.3. Therapeutic Potential of Exosomes in Neural Diseases

Peripheral nerve injury (PNI) is a well-known neurological disorder that adversely affects human
health. It affects about 2.8%–5% of patients with polytrauma resulting in sensory-motor dysfunction [80].
Many factors such as immune cell deposition and conversion of Schwann cell (SC) phenotypes lead
to axonal development following PNI. It is estimated that the daily growth of regenerating axons is
only 1 mm, which could be difficult to manage clinically [81]. Additionally, proximal nerves extended
denervation may prolong the possibility of nervous organ irreversible atrophy [82]. Furthermore,
nerve tissue damage associated with PNI increases the complexity of nerve regeneration [83,84].
Although the gold standard in the management of PNI is the transplantation of autologous nerves, this
technique is rarely performed because there is a shortage of donor sources and possible neurological
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damage to the donor site [85]. Many studies have incorporated new techniques for starting axon
rejuvenation without sacrificing the functions of healthy nerves. Another approach is to use synthetic
nerve ducts with numerous stem cells that can be beneficial, but the results are far from ideal [86].
Interestingly, another strategy for the management of peripheral nerve regeneration is the use of
exosomes derived from MSC. Another study examined MSC use by modifying them to increase bioactive
molecular levels which will promote PNI recovery. Furthermore, the in vitro internalization of MSC
exosomes by SCs leads to a significant increase in SC proliferation and subsequently leading to axonal
regeneration [87]. The nerve growth factor (NGF), fibroblast growth factor-1 (FGF-1), glial cell-derived
neurotrophic factor (GDNF), insulin-like growth factor-1 (IGF-1), and brain-derived neurotrophic
factor (BDNF) are some of the multiple neurotrophic causes of MSC exosomes. Nevertheless, MSC
exosomes have beneficial effects which include promoting recovery from neural survival, denervation
muscle atrophy, and axonal development by the use of bioactive molecules [88].

It has been demonstrated previously that axonal regeneration is controlled by macrophages and
not by SCs [89]. Immune cells, primarily phagocytic neutrophils, and macrophages are the first to
migrate to the degenerative site within hours or days after peripheral nerve damage, whether caused
by a neurological disorder or infection. The critical role of neuroinflammation in PNI recovery cannot
be overemphasized, and it starts with a process called Wallerian degeneration (WD). In this process,
myelinating SCs undergo differentiation and are mainly seen in the distal portion of the nerve [90].
Thereafter, proinflammatory cytokines and chemokines are produced by differentiated SCs resulting
in activation of the neuroinflammatory event. Neuroinflammatory response leads to the hiring of
peripheral immune cells and circulating macrophages to the affected site [91]. The combination
of resident and circulating macrophages activate the clearance of axonal debris and myelin. It is
worthwhile to note here that damaged axons must be cleared of debris and myelin because they
contain molecules that exert an inhibitory effect on the development of axons, most especially at the
late stages of WD [92]. At the distal stump and neuronal cell body, macrophages and other phagocytic
cells precipitate to promote lesion response which is the mechanism adopted by neurons to activate
regeneration. Nonetheless, neuroinflammation is a double-edged sword in this scenario as it is a
critical response for nerve regeneration, but the excess of it prevents nerve regeneration as well as
the incorporation of pain in the neuropathic events. An important goal in PNI management is the
creation of a microenvironment allowing a reasonable level of inflammation and regeneration [93].
During peripheral nerve repair, the rebuilding of the vascular network is a vital microenvironment
that promotes regeneration and axonal development. Therefore, the integrity of the vascular network
plays a key role in peripheral nerve regeneration and a therapeutic option in PNI management [94].
Insults to the neural tissue caused by spinal cord injury increase the number of complement factors.
Bone Mesenchymal stem cells (BMSCs) inhibit the levels of C4–C6 as well as C4 binding proteins and
complement factor H in rats [21]. Furthermore, the application and use of neural stem cell-derived
extracellular vesicles significantly reduce the severity and extent of spinal cord injury by reducing
neuronal apoptosis, activation of microglia, and neuroinflammation in rats [23].

Interestingly, MSC exosomes promote angiogenesis through paracrine activation leading to
vascular remodeling. Through the P13K/AKT signaling pathway, exosomes are induced by
the pluripotent Mesenchymal stem cells which activate local angiogenesis. [95]. Furthermore,
vascular plasticity is through MSC exosomes and endothelial cell-transferred proangiogenic miRNAs.
Additionally, other studies observed activation of angiogenesis by MSC-derived exosomes decreasing
neurological deficits [96]. Intravenous injection of MSC-derived exosomes activates neurite remodeling,
neurogenesis, and angiogenesis leading to functional recovery [52]. The same effects were explained
in another study in which MSC exosomes decreased inflammation in rat models by activating the
endogenous angiogenesis including neurogenesis [95]. In summary, reports from all studies revealed
that MSC-derived exosomes are likely to be regulators by promoting communication with vascular
endothelial cells thereby enhancing vascular plasticity after nerve injury [96]. Nanoparticles provide
beneficial therapeutic effects such as those enhanced by MSC and may be a promising adjuvant for
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treatment due to the inherent advantages they possessed over the MSCs [97]. MSC-derived exosomes
play an important role in the intercellular communication [80] by utilizing a number of neurotrophic
factors, protein, and genetic materials to axons. The introduction of MSC-derived exosomes can inhibit
the problems arising from stem cell transplantation [86,98].

3.4. Therapeutic Potential of Exosomes in Soft Tissue

Adipose-derived stem cell released exosomes (ADSC-Exos) have a wide range of potential
therapeutic potentials and have applications in regenerative engineering, tumor disorders, and skin
repairs. Previous studies have reported the applications of naturally derived exosomes in diverse
disease models with modifications [54,99]. However, recent researches have brought to light the
contents and characteristics of exosomes with adjustments achieved with the use of other substances.
The ADSC-Exos have important functions in biological and pathological pathways [100]. However,
their applications in clinics are yet to be identified and research is currently ongoing, including
the therapeutic doses used. Nevertheless, it was found that the ideal dose was 50 µg/mL when
using exosomes for wound healing, but in a separate experiment, ADSC-Exos were used at a dose
of 40 µg/mL and effectively enabled adipogenic differentiation [101]. It was observed that several
intra-articular injections of human MSC-derived exosome have been shown to promote cartilage repair
and regeneration [32]. After 12 weeks of treatment, accelerated tissue filling and increased collagen
synthesis were observed in osteoarthritis rat lesions leading to the restoration of cartilage and bone [32].

Regeneration and cutaneous healing are complex mechanisms and need a well-orchestrated
integration of many molecular and biological processes, including differentiation, proliferation, cell
migration, extracellular matrix deposition, and apoptosis [102]. ADSC-Exos have been found to
solve problems mainly resulting from excessive scar formation and delayed cutaneous healing [103].
The internalization of ADSC-Exos by fibroblasts leads to proliferation and migration of collagen type I
and III increasing via the PI3K/Akt signaling process. Furthermore, ADSC-Exos could induce migration,
proliferation as well as suppressing HaCaT cell apoptosis through the signaling of Wnt/β-catenin [104].
All findings explained the promising potentials of ADSC-Exos in promoting cutaneous wound
healing [105]. In ADSC-Exo treated mice, scar formation and clear zone of re-epithelialization were
promoted, and the scar areas became narrower in the wounds. Furthermore, ADSC-Exosome could
enhance the reconstruction of the extracellular matrix in the regeneration of cutaneous wound by
modulating collagen type I: type III proportions, and also transforming growth factor-beta 3 (TGF-β3):
TGF-β1 and MMP3: metalloproteinases 1 (TIMP1) tissue inhibitor, and inhibiting the fibroblasts
differentiation into myofibroblasts decreasing scar formation [106]. Furthermore, it was also observed
that the use of ADSC-Exos leads to the attenuation of the necrotic flap, neovascularization activation,
and alleviation of inflammatory reaction after I/R disorder skin flap apoptosis [103]. In summary, it
highlights the potentials of ADSC-Exo use in promoting cutaneous regeneration and complete healing.
However, the molecular mechanism will need to be evaluated for clinical applications [36].

3.5. Therapeutic Potential of Exosomes in Obesity

In obese individuals, inflammation resulting from adipose tissue has been documented as the main
factor in the progression of type 2 diabetes and insulin resistance [107]. Researchers have identified
that ADSCs have key roles in metabolic diseases and inflammation resulting from obesity. ADSC-Exos
were explained to affect diabetes and obesity. In white adipose tissue (WAT), ADSC-Exos were
shown to dominate the anti-inflammatory (M2) macrophage phenotype polarization and regulation of
immune homeostasis. In WAT obese mice, exosomes have been observed to promote polarization of
the M2 macrophage and inflammation prevention [55,108]. Of note, M2 macrophages resulted from
ADSC-Exos exerting high levels of tyrosine hydroxylase potentiating the production of catecholamine,
which promotes brown adipose tissue-specific uncoupling protein 1 expression in WAT which activates
fat burning leading to energy reserve dissipation. This observation highlights the indispensable
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exosome-mediated crosstalk existing between macrophages and ADSCs and attracts attention to the
potential role of an exosome-based treatment approach to treat obesity [109].

3.6. Therapeutic Potential of Exosomes in Autoimmune Disease

The beneficial roles of exosomes in immune tolerance and stimulation cannot be overemphasized
as they are involved in several pathways such as angiogenesis, inflammation, and immune signaling.
Exosomes have also acted as good tools for drug delivery due to their inherent biological features such as
biocompatibility and stability including the capacity for permeation [110]. Sjögren’s syndrome (SS) is an
important autoimmune disorder characterized by lymphocytic infiltration in the salivary and lacrimal
glands as well as the existence of numerous autoantibodies. These autoantibodies include anti-La
(SS-B) or anti-Ro (SS-A)) with clinical syndromes such as ocular and oral dryness [111]. SS pathogenesis
involves both innate and adaptive immune mechanisms such as NF-kB signaling, interferon (IFN)
signatures, and B cell-activating factor (BAFF)/BAFF receptor axis [112]. Furthermore, salivary gland
epithelial cells (SGECs) play an important role in both autoimmune and inflammatory responses in SS
by inducible expression of different immunoreactive factors such as autoantigenic ribonucleoproteins
(RNPs), many Toll-like receptors (TLRs), and BAFF. Lymphocytic infiltration, mainly B and CD4+ T
cells, occurs and invades epithelial cells. This highlights the correlation between immune and epithelial
cells [110]. A previous study documented the continuous release of autoantigenic exosomes La/SS-B, Sm
RNPs, and Ro/SS-A by SGECs, documenting the transfer of intracellular autoantigens to autoreactive
lymphocytes within RNP-containing exosomes [60]. It was also observed that EBV-miRBART13-3p
in exosomes is transferrable from B cells to SGECs in EBV infected B cells. The stromal interacting
molecule 1 (STIM1) and aquaporin 5 (AQP5) targeted by functional miRNA could significantly affect
salivary secretion [12]. Recently, it was observed that subconjunctival administration of MSC-Exos to
rabbits inhibited lacrimal gland inflammation in the affected group compared with the control group
administered normal saline. It was concluded that MSC-Exo effects were partly due to the polarization
of the lacrimal macrophage as well as the responses of Treg and Th2 by NF-kB signaling pathways. Thus,
MSC-Exos may be useful in the treatment of dry eye [113]. Experimental autoimmune uveoretinitis
(EAU) could be effectively resolved by the use of bone marrow-derived MSC-Exos [114]. It was
observed that in experimentally induced autoimmune uveitis in rats, human-derived Mesenchymal
stem cell-derived exosomes inhibited the migration of inflammatory cells, mainly T cell subsets, in
the eyes. Additionally, the MSC-Exo inhibited the chemo attractive effects of CCL2 and CCL21 on
inflammatory cells [45]. Another experimental study conducted on EAU found that human umbilical
cord-derived MSC-Exos (hUC-MSC-Exos) did not inhibit the progression of conA-stimulated T cells,
but suppressed inflammatory cell migration [115]. The suppressive effect of hUC-MSC-Exos on
the interphotoreceptor retinoid-binding protein (IRBP)-specific Th17 responses via the regulation of
DC-derived Th17-polarizing cytokines IL-1β, IL-6, and IL-23 led to the suppression of DC-driven
Th17 responses [116]. Thus, it is clear that MSC-Exos can play a role in the treatment of auto-immune
uveitis, however, further trials are essential to identify their immunomodulatory and anti-inflammatory
effects [112].

3.7. Therapeutic Potential of Exosomes in Infectious (Parasitic and Bacterial) Conditions

Parasites secrete exosomes that interact effectively, as a medium of cell to cell communication,
within their host. Logically, it is most probable that the host utilizes this pathway of cellular
communication as a defense mechanism [117]. Using plasma cell-derived microvesicles, it was
observed that Plasmodium berghei induces the production of CD40 in antigen-presenting cells, leading to
generation of a potent inflammatory response and subsequent clearance of the parasite by macrophage
activation [118]. Furthermore, immune cell-derived microvesicles from Plasmodium vivax, one of the
species of Plasmodium responsible for human malaria infection, was associated with acute inflammation
in the course of parasite eradication [119]. Additionally, a massive increase and release of antimicrobial
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peptide-containing exosomes was observed in intestinal epithelial cells in response to infection with
Cryptosporidium [120].

Exosomes are also useful in vaccines and vaccination. In a vaccine trial using Leishmania
major-pulsed DC exosomes, it was observed that the DC-derived exosomes mediate protective Th1
immunity against cutaneous leishmaniasis [121]. Similarly, avian coccidiosis in poultry caused
by Eimeria species (E. tenella, E. acervulina, E. maxima) can be alleviated using Eimeria parasite
antigen-loaded DC exosomes which successfully alleviated clinical signs in poultry thereby reducing
mortality rates [122].

With regards to bacterial infection, exosomes derived from the causative agent of bovine
tuberculosis, Mycobacterium bovis-infected macrophages promote dendritic cell (DC) activation and the
generation of antibacterial T cell response in vivo [47]. Similarly, Mycobacterium tuberculosis (human
tuberculosis), induces the release of exosomes from infected macrophages with consequent recruitment
of lymphocytes through the secretion of chemokine such as RANTES and MIP- 1α [123].

3.8. Therapeutic Potential of Exosomes in Lung Diseases

Bronchopulmonary dysplasia (BPD) is one of several conditions that could affect the lungs. BPD
is a chronic disorder of the lungs in preterm infants [124]. Current therapeutic approaches using
conventional therapy have only modest outcomes. The use of MDC-exosome therapeutics appears to
be promising in clinical management, as shown in experimental models by alleviating neonatal lung
injury [124]. Transplantation of various stem cell types—such as human amnion epithelial cells and
endothelial colony-forming cells—appears to be promising with results from the preclinical models.
MSC treatment of blunt hyperoxia-induced lung inflammation ameliorates vascular remodeling and
improves exercise capacity with higher survival rates [46,125]. Furthermore, using allogeneic human
umbilical cord blood-derived MSC in phase 1 clinical trials, it was observed that MSC administration
brought about a reduction in inflammatory markers and lowered BPD severity [126]. The mechanism
for now remains unknown. Furthermore, using bone marrow stromal cells (BMSCs) in a murine model
with neonatal chronic lung disease, the BMSCs release immunomodulatory factors which ameliorated
parenchymal and vascular injury of BPD in vivo [46]. Additionally, intratracheal distribution of BMSCs
in a murine model with BPD, improved survival and exercise tolerance by attenuating alveolar and
lung vascular injury as well as pulmonary hypertension in vivo, while in vitro, the BMSC-derived
conditioned medium prevented O2-induced AEC2 apoptosis, boosted endothelial cord formation, and
enhanced AEC2 wound healing [125].

3.9. Therapeutic Potential of Exosomes in Liver Diseases

Exosome-based therapeutic methods for the management of different kind of diseases of the liver,
including liver tumor, is progressing. Exosomes obtained from adult human liver stem cells (HLSC)
were shown to inhibit the growth and survival of HepG2 and primary hepatocellular carcinoma (HCC)
in vitro via the use of antitumor miRNAs [127]. Furthermore, an in vivo experiment in a murine model
showed accelerated morphological and functional gains of the liver despite 70% hepatectomy as well
as proliferation and apoptosis resistance of rat and human hepatocytes in vitro [128]. Additionally,
exosomes obtained from human umbilical cord Mesenchymal stem cells ameliorated fibrosis of the liver
induced by carbon tetrachloride (CCl4) [129]. It was demonstrated in vivo in mice that immunodeficient
NOD/SCID mice with their liver engrafted with human hepatoma cells produce exosomes containing
exogenous siRNA which shuttles between hepatic cells and subsequently produces CD81 siRNA [129].

4. Conclusions

Recently, exosomes are considered as significant mediators in intercellular communication.
The exosomes’ ability to transport DNA, proteins, non-coding RNAs, and mRNA, makes them an
attractive target of research on the pathogenesis of several illnesses, including cardiovascular and
autoimmune disease, cancer, obesity, etc. MSC and other cell type-derived exosomes play an important
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role in intercellular communication by using several neurotrophic factors, protein, and genetic materials
to axons, and they can inhibit the issues resulting from stem cell transplantation. The involvement of
exosomes in both biological and pathobiological functions makes them an interesting organelle, and
hence it is interesting to study their potential biological applications in the treatment of diverse diseases
and offer new possibilities in the amelioration and possible cure of some infectious and non-infectious
diseases. Furthermore, results from both clinical and experimental studies on MSC-derived exosomes
have shown their potential in the treatment of diverse diseases. However, future research must
concentrate on improving the methods for the isolation of exosomes and other EVs to distinguish them
appropriately, as well as their mechanism of action, before they are used in clinical studies. Success
in this regard will promote their prompt application in the diagnosis, prevention, and treatment
of diseases.
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EV: extracellular vesicle
miRNA: microRNA
mRNA: messenger RNA
TEX: Tumor-derived exosomes
PD-L1: programmed death-ligand 1
IFN-γ: interferon-γ
MVEs: multivesicular endosomes
MVB: multivesicular body
ILVs: intraluminal vesicles
TEMs: tetraspanin-enriched microdomains
HGF: hepatocyte growth factor
MSCs: mesenchymal stem cells
TGF-β1: transforming growth factor-β1
TCF4: human T-cell factor 4
IL-8: interleukin-8
ECs: endothelial cells
NF-κB: nuclear factor-kappa B
CAD: coronary artery disease
ox-LDL: oxidized low-density lipoprotein
NO: nitric oxide
KLF5: krüppel-like factor 5
SMCs: smooth muscle cells
PNI: Peripheral nerve injury
SCs: Schwann cells
NGF: nerve growth factor
FGF-1: fibroblast growth factor-1
GDNF: glial cell-derived neurotrophic factor
IGF-1: insulin-like growth factor-1
BDNF: brain-derived neurotrophic factor
WD: Wallerian degeneration
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TGF-β3: transforming growth factor-beta 3
TIMP1: tissue inhibitor metalloproteinases 1
WAT: white adipose tissue; IFN: interferon
BAFF: B cell-activating factor
SGECs: salivary gland epithelial cells
RNPs: ribonucleoproteins
TLRs: Toll-like receptors
STIM1: Stromal interacting molecule 1
AQP5: aquaporin 5
hUC-MSC-Exos: human umbilical cord-derived MSC-Exos
IRBP: interphotoreceptor retinoid-binding protein
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